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Samenvatting

Nanoporeuze functionele materialen vormen een belangrijke klasse van vaste stof
materialen die enorm veel interesse hebben opgewekt in de chemie en materiaal
wetenschappen in de afgelopen decennia. Het belang van nanoporeuze materi-
alen kan niet onderschat worden ook vanuit een industrieel standpunt. Sommige
materialen zijn overal aanwezig in industriële toepassingen.

Binnen de familie van de nanoporeuze materialen zijn zeolieten die opgebouwd
zijn uit puur anorganische atomen vandaag de dag omnipresent in tal van industriële
toepassingen. Hun uitzonderlijke eigenschappen zijn ondermeer toe te schrijven aan
de aanwezigheid van uniforme kanalen en caviteiten, waarin actieve sites kunnen
worden gegenereerd voor katalyse. Door de aanwezigheid van adsorptiekanalen
met moleculaire dimensies zijn ze ook zeer aantrekkelijk voor tal van selectieve ad-
sorptietoepassingen. Dit scala van bijzondere eigenschappen ligt aan de grondslag
voor de grote verscheidenheid aan applicaties binnen de petrochemie, katalyse en
milieutechnologie. De relatief smalle poriën, die zeer typisch zijn voor zeolieten,
zorgen er echter voor dat enkel relatief kleine moleculen kunnen diffunderen door de
kanalen, waardoor een hypotheek gelegd wordt op sommige toepassingen. Verder
zijn er beperkingen in het aanbrengen van functionaliteiten in zeolieten waardoor
deze materialen moeilijk te wijzigen zijn voor specifieke toepassingen die men
beoogt. Het totaal aantal zeolieten gesynthetiseerd vandaag de dag bedraagt iets
meer dan 200, volgens de zeoliet databank. In de afgelopen decennia, werden
verschillende families van nieuwe nanoporeuze materialen voorgesteld. Zo werden
onder meer metaal–organische roosters (MOFs) ontwikkeld. MOFs zijn hybride ma-
terialen opgebouwd uit organische en anorganische fragmenten. Ze kunnen worden
gesynthetiseerd met aanwezigheid van een uniforme poriestructuur. MOFs vertonen
een unieke bouwstructuur waarbij organische en anorganische bouwstenen met
elkaar verbonden zijn via coordinatie bindingen en aldus drie–dimensionele roosters
vormen. Dit uniek bouwconcept ligt mede aan de basis voor de grote interesse die
MOFs hebben opgewekt in de wetenschappelijke gemeenschap, gezien in principe
een zeer groot aantal van mogelijke combinaties kunnen gevormd worden met
potentiële bouwblokken. Op die manier kan een groot scala van materialen wor-
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den gesynthetiseerd met verschillende chemische compositie, topologie en porie–
volume. Gecombineerde theoretische en experimentele studies hebben duidelijk
gemaakt dat MOFs in vele gevallen voorzien zijn van structureel ingebouwde
defecten, die in grote mate de eigenschappen van het materiaal kunnen bëınvloeden
voor toepassingen zoals katalyse en adsorptie. Zoals zal worden aangetoond in dit
proefschrift vormen defecten een essentiele schakel in de activatie van materialen
voor katalyse. Dit doctoraatsproefschrift concentreert zich vooral op de studie van
de katalytische eigenschappen van MOFs.

De speciale textuur, het poreus kristallijn netwerk en het hoog metaalgehalte
maken MOFs uitermate geschikt voor katalytische doeleinden. Er werd ook aange-
toond dat deze materialen bovendien kunnen gemodificeerd worden teneinde hun
katalytische functionaliteit voor bepaalde reacties substantieel te verhogen. Een
zwak punt van vele initieel voorgestelde MOFs was hun beperkte chemische, ther-
mische en mechanische stabiliteit in vergelijking met zeolieten. Echter binnen
het groot aantal reeds gesynthetiseerde materialen werden verschillende MOFs
voorgesteld die wel degelijk zeer stabiel zijn voor tal van toepassingen. De zir-
conium gebaseerde materialen die in deze thesis worden bestudeerd vertonen een
dergelijk hoge stabiliteit. Het ontwerp van een ideale katalysator is een belangrijk
streefdoel voor tal van toepassingen. Ook het ontrafelen van reactiemechanis-
men, bepalen van de chemische kinetiek, reactieproduct selectiviteit en andere
grootheden, blijven hoog in de lijst van prioriteiten van de chemicus. Hier is
een belangrijke taak weggelegd voor moleculaire modellering. In dit proefschrift
werden geavanceerde modelleringstechnieken gebruikt om inzicht te bekomen in
de gangbare reactiemechanismen en actieve sites bij realistische werkingscondi-
ties. Experimentele karakterisatie van katalysatoren is het eenvoudigst als de
katalytische site gëısoleerd is. Bij MOFs is dit meestal niet het geval. De ac-
tieve sites zijn zeer complex en zijn zeer onderhevig aan heersende defecten zoals
aanwezigheid van solvent moleculen en structurele wanorde. Experimentele data
geven in vele gevallen een gemiddelde waarneming. Computationele technieken
laten toe om het gedrag van individuele actieve sites te bestuderen. Een directe
vergelijking met experiment is niet altijd evident, gezien experimentele metingen
in vele gevallen opgemengd zijn met aspecten, die niet of moeilijk in rekening
kunnen gebracht worden in een computationele berekening. Ondanks de schijnbare
kloof tussen experiment en theorie, wordt in dit proefschrift aangetoond dat een
complementaire benadering van modelleringstechnieken en experimenteel werk,
aanleiding kan geven tot verregaande inzichten in het katalytisch proces. Dit zal
aangetoond worden bij middel van verschillende chemische reacties opgenomen in
dit proefschrift.
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Moleculaire modellering is vandaag uitgegroeid tot een bijzonder krachtig hulp-
middel om reactiemechanismen te begrijpen, te ontrafelen en in sommige gevallen
kan het geheel van modelleringstechnieken zelfs aanleiding geven tot een beter
ontwerp van de katalysator. Modelleren van metaal–organische roosters is bijzonder
uitdagend door de grootte van de te bestuderen systemen, de diversiteit in mogelijke
bouwblokken en de complexe natuur van de actieve sites. Verder kunnen ver-
schillende transitiemetalen die worden opgenomen in de anorganische fragmenten
een multiconfigurationeel gedrag vertonen waardoor geavanceerde elektronische
structuurmethoden nodig zijn. Mede door de bijzondere grote toename van com-
putationele kracht maar ook door de ontwikkeling van steeds meer ingenieuze
computationele technieken, zijn we echter in staat om vandaag de dag materialen
en chemische transformaties te bestuderen met een grote graad van complexiteit.

Het onderzoek voorgesteld in dit proefschrift, concentreert zich voornamelijk
op de beschrijving van adsorptie en katalytische eigenschappen van MOFs en meer
bepaald van het UiO–66 materiaal. Het laatste materiaal heeft bijzonder veel
aandacht gekregen de afgelopen jaren, gezien het bijzonder stabiel is onder tal
van omstandigheden en op een gemakkelijke manier gemodificeerd kan worden.
Een belangrijke vraagstelling betreft de karakterisatie van de actieve sites in het
materiaal. De rol van defecten mag hierbij niet onderschat worden en in die zin
werden in deze thesis structuur–activiteitsrelaties bepaald voor verschillende types
van chemische conversies. Verder werd bijzondere aandacht besteed aan het tot
stand komen van verschillende defecten.

Alle simulaties verricht in dit werk zijn gebaseerd op ab initio methoden steu-
nende op de Dichtheidsfunctionaal theorie (DFT). Ze zijn er inderdaad op gericht
om reacties te beschrijven waarbij chemische bindingen worden gevormd en ge-
broken. Zowel statische als dynamische methoden worden aangewend om de
kinetische kinetiek van elementaire reactiestappen te beschrijven. Binnen stati-
sche methoden worden aan de hand van analyse van een beperkt aantal punten
op het potentieel energie oppervlak, uitspraken gedaan over het verloop van de
reactie. Statische methoden hebben het voordeel dat geavanceerde elektronische
structuurmethoden gebruikt kunnen worden. Echter het mogelijke bestaan van
verschillende transitietoestanden en aspecten zoals conformationele vrijdom worden
niet in rekening gebracht. In de beginfase van het doctoraat werden eindige clusters
beschouwd die uitgesneden werden uit het periodiek rooster. Dergelijke aanpak was
destijds nog heel populair en vooral gedreven door computationele beperkingen.
Meer recentelijk wordt meer en meer overgeschakeld naar periodieke berekeningen,
dankzij de gestage toename van computationele rekenkracht. Met periodieke
randvoorwaarden wordt de moleculaire omgeving van de actieve site en reactanten
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op een natuurlijke wijze in rekening in rekening gebracht. In eerste instantie
werden actieve sites gecreëerd door wegnemen van een of meerdere tereftalaat
linkers waardoor de Zr–centers coördinatief niet meer gesatureerd zijn en optreden
als actieve Lewis zure sites. Bovendien worden deze sites ook meer toegankelijk
voor reactanten. Linker functionalisatie leidt tot een bijkomende complexiteit met
creatie van additionele Lewis en Brønsted sites. Ook solventen, zoals water, hebben
een grote invloed op de katalytische activiteit. Dit in kaart brengen vergt een
structurele aanpak en dit is precies wat in de thesis geprobeerd wordt te doen.

Het is evident dat simulaties van reacties bij operationele condities van tem-
peratuur en druk eerder een dynamische aanpak vergen dan een statische. Het
vrij–energie oppervlak is zeer complex met diverse metastabiele toestanden. Het
kan enkel voldoende geëxploreerd worden door middel van moleculare dynamica
(MD) technieken. De meeste reacties zijn geactiveerd, en zonder hulptechnieken
geraakt men niet over de barrière binnen een haalbare simulatietijd. Binnen de con-
text van deze thesis werden geavanceerde moleculaire dynamicatechnieken, zoals
metadynamica (MTD) en umbrella sampling (US) veelvuldig aangewend waardoor
vrije–energie profielen kunnen worden opgesteld met bepaling van vrije energie
barrières bij experimentele condities. Door de aanwezigheid van coördinatieve
bindingen tussen de metaal ionaire clusters en de organische linkers zijn de MOF
roosters flexibeler dan origineel gedacht. In dit proefschrift werd met behulp van
geavanceerde moleculaire dynamica technieken inzicht gegeven in de flexibiliteit
van de metaal organische binding. De resultaten in dit proefschrift tonen aan
dat de liganden van de MOF tijdelijk kunnen decoördineren en elders bindingen
kunnen aangaan. Het is een zeer dynamisch geheel met proton mobiliteit doorheen
de metaal ionencluster, waardoor overal in het kristal tijdelijk waterstofbruggen
kunnen gevormd worden die dan weer verdwijnen. Bij hoge temperaturen wijzen
simulaties ook op het optreden van een intrinsieke dynamische aciditeit waarbij
een proton hopt van een hydroxyl groep naar een linker. Proton mobiliteit zoals
hier waargenomen in de MD simulaties heeft een enorme impact op de katalytische
activiteit van het UiO–66 materiaal (zelfs zonder defecten) met een Lewis zure site
en aanwezigheid van dynamische Brønsted sites.

Binnen dit proefschrift werd verder evidentie gegeven voor de complexe natuur
van de actieve site. De duale Lewis–Brønsted katalytische activiteit van UiO–66
werd onderzocht bij verschillende reacties, zoals de aldol condensatie, Oppenauer
oxydatie en Fischer esterificatie, in samenwerking met experimentele partners.
Telkens werd een goede overeenkomst bekomen met de experimentele data. Dit
laat toe soms interpretaties te geven op puur theoretische basis aan fenomenen
die experimenteel moeilijk te verklaren zijn. Bij de bovenvermelde reacties werd
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ook vastgesteld dat de katalytische activiteit indirect wordt gefaciliteerd door het
optreden van dynamische aciditeit in UiO–66 aangezien vele reacties doorgaan
in oplossing, waarbij het solvent een niet verwaarloosbare rol kan spelen in het
faciliteren van reacties of deze verhinderen door interacties tussen de katalysator
en de oplossing. Bij reactie condities zijn de poriën van de MOF meestal gevuld
met solvent die een actieve of passieve rol kunnen spelen tijdens de katalytische
reactie. De diverse reacties beschreven in de thesis en hun resultaten, tonen
aan dat simulaties op de moleculaire schaal niet meer weg te denken zijn om
chemische transformaties op de nanoschaal te ontleden. De resultaten wijzen ook
op het belang van het samengaan van de theoreticus met de experimentator en
optimaal gebruik te maken van de synergie tussen beiden. Verdere uitdagingen
binnen dit vakgebied bestaan erin om de kloof tussen theoretische berekeningen en
experimentele waarnemingen verder te dichten. Computationele methoden starten
vanuit een bottom–up benadering terwijl experimenteel een top–down benadering
wordt gevolgd om systematisch beter inzicht te krijgen in de fenomenen op de
kleinste schaal. Het overbruggen van inzichten bekomen uit beide vakgebieden
is bijzonder vruchtbaar en er wordt verwacht dat nieuwe inzichten verder zullen
worden bekomen door samengaan van theoretische en experimentele studies.





Summary

Nanoporous functional materials are a class of solid–state materials which have
become an object of intense study in chemistry and materials science in the last
decades. They can be found in different fields in industry and their importance in
many processes today is indisputable.

One of the first nanoporous materials which were discovered are zeolites, which
are purely inorganic frameworks and have a broad range of applications. The
uniform channels and cavities, active sites with non–identical strength, high ad-
sorption capacity are responsible for their successful applications in petrochemistry,
catalysis and environmental technologies. Nevertheless, the rather small pore size
limits their field of applications to smaller molecules, which can easily fit in their
cavities. Moreover, their limited functionality and atomic composition restricts
their tunability to target specific reactions. Today the number of available zeolites
amount to more than two hundred types according to the zeolite database. In the
last two decades, new families of porous materials have entered the scene. One of
these classes are metal–organic frameworks (MOFs), which are truly hybrid mate-
rials where organic and inorganic moieties are interconnected through coordinative
bonds to form tridimensional porous frameworks. The attention they have received
can be traced back to their unique building concept based on metal ions or clusters
linked together by multitopic linkers, which yields in principle an infinite number
of frameworks with varying chemical composition, topology, surface area and pore
volume. Moreover, some parts of the building components, like linkers, metals or
nodes could be missing, and it was quickly realized that these imperfections could
dramatically influence the properties of the materials, by creating active sites for
catalysis and adsorption.

The exceptional textural properties, porous crystalline network and high metal
contents make MOFs very appealing in the field of catalysis. Moreover, their
outstanding tunable properties allow MOFs to be engineered to maximize the
catalytic effect for a given reaction. The coordinative metal–ligand bond which
connects nodes and linkers allows to postsynthetically modify the structures and
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finetune their properties, for instance by functionalizing linkers and nodes. Post-
synthetic modifications open the door to a precise tailoring and design of MOFs
for specific applications. Unlike zeolites though, MOFs often lack stability and
what could in theory be the perfect material for a given application could not
be stable at reaction conditions. The search for an optimal catalyst is at the
heart of any chemical process and understanding the kinetics of heterogeneous
catalysis is essential to establish product conversion rates and to unravel the
underlying reaction mechanisms. The molecular level insight into the behavior
of these materials at the nanoscale and knowledge on the active site is of utmost
importance to predict their catalytic performance.

In theory, the experimental characterization of catalysts is the easiest when the
materials possess well–defined isolated sites. Unfortunately, in MOFs, the active
sites are complex and mostly arise from defects and structural disorder. This
makes it impossible to directly pinpoint them in the material, as what is obtained
with experimental measures is an average of the whole system. Computational
modeling has become a crucial component to understand the catalytic function
and to validate certain experimental observations. Provided modeling is performed
in a way it is representative for true reaction conditions, it can also be used in a
predictive manner. The case studies considered in this thesis show that an inte-
grated approach in a close collaboration between experimentalists and theoreticians
is necessary to understand the often complex molecular behavior.

Over the last decades, molecular modeling has developed as a key tool to
support, rationalize, guide experimental efforts and even make predictions for
catalyst design. Modeling of MOFs represent a great challenge for computational
chemists due to the large sizes of the elementary building units, the complexity of
the catalytic active sites, and the intrinsically multiconfigurational character of the
electronic configurations of many transition metals. However, computational power
has grown exponentially, providing new opportunities to explore larger systems and
accurately describe chemical transformations at the nanoscale.

The research work described in this PhD thesis specifically focuses on ab initio
simulations to study the adsorption phenomena and catalytic reactions on UiO–
66, which among the plethora of known frameworks is one of the most widely
investigated Zr–based MOF due to its exceptional stability. A major fundamental
unresolved challenge lies in the characterization of the active sites present in
the material. Special attention was paid to understanding the structure–activity
relation by unraveling the nature of the active sites which are strongly connected to
the presence of defects in UiO–66. The different mechanisms that lead to creation
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of active sites and the inherent dynamic behavior of the material upon activation
processes were investigated. The chemical nature of these active sites and catalytic
properties of the material were further explored by modeling differently catalyzed
reactions.

In this thesis, various molecular modeling techniques were employed to eluci-
date different chemical transformations. Static Density Functional Theory (DFT)
enables an accurate description of the chemical kinetics of elementary reaction
steps. A proper description of adsorbed reactants in the pores requires the use of
a MOF model that represents the specific characteristics of the catalyst including
the confinement effect. For the considered reactions, it was possible to explain
the reasons behind experimentally observed features based on cluster and periodic
simulations in combination with transition state theory. The reaction mechanisms
were successfully unraveled with a focus to explain the function of various possible
active sites on the material, the influence of water and linker functionalization.
Most of the reactions on UiO–66 rely on the Lewis acidity of the coordinatively
unsaturated Zr–centers created by removing terephthalate linkers. In many cases
the chemical functionality which arises from unsaturated metal sites is not limited
to Lewis acidity. Species which are present in the solution can coordinate to these
Zr atoms introducing additional Brønsted sites, which might have a decisive role
on different catalytic processes.

When simulating reactions at true operating conditions of temperature and
pressure, the applied static methods to investigate chemical transformations are
often too limited. The free energy surface is often very complex and includes many
isoenergetic configurations which can be accurately described by applying molecular
dynamics techniques. The best accuracy of molecular simulations is obtained when
the conditions inside a real catalyst are mimicked as closely as possible.

Due to the presence of coordinative bonds, the MOF frameworks are more
flexible than originally anticipated. Even though inert UiO–66 is characterized
by an exceptional stability and rigidity, upon activation processes, the linkers can
easily decoordinate and even exchange with other ligands. Moreover, they can be
stabilized by hydrogen bonds with protons from the nodes. The dynamic acidity of
UiO–66, which was observed at elevated temperature can have a direct and indirect
impact on the catalytic performance of this material. Within this thesis we observed
an intrinsic dynamic acidity with rapid proton transfers between hydroxyl groups
and linkers, during activation processes. Proton mobility can facilitate various
catalytic reactions where next to a Lewis acid site also dynamic Brønsted sites are
required. The dual Lewis–Brønsted catalytic activity of UiO–66 was investigated for
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different reactions, such as aldol condensation, Oppenauer oxidation and Fischer
esterification, in collaboration with experimental partners. In all these cases, a
good agreement with the experimental results was found, allowing to explain
observed phenomena which were not easy to interpret on a purely experimental
basis. Moreover, catalytic activity might be indirectly facilitated by the dynamic
acidic behavior of UiO–66 observed here, as many chemical reactions are performed
in solution, where the solvent can play a notable role in facilitating or hindering
the reaction due to its interactions with the catalyst and the solute. At reaction
conditions, the pores of MOFs are often filled with solvent which can serve as a
substrate during catalytic reactions or modulate the nature of active sites.

Apart from the explicit catalytic reactions studied in this thesis, we also explored
the possibility to study the dynamic behavior of the metal–ligand bond in the UiO–
66 material. To this end advanced sampling molecular dynamics techniques were
used which enable to simulate activated processes. More in particular we studied
the changes in coordination number of the hydroxyl group bridging the Zr atoms of
the inorganic brick. The lowering of coordination number occurs typically during
the dehydration process, but also in other processes in which defects are formed.
Major rearrangements of the hydroxyl groups connected to the inorganic brick,
induce mobility of various linkers, which can easily decoordinate and recoordinate,
rotate and translate. Overall the results show that the UiO–66 material has a high
degree of internal flexibility, which allows to accommodate substantial changes in
coordination numbers with serious deformation of linkers and other labile groups,
but without compromising its structural integrity.

The different aspects tackled in this PhD thesis clearly demonstrate the power
of molecular simulations to accurately model and understand chemical transforma-
tions at the nanoscale. These complex processes need a joint computational and
experimental effort, where a bridge needs to be established between experimental
observations and insights at the nanoscale level. Such complementary approach
may give many answers to unresolved issues but sometimes is the basis of more
intriguing questions to be answered. The journey to designing MOFs and modeling
catalysis and activation processes in situ has just started thanks to development
of advanced molecular dynamics techniques which allow to sample the system at
operating conditions. A multilevel modeling approach, where models are built from
experimental data by combining diverse simulation techniques will be the driving
force in the study of these complex and beautiful systems.
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Introduction

Over the last two decades, a new class of solid–state materials called porous func-
tional materials, have become an object of intense study in the field of chemistry
and materials science. They can be found in different fields in industry and are at
the heart of many technological processes. The interest which has been devoted to
these materials mainly arises from their potential to interact with ions, atoms and
molecules not only at the surface, but also throughout the bulk of the material.
High surface area, excellent accessibility to active sites, improved diffusion and
mass transport are some of the outstanding properties which are typical for porous
materials [1, 2]. It should not surprise that the traditional applications of porous
solids include adsorption and catalysis, which benefit from the high order and
porosity that can be reached in these materials. Porous materials can have different
properties based on the diameter of their pores, which can be divided in different
classes. According to the International Union of Pure and Applied Chemistry
(IUPAC), micropores have a pore size diameter smaller than 2 nm, those in the
range of 2 nm to 50 nm are designated mesopores, and those with diameters
wider than 50 nm are macropores. The need to generate homogeneity within the
distribution of sizes, shapes and volumes of the void spaces in porous materials
has steadily increased over recent years because it can lead to superior application
properties of technological importance [1, 3]. For functional porous materials, in
addition to the pore space, the type and arrangement of atoms in the solid creating
that space can also impact their properties to a large extent. The most appealing
porous materials which have continuously attracted the interest of the scientific
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community over the years include zeolites and metal–organic frameworks (MOFs)
(Figure 1.1) [4]. Despite their common features, they possess distinct differences
which determine their range of applications, and particularly their role in catalysis.
Within this thesis, major attention will be focused on MOFs although some selected
applications were also performed with zeolites. In what follows a short classification
of these materials will be given.

Figure 1.1: Number of yearly publications, up to 2017, containing the concepts ’MOF*’
and ’zeolite*’ as indicated by Web of Science. Periodic representations of
H–ZSM–5 and MOF–5 are shown.

1.1 Zeolites
Zeolites represent a major group of crystalline microporous materials, which are
formed naturally in association with volcanic activity, but can also be synthesized
in a wide range of structures. They are aluminosilicates composed of corner–
sharing SiO4 and AlO4 tetrahedra, which leads to 3–D four–connected frameworks.
Whenever tetravalent Si is substituted by trivalent atoms such as Al, electron–
neutrality needs to be retained by incorporation of charge balancing cations, which
are located as the extra framework sites in the channels and cages. A whole
plethora of cationic species such as alkali and alkaline earth, transition metal and
lanthanide cations can be used creating Lewis acid sites. A very particular case
is compensation by protons which bond to the bridging oxygen atoms leading to
the formation of strongly acidic Brønsted sites, which have a key role in zeolite
catalyzed reactions. Other tetrahedrally coordinated atoms like Ge, B, P and Ti
can also be incorporated into the framework to complement the zeolite family [5–7].
The Structure Commission of the International Zeolite Association (IZA–SC) has
now officially recognized more than two hundred types of zeolite frameworks which
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have different size, shape, and channels connectivity [8]. Since 1960s, due to
their exceptional stability zeolites have been used as heterogeneous catalysts under
harsh conditions. Among the plethora of known zeolite structures, ZSM–5 with MFI
topology has received a lot of attention due to its efficient performance in chemical
industry [4]. Together with FAU, BEA, MOR and FER topologies, it belongs to the
’Big Five’ zeolite structures that are most commonly used in industrial applications
[7]. The H–ZSM–5 material consists of two types of channels, sinusoidal and
straight channels, which are oriented perpendicularly to each other and make
up a 3–D framework of a medium pore size (Figure 1.1, H–ZSM–5). The H–
ZSM–5 possesses Brønsted acid sites, and due to its exceptional synergy between
hydrothermal stability, activity and selectivity, it is one of the most successful
industrial heterogeneous catalysts with various applications such as methanol–to–
olefins (MTO) and alkene cracking [9,10]. In both processes alkenes play a crucial
role but their adsorption is almost impossible to follow on a purely experimental
basis as these hydrocarbons are highly reactive even at low temperature. To gain
insight into the nature of the adsorbed complexes and intermediates at operating
conditions the study on the adsorption behavior of linear pentenes on H–ZSM–5
was performed in Paper VI within this PhD thesis.

1.2 MOFs
Another class of crystalline porous materials, which has drawn increasing attention
of the scientific community consists of hybrid frameworks. Even though, the first
reports about MOFs or, broadly speaking, on coordination polymers date from
the late 1950s and early 1960s [11–16], only in the end of the last century these
materials were rediscovered by four pioneering groups: Robson [17, 18], Kitagawa
[19, 20], Yaghi [21] and Férey [22]. MOFs in contrast to solely inorganic zeolites
are truly hybrid materials built up regularly from organic and inorganic building
blocks. In these materials, metal ions or clusters are connected by multitopic
organic molecules to form 1–, 2– or 3–D pore structures. In principle, all the
transition metals and a broad variety of organic linkers can be used in the synthesis.
A very particular characteristic of the hybrid materials is an exceptionally large
variability in composition, porosity and functionality which makes them different
from the classical inorganic porous materials and leads to more than ten thousand
frameworks which have already been synthesised. The structural beauty of MOFs
arises from the endless number of highly ordered structures which can in general
be synthesized from their building blocks, which can in turn be further tuned by
means of postsynthetic modification. These materials possess specific surface area
and pore volumes which leads to very high adsorption capacity and much higher
porosity than that of zeolites [23]. A remarkable property of some MOFs, which
is not found in other porous materials is the flexible response to the presence
of guest molecules and external stimuli. The so called breathing MOFs or soft
porous crystals have the ability to undergo structural deformations while retaining
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their stability upon exposure to external stimuli [24, 25]. The breathing behavior
of MOFs is characterized by structural transformations going from large–pore to
small–pore and vice versa, while the materials retain their crystallinity. Typically,
the deformation occurs at the metal–linker (M–L) coordination, but without any
bond cleavage in the solid. The M–L coordination bonds are generally weaker than
covalent bonds, and are kinetically the most labile parts in MOFs [26, 27]. The
strength of the M–L bond is determined by the combined properties of metal species
and connecting ligands, which is in line with the Lewis acid–base coordination
chemistry concept. Whereas first–generation MOFs suffered from limited stability,
especially when compared to industrially relevant zeolites, in recent years, a whole
series of robust MOF structures has been constructed, enabling the expansion
of their applications [28–30]. Within this respect, the Zr–terephthalate UiO–66
has received enormous attention due to its exceptional thermal, mechanical and
chemical stability [31–33], and its application in heterogeneous catalysis is the main
topic of this PhD thesis.

1.3 Defects – origin of highly active catalysts
Crystals are like people: it is the defects in them which tend to

make them interesting! – Colin Humphreys –

Structural disorders and defects of various nature are crucial characteristics
of porous solids and recently it has become evident that defects, disorder and
structural heterogeneity are key attributes while estimating and investigating the
structure and activity of MOFs. Over the past decades, the controlled modifi-
cation of zeolites has proven to be decisive for their technological applications.
In as–synthesized zeolites, acid strength, elemental composition, pore texture or
stability are often insufficient for the harsh conditions used in industry. However,
postsynthetic methods which are available to tailor the composition, stability and
nature of active sites in zeolites provide novel opportunities for catalytic or sorp-
tion applications. Such postsynthetic zeolite modifications may lead to selective
cleavage or formation of metal–oxygen bonds, which in most cases is irreversible.
In comparison, the formation of M–L coordinative bonds in MOFs is reversible,
and therefore, the postsythetic modifications in MOFs offer an even higher degree
of defect engineering potential. In many cases even the most carefully synthesized
MOFs accommodate a diversity of defects which in many applications can control
the overall performance of a material. For this reason, an accurate characterization
and understanding of defects and their effect in MOFs are essential for further
progress in the field of industrially relevant applications of these materials. Defects
in MOFs can arise from multiple reasons. Linkers or metal nodes vacancies are
classified as local defects, and can be distinguished from line defects which are
formed by dislocations, planar defects (grain boundaries) and voids which form
empty spaces in the crystal (Figure 1.2).
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Figure 1.2: The definition of defects: the missing and incorrectly located atoms generate
vacancies and dislocations in materials [34]. Adapted with permission from
Wiley-VCH Verlag, copyright 2015.

In this respect, Sholl et al. [35] classified disorders in MOFs, simply distinguish-
ing point defects which are crystal vacancies of vacant ligands and vacant metal
centers, from extended defects which are associated with 1– or 2–D imperfections in
the crystal structure. Another type of classification was recently introduced by Fang
et al. [34] in which defects were distinguished based on the source of their origin.
Firstly, inherent defects were defined as structural deformations which can occur
without targeted engineering during synthesis under regular synthetic conditions.
Secondly, the great modularity of MOFs gave rise to a class of engineered defects
which is generated from intentional creation of various types of imperfections for
desired purposes. The existence of defects in MOFs affects the chemical nature
of the pore surface altering the host–guest interactions, and can have a significant
positive impact on applications such as catalysis.

MOFs as single site catalysts
Catalysis can be easily located at the heart of chemistry as all chemical reactions
involve forming and breaking of chemical bonds, which can be more efficiently
and selectively done with the use of a catalyst. A very specific characteristic of
homogeneous catalysts is the presence of a single active site. From this point
of view, zeolites and MOFs are very attractive, since they possess catalytic well–
defined, isolated single–sites usually in the form of defects. In light of the synthetic
and postsynthetic modifications, five theoretically different types of active sites
have been proposed to design MOFs for catalytic application, as schematically
shown in Figure 1.3 [36–41].
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Figure 1.3: Classification of the different positions in porous framework materials where
single–site catalytic reactions can take place. The inorganic nodes are
indicated with cyan spheres, whereas the structure-defining ligands are
indicated in grey. Possible terminating ligands at the inorganic nodes are
not indicated, as they do not contribute to the topology of the material.
Adapted from Ref. [41].

The activity within type I catalysts is directly related to metal centers with
an unsaturated coordination environment. These sites are commonly specified as
open metal sites or coordinatively unsaturated sites. In this case, the metal has a
dual role of a structural building component and an active site. Some MOFs made
from fully coordinated inorganic nodes had at first sight a lack of active sites.
Several strategies were applied to deliberately create active sites by introducing
desired defects on the material [34]. Type I includes generally catalysis at open
metal sites created by structural defects. The coordinatively unsaturated sites can
be terminated by catalytically active ligands. In MOFs with linker vacancies, the
coordinatively unsaturated metals can be hydroxylated and depending on substrates
may hold Brønsted or Lewis acidity (Figure 1.3, Type I). Within type II catalyst, the
activity is associated with a metal embedded in a porphyrin–based ligand. These
MOFs contain two different types of metals so that one gives rise to the catalytic
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activity while the role of the second metal is limited to structural function in the
composition of the material. The nature of the catalytic site may be modified by
postsynthetically tuning the metal atom at the center of the porphyrin ligand. Type
III active sites based on covalently anchored functional groups on the organic linker.
These catalytically active functional groups might be present during synthesis or
added postsynthetically. The terminating groups do not connect different building
blocks of the material framework, which differentiate them from metalloporphyrins.
Within type IV catalysts, the external surface of the material is considered as it
has been reported that in some cases it might be the most defective place in the
structure for the location of the reactive sites [42,43]. The last category V includes
the nanoparticles which are encapsulated in the framework cavities by host–guest
interactions [44, 45]. In this case the framework supplies the physical space for
catalytically active sites, although none of the components of the building metal
framework is directly involved in the catalysis. A thorough description of the active
sites of type I, II and III is presented in Paper IX of this thesis [41].

1.4 MOFs stability
The construction of thousands of well–established MOFs structures with a broad
range of topologies, pore size and functionalities, has led to the study of many
applications. Regardless of the method applied to introduce the active sites in
MOFs, in order to be used in potential industrial applications, the materials have
to be stable under catalytic conditions. In this respect, the necessity to engender
MOFs which possess mechanical, thermal and chemical stability has become a key
research focus. Theoretically, the understanding of the degradation mechanism is
of paramount importance in the discovery of stable materials and in the prediction
of their behavior under reaction conditions. Due to the presence of coordinative
bonds in MOFs, the stability in general has been typically recognized as problematic,
especially when compared to zeolites, constructed with strong covalent bonds.
However, as the number and diversity of MOF materials have grown significantly,
their stability has also substantially increased, giving rise to a whole plethora of
mechanically, chemically and thermally stable frameworks [46].
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1.5 UiO–66 as a prototype of Zr6–containing MOFs
Among the broad family of MOFs, especially the Zr6–based MOFs have received
a lot of attention from scientists, as they reveal rich structure types, intriguing
properties and functions which make them some of the most promising MOF
materials for practical applications [29]. The breakthrough in the field is seen in
2008 with the discovery of the Zr–terephthalate UiO–66, which can be considered
as the prototype of this subfamily of MOFs [31]. In the pristine structure of UiO–
66 each Zr secondary building unit (SBU) Zr6O4(OH)4 is coordinated to twelve
terephthalate linkers to form a 3–D porous framework (Figure 1.4). The SBU
consists of six Zr4

+ cations which are located on the vertices of an octahedron,
on which four bridging µ3–oxygens and four µ3–hydroxyl groups are capped alter-
natively in the eight faces. Each carboxylate linker is connected to two Zr atoms
from the same SBU bridging the edges of Zr6 octahedron. The structure exhibits
superior stability, which can be directly traced back to the inherent composition
of the framework [32, 33]. In the case of UiO–66, the high oxidation state of Zr
ions and bond polarizability leads to a more strongly binding coordination complex
and gives rise to a remarkable thermal and chemical stability of the material.
Furthermore, the relative weakness of the M–L coordination bond should be seen
as an advantage in the activation processes to which MOFs, and in particular the
archetypal UiO–66 is examined [27, 28]. Recently, undeniable evidence was given
that the inorganic brick, with its high degree of coordination within the UiO–66
material, is much more dynamic than originally believed [47–50]. The material
maintains its structural integrity after being exposed to activation processes such
as modulation, dehydration or linker exchange yet changing the coordination around
the metal center by temporarily breaking M–L bond as shown in Paper III and
which will be further discussed in Chapter 3 of this thesis.
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Figure 1.4: Schematic representation of the UiO–66 structure with possible configura-
tions of the bricks that give rise to coordinatively unsaturated Zr atoms. The
colors indicate the coordination of the Zr atoms. Reprinted from Ref. [51]
with permission of the Royal Society of Chemistry, copyright 2018.

Activation by ligand removal

In view of the potential applications of UiO–66, the aspect of defect engineering has
drawn a lot of attention. It was quickly discovered that the theoretical maximum
number of twelve linkers per cluster could almost never been reached [32, 52].
The study of the thermogravimetric analysis profiles tends to show that in most
cases the average number of linkers surrounding each metal cluster varies between
eleven and eight and strongly relies on the applied synthesis parameters (Figure
1.4 missing linker). A tunable composition of UiO–66 and the existence of linker
defects leads to greatly improved porosity, adsorption properties and catalytic
activity by means of the presence of accessible metal sites with a low coordination
number which are Lewis acid sites [33, 52–55]. Ling and Slater revealed that in
the aquatic environment, charge balancing hydroxide anions and water are bonded
to coordinatively unsaturated Zr sites creating potential Brønsted base and acid
centers [56]. Similar conclusions were drawn in the framework of this thesis and are
also discussed in Paper II and Paper VII. Moreover, the coordinatively unsaturated
Lewis acid sites can be reaccomplished by the removal of water or other labile
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ligands which usually are solvent molecules, such as alcohols or dimethylformamide.

Activation by dehydration
Another process which can change the coordination environment of a metal is
dehydration. A remarkable property of UiO–66 is the ability to be dehydrated
reversibly. Experimentally the dehydration and rehydration process of the inorganic
UiO–66 brick was studied using in situ infrared (IR) spectroscopy and gravimetric
characterization techniques (TG–DSC), proving that the reaction is reversible [57].
The dehydration of the defect–free UiO–66 material involves the removal of two
water molecules per inorganic brick, which starts at 523 K and is completed at
573 K. The dehydration process begins with the first water removal and results in
a Zr6O5(OH)2 brick, where the coordination number of three Zr atoms decreases
from 8 to 7 (Figure 1.4, partly dehydrated brick). The fully dehydrated brick
results in a distorted composition of Zr6O6 with Zr coordination numbers varying
from 8 to 6 (Figure 1.4, fully dehydrated brick). Moreover, a rehydration reaction
restores the material to its initial structure maintaining the robustness of the brick
which was confirmed by powder X–Ray diffraction (PXRD) patterns, in situ diffuse
reflectance infrared Fourier transform (DRIFT) spectra and TG–DSC [32, 57].
Within this thesis, Paper II gives a comprehensive overview of the dehydration
mechanism of UiO–66 with different defectivity [58]. The position of linker defects
in UiO–66 does not affect the reaction mechanism and requires the same energy
at atmospheric pressure and temperature of 573 K. The mechanism of dehydration
process is characterized by two crucial transition states. The first one corresponds
to the decoordination of both, terephthalate linker and hydroxyl group, while the
second describes the protonation of a dangling hydroxyl group by another available
µ3–OH to form water. The endothermic nature of dehydration was proved both
experimentally and theoretically [57, 58].

Activation by linker and cation exchange
The inherent dynamic behavior of robust MOFs and reversible chemistry of the M–
L bond has a direct impact on the ability to subject the materials to a postsynthetic
exchange processes. In the framework of UiO–66, pure BDC linkers were replaced
by functionalized ones without compromising the crystallinity or porosity of the
material [59, 60]. Kim et al. [49] indicated that the transfer processes in the
postsynthetic exchange reaction in UiO–66 are due to the reversible chemistry of
M–L bond and this gives origin to the observed incorporated functionalization.
Linker functionalization by covalently anchored inorganic groups give rise to a
myriad of isoreticular UiO–66 structures with improved catalytic properties as
demonstrated in Paper V and Paper VII. A positive effect of the electron–
donating groups during the jasminaldehyde condensation between heptanal and
benzaldehyde was reported by Vermoortele et al. [61]. Following this work, the
same authors observed that the electron–withdrawing groups in the organic linkers
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increase the catalytic activity of the metal nodes in the monomolecular Lewis acid
catalyzed citronellal cyclization [62]. Timofeeva et al. [63] used UiO–66 and the
UiO–66(NH2) materials as catalyst for the acetylisation of benzaldehyde, showing
the activity of the amino–functionalized material to be higher than that of the
pristine UiO–66. A similar finding was published by Cirujano et al. [64] for biomass
related esterification reactions.

Moreover, recent postsynthesis procedures proposed by Kim et al. [49, 50]
allow framework engineering by concepts such as postsynthetic ligand exchange
or solvent assisted linker and cation exchange. In a recent review on a cation
exchange of Dincă and Brozek [66] the authors point key requirements which have
to be respected in order to enable the cation exchange. A simplified mechanistic
pathway for this process was proposed, in which binding solvent molecules dis-
sociate the metals from the SBU itself. The increased polarity of solvent was
beneficial to linker exchange process in the work of Kim et al. [49]. In Paper
VIII on hydrated UiO–66 it was observed that methanol solvent molecules in the
vicinity of the catalytically active sites interact with the protons from the inorganic
framework with hydrogen bonds and proton transfers, which can stabilize charged
intermediates. The methanol solvent assists in the proton mobility and may have a
substantial impact on the framework rearrangements and on the dynamic change
of the Brønsted sites in the material.

Influence of defects on the physical properties of UiO–66
Cliffe et al. [67] demonstrated that defect inclusion can be used to systematically
tune the physical behavior of a MOF. In this context, Rogge et al. [65] investigated
the influence of one and two linker vacancies on the mechanical properties of
UiO–66. It was observed that various combinations of linker defects have only a
minor effect on the equilibrium volume. However, different configurations exhibit
considerable and gradual decrease in the loss–of–crystallinity pressure and the bulk
modulus. The orientation and position of two linker defects in the material influence
its stability. Different classified defect structures are shown in Figure 1.5, from
which configuration of type 6 was used in the simulations of chemical reactions
within this thesis, as it offers the best perspectives for guest intrusion through the
channels to the coordinatively unsaturated Zr sites.

Independently, De Vos et al. [68] demonstrated the impact of missing linker
defects on the electronic structure of UiO–66 type frameworks. The effect of
missing linkers on the unoccupied d orbital of the Zr atom is highly dependent
on the number of defects and their configuration. Experimentally UiO–66 was
synthesized using different modulation approaches and the effect of the type and
amount of modulator added during synthesis was perceived to determine the degree
to which structural defects are created [53, 69–71].
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Figure 1.5: Top: Defect–free structure (with either BDC, BPDC, or TPDC ligands) and
the eight types of defects (with BDC ligands) in which the linker vacancies
are indicated in red (dotted lines represent periodic images of the solid
lines). Bottom: Detail of the Zr6 octahedra present in the top panel, with
indication of the positions where ligands are missing (red) and the resulting
coordination number. Adapted from Ref. [65] with permission from the
American Chemical Society, copyright 2016.
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Cliffe et al. [70] found that more defective UiO–66 materials can be made
through the modulated synthesis using excess of formic acid. The created defects
have a nature of missing inorganic clusters which are organized in domains with
reo topology, while the non–defective material possesses fcu topology. Shearer
et al. [69] demonstrated that missing cluster defects are the prevalent defect in
the material, whose concentration can be tuned to a large extent by changing the
concentration and/or acidity of the modulator and has a direct effect on the porosity
and composition of the material. A theoretical investigation on the influence of
activation conditions using modulator has been shown in Paper I.

1.6 Other MOFs containing Zr6 inorganic brick
Inspired by the outstanding performance of the first generation of Zr–MOFs, for
which UiO–66 can be considered as an archetype, the group of Yaghi and co–
workers extended this family by using variously shaped carboxyl organic linkers,
resulting in Zr6 node connectivity ranging from 12 to 6 (Figure 1.6) [30, 72]. The
unraveled properties and dynamic behavior of UiO–66 should serve as a platform
to rationalize the accessibility of active sites and dynamic coordination change
in other inert MOFs characterized by exceptional stability and higher surface to
volume ratio. In this way, by increasing the aperture size of the framework and
decreasing the connectivity of the node, the improved accessibility of the Zr active
sites can be achieved. Differences in node structure eventually cause variations in
their catalytic activity. Therefore, some of the newly introduced Zr materials are
currently been tested and compared with UiO–66 for catalytic applications [73–75].
Furthermore, some of the lower coordinated inorganic bricks are terminated with
solvent molecules bonded to the metal sites. Typically, formate, hydroxyl groups
and water act as terminal ligands and can be exploited for chemical modifications
which otherwise cannot be introduced into the MOFs during the synthesis. They
can be used as anchors to incorporate new features of a single–site catalyst by
e.g. atomic layer deposition in MOFs (AIM) [76] or they can be removed, leaving
open metal sites on the cluster which are available for catalysis [41]. In this regard,
particularly attractive are Zr–based mesoporous MOFs like NU–1000 [76] or MOF–
808 [77] due to their large pores which facilitate diffusion of substrates.
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Figure 1.6: The same Zr6–brick can connect to variously shaped carboxylic linkers to
generate MOFs with different topology, pore size and connectivity ranging
from 12 to 6.

In NU–1000 each brick is 8–connected by tetratopic linkers. The node con-
nectivity leads to coordinatively unsaturated Zr atoms which give rise to four
non–bridging water and four non–bridging hydroxyl groups. Furthermore, corre-
spondingly to UiO–66, NU–1000 also undergoes dehydration upon heating under
vacuum [78]. It was observed that the temperature–induced distortions of UiO–66
and NU–1000 are determined by both specific metal chemistry as well as framework
topology and occur as local structural transitions which have a metastable character
and do not change the global frameworks symmetry. In particular, the material has
been studied for hydrolysis of nerve agent simulants and for incorporation of single
active sites throughout the AIM [79–86].

The structural features that contribute to enhanced catalytic activity are also
widely investigated in the 6–connected MOF–808. The material attracts a lot of
attention as it has the lower reported node connectivity within Zr6–based MOFs.
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In the catalytically active form, the material comprises of six tritopic BTC linkers,
and the inherent missing linker defects are capped by six water and six hydroxyl
groups per inorganic node. In a recent theoretical work of Ardila–Suárez et al. [87],
the enhanced acidity of defective MOF–808 and the effects of thermal activation
and missing linker defects were studied. The results show that similarly to UiO–66,
the activation process by means of temperature increase induces proton mobility
on the Zr node leading to its rearrangement and the release of water molecules.
Furthermore, MOF–808 can alleviate mass transport limitations and was success-
fully studied as catalyst for reactions such as Meerwein–Ponndorf–Verley (MPV)
reduction or decomposition of the chemical warfare agent simulants [88–90].

1.7 Outline of the remaining chapters and the goal
of the thesis

In this PhD dissertation, molecular modeling was used as a comprehensive tool to
obtain a molecular level understanding of the nature of defects and active sites for
catalysis in UiO–66. The work was performed with a strongly collaborative effort
with experimental partners. All chemical properties and features which occur at
nanoscale such as reactivity, activation processes, precise reaction mechanisms or
effect of functionalization are hard to understand from a purely experimental point
of view. In this view, modeling can yield explanatory and practical insights and
even predict the possibility to generate and tune some active sites. The obtained
insights allow to unravel different reaction mechanisms, in which water or other
solvent molecules can take an interactive role. MOFs are not as rigid as it was
originally believed, and state of the art modeling techniques need to be used for
the most accurate description of the material at true working conditions. It is
shown that enhanced sampling simulation techniques are required to reveal a highly
intrinsic dynamic behavior of UiO–66 during activation at dehydration temperature
and easy change in coordination numbers. The results obtained in this thesis offer
a platform to rationalize on the molecular level the dynamic coordination change
and accessibility of active sites upon activation processes realized experimentally
in other Zr–based MOFs which are characterized by exceptional stability and high
surface to volume ratio.

The remaining chapters are structured as follows:

• In Chapter 2, a brief overview of common modeling concepts to characterize
and understand the function of heterogeneous catalysts and catalytically
active sites is given. One particular point of attention is the necessity to
simulate chemical reactions at operating conditions. These concepts will
be shown based on one particular case study in zeolites which was also
investigated within the framework of this PhD thesis. Some results regarding
the methodology are also outlined in this Chapter.
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• Chapter 3 summarizes the most important research results of this PhD thesis,
all of them published in international peer–reviewed journals. In this Chapter,
the discussion is organized around the formation and introduction of defects
in the UiO–66 structure by means of different activation processes, like
modulation or dehydration. The nature of active sites on UiO–66 is not
limited to Lewis acidity. The substantial amount of Brønsted sites is always
present in the structure and their effect is further exploited for different
catalytic reactions. Studied reaction mechanisms within this PhD thesis are
shown in Figure 1.7.

Figure 1.7: Studied reactions within the frame of this PhD thesis.

• In Chapter 4, the main conclusions of this thesis and perspectives to future
research on other Zr–based MOFs are outlined.



2
Modeling MOF and zeolite catalyzed

reactions

Molecular modeling of MOF and zeolite catalyzed reactions is a field of its own
due to the complex nature of the processes, which combines concepts from or-
ganic, inorganic, material physics and physical chemistry. Theoretical modeling
of heterogeneous catalysis takes an indispensable role in understanding the nature
of the active sites or unraveling the reaction mechanisms of complex chemical
transformations, which are hard to track on purely experimental basis. The steady
methodological developments and the availability of systematically increasing com-
putational power contributed to the fact that adsorption and reactivity can be
currently described with high accuracy [91,92]. Nowadays, computational modeling
has become a key component to compare models with real systems validating
experimental observations or even make predictions for catalyst design. In this
Chapter, the main modeling tools used in this PhD thesis are outlined. The Chapter
is furthermore based on a book chapter entitled ’Theoretical tool box for a better
catalytic understanding’ [93], and the results obtained in Paper VI. In the latter
paper, it was clearly shown how various modeling techniques can be applied to
obtain a correct understanding of intermediates at true reaction conditions.

19
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2.1 Theoretical methods

Electronic structure methods for adsorption and reactivity
In this PhD thesis the use of first principles calculations is required as reactions
are being modeled in which bonds are being broken and formed. Currently, also
reactive force fields are being developed but their application to describe the
chemical reactions is beyond the scope of this work [94, 95]. The description of
adsorption of guest molecules in the pores of nanoporous materials is theoretically
very challenging since an accurate characterization of noncovalent interactions,
which include both electrostatic and dispersion interactions is mandatory. Different
available first principles methods exist to solve the Schrödinger equation associated
with a molecular system, and among these, Density Functional Theory (DFT)
provides an excellent synergy between the computational efficiency and accuracy
for computing electronic properties of large systems. The accuracy of DFT is
highly dependent on the functionals which have to be added to the model to
account for exchange and correlation. In spite of its advantages, a drawback of
commonly applied DFT functionals is the lack of a proper description of long–
range dispersion interactions which are important to obtain information about the
interaction between guest molecules and host material [96]. This problem can
be overcome by implementing a van der Waals scheme to account for the long–
range electronic correlations [97]. A complete overview of methods can be found
in dedicated reviews [98, 99] and a recent work of Mansoor et al. [100] about
the impact of dispersive and long–range electrostatic interactions on theoretical
descriptions of adsorption and catalysis in zeolites.

2.2 Framework topology
As introduced in Chapter 1, the catalytic activity of multifunctional MOFs origi-
nates from the presence of Lewis acid and Brønsted sites. When describing catalytic
centers it is important to include all ingredients that could have a consequential
effect on the reaction. In this respect, the choice of an appropriate structural model
to mimic the composition of the material is not a trivial task, but nevertheless it
is crucial to obtain a realistic understanding of the function of the material. The
topology can either be taken into account by using an extended cluster or periodic
model. Including different computational cost, both methods have their pros and
cons while modeling catalysis in MOFs.
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Extended cluster model
In the extended cluster model, a representative part of the material is considered
to account for catalytically active sites making these calculations computationally
very efficient (Figure 2.1). Another advantage of the finite cluster approach is
the use of codes in which numerical algorithms to search for transition states are
better implemented than in solid–state periodic codes. The power to apply very
accurate electronic structure methods is directly connected to the limited number
of atoms contained in the clusters [101–103]. However, by selecting molecular
cluster model from the periodic representation, due to the presence of dangling
bonds, a charge compensation needs to be introduced by anions or cations to reach
charge neutrality. To obtain a realistic estimate of the entropy contributions some
atoms which are on the cluster borders are fixed to prevent unphysical deformations
which can result from omitting the crystallographic environment [104]. This also
includes a proper termination of the selected cluster which may substantially alter
the results [102]. Furthermore, the calculations might be adequate for initial
guesses and benchmark purposes, but are insufficient to study complex catalytic
transformations, including labile species and structural rearrangements. Up to five
years ago clusters were still commonly used in the field of heterogeneous catalysis,
however today the field is more and more shifting towards using periodic based
descriptions of the lattice [41, 105–107].

Figure 2.1: Selection of a cluster model from the periodic UiO–66 structure.

To obtain a first insight into complex reaction mechanisms, in some studies
of this thesis the UiO–66 framework was described by finite cluster models [54,
108, 109]. The in–house developed toolkit Zeobuilder [110] was used to cut the
extended UiO–66 cluster from a supercell that contains four inorganic bricks with
unit cell formula [Zr6O5(OH)3(RCOO)11]2[Zr6O4(OH)4(RCOO)12]2 in which one
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linker defect was incorporated. The catalytically active extended cluster of an
UiO–66 consisted of inorganic Zr6O4(OH)4 brick with eleven linkers, of which
seven were replaced by formic groups while the four remaining linkers surround the
active site (Figure 2.1). The terminal oxygens of the terephthalate linkers and the
hydrogens of formate were fixed in the geometry optimization in order to mimic the
periodic environment and properly account for entropy [104]. These calculations
were performed with Gaussian ’09 by applying a hybrid functional for the geometry
optimization [111]. To account for dispersion effects, Grimme D3 corrections were
added to the energies, as implemented in the DFT–D3 program [112]. In the last
years other more advanced dispersion schemes have been developed such as the
models of Tkatchenko et al. [113] or many body dispersion models [114]. The
influence of different functionals and dispersion schemes, was tested in Paper VI
for the stability of adsorbed pentene on H–ZSM–5 [115].

Periodic model
Periodic models of MOFs are computationally demanding but have the advantage
that the entire topology of the framework is considered in the model. The usage
of periodic models is the most proper approach to study the reactions within their
true molecular environment at operating conditions and verify the dynamic nature
of active sites, their location in the pores, influence of guest species or flexibility
of the material. For calculations with periodic models, the environment is fully
described using typically gradient–corrected exchange–correlation functionals [116].
The periodic simulations were carried out using the VASP and CP2K software
packages. In case of UiO–66 the conventional unit cell is composed of four inorganic
bricks, however, to reduce the computational time the unit cell can be restricted
to only two inorganic bricks (Figure 2.2). This reduced periodic cell approximation
has a limitation that not all defect structures can be considered and periodic images
are closer to each other which might generate unphysical perturbations [93].

Figure 2.2 shows that at 351 K the adsorption of methanol on the two and
four brick periodic unit cells have almost equal free energies at the PBE–D3 level
of theory [109]. In Paper V, an extended cluster of UiO–66 was selected to
compare with the periodic model the adsorption energies of substrates using B3LYP
functional. It was shown that qualitatively the reaction mechanism of the aldol
condensation is well described by both approaches, but an accurate quantification
of the confinement effects induced by the framework was observed in the periodic
model of about 20 kJ/mol stronger adsorption of reactants [108].
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Figure 2.2: In graph, free energy profile at T = 351 K for the deprotonation of methanol
on UiO–66 on the four and two brick periodic unit cells, level of theory PBE–
D3. In table, free energy, enthalpic and entropic contributions. Adapted from
Ref. [109] with permission from Elsevier, copyright 2017.

Equation of state fit

When optimizing periodic structures the standard conjugated gradient optimizer is
not always sufficient to avoid the effects of an artificial Pulay stress which arises
when the volume is changed and a finite number of plane waves is used. For all
periodic calculations of unit cells without any adsorbents the improved optimization
scheme proposed by Vanpoucke and Lejaeghere et al. [117] was applied. In a first
step, the ion position and the unit cell shape was relaxed. Subsequently, by keeping
the volume fixed at discrete points and optimizing the ions and shape at each chosen
volume an energy versus volume profile E(V ) was constructed. The minimum
energy and corresponding volume were predicted by Birch–Murnaghan equation of
state fit and subsequently the unit cells were optimized allowing ion positions and
cell shape relaxation [118,119]. Moreover, in Paper II the mechanical properties of
the structures were obtained from E(V ) curve by fitting a polynomial, and taking
its second derivative in the minimum [58]. The bulk modulus B is expressed as:

B =
(
V
∂2E

∂V 2

)
0

where the subscript 0 means that the expression is evaluated at the minimum
energy point of the E(V ) curve, corresponding to the volume V0.
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Static DFT calculations
A first insight in the catalytic processes can be gained by means of static approaches
on cluster and periodic models in which a limited number of points on the potential
energy surface is considered as illustrated in Figure 2.3. The reaction rates and
elementary chemical reactions are described by transition state theory (TST).
Calculations on extended clusters can be used as a first guess to explore reaction
pathways and the different adsorption possibilities for the reactants. The states can
then be optimized in the periodic methods using different algorithms implemented
in the used codes. Frequency calculations are performed to ensure that the state
is either a minimum or a saddle point in the free energy surface. To explore more
complex reaction pathways or framework rearrangements different advanced static
methods are available, like Nudged Elastic Band approach.

Figure 2.3: 1–D free energy profile for a given reaction catalyzed on UiO–66, indicating
the adsorbed initial and final states and the localised transition state for
this reaction. The adsorption free energy, apparent and intrinsic barriers are
obtained by static calculations and indicated by ∆Gads, ∆Gapp and G‡,
respectively.
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Nudged Elastic Band approach to unravel a reaction path

Chemical transformations are characterized by transition states which are localized
along the reaction coordinates and lead the system from the reactant to the
product region. By applying static methods the transition state, which is a first
order saddle point on the multidimensional potential energy surface needs to be
identified. A very useful method to find a minimum energy path between known
reactants and products is Nudged Elastic Band (NEB) [120–122]. The method
works by simultaneously optimizing a number of intermediate images. The energy
is minimized perpendicular to the path in which forces along the path are projected
out and replaced with the spring force. This allows attaining a minimum energy
for each structure while remaining the constant distance between the images, as
illustrated in Figure 2.4. The point with the highest energy can be driven up to
represent a transition state by inverting the forces along the tangent of the path.
The NEB method was successfully used to study the dehydration of UiO–66 in
Paper I and Paper II [54, 58]. Preliminary insights into the nature of the active
sites and initial structures of reactive intermediates can be obtained by means
of first principle static calculations, where only a distinct number of points on
the potential energy surface is considered. The free energy profile describing the
reactants, transition states and products, may be constructed by adding proper
thermal corrections to the electronic energies.

Figure 2.4: Schematic representation of the Nudged Elastic Band method.

Normal Mode Analysis
Thermodynamic quantities like enthalpy, entropy and Gibbs free energy can be
calculated by means of partition functions which include every possible atomic
motion. Such partition functions are calculated by performing a normal mode
analysis (NMA) [123]. This consists of diagonalization of the mass–weighted
Hessian matrix which contains the second order derivatives of the energy with
respect to the atomic positions to obtain its eigenvectors and eigenvalues. Typically,
the vibrational partition functions are calculated in the harmonic oscillator approxi-
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mation. The computational cost of this analysis increases gradually with the system
size, therefore various NMA schemes have been proposed to optimize the efficiency
and accuracy of the frequency simulations. For nanoporous applications, instead
of the Full Hessian Vibrational Analysis (FHVA) the Partial Hessian Vibrational
Analysis (PHVA) have been developed and implemented in TAMkin toolkit (the
in–house CMM software) [124, 125]. In a PHVA scheme some of the atoms
which do not play an active role in the chemical transformation are kept fixed
in space, and as a consequence they have an infinite mass in the NMA approach.
This procedure prevents to obtain spurious imaginary frequencies related to lattice
vibrations. For further details, we refer to the paper by De Moor et al. [124]. The
PHVA approach has been applied in this thesis to calculate vibrational frequencies,
partition functions and related thermodynamics.

Thermodynamic quantities and reaction rates
In order to qualitatively understand how chemical reactions take place the TST
can be used. TST is based on the fundamental assumption of the existence of an
activated complex (transition state) in the phase space that divides reactants and
products. The calculation of absolute reaction rates requires precise knowledge
of potential energy surface, therefore, for complex catalytic transformations the
use of TST might not be sufficient. Nevertheless, it is one of the most successful
theories in theoretical chemistry to calculate reaction energies and barriers, which
are reported in terms of Gibbs free energy, which is composed of enthalpic and
entropic contributions [126]. The total internal energy U (expressed in kJ/mol) is
calculated by adding to the electronic energy EDFT−D the thermal contributions
obtained from the molecular partition function Q:

U = U0 +RT 2
(
∂ lnQ
∂T

)
NV

U0 = EDFT−D + EZPE

R = NAkB

where R in the gas constant, NA is the Avogadro constant, kB is the Boltzmann
constant, T is the temperature and EZPE is zero–point vibrational energy.

The enthalpy H is given by the sum of internal energy U and the pV work in the
system. For non–interacting particles the ideal gas law can be applied for 1 mol:

H = U + pV = U +RT

The entropy S is the derivative with respect to temperature at constant volume.
It can be resolved directly from the partition function such that:

S = R lnQ+RT

(
∂ lnQ
∂T

)
NV
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Ultimately, the Gibbs free energy G is determined as:

G = H − TS

By applying TST, the calculated partition functions and the differences in electronic
energy between the transition states and the reactants allow to determine a rate
coefficient k(T ). Depending on the temperature, it quantifies the rate of an
unimolecular chemical reaction, which is calculated as:

k(T ) = kBT

h

qTS,‡
qR

exp
(
−∆E‡

kBT

)

in which kB is the Boltzmann constant and h is the Planck constant. The molecular
partition function qR relates to the reactant and qTS,‡ corresponds to the molecular
partition function of the activated complex excluding the contribution for the degree
of freedom representing the reaction coordinate.
It should be noted that the zero–point energies of the various vibrational modes
are lifted out from the vibrational partition functions of the different components
of the reaction. They are included in the molecular energy difference ∆E‡ at the
absolute zero between the activated complex and the reactant.

∆E‡ = ETS0 − ER0 + ∆E0,vib

∆E0,vib =
Ndof−1∑
i=0

hνTS,‡i

2 −
Ndof∑
i=0

hνRi
2

ETS0 and ER0 are the total binding energies of the activated complex and the
reactant in their electronic ground state configurations, respectively. In this way,
all partition functions should be evaluated with respect to the zero–point levels of
molecules.
The vibrational contribution to the partition function is obtained by means of
following expression:

qvib,i =
Ndof∏
i=1

1
1− exp

(
− hνi

kBT

)
Ndof are the numbers of vibrational degrees of freedom of the system.
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Ab initio molecular dynamics
In order to sample conformational freedom and adsorption of substrates at true
operating conditions usage of a dynamical approach is required, in which effects of
temperature, pressure and flexibility of the material can be taken into account. In
molecular dynamics (MD) simulations the time–dependent motion of a system is
defined at the molecular level by solving Newton’s equation. Within the framework
of this thesis various ab initio MD simulations were performed based on a periodic
DFT description including Grimme D3 dispersion corrections [112]. In the MD
simulations the temperature and pressure were controlled by a chain of five Nosé–
Hoover thermostats and by a Martyna–Tobias–Klein (MTK) barostat, respec-
tively [123, 127]. Such simulations can be performed in different thermodynamics
ensembles and the most commonly applied are the canonical ensemble (NVT) and
the isobaric–isothermal (NPT) ensemble. In what follows, we will illustrate by
means of three case studies the pros and cons of various simulations techniques to
study adsorption.

To show the complementarity of various methods to describe adsorption an
example is given from Paper X. The position of adsorbed dimethyl methylphos-
phonate (DMMP) as a case study model for the infamous ’nerve agent’ group
of alkyl phosphonate compounds was investigated in the defective UiO–66(NH2).
The insight in the adsorption of the DMMP molecule in the defective amino–
functionalized material was obtain by periodic static and dynamic DFT calculations.
Both types of simulations revealed two possible adsorption sites. The adsorption
can either occur in an adjacent position to a linker defect in the octahedral cage
or directly in the position of a missing linker as shown in Figure 2.5. In the first
case, long range interactions between the amino groups and DMMP appear to be
important stabilizing the adsorption position, while in the second case, the molecule
interacts closely with water molecules and hydroxyl groups capping the defect sites
on the brick. For both sites the statically calculated electronic adsorption energy is
of about 100 kJ/mol. To verify the mobility of the adsorbate in the framework the
MD simulations at 300 K were performed starting from both adsorption positions.
During 20 ps of simulations the DMMP molecule maintained the initial adsorbed
position, which further underlines its strong adsorption on both sites. The NPT
simulations allowed a comprehensive study of the synergies that point towards
many confined interactions between the adsorbed molecule and the UiO–66(NH2)
framework [128].
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Figure 2.5: Snapshots of two possible adsorption configurations of the DMMP molecule
in the pores of UiO–66(NH2). Right: top panel presents an adjacent position
of DMMP to a linker defect in the octahedral cage; bottom panel shows the
adsorption of DMMP in the position of a missing linker.

A multilevel modeling approach was applied in Paper VIII to study the ad-
sorption of methanol in defective UiO–66. The estimation of loading of guest
species within the pores of nanoporous materials has drawn a lot of attention,
for which typically, grand canonical Monte Carlo (GCMC) simulations have been
applied. These simulations are performed with empirical force field models that
do not describe the electronic structure of the host–guest interactions, however,
information about the most plausible adsorption sites can be obtained. In this
respect, the description of methanol solvent introduced in the pores was done by
GCMC applying a universal force field, followed by a series of MD simulations
using the PBE functional at NPT and NVT ensembles. The D3 corrections were
included throughout geometry optimizations of molecular dynamics runs. In the
simulations the appearance of various networks between methanol and water on
the active sites was detected. The configurations range from single closed loops of
hydrogen bonded methanol and water molecules to closed loops and open methanol
chains including up to 5–6 molecules (Figure 2.6). Interestingly, the structure
of bulk methanol shows some correspondence with the structure in a confined
environment [129].
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Figure 2.6: Schematic representation of a pore in UiO–66. Left: periodic lattice; right:
the pore where the missing linker defect is located, with included guest
molecules. The active sites A and B are indicated on the left. Bottom:
Ring configurations observed at sites A and B which arise from the interaction
between the Zr–bonded hydroxyl groups and water and the solvent molecules.
Adapted from Ref. [129].
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Another advanced periodic multilevel modeling approach was used to follow the
adsorption of pentene in H–ZSM–5 in Paper VI. Initially, a series of ab initio MD
simulations was performed at 323 K on 1–pentene, 2– pentene, 2–pentoxide and
3–pentoxide π–complexes to gain insight into the mobility of the various adsorbed
species (Figure 2.7). Preliminary MD runs of about 10 ps were executed, in which
the physisorbed pentene molecule was oriented in the center of the straight 10–
membered ring cavity at about 4 Å from the acid site. The diffusion of the 2–
pentene from an unbiased initial position, in which the adsorbate only interacts
with the framework of the zeolite quickly evolves towards the acid site to form
the π–complex. The preferential orientation of the 2–pentene molecule is in the
intersection of the two pores, which corresponds to the methyl tail directed in the
zig–zag channel near the Brønsted acid site and the longer ethyl tail in the straight
cavity (Figure 2.7, b). These initial MD runs were used to select configurations
for a subsequent set of extensive MD simulations of 100 ps. For both 1– and
2–pentene the shortest C – H distance remains on average of about 2 Å, pointing
that the π-H interaction is in place throughout the simulation. A similar position
analysis was made for the alkoxides indicating that these complexes are also stable
during the simulation with average C – O distances of about 1.6 Å. In the MD
simulations at 323 K we did not observe the formation of carbenium ions.
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Figure 2.7: MD snapshots of (a) 1–pentene π–complex, (b) 2–pentene π–complex, (c)
chemisorbed 2–alkoxide and (d) chemisorbed 3–alkoxide in H–ZSM–5 at 323
K, seen in the direction of the straight channel (camera viewpoint). The
snapshots correspond to geometries which are most frequently visited during
MD runs of 100 ps at 323 K. Reproduced from Ref. [115] with permission of
Elsevier, copyright 2016.
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Subsequently, based on the probability distribution plotted in Figure 2.8 the
adsorption positions corresponding to the most frequently visited structures during
the MD runs were determined to optimize these geometries statically. Thereafter,
information about the adsorption enthalpies was obtained from the frequency calcu-
lations and the influence of finite temperature effects on the adsorption enthalpies
was assessed. The plotted probability distributions for the distances of the various
adsorbed species in H–ZSM–5 show an asymmetric behavior for the π–complexes
towards higher C – H distances. The adsorption enthalpy of physisorbed species of
1– and 2–pentene is heavily allied with the C – H distance. The broad probability
distribution for these two molecules illustrates that the average ensemble over
the MD simulations results in enthalpy of adsorption which coincides to C – H
distances larger than 2 Å. This contrasts with the static calculations, in which
only one minimum on the potential energy surface is considered excluding config-
urations with slightly larger distances which are detected in the MD simulations.
Summarizing, the dynamically averaged values of the adsorption enthalpies give
systematically lower values for the π–complexes and slightly higher values for the
alkoxides adsorption enthalpic energies. The position of the double bond does
not significantly affect the enthalpy of formation of the π–complexes which was
also observed by Bhan et al. [130]. Furthermore, by taking into account finite
temperature effects, the π–complexes are almost equally stable as the alkoxide
species [115].

Figure 2.8: Probability distributions of observing some distances in molecular dynamics
simulations of π–complexes and alkoxides in H–ZSM–5 throughout the
final 60 ps simulation time [115]. Reproduced with permission of Elsevier,
copyright 2016.
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Enhanced sampling MD methods

In principle, MD simulations allow access to free energy profiles of chemical reac-
tions, however, due to the broad range of characteristic time scales related to a
molecular system this task is far from trivial [131]. Chemical reactions are most of
the time rare events and the barrier from a reactant to a product state is usually
too high, which gives rather low probabilities of happening during a regular MD
run of a few ps. This limitation can be overcome by using different available
advanced molecular dynamics techniques. Currently, a whole plethora of these
enhanced sampling methods is available, which allow exploring low probability
regions of the free energy surface [132–138]. Detailed reviews on the advanced
molecular dynamics simulations are given in the work of Valsson et al. [139] and
references therein. The enhanced sampling MD techniques have only recently
been successfully applied in the field of heterogeneous catalysis to study chemical
reactions at true operating conditions of temperature and pressure [140–145].
An overview of the recent advances in computational techniques for nanoporous
materials can be found in Ref. [106,107]. In general, two classes of these methods
can be distinguished. In the first class, dynamics techniques enhance the sampling
of all degrees of freedom. The Replica Exchange (RE) [146] and Transition
Path Sampling (TPS) [147] methods are very useful to discover new reaction
mechanisms without the prior knowledge or definition of transition states. These
methods applied in the field of porous materials have the ability to predict selectivity
for various products of zeolite–catalyzed reactions, as was indicated by Buc̆ko
et al. [148]. In the second class of advanced dynamics methods, techniques
are defined in which the sampling of low probability regions is enhanced along
certain coordinates. The most common are Umbrella Sampling (US) [149, 150]
and Metadynamics (MTD) [132]. The latter coordinates are commonly referred
to as collective variables (CV) which may be internal coordinates such as bond
lengths, bond angles or more complex variables like coordination numbers [151].
The free energy methods considered in this work are schematically represented in
Figure 2.9.

Metadynamics

MTD first introduced by Laio and co–workers [132], is a popular method to
accelerate the occurrence of reactions in which a bias potential by means of
Gaussian hills is added to the potential energy surface. The bias potential is
updated on–the–fly, artificially increasing the potential energy of the already visited
states. In such a fashion, states other than the local minima are sampled in an
MTD approach. There exist various algorithms to update the potential energy
surface, most notably is the variational approach. When all states become equally
probable under the combined action of the potential energy surface and the bias
potential, the free energy is equivalent to the inverse bias potential. The method
serves as an excellent tool to scan the configuration space in the direction of the



2.2. FRAMEWORK TOPOLOGY 35

CV for possible minima and has recently been applied successfully in various zeolite
catalysis studies [140, 141].

Figure 2.9: Schematic representation of the free energy methods considered in this work.
Each panel represents a different free energy method. Within each panel, the
top figure shows the simulation result and the bottom figure concerns the
estimated free energy profile. The color coding is black for the unknown
free energy, green for the simulation results and the estimated free energy,
and purple for the sampling methods. Below the method panel,a possible
2–D representation of the given reaction on the two active sites as obtained
using advanced dynamic techniques, indicating the three critical points on
the potential energy surface. Adapted from Ref. [152] and [41].
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Umbrella sampling

In US an external potential is added to the true Hamiltonian to improve the
sampling of low probability regions along defined coordinates of the system. By
performing various US simulations, targeting different regions of the CV, the entire
range of interest in terms of the CV can be sampled. A free energy profile can be
estimated employing a scheme connecting the local information from the various
simulations, such as the weighted histogram analysis method or multistate Bennett
acceptance ratio [149, 150, 153]. Being highly parallelizable US is a very efficient
sampling method. Nevertheless, prior knowledge is required both in terms of an
accurate CVs and a descent estimate of the various stable states.

Choice of CV

The success of the MTD and US methods critically relies on a decent choice of
the CVs which enable to lead the system to parts of interest on the free energy
surface. The suitable choice is not evident and requires a good insight about a
studied reaction [151]. When simulating complex chemical transformations, the
use of non geometric parameters by means of coordination numbers are especially
advisable to describe CV. The coordination number CN used in the simulation is
formally defined as:

CN =
∑
i,j

1− (rij/r0)nn

1− (rij/r0)nd

where the sum runs over two sets of atoms i and j, rij defines the distance between
atoms i and j and r0 is a reference distance. The parameters nn and nd are usually
set to 6 and 12, respectively.

The definition of CV in terms of two coordination numbers was used in Paper
VI to study the formation of the activated transitions on the reaction path on the
formation of 2–pentoxide from physisorbed 1–pentene and 2–pentene and that of
3–pentoxide from physisorbed 2–pentene. The results from MTD simulations to
sample the possible occurrence of carbenium ions in the reaction paths from π–
complexes to alkoxides are shown in Figure 2.10. To describe the proton transfer
from the zeolite framework to the pentene molecule, the combined coordination
number of O – H bond cleavage and C – H bond formation was defined as CV1:
CN(O – H) – CN(C1 – H). The formation of the C – O bond between the resulting
pentyl carbenium ion and the zeolite framework was investigated with the second
CV2 as CN(C2 – O) as displayed in Figure 2.10, top. The carried out MTD
simulations resulted in 2–D free energy surface. In the case where more than
one CV is applied to describe the process, it is necessary to project the resulting
free energy surface of the multidimensional simulations into a lower dimensional
coordinate [141]. The lowest free energy path (LFEP) method proposed by Ensing
et al. [154] was successfully applied to obtained a 1–D profile. The lowest free
energy paths describing the three transformations in 2–D and 1–D energy surfaces
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are displayed in Figure 2.10. The existence of a metastable state between the
π–complex and the pentoxide is evident and characterized as a pentene carbenium
ion.

Figure 2.10: Top: Schematic representation of the applied collective variables. Left: 2–
D free energy surface for the formation of 2–pentoxide from a 1–pentene
π–complex (a) or 2–pentene π–complex (b) and for the formation of 3–
pentoxide from a 2–pentene π–complex (c). The lowest free energy paths
are displayed. A small well corresponding to the metastable carbenium
ion can be observed in the bottom left corner. Right: corresponding 1–D
free energy profile along the lowest free energy path for the two reactions.
Reprinted with permission from Ref. [115].
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In summary the plethora of techniques presented in this Chapter, shows that
nowadays a rich computational toolbox is available to study chemical reactions
in zeolites and MOFs. At the onset of this PhD thesis, a lot of cluster based
models were still used, whereas today usage of periodic DFT based methods has
become more common. A very intriguing evolution within the time frame of this
thesis, is the ability to simulate chemical reactions at operating conditions, using
advanced MD methods. Finally the particular choice of methods is guided by
the system at hand, computational resources and the phenomenon one wishes
to describe. Regarding computational costs, it needs to be mentioned that first
principle MD based methods are computationally very expensive and may not be
regarded as the standard method to study any reaction at hand. For information,
to describe the same chemical transformation static simulations take approximately
20–25 nodedays and MD simulations around 150–200 nodedays (Machine specs:
2 x 10–core Intel E5–2660v3 (Haswell–EP @ 2.6 GHz)).



3
Major research results

Within this Chapter the main research results obtained within the framework of this
thesis will be presented. The main goal was the study of defects and active sites
within UiO–66. Various reactions were considered, such as citronellal cyclization,
aldol condensation, Oppenauer oxidation and Fischer esterification in collaboration
with experimental partners (Figure 1.7, Chapter 1). To obtain a correct mechanistic
view on each of these reactions, it is essential to properly account for the complexity.
Complexity may entail effects like framework flexibility, influence of solvent and
dynamic change of the nature of active sites. In some cases it was sufficient to
model the reaction steps using periodic DFT calculations in a static approach.
During the time frame of the PhD it became possible and necessary to go beyond
this approach and explicitly study the dynamics of the system including the effect of
other guest species and temperature. In this Chapter, the most significant results
and conclusions of the corresponding papers are highlighted. More details can be
found in the original articles, which are enclosed in Part II.

39
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3.1 Open metal sites due to structural defects in
UiO–66

The UiO–66 material is a showcase example of an extremely stable MOF, which
maintains its integrity while allowing structural deformations during activation pro-
cesses. For UiO–66, recent discoveries have revealed that after defect engineering
the material possesses not only Lewis acid sites but also a substantial amount of
Brønsted sites which show remarkable chemical behavior in the form of dynamic
acidity and may take an interactive role in reactions where proton transfers are
necessary (Figure 3.1). The findings presented in this Chapter could be extended to
other Zr based MOFs to understand their properties and fine–tune these materials
to obtain target catalytic functions.

Figure 3.1: Schematic representation of Lewis and Brønsted sites present in UiO–66 upon
linker removal.
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Effect of modulator
The strength of MOFs is their versatility and their potential to be tuned for a
given application. Specifically for UiO–66 different synthesis procedures were used
to alter the chemical structure of the material. In particular, during the MOF
preparation, monocarboxylic acids which are in competition with bi- or polycipital
linkers to coordinate to the metal sites can prevent the connection between two
inorganic bricks, creating linker deficiencies [53]. Experimentally UiO–66 was
synthesized using different modulation approaches and the effect of the type and
amount of modulator added during synthesis was perceived to determine the degree
to which structural defects are created [53, 69–71]. From a theoretical viewpoint
in Paper I, we investigated the role of modulating species such as trifluoroacetic
acid (TFA), hydrochloric acid (HCl) and water in the creation and stabilization
of linker vacancies [54]. By constructing free energy diagrams, we found that
during the synthesis of UiO–66 with an excess concentration of TFA in the reaction
mixture, the Zr atoms may adsorb two TFA groups instead of one BDC linker. This
project was performed in a close collaboration with the group of Prof. Dirk De
Vos in which these features were observed experimentally. We further showed
that the presence of HCl facilitates the formation of defects which was also seen
in the Fourier–transform infrared spectroscopy (FTIR) by DeCoste et al. [155].
Furthermore, at the low temperature synthesis, below 423 K, the addition of
hydrochloric acid enables the replacement of hydroxyl groups in the inorganic node
by incorporation of chloride anions. As can be seen in Figure 3.2, the formation
of linker defects is certainly not thermodynamically driven, but the addition of
modulators such as TFA or HCl lowers the free energy required for the formation of
linker deficiency. The amount of defects can be concentration driven, and expands
with increasing amount of a modulator concentration, which is in competition with
BDC. Furthermore, postsynthetic activation procedures at elevated temperatures
result in substantial removal of the capping ligands, leaving more coordinatively
unsaturated Zr Lewis acid sites. This concept can be extended to other MOFs.
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Figure 3.2: Schematic representation of the calculated structures with different capping
ligands. Free energy differences are reported with respect to the reference
configuration X(BDC) during synthesis conditions (T = 403 K, p = 1 bar).
The results were obtained in a periodic calculation with the PBE–D3(BJ)
functional, employing an energy cutoff of 400 eV. Adapted from Ref. [54]
with permission of the Royal Society of Chemistry, copyright 2015.

Dehydration mechanism of UiO-66

Dehydration of UiO–66 occurs at elevated temperature in the range between 523 -
573 K. The entropy driven activation conditions promote the dehydration process
of the material, which results in the removal of water from the inorganic brick, and
is schematically shown in Figure 3.3. For the first time the mechanistic pathway
for the initial dehydration process of the inner Zr6O4(OH4) brick of UiO–66 was
proposed in Paper I and the reaction was studied on the material with one missing
linker with unit cell formula [Zr6O4(OH)4(RCOO)12][Zr6O6(OH)2(RCOO)10] [54].

A two–step procedure was applied to gain a profound molecular insight into
this process and involved intermediate structures. Initially, the energy surface was
explored by performing a series of MD simulations based on NPT ensemble with
variable volume at a pressure of 10−9 bar. The initial structure for the MD was
chosen to have the hydroxyl groups ordered in a fully symmetrical way representing
the lowest energetically configuration for UiO–66. During simulations, the temper-
ature was gradually increased to gain structural insight into temperature–induced
distortions which lead to dehydration. The most common distortion pattern which
was observed along the MD trajectory showed simultaneous decoordination of
a µ3–OH hydroxyl group together with one BDC linker, and was taken as an
initial structure for the following static geometry optimizations. Subsequently, the
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Figure 3.3: At the top of the figure, the structure of the modeled UiO–66 crystal
is displayed with indication of the unit cell. Zr–brick 1 with formula
[Zr6O4(OH)4(RCOO)12] is intact with no missing linker, while brick 2
[Zr6O6(OH)2(RCOO)10] has one missing terephthalate linker. Adapted from
Ref. [54] with permission of the Royal Society of Chemistry, copyright 2015.

electronic energy profile was obtained after performing a series of NEB simulations
between initial and end structure (Chapter 2). The potential energy surface reveals
the appearance of two transition states and some metastable configurations as
displayed in Figure 3.4. As it was deduced form the MD simulations, the process
was initiated by the µ1–OH hydroxyl group configuration and decoordinated BDC
linker. The hydroxyl group changes its coordination from 3 (µ3–OH) to 1 (µ1-
OH) by traveling to another site of the inorganic brick and subsequently undergoes
protonation with another µ3–OH hydroxyl group to form water. The highest point
on the profile which corresponds to a first transition state is encountered in structure
7. In this configuration one linker is decoordinated with the carboxylic oxygen
from the Zr atom and the hydroxyl group is detached from two Zr atoms. After
that, some intermediate, metastable structures are observed, where the linker is
in the chelated state being coordinated with two O atoms to the same Zr atom
(structure 12). When the decoordinated hydroxyl group is on the other side of
the inorganic brick, the linker recoordinates to the parent position (structure 20).
This configuration represents a local minimum on the potential energy surface.
Subsequently, the released hydroxyl group abstracts a proton of another available
µ3–OH group (structure 23), which results in the formation of a water molecule
(structure 27) and partly dehydrated inorganic brick. It should be noted that the
studied UiO–66 structure can undergo two additional dehydration reactions (Figure
3.3), which were further investigated in Paper II. Moreover, the presence of missing
linkers can also affect this process substantially.
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Figure 3.4: Electronic energy profile for the first dehydration reaction. The relevant
atoms leading to the final removal of water are encircled. The linkers, which
are not involved in the dehydration, are not displayed. The electronic energies
were obtained from an energy refinement (on all the images) with the PBE–
D3(BJ) functional, employing an energy cutoff of 400 eV. Adapted from
Ref. [54] with permission of the Royal Society of Chemistry, copyright 2015.
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Effect of missing linkers on dehydration
A thorough understanding of the influence of various linker deficiency in UiO–
66 on the dehydration mechanism at reaction conditions was reported in Paper
II [58]. A total of six defect structures were generated with a different number and
position of missing linkers. The dehydration mechanism remains the same for all
structures. However, the influence of defects on the dehydration processes is yet
unknown and it is very challenging to study this effect experimentally. To obtain
a molecular insight into the dehydration mechanism of the six different structures
of UiO–66 the same methodology as in the Paper I was applied making use of
NEB calculations. As discussed earlier, the dehydration of the material occurs at
elevated temperature. To account for the thermal corrections, all local minima
and transition states were further optimized employing a stronger convergence
criterion for the electronic self–consistent field (SCF) problem. The vibrational
mode analysis was then performed on the stationary points by computing full
Hessian frequency calculations. In this context we described structural deforma-
tions, therefore a full Hessian approach, with frequency calculations that include
all the atoms, was required to properly account for the entropic contribution. Only
positive eigenvalues were seen for minima, while for transition states the presence
of one negative eigenvalue corresponding to the right normal mode verified that
the system was in a first order saddle point. For all 12–fold coordinated bricks the
removal of the second water molecule is higher activated than the first one. The
endothermic nature of the dehydration process was also confirmed experimentally
by Shearer et al. [57]. Herein, it was found that water removal becomes easier and
the process is lower activated when defects are located nearby pointing out that
they might be correlated.

In Paper I, we postulated the dehydration reaction as a two–step process which
proceeds through the intermediate dangling OH–groups (configuration 20, Figure
3.4). Shearer et al. [57] performed in situ IR experiment in which the temperature
was gradually increased and observed the presence of extra OH bands appearing at
3600–3700 cm – 1. This clearly indicates structural rearrangements during thermal
activation. Theoretically obtained ab initio IR spectrum on the cluster model of
UiO-66 with a decoordinated, dangling OH group demonstrates that the stretch-
ing mode frequency of the hydroxyl group shifts to lower wavenumbers, entirely
confirming experimental observations (Figure 3.5).
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Figure 3.5: Ab initio IR–spectra of a Zr–brick with a dangling OH–bond. Derived from
a cluster model with level of theory B3LYP/(6–31g(d)+LanL2DZ). The ab
initio spectrum was scaled with a factor 0.96. Reprinted from Ref. [58] with
permission of the Royal Society of Chemistry, copyright 2016.

It may be anticipated that introducing a large concentration of defects has
also a large impact on the mechanical properties of the material. Recently Yot
et al. [156] investigated the mechanical behavior of UiO–66 by means of high-
pressure powder X-Ray diffraction studies up to 3.5 GPa. It was observed that
the material showed a gradual pressure–induced reversible decrease of crystallinity.
The bulk modulus of the material was determined to be 17 GPa and by introducing
amino functionalization this value even increased to 25 GPa. This observation
points towards a high mechanical robustness of the UiO-66 type of materials on
top of their already well known thermal and chemical stability. However, the
detailed effect of the amount and correlation of missing linkers in the material
was not explored. From theoretical point of view Wu et al. [33] reported, using
periodic DFT calculations the bulk modulus of 41 GPa for the defect free UiO–66
structure. Hereby, for each of the proposed defect structures we investigated the
bulk modulus, to elucidate the influence of a varying number of linker deficiencies on
the mechanical behavior. Our results showed that bulk modulus is strongly affected
by the number of missing linkers but also the precise position of the defects, which
was also observed in a later, more extensive study by Rogge et al. [65]. In Paper II
we also investigated the evolution of the bulk modulus on the dehydrated structures
of UiO–66 proving that this process barely affects the robustness of UiO–66.
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Inherent flexibility of UiO–66

In Paper III, we made a major step forward in the structural understanding of
the inert Zr–based MOFs, by using enhanced sampling MD simulations which
accelerate sampling of higher activated regions on the free energy surface. Appli-
cation of theses methods allow following in situ the fast dynamic changes in the
coordination number of the framework metals during different activation processes
which are realized experimentally. The UiO–66 material is a showcase example of
an extremely stable MOF, which maintains its integrity while allowing structural
deformations during activation processes such as linker exchange, dehydration and
defects formation [24,49,50,157]. Recently, by using ultrafast 2–D IR spectroscopy,
structural fluctuations were shown in functionalized Zr–based MOFs [47], yet
the understanding at a molecular level of the intrinsic dynamics that drive these
processes represents a puzzle which is almost impossible to fully solve on a purely
experimental basis. Hereby, we used the US methodology to enhance the sampling
of low probability regions along certain coordinates of the system. We showed that
by examining the UiO-66 system at 573 K, thus at the dehydration temperature of
this material, the coordination number of the hydroxyl group bridging the Zr atoms
of the inorganic brick changes from 3 to 1 (Figure 3.6). During this process internal
deformation modes were detected pointing to reversible linker decoordination. We
defined the collective variable by means of the coordination number based on
the distance between the hydroxyl group and the three surrounding Zr atoms,
as schematically shown in Figure 3.6. With this choice, during the simulations we
discriminated five classes of configurations which vary in the degree of coordination
of the hydroxyl group with Zr atoms going from a 3–fold to a 1–fold coordination,
as displayed in Figure 3.6 [51]. A first exploration of the reaction path characterized
by this CV has been performed by means of a constrained MD simulation. This
constrained MD method takes the form of a moving umbrella which during the
whole duration of the MD crosses the entire range of CV with a constant velocity.
In this simulation, a bias potential is moved smoothly along the reaction coordinate
to drive the system from the reactant to the product state at the same conditions.
This is a crucial step in the US methodology which allows selecting of the various
windows on the reaction path along the CV and determining the initial structures
in each of these windows.

Configuration 1 at 573 K corresponds to the equilibrium structure. In this case,
each of the six Zr atoms in the brick is 8–fold coordinated an the four µ3–OH
groups are ordered symmetrically in a tetrahedral fashion. Activation of the system
towards configuration 2 requires 20 kJ/mol of free energy. From the analysis of the
US simulations we can obtain more information on the type of connection between
the oxygen and the three Zr atoms by inspecting the probability distributions for
each of the configurations. In the pristine UiO–66, the relatively mobile nature of
the µ3–OH group is displayed by a loosely connected OH–bond with one of the
Zr atoms, which is equally distributed between the three Zr atoms. Furthermore,
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Figure 3.6: Schematic representation of the applied collective variable. Three critical
Zr – O distances, represented with solid purple, yellow and red lines are used
as input in the formal definition of the collective variable. Free energy profile
at 573 K along the reaction path to dehydration. Some essential turning
points on the profile are indicated with a schematic display of their respective
configurations. Probability distributions regarding the type of coordination
of the hydroxyl group with respect to the Zr–centers measured during the
US simulation are reported in the bottom. Reprinted from Ref. [51] with
permission of the Royal Society of Chemistry, copyright 2018.
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the dehydration process is initiated by configuration 2, as a subsequent evolution
towards lower coordination numbers does not reveal any µ3–OH configurations. In
configuration 3 the hydroxyl group is covalently bonded to only one of the Zr atoms,
but additionally it maintains the coordination bond with one of the two remaining
Zr atoms. This is a crucial point along the reaction path where we see for the first
time the elongation in the M–L bond and out–of–plane deformation of the phenyl
ring. These explain the increased free energy and give a clear indication that the
system enters the transition state region. The broad set of structures encountered
after configuration 3 possesses substantial linker mobility. The internal deformation
modes in the configuration of type 4 include linker decoordination, translation,
rotation and recoordination and are observed for the four linkers bonded to the
same Zr atom. In Figure 3.7 two possible motions of the BDC linker are displayed.

The first motion illustrates the translation of the linker along the axis of the
two Zr atoms to which it is bonded (Figure 3.7, left column). In this case
the intermediary chelated structure was perceived. The second motion which is
schematically shown in the right column of Figure 3.7 corresponds to a rotation
mode along the Zr – O bond. The direct consequence of rotation of this linker
is the decoordination of another linker which is bonded to the same Zr atom.
This second linker is immediately coordinated to the nearest µ3–OH gaining the
stabilization due to a proton shuttle between the hydroxyl group and the carboxylic
oxygen of the linker. Such proton shuttles may also be facilitated by the presence
of other guest species in the pores, such as methanol (Paper VIII). These results
expand the earlier concept of dynamic acidity introduced by Ling and Slater [56]
and in Paper II in the defective UiO–66 to defect–free material where guest protic
species are not present. Configurations of type 5 are characterized by the hydroxyl
group being in a µ1–OH configuration. In this part of the simulations the system
undergoes fast structural fluctuations which are rationalized by a combination of
the two earlier described motions of translation and rotation on a multidimensional
free energy plateau at about 90 kJ/mol. The complex intrinsic dynamic flexibility
of the framework is shown in Figure 3.8.

During the translation, rotation and combination of these two deformation
modes, which are observed for configurations of type 4 and 5, we also saw sub-
stantial rearrangements of the coordination numbers of the various Zr atoms. The
change in the coordination numbers of Zr can easily vary between 8 and 6. This
is directly connected to a remarkable intrinsic dynamic behavior of the system,
where neighboring linkers decoordinate and are stabilized by hydrogen bonding
interactions with adjacent hydroxyl groups. Another important aspect is that
linkers have the ability to reversibly decoordinate and coordinate to the Zr atoms
being responsible for the extraordinary stability of the UiO–66 material, which is
undoubtedly related to the oxophilic character of the metal ion. This study in
which the activation process is entropically driven might eventually also lead to
the formation of water, thus dehydration of UiO–66. All the activated processes
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Figure 3.7: Umbrella sampling in two windows of CV = 1.45 and 1.51, showing two
distinct motions of the linkers. On the left column, a translation of the linker
L1 generates a chelated structure and a subsequent shift in the carboxylic
oxygen connected to Zr2 (configuration 4t). On the right column, a rotation
of the linker L1 and a partial decoordination of linker L2 forming a hydrogen
bond with an µ3–OH hydroxyl group is shown (configuration 4r). A proton
transfer between the carboxylic oxygen O3 and the bridging µ3–O is also
observed, indicating the occurrence of an intrinsic dynamic acidity. Colors
indicate the coordination number of Zr atoms. Reprinted from Ref. [51] with
permission of the Royal Society of Chemistry, copyright 2018.
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Figure 3.8: Different structures observed in the simulation window of configuration 5,
which are rationalized by the two motions presented in Figure 3.7. The
colors of the Zr atoms indicate their coordination number. Reprinted from
Ref. [51] with permission of the Royal Society of Chemistry, copyright 2018.

in which defects on UiO–66 are formed may have a decisive effect on catalytic
reactions. These defects which create active sites in the material may act as
Lewis acid but also Brønsted acid or base sites as it has already been shown in
literature. The performance of UiO–66 as a multifunctional catalyst was intensively
investigated in Paper IV and Paper V.

Effect of dehydration on catalysis

In the dehydration and other processes creating defects, the coordination number
of Zr changes which has a decisive effect on the catalytic properties of the material.
A profound molecular level understanding of these modifications on the strength of
Brønsted and Lewis acid sites within MOFs is crucial to tune the catalytic activity
for many acid–base catalyzed reactions. In Paper IV detailed molecular and
experimental insights were gained on the influence of the degree of dehydration on
the nature of the active sites in the catalysis of the Oppenauer oxidation [158]. The
hydrated and dehydrated UiO–66 material with one linker defect was considered as
a catalyst involving three different adjacent Zr active sites, as displayed in Figure
3.9.

On the Zr–beta zeolite the reaction mechanism of the reverse MPV reduction
of aldehydes to ketones was unraveled by Boronat et al. [159]. In the proposed
mechanism well–defined and isolated Lewis acid and Brønsted base sites were shown
to be involved in the lowest activated reaction path. A schematic representation
of the resemblance between the active sites in UiO–66 and the Zr–beta zeolite is
shown in Figure 3.9. The reactions where dehydrogenation of alcohols is involved



52 CHAPTER 3. MAJOR RESEARCH RESULTS

Figure 3.9: Representation of active sites on hydrated and dehydrated UiO–66 and Zr–
beta zeolite. In each configuration Zr Lewis acid sites and Brønsted base
sites are encircled.

represent an example in which acid-base centers of intermediate strength are
required. Although the active sites on the Zr–beta zeolite look similar to the one
on UiO–66 and the reaction mechanism of the MPV reduction seems to be rather
understandable, the role of the acid and base sites and structural modifications
in the UiO–66 remain to be investigated for fine–tuning catalytic properties. To
study the influence of both missing linkers and dehydration of the structure on
the catalytic activity and to elucidate the bifunctional, amphoteric nature of UiO–
66, the Oppenauer oxidation of alcohols to carbonyl compounds was chosen as a
model reaction. The Lewis acid character of differently coordinated Zr atoms was
investigated by means of DFT calculations using furfural, a strong oxidant as a
probe molecule. Surprisingly, the adsorption free energy at 393 K of this molecule
on the three considered active sites varies of about 5 kJ/mol at PBE–D3 level of
theory (Figure 3.10, configuration 1). This clearly indicates that the Lewis acid
strength of Zr atoms on hydrated and dehydrated material is preserved. Prenol
was chosen as a primary alcohol to be oxidized to prenal. The co–adsorption of
this molecule on adjacent Lewis acid site has almost equal strength on the three
considered active sites indicating that the Lewis acidity is not significantly altered
between hydrated and dehydrated material. The specific coordination number of
Zr has a minor effect on the Lewis acid strength which is distributed over the Zr
metal and the bond with the adjacent µ3–O (configuration 2). The next step in
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the reaction mechanism represents the transition state of the deprotonation of the
alcohol to the µ3–O atom (Ts1). This step proceeds the fastest on the hydrated
material indicating that it possesses stronger base sites than the dehydrated UiO-
66. The free energy barrier amounts to 7.4 kJ/mol on the active site of the hydrated
material and it increases to 36.7 kJ/mol and 50.9 kJ/mol, on the active site on
the dehydrated UiO-66 7– and 6–fold coordinated, respectively. Furthermore, the
formed alkoxide is the most strongly stabilized on the hydrated material. From
the geometrical analysis of Zr–µ3–O distances we observed that the higher the
coordination numbers of the involved zirconium atoms the more stable the alkoxide
becomes. The Lewis acid and Brønsted base sites can attractively interact as
electrons are less concentrated between the Zr and µ3–O atoms. In the second
transition state the atoms from the inorganic framework are not directly involved
into the carbon-to-carbon hydride shift between two reacting molecules. The
effects is immediately observed by similar energy barriers for this transformation on
the hydrated and dehydrated UiO–66. The hydride shift gives rise to prenal, the
desired product of the Oppenauer oxidation (configuration 4). Hereby, the hydrated
UiO–66 was found as a better catalyst than the dehydrated material to facilitate
the Oppenauer oxidation of prenol to prenal with furfural as an oxidative agent.
The experimental results on the influence of both linker vacancies and hydration
state of the UiO–66 framework on its catalytic performance confirmed theoretical
predictions. A much higher activity was systematically found on the hydrated
material. Within this work we showed that the properties of the material can
be tuned by the pretreatment procedures and there is a fine cooperation between
the Lewis acid and Brønsted base sites in the inorganic brick. This study also
demonstrates that chemical properties of UiO–66 are similar to its ZrO2 precursor.

Influence of water on the active catalytic sites
The adsorption of water by porous solids and their stability in water environment is
essential for their application in catalysis. In this respect, chemical and hydrother-
mal stability of UiO–66 was proved by Leus et al. [157]. Creation of defects and
disorders in the material occurs during the synthesis, and in this respect, a missing
linker defect in the material can be seen as a removal of one negatively charged
BDC linker. In such a way, a positive charge is created on the brick which has to be
compensated. This can happen either by removing a positively charged proton, or
by adsorbing a negative species such as a hydroxyl group to one of the coordinatively
unsaturated Zr atoms. Experimentally the identification and characterization of the
nature of defects in MOFs on the molecular level remains a very challenging task
to achieve. Within the use of single–crystal X–ray diffraction (SXRD) the presence
of terminating hydroxyl groups and/or coordinating water molecules on the defect
sites of UiO–66 was observed by the group of Lillerud [160] and the group of
Yaghi [161]. Furthermore in the work of Yaghi et al. [161], an additional hydroxide
anion per defect site was perceived to coordinate with a defective Zr – O – Zr site. It
was postulated that upon removal of one linker, two adjacent Zr atoms are capped
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Figure 3.10: Free energy profile of the Oppenauer oxidation of prenol with furfural
(periodic with PBE–D3) given at 393.15 K. Hydrated brick is indicated
by a blue line, while dehydrated 7– and 6–fold coordinated Zr by a purple
and green line, respectively. X corresponds to: X = O in the hydrated and
dehydrated 7–fold material, and X=vacancy for the cluster with 6–fold Zr
coordination. R corresponds to the reactants in gas phase and the catalyst,
P corresponds to the final products in gas phase and the catalyst. Reprinted
from Ref. [158] with permission from Wiley–VCH Verlag, copyright 2017.

with physisorbed water molecules and the charge compensating hydroxyl counterion
is stabilized by a hydrogen bond with a neighboring µ3–OH group. In Paper II
we considered different configurations of coordinated water molecules on the open
metal sites to determine the chemical nature of active sites. In the simplest case,
upon removal of a proton, also two Brønsted basic sites are created and these are
the two oxo atoms from the framework that bridge the adjacent Zr atoms. The
configuration with coordinatively unsaturated adjacent Lewis acid sites was taken
as the reference structure R (Figure 3.11). In the latter case, the adsorption of
one water molecule gives rise to an additional Brønsted acid and base sites, but
the Lewis acid property of Zr is lost. Subsequently, more water molecules can be
coordinated to the open metal sites, and several possibilities have been screened
as reported in Figure 3.11. In all structures various possible Lewis and Brønsted
sites are indicated which may have a decisive role in a catalytic reaction.
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Figure 3.11: Coordination free energies at reaction temperature of 351 K of one, two and
three water molecules at coordinatively unsaturated Zr–bricks in defective
UiO–66 with respect to a water coordination free site (site R). Free energies
(in black) are given in kJ/mol, and their decomposition into enthalpic ∆H
(blue) and entropic −T∆S (gray) contributions. Energies are resulting from
periodic calculations with PBE–D3 level of theory. In each configuration
Lewis acid and Brønsted sites are indicated. Reprinted from Ref. [109] with
permission from Elsevier, copyright 2017.
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The most stable configurations represent the structures of UiO–66 which defect
site is capped by two or three water molecules. The physisorbed water molecule
on the Lewis acid site immediately deprotonates to the µ3–O atom. The structure
with the chemisorbed hydroxyl group and physisorbed water forms a strongly stable
complex with a free energy difference of -94.4 kJ/mol compared to reference con-
figuration R. The presence of a third water molecule stabilizes this complex slightly
more. The last configuration with three water molecules is indeed some kJ/mol
more bonded on the free energy surface at 351 K. This study is complementary
to the work of Ling and Slater [56], in which a detailed understanding into the
coordination of water and charge balancing hydroxide ions was obtained by applying
an MD approach. Ling and Slater [56] showed that the structure proposed by Yaghi
and co–workers [161] does not represent energetically the most stable configuration.
Instead, the hydroxide ion coordinates to the Zr metal while two water molecules
are physisorbed to the oxo and Zr atoms as shown in Figure 3.11. The water
stabilization pattern is in agreement with what was observed in this work in Paper
II and Paper VII. However, depending on the temperature and concentration of
water molecules various proton shuttles may occur proving the dynamic Brønsted
acidity of active sites in UiO–66. The beneficial influence of water on the reaction
cycle of Fischer esterification of an organic carboxylic acid with methanol was shown
in Paper VII in the combined theoretical and experimental work. The mechanism
of this reaction was studied on the hydrated and dehydrated Zr Lewis acid sites
of UiO–66. The complementary performance of Lewis and Brønsted sites was
required to substantially increase the catalytic activity of the material. Moreover,
the experimental data clearly indicated that the catalytic activity dropped upon
removal of physisorbed water from UiO–66, which is in complete agreement with
theoretical model [109].

Effect of linker functionalization
In many MOFs catalyzed reactions the observed increased catalytic activity results
from the formation of a large number of accessible active sites or linker function-
alization. Vermoortele et al. [62] demonstrated that the UiO–66 materials with
electron–withdrawing groups substitution are notably more active for citronellal
cyclization. Furthermore, in another study by Vermoortele et al. [53] it was
observed that more accessible pores and large amount of available open metal
sites enhance the electronic effect of the nitro group. In this respect the synthesis
procedures by combine use of TFA and HCl were crucial to modulate the material
for desired applications and strengthen the Lewis acid character of the active
sites. To obtain a profound molecular understanding on the modulation effect
of TFA on the material reactivity we used the citronellal cyclization as a probe
reaction for Lewis acid strength. In this simulation, the extended cluster model
with coordinatively unsaturated adjacent Zr sites surrounded by two terephthalate
linkers and one TFA was used. The remaining four linkers were replaced by formate
groups. In Figure 3.12 the free energy profile for conversion of citronellal to
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isopulegol is shown at 373 K. The electronic modulation effect of a TFA group
on the nitro functionalized UiO–66(NO2) results in stronger adsorption and leads
to lower apparent barriers for the transition and product states when compared to
the material without incorporated modulator and functionalization.

Figure 3.12: Free energy profile of conversion of citronellal towards isopulegol. Level of
theory for H, C, N, O, F: B3LYP/6–31+G(d)–D3//B3LYP/4–31G*; Zr:
LANL2DZ//LANL2DZ, calculated at 373 K. Adapted form Ref. [54] and
Ref. [62] with permission of the Royal Society of Chemistry, copyright 2015
and Wiley–VCH Verlag, copyright 2012.
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Vermoortele et al. [61] reported the amino–functionalized UiO–66(NH2) as a
highly selective catalyst for the cross–aldol condensation between benzaldehyde and
heptanal (Figure 3.13). A similar conclusion for the acetylisation of benzaldehyde
was published by Timofeeva et al. [63] and for the esterification reactions by
Cirujano et al. [64].

Figure 3.13: Aldol condensation between benzaldehyde and heptanal (cross– and self–
aldol condensations, respectively) and representation of two catalysts with
indicated possible active sites.

The observed increased activity with comparison to the pristine UiO–66 was
explained by the co–catalytic role of amino groups. The proposed experimental
reaction mechanism was not verified on the molecular level, therefore in Paper
V we aimed to obtain in–depth insight into the active sites for the aldol con-
densation reaction on the two catalysts, unraveling the true role of the amino
group. The catalytic performance of UiO–66 and amino–functionalized UiO–
66(NH2) was evaluated for the cross– and self–aldol condensation of propanal
and benzaldehyde. To rationalize the reaction mechanism it was recommended



3.1. OPEN METAL SITES DUE TO STRUCTURAL DEFECTS IN UIO–66 59

to first use the extended cluster model followed by periodic calculations for the
most probable mechanism. In line with what was earlier observed for UiO–66, the
catalytic activity of this material has its origin in the presence of defects which are
coordinatively unsaturated Lewis acid sites. For the aldol condensation on UiO–
66 we proposed a six steps mechanism, shown in Figure 3.14 which is initiated
by the adsorption of two reactants on the adjacent Zr atoms. Furthermore, the
bi–functional nature of UiO–66 was unraveled. To initiate the reaction, propanal
was solely activated by deprotonation of the α–carbon atom to the µ3–O atom,
which acts as a Brønsted base. We also investigated a pathway in which aldol
condensation is initially Brønsted acid catalyzed by means of hydroxyl group from
the inorganic framework but found higher free energy barriers [108].

Figure 3.14: Comparison of the free energy profiles for the cross–aldol condensation on
UiO–66(NH2) and UiO–66. Level of theory for H, C, N, O: B3LYP/6–
311++G(d,p)–D3//B3LYP/6–31G(d); Zr: LANL2TZ//LANL2DZ, calcu-
lated at 393 K. R corresponds to the reactants in gas phase and the cluster,
P corresponds to the final product and water in gas phase and the cluster.
Reproduced from Ref. [108] with permission of Elsevier, copyright 2015.

To examine the catalytic performance of the amino–functionalized material, we
studied the cross–aldol condensation which is initiated by the adsorption on the
adjacent Zr Lewis acid. Nevertheless, the effects of the amino substitution during
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different steps in the reaction profile appears to be negligible, as it only lowers the
adsorption of propanal and benzaldehyde. The strong adsorption of the reactants
and the slightly lower activation free energy barrier for the UiO–66(NH2) could
point towards a higher activity of this material compared to the pristine UiO–66
(Figure 3.14). This observation was in agreement with many experimental works
dedicated to condensation reactions in which the systematic increase in activity was
obtained when the material was functionalized by electron–donating amino groups.
It was commonly accepted that the cooperative work between the Zr Lewis sites
and the amino Brønsted base sites resulted in high yields for this type of reactions.
In some experimental works the direct role of the amino group as a base site
was proposed [63, 162–164]. In this line, a further detailed theoretical mechanistic
investigation on UiO–66(NH2) was performed. The resulting free energy barriers
at 393 K are highlighted in Figure 3.15. The deprotonation of propanol to the
corresponding carbocation is about 80 kJ/mol higher activated on the amino group
as a base site. Moreover the formation of hemiaminal was also investigated as
this is an intermediate structure in the Knoevenagel condensation [162, 164, 165].
For this pathway, the free energy barrier between the pre–reactive complex and
transition state goes up to 205.4 kJ/mol which indicates that the hydrogen bonding
interaction between the amino group and the carboxyl oxygen of propanal does not
reveal catalytic properties (Figure 3.16). Even though the imine formation is very
highly activated it could happen with assistance of guest species which facilitate
the proton shuttle, such as water. Hereby, it was demonstrated that on the amino–
functionalized UiO–66(NH2) the imine formation can happen as soon as water is
present on the catalyst (Figure 3.16).

Furthermore, in the jasminaldehyde condensation water is produced as a side
product and could assist in the reaction mechanism in the steps where proton
transfers are involved. In Paper VIII it was indeed shown that polar protic solvents
like methanol form a hydrogen–bonded network allowing protons to shuttle between
the solvent, adsorbed water and the inorganic brick. As protons can easily shuttle
among various positions on the defective sites, the active sites show a remarkable
dynamic behavior [129].

In the complementary experimental study performed in the group of Prof. Dirk
De Vos the superior initial conversion of propanol which results in the higher
initial selectivity for the cross aldol product on UiO–66(NH2) was also confirmed.
However, after prolonged reaction time the experimental data predicts a comparable
performance of both catalysts.

Summarizing, in Paper V we unraveled that amino functionalized BDC linkers
possess an electron–donating character but this group as a base is not actively
involved in the reaction mechanism, indicating that the proposed mechanism of
aldol condensation is similar on the pristine and amino substituted UiO–66.
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Figure 3.15: The free energy barrier of the deprotonation on the oxo–atom (TSa: pur-
ple), on the amino group (TSb: orange) and imine formation (TSc: blue) on
the cluster model. Level of theory for H, C, N, O: B3LYP/6–311++G(d,p)–
D3//B3LYP/6–31G(d); Zr: LANL2TZ//LANL2DZ, calculated at 393 K.
Some critical distances are given in Å. The ’zig–zag’ line in the schematic
representation of the TS states corresponds to the terephthalate linker.
Figure reproduced from Ref. [108] with permission of Elsevier, copyright
2015.
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Figure 3.16: The free energy barrier of the hemiaminal formation with water as a co–
catalyst (TSc–w1 and TSc–w2: pink) and without assisting water molecule
(TSc: blue) on the cluster model. Level of theory for H, C, N, O: B3LYP/6–
311++G(d,p)–D3//B3LYP/6–31G(d); Zr: LANL2TZ//LANL2DZ, calcu-
lated at 393 K. Some critical distances are given in Å. The ’zig–zag’
line in the schematic representation of the TS states corresponds to the
terephthalate linker. Figure reproduced from Ref. [108] with permission of
Elsevier, copyright 2015.
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These findings are confirmed in Paper VII where it was observed that amino
groups yield a decrease in the reaction barriers which is in alignment with experi-
mental observations performed in the group of Dr. Francesc X. Llabrés i Xamena.
They have an active and substantial role in modulating the electronic structure of
the material but a passive role in the reaction mechanism [109].

3.2 Contributions to other articles
In addition to the main research projects presented in the previous sections, a small
contribution was made to study the nature of active sites in Ca–modified ZSM–5
for MTO conversion. It concerned a combined experimental–theoretical Paper XI
and is briefly summarized below [166].

Acid site modification with Ca
Within the field of catalysis, many researchers are continuously searching for suit-
able modifications of the catalyst to improve its performance, to direct the product
selectivity and to prolong the lifetime of the catalyst. Within the MTO process
it is commonly accepted that there exists a dual–cycle mechanism, involving the
presence of two cycles, a methylation/cracking cycle leading especially to propylene
production and an aromatic cycle, responsible for ethylene and aromatics formation.
The latter feature is responsible for catalyst deactivation. The aromatics formation
can be suppressed by a combination of a decreased number and strength of acid
sites and an altered accessible pore size. In Paper XI the ZSM–5 acidity was modi-
fied by Ca incorporation. Experimentally a reduction of the aromatics formation has
been measured. To give some molecular insight, periodic DFT calculations have
been performed to investigate the consequence of incorporating Ca into H–ZSM–
5. CaOCaOH+ species are formed and may show multiple structures coordinated
to the framework oxygen atoms near the Al substitution. In the paper it was
demonstrated that CaOCaOH+ moieties might replace the original Brønsted acid
sites and form Lewis acid sites, which were found to catalyze methanol conversion.
Paper XI was the onset of a more elaborate study which is still going on, and in
which various researchers of the CMM are involved (Dr. Kristof De Wispelaere and
Simon Bailleul). The project was initiated and performed in the collaboration with
the group of Prof. Jorge Gascon.





4
Conclusions and Outlook

The role of active sites in catalytic reactions taking place in nanoporous materials,
the many environmental factors affecting the structure of the active sites, the role
of guest species on the catalytic performance, are all scientific questions which
may be answered by molecular modeling. This has been shown in this thesis on
a variety of case studies, which have each been performed in close synergy with
various experimental partners.

The main material of interest in this thesis was the Zr–based UiO–66 material,
which is regarded as one of the most stable MOFs available today. Its stability
can be traced back to the high order of connectivity of the ligands to the Zr
atoms. Inspired by this concept, new generation of materials have been proposed
in the previous years. The material has been explored for a variety of applications.
Within this thesis, focus was set on the catalytic applications, inspired by concep-
tual advances made by our experimental partners to engineer UiO–66 for specific
catalytic applications. To activate the material for catalysis, it had to be subjected
to an activation procedure, moreover introduction of structural defects showed a
large potential to tune the material for dedicated applications. Inspired by this
context, the research of this PhD was performed to obtain a deep understanding
at the nanoscale level into the active sites and reaction mechanisms. Within the
framework of this PhD thesis we particularly studied the activation processes for
the UiO–66 material. Furthermore, the material can be modified postsyntheti-
cally. Postsynthetic modifications applied to MOFs allow tuning their physical and

65
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chemical properties by framework alteration after it has been synthesized. Very
often the inorganic and organic components of the material can be modified or
removed without compromising the overall structure stability, introducing active
sites for catalysis. The mechanisms behind these transformations are yet not well
understood, though they are crucial in understanding the catalytic behavior of the
materials. Advanced molecular modeling techniques have been used to gain a
deeper understanding in the nature of the active sites and structural deformations
during postsynthetic activation processes. These processes, realized at elevated
temperature, result in removal of species coordinated to the inorganic brick, dras-
tically influencing the catalytic activity of UiO–66 as has been demonstrated in
Paper I. At an elevated temperature, above 523 K, the material can also dehydrate
reversibly and for this process a detailed mechanistic pathway was unraveled. The
dehydration mechanism may have a decisive effect on certain catalytic reactions,
where next to the Lewis acid site also the neighboring Brønsted base or acid site
may take a cooperative role in the chemical transformation.

In Paper III, by following the structural changes in UiO–66, during an activated
process at 573 K, some remarkable fast dynamics of the system were observed.
Major rearrangements of the hydroxyl groups connected to the inorganic brick
induce mobility of various linkers, which can easily decoordinate and recoordinate,
rotate and translate. In lower activated regions, the hydroxyl group could easily
travel among the three Zr atoms to which it is originally connected in a µ3–
OH configuration. Once a higher activated plateau was reached at about 90
kJ/mol, reversible mobility of the linkers was observed, while the rigidity of the
inorganic brick was retained. These motions were accompanied by remarkable
processes of proton shuttling between a µ3–OH and carboxylic oxygen of a partly
decoordinated linker, which we showed to occur even in defect–free UiO–66 at
elevated temperature. These results expand the earlier concept of dynamic acidity
in the defective UiO–66 to defect–free material where guest protic species are not
present. Such proton shuttles may also be facilitated by the presence of other
guest species in the pores, such as methanol. A reduction of coordination number
of the Zr atoms was observed due to linker decoordination which is important for
activation processes. Such processes include dehydration but also postsynthetic
ligand and cation exchange, which have recently been realized experimentally for
very robust materials like UiO–66. The study performed within the framework of
this thesis on the dehydration mechanism is very promising for future studies as we
showed how molecular modeling can be used to follow in situ activation processes
of the material. Such processes are hard to track on an experimental basis and in
this respect molecular modeling proves to be a true added value for the nanoscopic
understanding of the material.

The molecular level characterization of defects in MOFs is extremely challenging
from both a theoretical and an experimental viewpoint. In Paper II a plethora of
defective structures with a different number and position of missing linkers was
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generated, for which the free energy of defect formation and mechanical stability
was elucidated.

For UiO–66, recent discoveries have revealed that after defect engineering the
material possesses not only Lewis acid sites but also a substantial amount of
Brønsted sites which show a remarkable chemical behavior in the form of dynamic
acidity and may take an interactive role in reactions where proton transfers are
necessary. Various coordination configurations of water and charge balancing hy-
droxide ions in the place of missing linkers were studied in Paper II and Paper VII.
By performing ab initio MD simulations, proton shuttles between water molecules
physisorbed to the metals and coordinated charge balancing hydroxide anions were
observed.

A deep understanding of the strength of Lewis and Brønsted sites within MOFs
is very important to tune the catalytic activity for a broad variety of acid, basic
or acid–basic catalyzed reactions. In Paper IV, we used the Oppenauer oxidation
reaction of primary alcohols to rationalize the catalytic effect of the structurally
incorporated defects including linker removal and hydration/dehydration of the
framework. It has been unraveled that the catalytic activity is spread out over the
Zr – O – Zr site with a Lewis acid center at the coordinatively unsaturated Zr–atoms
and a Brønsted site on the oxygen. The presence of acid and basic centers within
molecular distances has been shown to be crucial in the performance of the catalytic
reaction as they cooperate in a concerted way during the chemical transformations.
Hydrated bricks have stronger basic sites and facilitated protonation steps in dual
catalyzed reactions instead, in subsequent deprotonation steps the opposite behav-
ior was observed. It is clear that there exists a subtle interplay between the Lewis
acid and the Brønsted base sites on UiO–66 and that the basicity of the material
can be tuned to a large extent by the postsythetic modifications.

In addition to these findings a key role in dual catalyzed reaction mechanisms
was seen for the aldol condensation reaction (Paper V) and the Fisher esterification
(Paper VII). Furthermore, postsynthetic ligand exchange leads to functionalized
materials in which the host–guest interactions can be enhanced. In both works
a passive role of amino-modulating UiO-66 resulted in a higher catalytic perfor-
mance of UiO–66(NH2) which was observed both theoretically and experimentally.
The profound effect of functionalization was also discovered for the adsorption of
DMMP in the framework cavity in (Paper X).

Initially, catalysis on MOFs explored mainly reactions that were catalyzed by
Lewis acid sites, this thesis gave a deep understanding on reactions where next
to the Lewis acid site also Brønsted sites are involved in the best performance of
the catalyst. The availability of Lewis acid sites in the fully coordinated UiO–66
material can be obtained by creation of defects. One of the earliest examples
showing this concept of catalytically active coordinatively unsaturated Zr atoms
was shown for the citronellal cyclization. However, other chemical transformations
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investigated in this thesis entail reaction mechanism where next to the Lewis acid
activity, Brønsted sites play a crucial role in proton transfer steps. Such proton
transfers can be facilitated by the presence of other protic guest molecules, which
was shown for methanol solvent in Paper VIII. This is of high importance as
many heterogeneous catalytic reactions are performed in solution, where the solvent
can have a notable position in facilitating or hindering the reaction due to its
interactions with the catalyst and the solute.

Recently other stable Zr materials have been devised which are now gradually
being tested for catalysis (Figure 1.6, Chapter 1). The results obtained within this
PhD thesis indicate that for exploration of catalytic properties of other Zr–based
MOFs of UiO–66 type it is essential to understand their intrinsic dynamic properties
during activation processes such as dehydration and postsynthetic modification.
The findings regarding the inherent dynamic flexibility of UiO–66 have opened a
perspective towards a comprehensive molecular level understanding of the solvent
assisted cation exchange processes in robust MOFs. The methods used in this
thesis open a lot of perspectives to be used on a broader set of materials for defect
engineering and various catalytic applications.
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Active site engineering in UiO-66 type
metal–organic frameworks by intentional
creation of defects: a theoretical rationalization†

Matthias Vandichel,*a Julianna Hajek,a Frederik Vermoortele,b Michel Waroquier,a

Dirk E. De Vosb and Veronique Van Speybroeck*a

The catalytic activity of the Zr-benzenedicarboxylate (Zr-BDC) UiO-66 can be drastically increased if some

BDC linkers are missing, as this removes the full coordination of the framework metal ions. As a result,

metal centers become more accessible and thus more active for Lewis acid catalysed reactions. Addition

of modulators (MDL) to the synthesis mixture can create more linker deficiencies (Vermoortele et al.,

J. Am. Chem. Soc., 2013, 135, 11465) and leads to a significant increase in the catalytic activity due to the

creation of a larger number of open sites. In this paper, we rationalize the function of the modulators under

real synthesis conditions by the construction of free energy diagrams. The UiO-66 type materials form a

very appropriate test case as the effect of addition ofmodulators hydrochloric acid (HCl) and trifluoroacetate

(TFA) has been intensively investigated experimentally for the synthesis process and post-synthetic thermal

activation. Under synthesis conditions, direct removal of BDC linkers requires a high free energy, but

replacement of such linker by one or more TFA species might occur especially at high TFA : BDC ratios in

the reaction mixture. Post-synthesis activation procedures at higher temperatures lead to substantial

removal of the species coordinated to the Zr bricks, creating open metal sites. A mechanistic pathway is

presented for the dehydroxylation process of the hexanuclear Zr cluster. For the citronellal cyclization, we

show that the presence of some residual TFA in the structure may lead to faster reactions in complete

agreement with the experiment. Hirshfeld-e partial charges for the Zr ions have been computed to investi-

gate their sensitivity to substituent effects; a strong correlation with the experimental Hammett parameters

and with the rates of the citronellal cyclization is found. The theoretical rationalization may serve as a basis

for detailed active site engineering studies.

Introduction

Metal–organic frameworks (MOFs) are part of a class of
hybrid materials. They are porous crystals, composed of inter-
connecting inorganic and organic moieties.1–4 Due to their
unparalleled porosity and because of the similarity with
zeolites and other porous catalysts, MOFs were initially
assumed to have potential as catalysts for a wide range of
reactions.5–11 Stability issues (thermal, chemical and mechan-
ical) severely limit the possible industrial applications of
many MOFs. The UiO-66 type materials display high thermal
stability and retain their crystal structure under relatively

extreme conditions. They fulfil the high requirements needed
to be useful in commercial applications.12–14 They are typi-
cally composed of inorganic ĳZr6O4ĲOH)4]

12+ bricks and tere-
phthalate linkers forming a coordinatively saturated
framework with eightfold coordination of Zr. Surprisingly, the
UiO materials showed catalytic activity,15 which was ascribed
to missing linkers in the structure.16,17 Similarly, missing
terephthalate linkers were also needed to explain the catalytic
activity of the vanadium MOF MIL-47 for the epoxidation of
cyclohexene.18,19 An increase in the observed catalytic activity
is, in most cases, due to the creation of a larger number of
active sites or due to modulating effects resulting from
functionalization of the linkers. It has been demonstrated
that UiO-66 materials synthesized from terephthalates
substituted with electron-withdrawing groups are signifi-
cantly more active.17 Many other isoreticular UiO materials
have been made with different organic linkers,13,14,20–27

making use of different protocols including post-synthetic
functionalization,26,28–32 post-synthetic substitution of Zr4+
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cations,33,34 impregnation with metal nanoparticles,35–39 etc.
This shows the great versatility of UiO-66 type materials,
with many possible industrial catalytic applications ahead.

As missing linkers create open Zr sites which are accessi-
ble for catalytic transformations, procedures were developed
to increase these structural defects within the UiO-66 type
materials by varying the modulator concentration,40–42

synthesis time40 and synthesis temperature.43 Vermoortele
et al.41 demonstrated how a correct use of monocarboxylic
modulators, such as trifluoroacetic acid (TFA) in combination
with hydrochloric acid (HCl), leads to more active sites within
the UiO-66 after a post-synthesis treatment under vacuum at
an elevated temperature.41 The main conclusions can be
summarized as follows: (i) TFA does not affect the crystal-
linity nor the crystal size; (ii) TFA increases the activity for
several Lewis acid catalysed reactions; (iii) thermal treat-
ment of the material leads not only to dehydroxylation of
the Zr bricks but also to post-synthetic removal of TFA, cre-
ating more open metal sites; (iv) a combined use of TFA
and HCl during the synthesis even increases the activity of
the TFA-modulated material.

The UiO-66 material is an optimal test case for a theoreti-
cal study in an attempt to elucidate the underlying mecha-
nism of modulation, as the material shows the unusual
phenomenon to exhibit a significant amount of missing
linker defects, as reported by many other authors. Wu et al.
have shown that the amount of missing linkers can be tuned
systematically by increasing the concentration of the acetic
acid modulator and the synthesis time.40 In contrast to what
has been observed in the case of TFA, other modulators such
as acetic acid and benzoic acid increase the crystallinity and
particle size of the UiO-66.44 Recently, replacing BDC by
benzene-1,3,5-tricarboxylic acid (BTC) in a synthesis using
monocarboxylic acids resulted in structures with even larger
pore sizes.45,46 Especially, MOF-808 (ref. 45) has great oppor-
tunities in catalysis, e.g. after a thermal activation, all Zr sites
become accessible for catalytic transformations.

The role of addition of HCl to the reaction mixture forms
an interesting item in the whole synthesis process too, but
its influence is not straightforward and strongly dependent
on the other synthesis conditions. It greatly accelerates the
synthesis of UiO-66 materials without loss of crystallinity or
porosity.47,48 However, the crystallization is slower than upon
addition of water, due to the protonation of the linker under
strongly acidic conditions.48

The effect of synthesis temperature and linker concentra-
tion on the thermal stability and defectivity of UiO-66 has
also been investigated by the Oslo group.43 They prepared an
almost defect-free material when the synthesis temperature is
increased to 220 °C together with an increased linker concen-
tration using a BDC : Zr molar ratio of 2.1.

In the search for MOFs containing correlated defect nano-
regions allowing a controlled design of complex active sites
for targeted catalysis, the recent work of Cliffe et al. is truly
inspiring.49 They replaced Zr by Hf to fabricate UiO-66ĲHf),50

belonging to the same isoreticular family, and found that

correlations between cluster defects – i.e. missing
Hf6O4(OH)4(BDC)12 parts in the framework – can in fact
be introduced and controlled, offering a lot of new per-
spectives. However, this new MOF falls outside the scope
of the present study and will not be investigated. Defect
engineering in MOFs becomes more and more actual and
not restricted to UiO materials. Defect-engineered variants
of [Ru3(btc)2Cl1.5] compounds have been recently synthe-
sized with multifunctional properties ranging from hydro-
genation to oxidation and Lewis acid catalysis.51 In the
same spirit of engineering of structural defects, we refer
to the work of Farrusseng and coworkers.52

Molecular modelling can serve as a complementary tool to
find a plausible explanation for the abovementioned features.
One of the main objectives of this paper is to gain a greater
understanding of the chemical transformations of the UiO-66
type materials during the synthesis and post-synthesis pro-
cesses under real operating conditions. To the best of our
knowledge, such theoretical calculations have not yet been
performed up to now. They open a lot of perspectives in
particular when the applied methodology turns out to be
successful in reproducing the main features occurring in the
synthesis and post-synthesis processes of UiO-66 when
tuning the various synthesis degrees of freedom. The thus
obtained knowledge can be regarded as a breakthrough
toward active site engineering in MOFs by intentional
creation of defects.

All modified synthesis procedures result in many missing
linkers, as expressed in the larger pore size distribution,
elemental analysis or TGA.16,17,41,47,53

An in-depth theoretical rationalization of the mechanisms
governing the defect creation is very challenging and various
aspects need to be taken into account. The first issue
concerns the defect creation during synthesis and how it can
be tuned by adding modulators (TFA, HCl, H2O) to the reac-
tion mixture under specific reaction conditions, such as
temperature and concentrations of the different ingredients.
The second issue deals with thermal activation during a post-
synthetic process and the removal of different compounds,
such as intra-framework bound water and TFA. These pro-
cesses are very competitive and will be subjected to a thor-
ough investigation. Further, a lot of attention is drawn to
the dehydroxylation of the inorganic brick. In this work, a
dehydroxylation pathway will be proposed, which is not
straightforward and which results from a rather complex two-
step procedure. First, molecular dynamics techniques have
been applied to explore the free energy surface and to
identify plausible pathways. In a second step, the detected
intermediate species are further investigated in combination
with the nudged elastic band54,55 (NEB) method to reveal the
minimum energy pathways between them. The NEB method
was also previously used on MOFs to investigate the struc-
tural transformations of COMOC-2.56 Finally, different
engineered active site models are studied for catalysis and
attempts are made to correlate partial Hirshfeld-e57 charges
of the exposed Zr sites with the catalytic activity.
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In the remaining parts of the paper, we focus on the
computational results rather than on the methodology. We
refer to the ESI† for further details and a summary of all
investigated species and links between them under synthesis
and activation conditions (Fig. S4 and S5†).‡

Results and discussion
A. Defect creation during synthesis of UiO-66

A.1 Replacement of linkers by trifluoroacetate (TFA),
chloride or hydroxide. In UiO-66 synthesis, 1,4-benzenedi-
carboxylates (BDCs) are typically incorporated as organic
linkers. In a defect-free cubic Zr-terephthalate UiO-66
material, each Zr6O4(OH)4 octahedron is surrounded by
12 terephthalate linkers, resulting in large octahedral and
small tetrahedral cages. However, under certain synthesis
conditions, linker deficiencies may arise and active materials
for catalysis were found to have, on average, only 8 carboxyl-
ates surrounding the cluster.41 In the literature,16,41 in-depth
discussions with experimental rationalizations were devoted
to the question on whether linker removal occurs in an
ordered way. These deficiencies can vary between the com-
plete loss of a terephthalate linker and the replacement of
BDC by one of the modulators present in the reaction
mixture. These species may coordinate on the inorganic
[Zr6O4(OH)4]

12+ brick. Herein, we present a free energy dis-
cussion of various plausible structures and it is anticipated
that some structures have a larger probability to occur than
others. For theoretical calculations, we assume that besides
the BDC linkers TFA and HCl modulators and H2O are
also available in the reaction mixture. If we concentrate on
one linker deficiency per unit cell, many combinations are
possible. For the sake of transparency in the discussion, each
possible synthesis product is represented by a shorthand
notation, as outlined in Table 1. We calculated the free
energy of formation for all of the possible structures with
respect to the defect-free reference state A (X(BDC), Fig. 1).
To guarantee mass balance, a pool of isolated molecules is
introduced, taking up the removed linker/substituent and
withdrawing those molecules from the pool needed to form
the new structures. In the calculations, all isolated pool mole-
cules are treated in the gas phase.

All possible synthesis products X(L) are visualized in Fig. 1
with indication of the free energy differences under synthesis
conditions of T = 130 °C and p = 1 bar. A complete removal
of a terephthalate linker (structure G) requires 300 kJ mol−1

and is unlikely to occur. However, the formation of several
other defect structures requires a lower free energy. The pres-
ence of TFA as a modulator yields structures which are

energetically reachable. The formation of structure C with
two TFA groups coordinated at the metal in the space left by
the removal of a BDC linker only requires 85.9 kJ mol−1. The
probability of formation of such a structure can be signifi-
cantly increased by enlarging the TFA/BDC ratio in the reac-
tion mixture. This is exactly what is observed
experimentally.41 Note that no solvent effects were included
in our calculations, especially for structures with open Zr
sites, inclusion of explicit solvent molecules would most
probably result in an additional stabilization of these struc-
tures with respect to X(BDC). However, solvent effects will
not qualitatively change the results displayed in Fig. 1.
Remark that a description of solvent effects is not straightfor-
ward as the synthesis mixture consists of many different spe-
cies, which are able to coordinate with open metal sites.

Despite the fact that the fully saturated structure A
(X(BDC)) is by far the thermodynamically most stable struc-
ture, it is not excluded that also other linker deficiencies can
occur and that their probability grows with increasing excess
of H2O, HCl, TFA or any other modulator with respect to the
dicarboxylate linker.41 In principle, this excess – in combina-
tion with well-chosen synthesis parameters such as tempera-
ture43 and synthesis time58 – may lead to defect sites which
are displayed in Fig. 1.

Some defect structures are less probable. The incorpora-
tion of hydroxyl groups requires a free energy of 240.2 kJ mol−1

under synthesis conditions.
The decomposition of the free energy into enthalpic and

entropic contributions can shed insight into the underlying
reasons why some defect deficiencies occur with larger proba-
bility than others (see Table 2). The enthalpic penalty of
393.1 kJ mol−1 corresponding to the removal of a terephthal-
ate linker (C → G) is hardly compensated by the entropy gain.
This large value can also be interpreted as a large stabiliza-
tion induced by the coordination of two carboxyl groups.
Starting from structure G (X(0)) with four uncoordinated Zr
sites, any coordination with the metal yields extra stabiliza-
tion which is clearly visible in Fig. 1. This stabilization can
vary a lot, but it is significantly larger when all open Zr sites
are coordinated. This is best illustrated with the double TFA
incorporation showing a reaction enthalpy of −385.8 kJ mol−1

(with respect to G (X(0)) which is of the same order as restor-
ing the defect site with a terephthalate linker. The difference
between X(BDC) and X(2TFA) lies mainly in the entropic
contribution which is much higher in the latter (compare
+171.7 kJ mol−1 and +92.6 kJ mol−1 (relative with respect to
X(0) (Table 2)). In reality, the enthalpy barriers may be some-
what reduced as all isolated molecules which are removed
are treated in the gas phase here but, under circumstances of
synthesis, will also be stabilized to some extent by the molec-
ular environment of the reaction mixture. In any case, the
breakage of the inorganic–organic linkage is the main source
for the large enthalpy penalties observed here.

Besides trifluoroacetate incorporation, chloride incorpora-
tion and hydroxide incorporation, starting from HCl and
water, respectively, were also considered. Incorporation of

‡ Remark that within the fully saturated inorganic brick Zr6O4ĲOH)4, there are
two possibilities of hydrogen orientation (cf. Fig. S1 and S2†). In all our
calculations, we have opted for the tetrahedral orientation given in Fig. S1,†
because this arrangement corresponds with the lowest energy configuration.40,53

In the presented reaction schemes, BDC is replaced by two RCOO groups. When
using the abbreviations TFA and BDC, we mostly refer to the protonated – i.e.

charge neutral – molecules.

CrystEngComm Paper

Pu
bl

is
he

d 
on

 1
5 

Se
pt

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 K
U

 L
eu

ve
n 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
13

/0
3/

20
18

 1
2:

46
:3

5.
 

View Article Online

75



398 | CrystEngComm, 2015, 17, 395–406 This journal is © The Royal Society of Chemistry 2015

Table 1 Summary of the notation of the different structures formed during synthesis and post-synthesis treatment. In the Y-structures, Cl− is incorpo-
rated into the inorganic part of the framework. For convenience, the notation RCOO− is introduced representing half a BDC2− linker, and TFA in the
formulas should be read as CF3COO−

Shorthand notation Unit cell formula Changes with respect to reference structure

A X(BDC) Zr O (OH) (RCOO)6 4 4 12 4
Reference structure without any defect

B X(TFA) Zr O (OH) (RCOO) (TFA)

Zr O (OH) (RCOO)

Zr O (OH) (RCOO)

6 4 4 11

6 11

6 4 4 1

5 3

22 2

BDC → TFA

C X(2TFA) Zr O (OH) (RCOO) (TFA)

Zr O (OH) (RCOO)
6 11

6 4 4 12

4 4 2

2

BDC → 2TFA

D XĲ2H2O) Zr O (OH) (RCOO) (OH)

Zr O (OH) (RCOO)
6 11

6 4 4 12

4 4 2

2

BDC → 2H2O

E X(2HCl) Zr O (OH) (RCOO) (Cl)

Zr O (OH) (RCOO)
6 11

6 4 4 12

4 4 2

2

BDC → 2HCl

F XH2O↑ĲBDC) Zr O (OH) (RCOO)

Zr O (OH) (RCOO)
6 12

6 4 4 12

5 2

3

Removal of one H2O from one Zr6 brick

G X(0) Zr O (OH) (RCOO)

Zr O (OH) (RCOO)
6 11

6 4 4 12

5 3 2

2

Removal of one BDC linker

H XH2O↑ĲTFA) Zr O (OH) (RCOO) (TFA)

Zr O (OH) (RCOO)

Zr O (OH) (RCOO)

6 11

6 11

6 4 4 1

5 2

5 3

22 2

Removal of one H2O from one Zr6 brick and BDC → TFA

I X2H2O↑ĲBDC) Zr O (RCOO)

Zr O (OH) (RCOO)
6 12

6 4 4 12

6

3

Removal of two H2O from one Zr6 brick

J X2H2O↑ĲTFA) Zr O (RCOO) (TFA)

Zr O (OH) (RCOO)

Zr O (OH) (RCOO)

6 11

6 11

6 4 4 12

6

5 3

2

Removal of two H2O from one Zr6 brick and BDC → TFA

K XH2O↑Ĳ0) Zr O (OH) (RCOO)

Zr O (OH) (RCOO)

Zr O (OH) (RCOO)

6 11

6 11

6 4 4 12

6

5 3

2

Removal of one H2O from one Zr6 brick and removal of one
BDC linker

L Y(BDC) Zr O Cl(OH) (RCOO)

Zr O (OH) (RCOO)
6 12

6 4 4 12

4 3 2

2

Incorporation of Cl− in two Zr6 bricks of the reference structure
(OH− → Cl− in two bricks)

M YĲ2H2O) Zr O Cl(OH) (RCOO) (OH)

Zr O (OH) (RCOO)
6 11

6 4 4 12

4 3 2

2

Rearrangement of X(2HCl) by incorporating Cl− into the cluster

N X(TFA,HCl) Zr O (OH) (RCOO) (TFA)

Zr O (OH) (RCOO) (Cl)

Zr O (OH) (RC

6 4 4 11

6 11

6 4 4

4 4

OOO)12 2

BDC → TFA and HCl

O
Y
(2HCl)

2H O 2HCl2   Zr O Cl(OH) (RCOO) (Cl)

Zr O (OH) (RCOO)
6 11

6 4 4 12

4 3 2

2

Incorporation of Cl− in two Zr6 bricks of the reference structure
and replacement of two coordinating OH− groups by Cl−
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chloride (structure E (X(2HCl)) is clearly favoured over water
incorporation (structure D ĲXĲ2H2O)), with reaction free
energy differences of −160.5 and −60.3 kJ mol−1, respectively,
but a combined structure X(TFA,HCl) yields an even larger
stabilization energy (−182.2 kJ mol−1).

Summarizing, while linker deficiencies arise during the
synthesis, their formation is certainly not thermodynamically
preferred. However, the introduction of modulators such as
TFA considerably reduces the free energy barrier for forma-
tion of linker deficiencies. It may be anticipated that defect
formation is a kinetic process which is also highly dependent

on synthesis temperature, synthesis time and modulator con-
centrations. TFA is a modulator competing best with the BDC
linkers, which is evidenced by the energy calculations, and
which is also observed experimentally when increasing the
TFA : BDC ratio in the synthesis.41 Similarly, chloride incorpo-
ration becomes more likely at high HCl/TFA ratios.

A.2 Incorporation of chlorine in the inorganic Zr6O4ĲOH)4
bricks. Chlorides in the reaction mixture, either arising from
ZrCl4 or from added HCl, can be incorporated in the
framework in the following two ways: (i) the Cl− anions can
peripherally coordinate to the [Zr6O4(OH)4]

12+ cluster by
replacing a BDC linker (structure X(2HCl); see section A.1),
and (ii) the Cl− anion can be incorporated into the cluster
itself by replacing OH− groups (structures Y(BDC) and
Y(2HCl)) (Fig. 2). The latter modification has been proposed
very recently by Lillerud et al.53 who detected Cl− residues
within some of their synthesized UiO-66 materials, originat-
ing from the Zr precursor ZrCl4. They postulated that the
chloride might substitute the μ3-OH groups on the cluster
(structure L (Y(BDC)) in Fig. 2a). This is indeed possible, as
Cl− is present in the ZrCl4 and ZrOCl2 precursors that are typ-
ically used or can be added in the form of HCl.47,48 If HCl is
added during the synthesis, Cl− anions were also found in
the materials by elemental analysis.47

The incorporation of chloride is theoretically quite
feasible, as the Gibbs free energy (ΔG) for the reaction
A + 2HCl → L + 2H2O amounts to −3.4 kJ mol−1 at 130 °C
(Fig. 2a). Energetically Y(BDC) is even more stable than the
standard defect-free X(BDC) structure, but there is an entropic
penalty which compensates the enthalpic release of 53.8 kJmol−1

at a temperature of about 157 °C and which will become
dominant at higher synthesis temperatures. Under such
conditions, Cl− incorporation is no longer favoured, which is
in perfect agreement with the procedure for synthesizing a
pure Cl-free UiO-66 at 220 °C applied by Shearer et al.;43 as
for this UiO-66, no chlorine was found after 2 DMF washes,
and Cl− was not incorporated in the inorganic brick during
synthesis. This is in sharp contrast with the same material,
which has been synthesized at 100 °C by the same authors,
but where the Cl− could not have been washed out by DMF
(see Table S4 of ref. 43).

Fig. 1 Different linker replacements X(L) which take place during the
synthesis of UiO-66 with BDC, TFA, HCl and H2O in the reaction mix-
ture. Free energy differences in kJ mol−1 are reported with respect to
the reference configuration A during synthesis conditions (T = 130 °C,
p = 1 bar). A pool with isolated linkers and modulators in gas phase is
added to guarantee mass balance in the equilibrium reactions. The
results were obtained in a periodic calculation with the PBE-D3(BJ)
functional, employing an energy cutoff of 400 eV.

Table 2 Free energies and their enthalpic and entropic contributions
for the formation of defect structures with respect to the defect-free ref-
erence site A (X(BDC)) under synthesis conditions (T = 130 °C, p = 1 bar).
All energies are given in units of kJ mol−1. The results were obtained with
the PBE-D3(BJ) functional, employing an energy cutoff of 400 eV

ΔG ΔH −T · ΔS

A X(BDC) 0.0 0.0 0.0
C X(2TFA) 85.9 6.9 79.1
N X(TFA,HCl) 118.3 68.3 49.9
E X(2HCl) 140.0 117.9 22.1
B X(TFA) 190.6 199.0 −8.4
D XĲ2H2O) 240.2 215.9 24.3
G X(0) 300.5 393.1 −92.6
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On the other hand, Cl− can also compensate linker
deficiencies, as in structure E (X(2HCl)). In principle, one can
consider a migration of a chloride ion from a position
outside the cluster (extra-framework Cl−) to a position
inside the cluster, such as the transformation X(2HCl)→ YĲ2H2O)
visualized in Fig. 2b. On the basis of energetic consider-
ations, the incorporation of Cl− in the cluster is however
highly inhibited as the Gibbs free energy difference amounts
to +140.9 kJ mol−1. This is not in contradiction with experi-
mental findings. Indeed, one can easily expect that the
chlorine that is only coordinated with the Zr bricks is easier
washed away by DMF, as has been observed in the synthesis
of UiO-66 at 100 °C by the Oslo group.43 Extra-framework
Cl− will also be easily removed by a post-synthesis treatment
(Table 3), but this will be discussed in the next session. In

Fig. 2b, another route for incorporation of Cl− within the
inorganic brick during synthesis at 130 °C is presented,
but the formed structure O is also unlikely to be formed
(ΔG = 58.9 kJ mol−1).

Concluding, Cl− incorporation within the inorganic
ĳZr6O4ĲOH)4]

12+ brick, with formation of [Zr6O4Cl(OH)3]
12+, is

expected to happen at low synthesis temperatures, which was
also observed experimentally.43

B. Thermal activation or post-synthesis activation

In the previous subsection, the most probable synthesis
products have been discussed with a variety of defect struc-
tures under synthesis conditions of the material (T = 130 °C,
p = 1 bar). For use of the materials as catalysts, the
as-synthesized materials are activated by a post-synthesis
procedure to create open metal sites. The processes during
thermal activation are discussed in the following two
sections. A complete overview of the investigated species and
reactions between them is given in the ESI† (Fig. S4 and S5).

B.1 Creation of active, uncoordinated Zr sites by thermal
removal of coordinating species. Vermoortele et al.41 have
shown that thermal activation of the trifluoroacetate (TFA)
substituted UiO-66 leads not only to dehydroxylation of the
hexanuclear ĳZr6O4ĲOH)4]

12+ cluster but also to post-synthetic
removal of the TFA groups. These processes result in a more
open framework with a large number of open sites and con-
sequently a higher catalytic activity for Lewis acid catalyzed
reactions. In this paper, the post-synthesis activation treat-
ment was modelled under the conditions T = 320 °C and
p = 10−3 mbar starting from the structures displayed in
Fig. 1 (Table 3).

The higher temperature with respect to the synthesis
conditions results in defect formation processes that are
more entropy driven. This could be anticipated from the
entropy contributions in the formation of various defect
structures in the previous section (Table 2). The fully coordi-
nated UiO-66 structure X(BDC) will still not undergo a
deterephthalation (direct removal of terephthalic acid or
BDC) as the free reaction energy of 189.2 kJ mol−1 (Table 3) is
too high. This process will not occur during the synthesis or
the post-synthesis treatment without the destruction of the
linker.16 Additionally, the removal of TFA from all structures
in which TFA is coordinated to the zirconium is very proba-
ble, in view of the low or even generally negative free energies
for all these processes (see Table 3). This is in sharp contrast
with the BDC removal from structure X(BDC): 189.2 kJ mol−1

versus −1.4 kJ mol−1 for the removal of the two coordinated
TFA molecules in X(2TFA). This feature is highly remarkable
as the two structures show similar large enthalpy stabiliza-
tion effects under synthesis conditions (Fig. 1). It is the
entropy term which at 320 °C becomes sufficiently large to
compensate the enthalpic stabilization (Table 3).

Another phenomenon becomes important under thermal
activation conditions: dehydroxylation of the material
becomes competitive with TFA withdrawal. To illustrate this,

Table 3 Creation of defect sites under activation conditions (T = 320 °C,
p = 10−3 mbar) from all synthesis structures displayed in Fig. 1. The results
were obtained with the PBE-D3(BJ) functional, employing an energy cut-
off of 400 eV

ΔGr ΔHr −T · ΔSr

X(BDC) → X(0) + BDC 189.2 390.4 −201.2
X(TFA) → X(0) + TFA 2.6 191.3 −188.7
X(2TFA) → X(0) + 2TFA −1.4 380.3 −381.7
XĲ2H2O) → X(0) + 2H2O −130.0 171.5 −301.5
X(2HCl) → X(0) + 2HCl −29.3 272.3 −301.6
X(TFA,HCl) → X(TFA) + HCl −23.0 129.2 −152.2
X(TFA,HCl) → X(0) + HCl + TFA −20.4 320.5 −340.8

Fig. 2 (a and b) Free energy differences (green) with respect to the
reference X(BDC) structure in (a) and X(2HCl) in (b) for the
incorporation of Cl− in the frame during synthesis (T = 130 °C, p = 1
bar). The enthalpic (blue) and entropic (orange) contributions are also
given. The energies are given in units of kJ mol−1. The results were
obtained with the PBE-D3(BJ) functional, employing an energy cutoff
of 400 eV.
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we start from the formed X(TFA) structure and investigate the
free energy change associated with water or TFA removal
under post-synthetic conditions (Fig. 3). A partial dehydroxy-
lation is thermodynamically even more favourable (free
energy difference of −55.6 kJ mol−1). Such partial dehydroxy-
lation is then followed by TFA removal or another dehydroxy-
lation. Both steps are in competition, in view of reaction free
energies of the order of −25 kJ mol−1 (see Fig. S5 of the ESI†).

It should be noted that in the case of UiO-66–NO2, not all
TFA molecules could be removed by a post-synthesis treat-
ment,41 by the simple reason that the temperature needed to
remove TFA just coincides with the decomposition tempera-
ture of the material.

If linker deficiencies coordinated with hydroxide or chlo-
ride ions at the periphery of the cluster are present in the
framework after synthesis (e.g. structure X(2HCl) or XĲ2H2O)),
a thermal activation will remove all these molecules with
reaction free energy differences of −65.0 kJ mol−1 (per H2O
molecule) and −14.7 kJ mol−1 (per HCl molecule) (Table 3).

B.2 Mechanism of the dehydroxylation processes of
inorganic Zr6O4ĲOH)4 bricks. In the lowest energy
configuration, hydrogen atoms of hydroxyl groups are expected
to be ordered in a tetrahedral fashion in the inorganic bricks
(Fig. S1†). To unravel the dehydroxylation processes and the
intermediate structures involved, we applied a two-step
procedure. First, we explored the free energy surface by
performing an NPT simulation of our model system at a
pressure of 10−9 bar with already one terephthalate linker
missing in the structure (for further computational details,
see ESI†). The temperature was increased step by step
(100 K per 2 ps) to enhance the dehydroxylation process. At

a certain temperature (1273 K), we observed the simulta-
neous decoordination of a μ3-OH group and one of the
three neighbouring terephthalates. Based on this simula-
tion, a decoordinated state was constructed for the small
model system (with two Zr bricks in a unit cell) and further
optimized (structure 18 as given in the ESI†). With one
missing BDC linker, the formula becomes <Zr6O4(OH)4-
(RCOO)12Zr6O6(OH)2(RCOO)10>. The two Zr bricks are
displayed in Fig. 5. We investigate the dehydroxylation of
brick 1 as initial unperturbed structure 0 (Fig. 4).

Inspired by this decoordinated state observed during the
NPT simulations, we performed a series of nudged elastic
band (NEB) simulations54,55 between the initial structure
0 and end structure 27 in order to fully construct the
electronic profile associated with the dehydroxylation along
pathway 1. The resulting profile is given in Fig. 4. A maxi-
mum is encountered at structure 7, which corresponds to a
structure in which one carboxylic group is partially
decoordinated from the Zr atom and in which the hydroxyl
group is also detached from the Zr atom. After that, some

Fig. 3 Water versus TFA removal from structure X(TFA) under post-
synthesis activation conditions (T = 320 °C and p = 10−3 mbar). Free
energy differences (green) and enthalpic (blue) and entropic (orange)
contributions are also given. The results were obtained with the
PBE-D3(BJ) functional, employing an energy cutoff of 400 eV.

Fig. 4 Electronic energy profile for the first dehydroxylation reaction.
The relevant atoms leading to the final removal of water are encircled.
The linkers, which are not involved in the dehydroxylation, are not
displayed. The electronic energies were obtained from an energy
refinement (on all the images) with the PBE-D3(BJ) functional,
employing an energy cutoff of 400 eV.
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intermediate structures are observed where the linker coordi-
nates to the same Zr atom (structure 12) and afterwards coor-
dinates back to the two Zr sites (structure 20). Structure 20 is
an energetic minimum on the potential energy surface, and
at that moment, the hydroxyl group is in the right position to
allow the coordination of the linker with two Zr atoms.

The released hydroxyl will react further by abstracting a
proton of another available μ3-OH group (structure 23),
followed by the release of a water molecule (structure 27).

The process of dehydroxylation is also schematically
shown in Fig. 5. After water removal, the unit cell formula
contains two inorganic bricks with two hydroxyl groups each
(formula: <Zr6O5ĲOH)2ĲRCOO)12Zr6O6ĲOH)2ĲRCOO)10>). This
structure can undergo two additional dehydroxylation reac-
tions (pathways 2 and 3; see Fig. 5) The second dehydroxy-
lation of the [Zr6O4(OH)4]

12+ brick results in a [Zr6O6]
12+ brick

with two neighbouring oxygen defects. One Zr atom is then
sixfold coordinated, one is eightfold coordinated and four
sevenfold; on the average, this also results in a sevenfold Zr
coordination as demonstrated by EXAFS measurements.16 In

the work of Cavka et al.,12 the second dehydroxylation of a
fully coordinated structure yields a [Zr6O6]

12+ brick in which
each Zr should be threefold coordinated by an oxo-oxygen
atom. The [Zr6O6]

12+ brick is thus assumed to have opposite
oxygen defects. This looks at first glance in contradiction
with Fig. 5. However, in case of neighboring oxygen defects,
the dehydroxylated cluster can undergo an oxygen shift to
form a brick with two opposite oxygen defects.

Some comments have to be made regarding the dehydroxy-
lation process. First, in the case of a higher number of
missing linkers, no dehydroxylation can take place. The
dehydroxylation pathways would also change if linker
deficiencies are present, as is schematically shown in the
bottom of Fig. 5.

C. Linker deficiencies and their role in the catalytic activity

The catalytic activity of the UiO-66 material has already been
investigated by the authors in a combined experimental–
theoretical work.17,41 The citronellal cyclization was taken as
a model reaction, as both activity and selectivity for the iso-
pulegol isomers were strongly dependent on the Lewis acidity
of the active site. However, there are many factors governing
the experimentally measured activity, making a direct com-
parison with theory very challenging. The activity depends on
(i) the number of active sites that effectively take part in the
reaction and (ii) the Lewis acid strength, intrinsically respon-
sible for the reaction rate of a single event. This excludes a
direct quantitative comparison of the measured citronellal
conversion with theory. What theory should, in principle, be
able to reproduce is the relative increase/decrease of the
observed conversion by electronic effects. We demonstrated
that some specific functionalizations of the linkers of the
UiO-66 material can significantly increase the catalytic
activity for the citronellal cyclization. For example, nitro-
substituted UiO-66 (UiO-66–NO2) resulted in an experimental
56-fold increase of the reaction rate, which could be qualita-
tively reproduced by theoretical modelling.17 Hereto,
extended cluster models have been systematically applied,
and despite their inadequacy to fully take the environment
into account, they have shown their merits in the description
of single reaction events and in the qualitative prediction of
the reaction rate constants. To obtain preliminary insight
into the modulation effects of TFA, HCl, etc., on the reactiv-
ity, an extended cluster approach was also used in this paper.
For reference purposes, we choose to model the reaction
rate constant for the citronellal cyclization which has been
thoroughly tested experimentally.

We examined the role of the linker deficiencies with traces
of TFA coordinated to the metal site. In a recent work of the
authors,41 it is found that the addition of small quantities of
TFA to the synthesis already significantly increases the activ-
ity, although a maximum activity is obtained when adding
20 equiv. of TFA. This is a serious indication that the increase
of activity is due to the creation of a larger number of open
sites rather than to a modified acid strength. To verify this,

Fig. 5 At the top of the figure, the structure of the modelled UiO-66
crystal is displayed with indication of the unit cell. Zr-brick 1 with
formula <Zr6O4ĲOH)4ĲRCOO)12> is intact with no missing linker, while
brick 2 <Zr6O6(OH)2(RCOO)10> has one missing terephthalate linker.
Dehydroxylation processes can start from brick 1 and from brick 2.
Coordination numbers of the different Zr atoms in the brick are given
(encircled). Oxygen vacancies are displayed as grey squares.
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we constructed extended clusters with trifluoroacetic acid
(TFA) (see Fig. S7†), in which we varied the TFA position to
evaluate whether TFA has a stronger influence if it is in the
immediate surroundings of the active Zr site. Two terephthal-
ate linkers, closest to the active site, are maintained in the
cluster. The other linkers are replaced by formate groups.
One of them is replaced by TFA.

Despite the assumptions made in the model space, the
results are able to give a first impression on the extent to
which the citronellal cyclization activity varies between the
UiO-66 and UiO-66/TFA models (and UiO-66–NO2 and UiO-
66–NO2/TFA models, respectively). All kinetic data are sum-
marized in Table 4. The apparent kinetic data are based on
gas phase reactants, while the intrinsic data are determined
from the adsorbed reactants. We also rely on the concerted
character of the citronellal cyclization on Lewis acid catalysts,
as was proposed in earlier studies.17,59

The presence of a TFA group in the cluster model results
in a stronger adsorption enthalpy of the reactant which gen-
erally leads to more stable adsorption free energies for the
reactant, transition and product states relative to the clusters
without TFA insertion. On average, the TFA group does not
change the intrinsic or apparent entropy contribution to the
free energy.

Relative to the UiO-66 model, the apparent rate accelera-
tion of the modified models is systematically higher than the
intrinsic rate acceleration. The electronic modulation effect
of the nitro linker functionalization is even more pronounced
with the presence of the TFA modulator. This theoretical
result confirms what has been observed experimentally,41

that the more open pore structure and the larger number of
open sites, resulting from a combined use of TFA and HCl
during the synthesis, strengthen the electronic effect of the
nitro group. Free energy profiles are displayed in Fig. 6, clearly
showing the order of activity based on the apparent barriers:
UiO-66<UiO-66/TFA<UiO-66–NO2<UiO-66–NO2/TFA.

Note that the employed extended cluster model attains its
limits in these applications and that more expensive periodic
calculations could give more insight into the influence of the
environment. For reactions taking place on adjacent Zr sites,
such as the aldol condensation15 and the Oppenauer oxida-
tion,17 cluster models are no longer sufficient.

In an attempt to elucidate the different electronic modula-
tion patterns induced by the substituents, we investigated the
charge on the open Zr site of the different cluster models in
relation to the activation enthalpy for the citronellal cycliza-
tion. Of the several charge population schemes, we prefer to
choose the recent Hirshfeld-e partitioning scheme57 as it
combines electrostatic potential accuracy with transferability.
For a series of functionalized UiO-66–X materials, some of
the present authors have previously found a linear free
energy relationship (LFER) between the activity in Lewis acid
catalysed reactions and the experimental Hammett constant
σm (ref. 60) as a measure of the electronic nature of the
ligands.17 In this work, we aimed at finding a theoretical cri-
terion which correlated well with the experimental Hammett
constants. Within this scope, we calculated the Hirshfeld-e
charges of the metal in ten different cluster models
(Fig. S10†) and plotted them versus σm, σp and an average
combination of them Ĳσavg = log(10^(σp) + 10^(σm)), as

Table 4 Kinetic data for the citronellal cyclization to isopulegol at 373 K
(clusters in Fig. S6). Free energy, enthalpy and entropy contributions
in the adsorbed state (ads) and in the transition state (‡) (kJ mol−1). The
rate constants (kfwd

373) are given in units of m3 mol−1 s−1 for the apparent
kinetics and in s−1 for the intrinsic kinetics. The relative rates versus the
non-modulated UiO-66 material are also given in brackets

Pre-TS ΔGads
373 ΔHads

373 −T · ΔSads373

UiO-66a −15.7 −88.6 72.9
UiO-66/TFA1 −19.4 −93.0 73.6
UiO-66/TFA2 −18.7 −92.2 73.5
UiO-66–NO2

a −23.7 −104 80.4
UiO-66–NO2/TFA1 −30.3 −109.6 79.3
UiO-66–NO2/TFA2 −26.6 −107.5 80.8
Apparent ΔG‡

373 ΔH‡
373 −T · ΔS‡373 kfwd373

UiO-66a 56.4 −44.2 100.6 3.03 × 103 (1.0)
UiO-66/TFA1 51.5 −49.2 100.6 1.49 × 104 (4.9)
UiO-66/TFA2 52.0 −49.1 101.1 1.24 × 104 (4.1)
UiO-66–NO2

a 37.4 −67.8 105.2 1.40 × 106 (463.3)
UiO-66–NO2/TFA1 32.8 −72.8 105.5 6.18 × 106 (2039.1)
UiO-66–NO2/TFA2 32.1 −71.6 103.7 7.79 × 106 (2572.1)
Intrinsic ΔG‡

373 ΔH‡
373 −T · ΔS‡373 kfwd373

UiO-66a 72.1 44.4 27.8 6.15 × 102 (1.0)
UiO-66/TFA1 70.9 43.8 27.0 9.28 × 102 (1.5)
UiO-66/TFA2 70.7 43.1 27.6 9.72 × 102 (1.6)
UiO-66–NO2

a 61.1 36.4 24.7 2.17 × 104 (35.4)
UiO-66–NO2/TFA1 63.1 36.8 26.3 1.13 × 104 (18.4)
UiO-66–NO2/TFA2 58.7 35.8 22.9 4.68 × 104 (76.2)

a Data taken from ref. 17

Fig. 6 Free energy profiles, calculated at 373 K, for citronellal
cyclization to isopulegol. Results for UiO-66 and UiO-66–NO2 were
adopted from ref. 17
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substituents can either be in ortho or meta position with
respect to the active Zr site. For all three Hammett constants,
a rather good correlation with the Hirshfeld-e charges was
found (R2 > 0.85). Fig. 7 displays the correlation diagram
belonging to σavg, which shows the best agreement. This clear
correlation suggests that Zr Hirshfeld-e charges may be
regarded as a valid alternative to predict a qualitative indica-
tion of the catalytic activity of hypothetical UiO-66–X variants.
From the data reported here (Fig. 7), we estimate that UiO-66
with CN or CF3 substituent groups will have a catalytic activ-
ity that is comparable to that of UiO-66–NO2.

Conclusions

In idealized non-defective UiO-66 type materials, the inor-
ganic ĳZr6O4ĲOH)4]

12+ bricks are fully coordinated with
benzenedicarboxylate (BDC) linkers and the Zr sites are thus
inaccessible for catalytic activity. This activity can be switched
on if linker deficiencies can be introduced in the material,
creating structural coordinatively unsaturated Lewis acid
sites. Modulation approaches during the synthesis are experi-
mentally the most prominent and efficient techniques to
tune the synthesized product, as the experimentalist freely
disposes of a lot of parameters, such as synthesis time, syn-
thesis temperature, nature of the modulators (MDL) and
their concentration. In this paper, an attempt is made to elu-
cidate the processes taking place during the synthesis – in
particular the role of modulating species trifluoroacetic acid
(TFA), HCl and H2O in the creation and stabilization of linker
deficiencies with varying synthesis conditions – and after-
wards during post-synthesis activation treatments with
removal of linkers, dehydroxylation, etc., whereby open acces-
sible active Zr sites are created for catalysis. Most of the
experimental findings, observed after synthesis and post-
synthesis procedures, done by various experimental groups,
have been confirmed by theory on the basis of pure energetic
grounds. To the best of our knowledge, this is the first theo-
retical study where the formation of linker deficiencies under

various synthesis conditions has been investigated in such a
structural way.

An increase in the catalytic activity of the UiO-66 material
and its variants can be due to a larger number of missing
linkers in the structure or due to electronic effects induced
by incorporating electron-withdrawing groups on the tere-
phthalate linkers. Experimentally, it is not always trivial to
discriminate between these two features, making theoretical
calculations very challenging and complementary to the
experiment. The two features can even be combined to form
the best performing catalyst. In this context, the calculations
reveal the UiO-66–NO2 compound, prepared using HCl and
TFA in the reaction mixture, as the most active catalyst. This
fully confirms what has been observed experimentally. Other
variants, which are expected to perform equally well, have
also been suggested but should be confirmed by experiment.

Below, we summarize the most relevant features related to
the synthesis of UiO-66 and its variants which are valid for
both experiment and theory:

(i) the coordination of two TFA groups instead of a stan-
dard BDC linker is quite favoured and its prevalence
increases with increasing TFA : BDC concentration in the
reaction mixture;

(ii) the addition of HCl to the synthesis reaction mixture
promotes the occurrence of a larger variety of linker deficien-
cies (2HCl, TFA/HCl) and thus a larger number of defects;

(iii) the addition of HCl at low synthesis temperatures
(<150 °C) enables the incorporation of Cl− anions into the
cluster replacing hydroxyl groups;

(iv) thermal activation removes most of the coordinating
MDL species, creating more open Zr sites;

(v) thermal activation also promotes dehydroxylation or
water removal and is competitive with removal of a coordi-
nating TFA;

(vi) functionalization of the linkers can significantly affect
the Lewis acid strength of the metal and thus the reaction
rate constant.

Further, we proposed a pathway for the first dehydroxy-
lation of the inner Zr6O4ĲOH)4 bricks under activation condi-
tions. A decoordination of a terephthalate linker precedes the
formation of a released hydroxyl group that then undergoes a
protonation with another hydroxyl group to split off water.

We also tested the activity for the citronellal cyclization
towards isopulegol over the different variants of UiO-66
catalysts. At low activation temperatures, TFA traces
remain in the framework and hence might have an extra
electronic effect on the catalytic activity. We indeed found
some slight enhancement effects in the reaction rate con-
stant. In addition, a remarkable correlation could be
established between the activation enthalpies and the
Hirshfeld-e charges of the active Zr site, implying that we
can use these charges as a predictive tool to estimate the
activity of UiO variants with other substituents of the
functionalized linkers.

The success of these theoretical calculations has revealed
new complementary insights into the synthesis process and

Fig. 7 Hirshfeld-e charge of Zr versus an average Hammett constant
σavg. The cluster models are shown in Fig. S10.†
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opens a lot of perspectives in guiding experimentalists in the
design of optimal catalysts.
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Water coordination and dehydration processes in
defective UiO-66 type metal organic frameworks†

M. Vandichel,* J. Hajek, A. Ghysels, A. De Vos, M. Waroquier* and V. Van Speybroeck

The UiO-66 metal organic framework is one of the most thermally and chemically stable hybrid materials

reported to date. However, it is also accepted that the material contains structurally embedded defects,

which may be engineered to enhance properties towards specific applications such as catalysis, sensing,

etc. The synthesis conditions determine to a large extent the level of perfection of the material and addi-

tionally the catalytic activity may be enhanced by post-synthesis activation at high temperature under vac-

uum, in which defect coordinating species (H2O, HCl, monocarboxylic modulators, etc.) evaporate. The

molecular level characterization of defects is extremely challenging from both theoretical and experimental

points of view. Such experimental endeavor was recently proposed via experimental SXRD measurements,

also unraveling the coordination of water on the Zr–O–Zr defect sites [Angew. Chem., Int. Ed., 2015, 54,

11162–11167]. The present work provides a theoretical understanding of defect structures in UiO-66(Zr) by

means of periodic density functional theory calculations and ab initio molecular dynamics simulations. A

range of defect structures are generated with different numbers of missing linkers. For each of the defects,

the free energetic and mechanical stability is discussed and the coordination of water and charge balancing

hydroxide ions is studied. For catalysis applications, the material is mostly pretreated to remove water by

dehydration reactions. For each of the proposed defect structures, mechanistic pathways for dehydration

reactions of the Zr-bricks are determined employing nudged elastic band (NEB) calculations. During the

dehydroxylation trajectory, loose hydroxyl groups and terephthalate decoordinations are observed. Further-

more, dehydration reactions are lower activated if terephthalate linkers are missing in the immediate envi-

ronment of the inorganic brick. The creation of defects and the dehydration processes have a large impact

on the mechanical properties of the material, which is evidenced by lower bulk moduli and elastic con-

stants for structures with more defects.

Introduction

Metal–organic frameworks (MOFs) show huge potential in ca-
talysis given their high metal content and porosity that enable
fast reactant and product diffusion from the reactive metal
center.1–3 Conceptually, major advances have been made in
the last decade to circumvent the structural lability and lack
of active sites in coordinatively saturated framework mate-
rials. Currently, materials have been synthesized with out-
standing thermal stability over a broad pH range and with ac-
tive sites which may be engineered at the molecular level.4

Originally, the catalytic activity of MOFs was attributed to the
presence of structural, coordinatively unsaturated active
sites.5–7 The active sites should be freely accessible to reagent
molecules, preferably via large channels and cavities. Later,

MOFs with apparently fully saturated and thus inaccessible
metal sites were also found to be catalytically active8–10 and
missing terephthalate linkers (structural defects) were postu-
lated to be responsible for the catalytic activity. Theory also
succeeded in explaining the observed catalytic activity in these
materials by means of quantum chemical DFT
calculations8–13 on defective cluster models. It should be
noted that already in 2008, it was suggested that structural de-
fects lie on the basis of an increased catalytic activity.
Farrusseng and co-workers14 succeeded in engineering struc-
tural defects in coordinatively unsaturated materials. They
used monocarboxylate synthesis modulators to create more
linker defects in MOF-5, leading to an enhanced catalytic ac-
tivity.15 Nowadays, the scientific community is completely
aware of the importance of all kinds of defects in MOFs. A
prototype example for such defect engineering is the UiO-66
material,10,16–18 which was first synthesized by Lillerud et al.
in 2008.19 A lot of review and perspective papers currently fea-
ture this topic.20–23

Defect-free UiO-66 is composed of inorganic [Zr6O4(OH)4]
12+

bricks and terephthalate linkers (benzenedicarboxylate (BDC))
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forming a coordinatively saturated framework with eightfold
coordination of Zr with oxygen atoms, and forms a thermally
and chemically very stable framework (reported first by
Lillerud and co-workers19). Later, the technique of synthesis
modulation with trifluoroacetic acid (TFA) and hydrochloric
acid (HCl) has led to more defective UiO-66 frameworks.13,14

While benzenedicarboxylate (BDC) and [Zr6O4(OH)4]
12+ usually

build up the framework under synthesis conditions, the incor-
poration of other Zr–O–Zr coordinating species (synthesis
modulators or MDLs such like TFA, H2O or HCl) instead of
these BDC-linkers might appear at high MDL :BDC ratios in
the reaction mixture.18 This has theoretically been confirmed13

by the high free energies required for direct removal of BDC
linkers and/or replacement of a BDC linker with one or more
MDLs under synthesis conditions. In a classical UiO-66 synthe-
sis employing only HCl and benzoic acid as synthesis modula-
tors, Lillerud et al.24 have experimentally demonstrated the ap-
pearance of Zr–O–Zr coordination at linker deficient sites in
as-synthesized samples. Characterization of defect sites is very
challenging, as the type of deficiency in UiO-66 can be very
broad, varying from a missing linker to a missing Zr6 brick.17

Many experimental techniques are available but a unique de-
termination of the nature of these defects on the molecular
level remains a very difficult task to accomplish. Nevertheless,
such experimental knowledge is imperative to understand the
catalytic activity of these defective materials, their adsorption
properties and their thermal and chemical stability.25 By
means of single crystal X-ray diffraction (SXRD), the presence
of two hydroxyl group terminations and/or coordinating water
molecules has been observed.24 Moreover, Yaghi et al.26

performed a similar (more detailed) study investigating the dif-
ferent stages of UiO-66 treatments, using large single crystals
up to 300 μm in diameter, while the largest crystals in the
SXRD study of Øien et al.24 reached only 10 μm. In open air at
room temperature, they postulated the presence of an extra hy-
droxide anion per defect site, bringing the total amount of de-
fect coordinating water units on 3. Very recently, in a theoreti-
cal paper of Ling and Slater,27 they performed a first principle
molecular dynamics approach to further unravel the coordina-
tion of water and the charge compensating hydroxide ion in
case one linker is missing in the conventional unit cell with
four Zr-bricks. Trickett et al.26 suggested a structure where the
charge balancing hydroxide ion is stabilized by a hydrogen
bond with a neighboring μ3-OH group of the UiO-66 material,
whereas the two neighboring Zr atoms are capped with
physisorbed water molecules. Ling and Slater found that this
structure is energetically not the most stable configuration and
that instead the hydroxide ion prefers to coordinate with the
Zr site, whereas two water molecules are physisorbed to the
oxo atom and the other Zr atom. Depending on the tempera-
ture and concentration of water molecules, various proton
jumps may occur that allow the acidity of active sites in the
material to be dynamically altered. Dehydration/rehydration
processes in MOFs have recently also been investigated experi-
mentally in the frame of single crystal to single crystal (SC–SC)
transformations.28–30 However, on the theoretical level not much

activity is noticed. In the UiO-66 material under investigation in
this work, structural SC–SC transformations don't take place.

In this paper, we thoroughly investigate a variety of de-
fect structures – in total six – in the UiO-66 material with
varying number of coordinations for the Zr atoms. For each
defect, we aim to unravel the precise structure and composi-
tion of the defects. As in ref. 27, we give a detailed insight
into the coordination of water and charge balancing hydrox-
ide ions, applying various computational protocols. Such a
study is complementary to the experimental work of Trickett
et al.26 and the theoretical work of Ling and Slater. For each
of the defect structures, we aim to unravel the process of
dehydration or water removal. To generate active materials
for catalysis, a thermal activation step is used, during which
extra accessible Zr-sites are created, resulting from the re-
moval of Zr–O–Zr coordinating species (TFA, H2O, HCl,
etc.).13,18 Apart from the removal of such defect coordinat-
ing species, thermal activation does also promote dehydra-
tion (or water removal) reactions from inorganic bricks. In
an earlier paper by some of the presenting authors, we pro-
posed a mechanistic pathway for the dehydroxylation pro-
cess for a fully saturated inorganic brick ([Zr6O4(OH)4]

12+),13

however, the influence of defects on the dehydroxylation
processes is yet unknown and it is very difficult to study
this effect experimentally. Herein, the dehydroxylation pro-
cess is studied for structures with a varying number of de-
fects in different periodic models.

It may be anticipated that introducing a large concentra-
tion of defects also has a large impact on the mechanical
properties of the material. The mechanical behavior of UiO-
66 type of materials has received less attention so far. Re-
cently, Yot et al.31 explored the mechanical behavior of UiO-
66 by means of high-pressure powder X-ray diffraction stud-
ies up to 3.5 GPa and it was observed that the material
showed a gradual pressure-induced reversible decrease of
crystallinity. The detailed effect of the concentration of miss-
ing linkers was not explored by these authors. However,
the bulk modulus of the material was determined to be 17
GPa and by introducing amino functionalization this value
could even be increased to 25 GPa. These values point to-
wards a high mechanical robustness, on top of their already
well-known thermal and chemical stabilities. From the theo-
retical point of view, the bulk modulus of the defect free
structure was reported to be 41 GPa by Wu et al.25 using peri-
odic DFT calculations. Herein, we investigate for each of the
proposed defect structures – six in total – the bulk modulus,
to explore the influence of a varying number of linker defi-
ciencies on the mechanical behaviour. We also explore the
evolution of the bulk modulus along the dehydration
pathways.

Overall, this paper aims to add to a molecular level under-
standing of defect structures in UiO-66 materials both in
terms of the nature of the defects, the coordination of water
molecules, the removal of water molecules by means of dehy-
dration reactions and the impact on the mechanical proper-
ties of the material.
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Results and discussion

Before tackling the various items indicated in the Introduc-
tion, a periodic model representing the UiO-66 material with
linker defects needs to be constructed. Thereafter, this sec-
tion will cover three main topics: first, the effect of linker de-
fects on the stability of the structure and the mechanical
properties of the material; second, the coordination of water
with the Zr–O–Zr defect created by removing one linker from
a four brick-containing unit cell; and third, a systematic
study of the dehydroxylation processes starting from different
configurations of Zr-bricks representing the UiO-material
with zero, one and two linker defects with computation of
free energy barriers and reaction free energies.

A. Construction of periodic UiO-66 models with linker
defects

From the crystallographic information file provided by Cavka
et al.19 containing a cubic unit cell with four inorganic
[Zr6O4(OH)4]

12+ bricks, an orthorhombic unit cell containing
two inorganic bricks was constructed, as displayed in Fig. 1.
For the energetic and mechanical characterization of the de-
fects, this unit cell was chosen for the sake of computational
efficiency. For the coordination of water, we opted to con-
sider the unit cell with four inorganic bricks. Fig. 1 also gives
a good visualization of the relationship between these two
unit cells. One missing linker in the smaller unit cell gener-
ates two missing linkers in the conventional unit cell and the
identification of these linkers is facilitated by means of Fig.
1. The further discussion deals with the smaller unit cell of
two inorganic bricks, unless specified explicitly. Starting from
the ideal defect free crystal structure A (unit cell formula:
<Zr6O4(OH)4(RCOO)12>2 in which (RCOO−)2 = BDC2−) and
thus with coordination number 12 for the two Zr-bricks (CN1

= CN2 = 12), one or two linkers were removed using

Zeobuilder.32 In the category of species with one linker defect
in the unit cell structure A, we select the two distinct configu-
rations B and C, as indicated in Fig. 2.

Within the concept of two Zr-bricks per unit cell, each
brick is characterized by its coordination number CN1 and
the coordination number of its counterpart: CN1

CN2. For the
convenience of the reader, we display in Fig. 2 the two brick
structures belonging to each configuration. The defect free
configuration is composed of two 1212 bricks (or A0); the
structure with one linker defect has two configurations {1012,
1210} and {1111, 1111} corresponding to the structures B and
C shown in Fig. 2. The index 0 is used to indicate that no di-
hydroxylation reaction has taken place yet. We limit the num-
ber of structurally different configurations with two linker de-
fects within the picture of two Zr bricks per unit cell to three
(labelled D, E and F); they belong to the family {1010, 1010}
and are displayed in Fig. 2. Apparently, knowledge of the co-
ordination numbers of the two bricks in the unit cell is not
sufficient to determine the defect structure uniquely. D0, E0
and F0 bricks clearly correspond to topologically different de-
fect structures. The case in which a linker is removed from
configuration B has not been considered since that would
create inorganic [Zr6O7(OH)]9+-bricks that may not undergo
water removal reactions. In total, six defect configurations
are retained and their behavior under dehydration reactions
and their impact on mechanical properties will be investigated.

B. Effect of terephthalate defects on the material stability

Static periodic DFT calculations were performed for all
structures displayed in Fig. 2. The applied methodology is
explained in the Computational methods section. For each of
the optimized structures A–F, electronic energies, frequen-
cies, free energies and bulk moduli were computed. It is
clear that linker removal is thermodynamically not favorable:
the required electronic energy amounts to 380 kJ mol−1 and
is almost equal for any linker (electronic energies for each of
the defect structures are given in Table S1 of the ESI†). Defect
structures B and C are almost isoenergetic. The gain in en-
tropy at finite temperature does not significantly depend on
the position of the removed linker yielding overall reaction
free energies of 213 kJ mol−1 and 223 kJ mol−1, for linker de-
fect structure B and C, respectively, at 320 °C (Table 1).

The coordination of each brick in the one-linker defect
structures B and C is indicated in Fig. 2, with the individual
coordination numbers of each Zr-atom as well. They deter-
mine the spatial structure of each inorganic brick. In defect
structure B, we expect an equal coordination 7 for four Zr-
atoms, as demonstrated in brick B0Ĳ1012). However, a more
stringent level of theory in the geometry optimization of B re-
veals the presence of two minima on the potential energy sur-
face due to some internal dislocations. One of the μ3-oxo oxy-
gen atoms (see B0Ĳ1012)) jumps to a position out-of-plane
bridging two Zr-centers (see B0Ĳ1012)), and leaving a vacancy
in the original position of the oxygen. Static periodic calcula-
tions reveal that the last configuration is more stable with

Fig. 1 A conventional unit cell of a defect free UiO-66 crystal with
four Zr-bricks is indicated in orange. A reduced unit cell with only two
Zr-bricks is shown in blue.
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about 20 kJ mol−1 in electronic energy. We examined if the
existence of a local minimum beside a global minimum is
not an artifact of the applied computational methodology.
This is however not the case since for both defect configura-

tions distinct EĲV) diagrams could be constructed, following
the protocol given in the ESI.† As was recently shown by some
of the presenting authors, geometry optimization of frame-
work materials needs to be conducted with the greatest care

Fig. 2 The considered defect free and defect structures based on the unit cell with two Zr-bricks. Structure A corresponds to the structure
without linker defect, B and C with structures bearing one linker defect and D, E and F with two linker defects. The coordination numbers of the
two Zr-bricks in the unit cell are also given (CN1 and CN2). The removed terephthalate linkers are colored in red; furthermore they are displayed
thicker to make their position visible in the unit cell. For convenience, the notation RCOO− is introduced, representing half a BDC2− linker.

Table 1 Reaction free energies per unit cell of two Zr-bricks for the terephthalate linker removal and bulk modulus for each investigated structure. Free
energy differences are given at 320 °C and a pressure of 1 bar with respect to the defect free structure A. For the energy balance, a removed linker rep-
resented by terephthalic acid TA (H2BDC) is treated in the gas phase. ΔG = 1/xĳG + xGTA − GA ] with x = number of removed linkers per unit cell. The re-
sults were obtained in a periodic calculation with the PBE-D3(BJ) level of theory, employing an energy cut off of 600 eV. Bulk modulus was calculated
from an EĲV) fit to the Birch–Murnaghan equation of state. Experimental cell volume amounts to 4463 Å3 (ref. 24) (scaled to the reduced unit cell of two
Zr-bricks) for single crystals of UiO-66 with a linker occupancy of 73%

ΔG320

(kJ mol−1)
Bulk modulus

(GPa)
Volume of the optimized

unit cell (Å3)
Optimal volume
from BM-fit (Å3)

Defect free structure (x = 0)

A. <Zr6O4(OH)4(RCOO)12>2 {12
12, 1212} — 37.95 4540 4595

1 Missing linker (x = 1)

B. <Zr6O4(OH)4(RCOO)12> <Zr6O6(OH)2(RCOO)10> {1210, 1012} 213.0 30.94 4512 4525

C. <Zr6O5(OH)3(RCOO)11> <Zr6O5(OH)3(RCOO)11> {1111, 1111} 222.9 24.66 4524 4553

2 Missing linkers (x = 2)

D. <Zr6O6(OH)2(RCOO)10> <Zr6O6(OH)2(RCOO)10> {1010, 1010} 203.2 15.79 4573 4595

E. <Zr6O6(OH)2(RCOO)10> <Zr6O6(OH)2(RCOO)10> {1010, 1010} 226.1 21.25 4495 4525

F. <Zr6O6(OH)2(RCOO)10> <Zr6O6(OH)2(RCOO)10> {1010, 1010} 210.2 21.99 4509 4532
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which is furthermore confirmed here.33 More computational
details are taken up in the ESI.† The EĲV) curves are displayed
in Fig. S3.†

Removal of a second linker leading to structures of type D,
E or F (CN1 = 10, CN2 = 10) requires more or less the same
free energy, around ∼210 kJ mol−1 at 320 °C (Table 1). Appar-
ently, the free energy required to remove one linker does not
depend very much whether one linker was already removed.
The energy needed at 0 K to remove a terephthalate linker is
about 380 kJ mol−1, which due to the entropy can be lowered
to ∼210 kJ mol−1 at a temperature of 320 °C. Experimentally,
a steady decrease of linker removal with increasing tempera-
ture and a full decomposition of the crystallinity at 450 °C
were observed during the TGA experiment of the group of
Lillerud.34 A complete overview of the free energy costs for
linker removal at the six defect structures under study in this
paper for different temperatures is given in Table S1 of the
ESI.† Our calculations clearly show that the removal of linkers
is an activated process, which does not spontaneously occur
even at higher temperatures, which further confirms the sta-
bility of the material.

To assess the effect of missing terephthalate linkers in
UiO-66 on the material stability, we varied the unit cell vol-
ume to construct an EĲV) diagram and fitted the data points
to a Birch–Murnaghan equation of state (see the ESI†), from
which we could deduce the bulk modulus. The bulk modulus
is a measure of the compressibility of the periodic models,
and we intuitively expect a decrease in this property with in-
creasing amount of linker defects. This is indeed observed
(see Table 1), as the bulk modulus decreases from 38 GPa for
the ideal defect-free structure composed of inorganic
[Zr6O4(OH)4]

12+ bricks and terephthalate linkers forming a
coordinatively saturated framework with an eightfold coordi-
nation of Zr, to about 20 GPa on average for structures
containing only [Zr6O6(OH)2]

10+ bricks (shorthand notation
1010). We notice a remarkable dependence of the bulk modu-
lus on the position of the missing linker. The configuration B
consisting of B0(1012) and B0(1210) bricks yields a bulk modu-
lus of 31 GPa. The other category represented by configura-
tion C (two C0(1111) bricks) has even a lower value (25
GPa). Removal of a second linker leads to a bulk modulus of
about 21 GPa which is barely lower than the value corre-
sponding with the one-linker defect structure C.

Compared with bulk moduli reported in the literature, we
notice a value of 41 GPa obtained by Wu et al. in a periodic
PBE+D calculation for a defect-free UiO-66 material, compara-
ble with our prediction of 38 GPa. Very recently, high-
pressure PXRD experiments were carried out by Yot et al.31 at
different pressures p and at room temperature. From the evo-
lution of the unit cell parameter as a function of p, they de-
duced an experimental estimate for the bulk modulus of
about 17 (±1.5) GPa, which is significantly lower than the
DFT predictions of 41 GPa and 38 GPa. Thermogravimetric
analyses (TGA) of their samples gave evidence for a small
concentration of missing linkers (1 out of a total of 12),
bringing our estimates of the bulk modulus obtained for 1

and 2 linker deficiencies much closer to the experiment. Any-
way, the measured value is the highest reported so far for
MOFs, emphasizing an extremely high mechanical robust-
ness for these Zr based MOFs, which further underlines the
broad stability region of the UiO type materials regardless of
the presence of defects (missing linkers and/or missing inor-
ganic bricks).

C. Identifying Zr–O–Zr coordination by water after synthesis:
a (de)hydration study

The stability of MOFs in a water environment is a crucial test
for its further application in catalysis. A more extensive re-
view on the nature of defects in catalysis has recently been
presented by Farrusseng et al.35 UiO-66 frameworks are good
candidates with respect to chemical and hydrothermal stabil-
ity as was recently demonstrated by Leus et al.4

The identification and characterization of defects in MOFs
on the molecular level remains a challenge and within this
context the recent work of Lillerud and co-workers24 and
Yaghi and co-workers26 can be considered as a milestone.
With the extensive use of single-crystal X-ray diffraction
(SXRD), missing linker defects in UiO-66 have been identified
as water molecules coordinated directly to the Zr centers.
Charge balancing as a result of the removal of linker(s) is
achieved by an OH− counterion, hydrogen bonded as a μ3-OH
group to the pores of the inorganic Zr-brick. Inspired by that
recent experimental work, theoretical calculations have been
performed focusing on defect (Zr–O–Zr) coordination with
water. To a large extent, we elaborated on the original paper
of Vandichel et al.13 on defect creation in UiO-66. While in
ref. 13 different linker replacements were taken into consid-
eration during the synthesis process with BDC, TFA, HCl and
H2O in the reaction mixture, here the focus lies on the differ-
ent configurations of water coordination with the open metal
site and the hydroxide counter ion replacing the negatively
charged BDC linker. Very recently, Ling and Slater27 reported
a computational study, where they reported the electronic en-
ergies for various water configurations based on static first
principles approaches and studied the dynamics of the coor-
dinating water molecules by means of ab initio molecular dy-
namics studies. Our approach may be regarded complemen-
tary as all our conclusions are based on periodic density
functional theory calculations and include all thermal correc-
tions, which allows us to report free energies.

Periodic DFT calculations were performed to determine
the free energy of formation of different configurations with
3 defect coordinating water molecules (see Computational
methods). In order to be able to make a comparison with re-
cent materials published in the literature regarding this is-
sue, we also investigate the case of one linker defect in the
conventional unit cell consisting of four bricks, as presented
in Fig. 1. Due to the symmetry of the defect-free material, all
one-linker defect structures within the representation of the
conventional unit cell are equivalent. The reference configu-
ration A represents the defect free site involving the BDC
linker. If we follow the same notation used in ref. 13, thus
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A = XĲBDC). Linker removal leads to configuration G(= XĲ0))
consisting of four Zr-bricks in the unit cell with coordination
CN1 = 11, CN2 = 11, CN3 = 12 and CN4 = 12. It does not repre-
sent one of the one-linker structures B or C in Fig. 2 as this
structure cannot be generated in the reduced unit cell of two
bricks. A free energy of about 289 kJ mol−1 under synthesis
conditions (T = 130 °C, p = 1 bar) is required to remove the
linker from A. The coordination of water molecules near the

defective site can occur in multiple configurations. Some of
them are schematically displayed in Fig. 3a considering three
coordinating water molecules coordinated to each of the Zr
atoms involved in the removal of one linker.

Physisorption of three water molecules onto one defect
site results in a coordination free energy of about 68 kJ mol−1

(difference in energy between structure G and G_3H2O). How-
ever, after geometry optimization this structure quickly

Fig. 3 (a) BDC incorporation compared with different coordination possibilities of 3 H2O molecules during the synthesis of UiO-66. Free energy
differences in kJ mol−1 are reported under synthesis conditions (T = 130 °C, pH2O = 1 bar) with respect to the reference configuration A. A pool
with isolated linkers and modulators in the gas phase is added to guarantee mass balance in the equilibrium reactions. The results were obtained
in a periodic calculation with the PBE-D3(BJ) functional, employing an energy cut-off of 600 eV; (b) Gibbs free energy diagram of water coordinat-
ing to defect sites, modeled on an extended cluster model of UiO-66 at the B3LYP/[6-311++g(d,p), LanL2TZ(f)]//B3LYP/[6-31g(d), LanL2DZ] level of
theory. Water molecules are approximated in the gas phase; this approximation is reasonable and makes a relative comparison between the differ-
ent states possible. Free energies (in kJ mol−1) for the different steps in the diagram are given under synthesis conditions.
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reorganizes into a state where the hydroxide anion is at-
tached to the Zr atom and the oxo atom is protonated,
whereas the two other water molecules remain physisorbed.
This configuration – labelled H-G_OH_2H2O in Fig. 3a – is
even more stabilized with some extra 30 kJ mol−1 per brick (2
× 30 kJ mol−1 for the whole defect structure). The protonation
of the other remaining μ3 oxo-oxygen is less probable, de-
manding some 80 kJ mol−1 (2 × 80 kJ mol−1 for the whole de-
fect structure) to convert species H-G_OH_2H2O to H2-
G_OH_OH_H2O under synthesis conditions.

In a recent experimental paper, Trickett et al.26 postulated
the presence of a hydroxide anion originating from
deprotonated atmospheric water coordinated to two water
molecules after exposure of the defect site to the atmosphere
and hydrogen bonding to the μ3-OH groups of the metal clus-
ter. The two schemes in Fig. 3 form an ideal platform to com-
pare the theoretical results with the experimental findings of
ref. 26. As already mentioned before, we observed that during
the geometry optimization of the structure G_3H2O (empty
defect site G with three water molecules), one of the water
molecules undergoes a deprotonation with a proton transfer
to an μ3-oxo group of the Zr-brick inducing an μ3-hydroxy
group and the counterion OH−, forming an intermediate hy-
droxide anion stabilized by three hydrogen bridges with two
water molecules and the Zr–OH–Zr site. The position of the
counterion OH− is more or less bivalent. It can be coordi-
nated with the metal Zr1 as visualized in Fig. 4b, or hydrogen
bonded with the μ3-hydroxy group as in Fig. 4a. The left
structure (Fig. 4a) corresponds to the configuration proposed
by Trickett et al. Our static periodic calculations predict the
right structure (Fig. 4b) to be more stable as was also found
by Ling and Slater. Structure H-G_OH_2H2O, as visualized in
Fig. 4b, is energetically by far the most stable (gain in free en-
ergy of about 130 kJ mol−1 under synthesis conditions) as in-
dicated in Fig. 3a. Our static periodic results completely agree
with the conclusions made by Ling and Slater, where the
structure displayed in Fig. 4a (labeled D3 in ref. 27) is also
found to be 155 kJ mol−1 less bound per defect center at 0 K.
So, the structure postulated by Trickett et al. with a hydrox-
ide anion bonded to the μ3-OH group of the metal cluster
forms an intermediate configuration, which transforms to a
defect site of structure H-G_OH_2H2O as visualized in Fig. 4b.

Summarizing, it is the position of the proton H1 (indi-
cated in Fig. 4) that determines the molecular level character-
ization of the defect site. The structure postulated by Trickett
et al. is not visible on the free energy surface of Fig. 3b but
only observed as a shallow intermediate. As the SXRD study
of Trickett et al. reports relevant distances between oxygen
atoms around the defect site, we also determine these dis-
tances in the optimized structure H-G_OH_2H2O. These geo-
metrical features may form an additional source of informa-
tion regarding the true molecular structure of water
coordination to the defect site. Relevant distances are those
between the Zr-metal and oxygen of the hydroxyl anion and
of the coordinated water molecule. Static periodic calcula-
tions yield values of 2.12 Å and 2.31 Å, respectively, for the
Zr1–O1 and Zr2–O2 distances (Fig. 4b) and thus valid for 0 K,
while the values reported in the SXRD study correspond with
various conditions of temperature and pressure. Therefore,
we complemented the static calculations with NVT molecular
dynamic simulations to account for the temperature and to
better explore the flat free energy surface comprising the de-
fect site and the three coordinating water molecules. For de-
tails of the MD simulations, refer to the ESI.† The system re-
sides most of the time in a H-G_OH_2H2O configuration
during the simulations. The average distance of the hydrox-
ide anion with the Zr atom (Zr–OH) amounts to 2.17 Å, while
2.40 Å on average for the distance between the metal and the
coordinating water during the simulation (Zr–OH2). Summa-
rizing, the MD simulations predict Zr–O distances at room
temperature that are slightly larger than the static estimates.
The experimentally measured distances are on average: 2.24
Å for Zr–O and 2.73 Å for O4–O3 being the distance between
the μ3-hydroxy group and the oxygen of the coordinating wa-
ter or OH− counterion, as shown in Fig. 4. When confronting
the experimental ranges with the theoretical distances
displayed in Fig. 4, there is a clear preference to assign the
structure H-G_OH_2H2O as the best suited. The O4–O3 dis-
tance is the most decisive in this assignment. The hydroxyl
anion in the case of the intermediate structure has a stronger
hydrogen bond to the μ3-hydroxy group reproducing a O4–O3
distance of 2.51 Å which lies outside the experimental range.
On the other hand on basis of the Zr–O distance, the discrim-
ination between the two configurations is less firm, as the
Zr–O distances of the two pictures fit within the experimental
range. The Zr–O distance is thus not a distinctive criterion to
investigate the postulation of Trickett et al. To have even
more convincing evidence for this, we also performed an MD
simulation starting from 3 water molecules loosely adsorbed
on a Zr–O–Zr defect site. This simulation could also shed
light whether the two configurations in Fig. 4 have been vis-
ited during the simulation. Starting from the G_3H2O state,
the system was first equilibrated for 5 ps (10 000 steps), and
from that point the Zr1–O1 and Zr2–O2 distances were moni-
tored for 10 ps (see Fig. 4 for the labeling of the atoms). Dur-
ing this simulation, we noticed quick proton jumps between
Zr–OH2 and Zr–OH species (Fig. S1, ESI†), alternating be-
tween different states of the H-G_OH_2H2O configuration via

Fig. 4 Oxygen distances for (a) the defect site with three coordinating
water molecules and (b) the anionic intermediate state during
optimization of G_3H2O and species H-G_OH_2H2O. Both structures
are optimized in a periodic model.
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intermediate structures shown in Fig. 4a. This intermediate
structure (Fig. 4a) as postulated by Trickett et al. is thus very
short-lived as almost immediately the proton returned to the
original H_G-OH_2H2O configuration. Strikingly, the maxi-
mum in the distribution of O3–O4 (between 2.70 and 2.76 Å,
Fig. S2†) agrees with the experimentally obtained value of
about 2.73 Å. All distances reported here in the above discus-
sion on the structures displayed in Fig. 4 are fully consistent
with those found by Ling and Slater.

To assess the influence of the number of water molecules
on the stability of various proposed structures, we also
performed a series of cluster calculations in which a system-
atically increasing number of water molecules is added. For
this purpose, we used extended cluster calculations for the
sake of computational efficiency. The results confirm what
was found periodically, water is first physisorbed and then
the structure quickly rearranges to a configuration corre-
sponding to the structure displayed in Fig. 4b. The overall
scheme of water coordination possibilities on the defect site
is taken up in Fig. 3b. Reaction free energies have been
reported under synthesis conditions (T = 130 °C and pH2O = 1
bar). The changes in the reaction free energies resulting from
different conditions of temperature and pressure are shown
in Fig. S7 of the ESI.† This free energy landscape unambigu-
ously leads to H-G_OH_2H2O and H-G_OH_H2O as energeti-
cally most favorable configurations at atmospheric condi-

tions. Under synthesis conditions, the step from G to H-
G_OH gives an overall free energy difference of −35 kJ mol−1.
This information can also be extracted from the periodic
PBE-D3 calculations in ref. 13 where X(2H2O) is favored over
X(0) by about 60 kJ mol−1, which is roughly the double of 30
kJ mol−1 and corresponds thus fairly well with the extended
cluster calculations at the B3LYP-D3 level of theory presented
here. The same extended cluster model to simulate the active Zr-
site was also used recently by the authors to investigate aldol
condensation reactions.12 Structures with one hydroxyl group
and some water molecules adsorbed (structure H-G_OH_xH2O)
seem to be the most favorable configurations regardless of the
conditions of temperature and pressure. Based on energetic
grounds, configurations with one or two coordinated water mol-
ecules (H-G_OH_H2O or H-G_OH_2H2O) are the most abun-
dant. However, if the vacuum is very strong (10−6 bar), there is a
tendency to favor the coordination of only one water molecule
(see the free energy diagram in Fig. S6†).

D. Dehydration reactions

A mechanistic proposal for the dehydration process of an in-
organic brick of the UiO-66 material has been outlined in the
previous paper of the authors on defect structures in UiO-
66.13 The electronic energy profile obtained after conducting
a series of nudged elastic band (NEB) simulations between
initial and end structure reveals the appearance of two

Fig. 5 Visualization of the transition states TS1 and TS2 for the first dehydroxylation reaction A0 → A1 of [Zr6O4(OH)4]
12+ (or 1212) in a defect-free

fully coordinated UiO-66 material at different view angles.
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transition state structures. TS1 corresponds to a structure in
which one carboxylic group is partially decoordinated from
the Zr atom and in which the hydroxyl group is also detached
from the Zr atom. This transition state is visualized in Fig. 5a
for the first dehydration reaction of the fully coordinated Zr-
brick in a defect-free UiO-66 material. The second transition
state TS2 corresponds with the protonation reaction of the re-
leased hydroxyl by abstraction of a proton of another avail-
able μ3-OH group as visualized in Fig. 5b. In this study, we
investigated systematically all dehydration processes starting

from the six configurations A to F in Fig. 2 or Table 1
representing the UiO-material with 0, 1 and two linker de-
fects. An overview of the different dehydroxylation processes,
taking place in the Zr-bricks belonging to the 6 UiO-66 struc-
tures under study in this work, is schematically shown in
Fig. 6. Pathway A0 → A1 describes the first dehydroxylation
of the defect-free [Zr6O4(OH)4]

12+ brick. The coordination
numbers of the different Zr-atoms in the brick are given
(encircled). The initial structure A0 (or 1212) has coordination
8 for each Zr-atom in the brick. After removal of one water
molecule, the brick reduces to [Zr6O5(OH)2]

12+ with an oxygen
vacancy displayed as a grey square in the second brick of the
first row in Fig. 6. The removal of a second water molecule
leads to [Zr6O6]

12+, after which no further dehydration can
take place. There are now two neighboring oxygen defects. In
addition to the dehydroxylation scheme taken up in ref. 13,
we now also report the free energy barriers of the two transi-
tion states TS1 and TS2 for each pathway and the reaction
free energy. We performed these calculations for the six ini-
tial structures resulting in 9 water removal reactions in total.
In addition, 2 oxygen transfer reactions are also investigated
(Fig. 6). All local minima during the dehydration pathways
and all transition states are further optimized employing a
stronger convergence criterion for the electronic self-
consistent field (SCF) problem. All free energies reported in
Fig. 6 are evaluated under activation conditions (T = 320 °C,
p = 10−6 bar) and they all give evidence to water removal on
thermodynamic grounds, with reaction free energy differ-
ences ranging between −70 and −110 kJ mol−1 (Fig. 6). For all
CN = 12 bricks (12-fold coordinated with terephthalate), the
second dehydration reaction is higher activated than the first
dehydration. To illustrate this, the first dehydration reaction on
structure A exhibits barriers of 121.3 and 178.7 kJ mol−1, while
171.7 and 212.4 kJ mol−1 for the second dehydration (Fig. 6).
The free energy barriers for the second transition (TS2) may
probably be slightly overestimated due to the neglect of hydro-
gen tunneling effects. However, these corrections will not al-
ter the general conclusions that we have drawn.

On the other hand, if an inorganic brick has two tere-
phthalate deficiencies (i.e. [Zr6O6(OH)2]

10+ or 1010) the
decoordination of the hydroxyl groups seems easier. Indeed,
TS1 is much lower activated with barriers below 100 kJ mol−1.
This is in agreement with the lower bulk moduli for struc-
tures D, E and F that is representative of a lower compress-
ibility, and thus increased global flexibility (see Table 1).

To investigate whether the dehydration behavior of a
[Zr6O4(OH)4]

12+ brick is affected by the presence of neighbor-
ing linker deficiencies, a comparison between the dehydra-
tion reactions of structure A (containing no terephthalate
defect) and structure B (containing one terephthalate defect)
reveals that the latter predicts a slightly lower energy barrier
for the first dehydration (∼15 kJ mol−1) (compare path-
way A0 → A1 with B0(1210) → B1(1210)) but the barrier for the
second dehydration reaction varies even more substan-
tially (∼35 kJ mol−1) (compare pathway A1 → A2 with B1(1210)
→ B2(1210)). It is thus expected that water removal becomes

Fig. 6 Schematic representation of the modeled dehydration
reactions. The nomenclature of the different pathways A, B, C, D, E
and F relies on their respective structures as defined in Fig. 2 and
Table 1. Free energy barriers and reaction free energies in kJ mol−1 are
reported under activation conditions (T = 320 °C, p = 10−6 bar). TS1
represents the barrier for terephthalate and hydroxyl decoordination,
while TS2 represents the barrier for protonation of the hydroxyl group.
The results were obtained in a periodic calculation with the PBE-
D3(BJ) functional, employing an energy cut off of 600 eV.‡1

‡ For TS1 of pathway B1, an extra imaginary frequency was found that could not
be projected out after several geometry perturbations. This frequency was re-
placed with an arbitrary value of 50 cm−1.
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easier if there are even more neighboring linker deficiencies
present. Indeed, in the case of structures D, E and F, where
all inorganic bricks have linker deficiencies, the activation
barriers are lower than 156 kJ mol−1 confirming this hypothe-
sis (Fig. 6).

The evolution of the bulk modulus was calculated along
all reaction paths in the harmonic limit (see ESI† section
2.1). The periodicity of the models means that dehydration
occurs in every cell of the infinite periodic expansion, which
makes the data not fully comparable with the experiment
where only some of the unit cells have linker defects. Ener-
getic predictions are less sensitive to this periodicity effect,
as was observed in the free energy of linker removal in
Table 1. Nevertheless, the bulk modulus provides initial in-
sight into the structural stability during the dehydration
process.

The resistance against volume change under isotropic
stress is best described by the Reuss bulk modulus BR, which
is computed from the inverse of the elastic tensor C. Simi-
larly, the Reuss shear modulus GR expresses the resistance to
unit cell shape deformations. The observed trend in Fig. 7 is
that linker removal weakens the structure, as already ob-
served in Table 1. Dehydration further weakens the mechani-
cal stability of UiO-66, but linker removal has a larger effect
on the moduli than on the dehydroxylation steps. The moduli
were also calculated for some other intermediate structures

of the pathways, with occasionally a sudden drop in stiffness
for structures close to transition states in the dehydroxylation
pathways (data not shown). The reader should be warned
that bulk moduli calculations are numerically sensitive and
should be performed with caution.33

Comparison between bulk and shear modulus (Fig. 7)
shows that UiO-66 is less resistant to shear than to isotropic
pressure, meaning that the structure would deform consider-
ably by pushing it sideways. However, with a shear modulus
of about 17 GPa the Zr-MOF remains a material with an ex-
ceptional mechanical stability, which has also been observed
by Wu et al.25 reporting a minimal shear modulus of 13.7
GPa. These values correspond with fully hydroxylated UiO-66.
We also investigated the effect of dehydration on the shear
modulus, and observed a steady decrease of this mechanical
property. But with a shear modulus of 15 GPa, the dehydroxy-
lated MOF still remains very robust under strain stress. The
situation differs substantially when the material suffers from
linker deficiencies. With two linkers missing the shear modu-
lus drops down to 5 GPa, as clearly demonstrated in Fig. 7
(structure D). It strengthens the argument that the high Zr–O
coordination and the high metal center to organic unit coor-
dination lie on the basis of this exceptionally strong resis-
tance under strain stress, approaching that of zeolites. It
should be noted that if only a few unit cells suffer from a
linker defect, rather than each unit cell in the infinite peri-
odic extension, the observed experimental bulk modulus will
likely still resemble that of the structure without linker de-
fects, as neighboring unit cells can still give stiffness to the
crystal. More detailed bulk modulus profiles for all pathways
are given in section 4.4 of the ESI.†

E. Oxygen transfer reactions

Oxygen transfers within Zr-bricks whereby a μ3-oxygen jumps
from its position to a vacancy belonging to the same inor-
ganic brick are interesting processes as they determine the
coordination degree of the Zr-atoms within an inorganic
brick. Evidently, an oxygen transfer can only occur if an oxy-
gen vacancy is present in the same Zr-brick. Some oxygen
transfer reactions are taken up in the scheme of Fig. 6. They
start from a dehydrated inorganic brick with already two va-
cancies. The two oxygen transfer reactions taken up in the
scheme all start from a completely dehydrated [Zr6O6]

12+

brick resulting after two subsequent dehydrations of a 12-
fold coordinated [Zr6O4(OH)4]

12+ brick (pathways A2 → A3
and B2(1210) → B3(1210)). The six Zr-atoms show a different
coordination number. With an oxygen transfer reaction, all
Zr atoms would become 7 fold coordinated – obtaining the
coordination that has been postulated experimentally by
Valenzano et al.36 However, with reaction free energies of
more than 70 kJ mol−1 (320 °C) such an oxygen transfer reac-
tion is thermodynamically unfavorable. We also notice a
slight decrease of the bulk modulus. Summarizing, within a
dehydroxylated UiO-66 framework (without linker defects),
we will most probably have a mixed Zr-coordination, with

Fig. 7 Evolution of the bulk modulus B and shear modulus G along
the reaction pathways.
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one Zr-atom that is six fold coordinated that has two oxygen
vacancy sites as neighbors. The occurrence of a fully
dehydrated Zr-brick with equal coordination numbers is less
probable.

F. Experimental indications of dangling OH-groups during
dehydroxylation processes

In this paper, we have postulated the dehydration as a two-
step process with two transition states (TS1 and TS2). As the
reaction barrier for the second step (water formation, TS2) is
in most of the studied cases higher activated than for the
first step (decoordination of a linker, TS1), we can expect that
the intermediate dangling OH-groups are not so short-lived
and should be observed in an in situ IR experiment were the
temperature is gradually increased. Such an experiment was
already published by Lillerud et al.,37 and showed the pres-
ence of extra bands appearing at 3600–3700 cm−1. The posi-
tion of the dangling OH-group in the intermediate state be-
tween TS1 and TS2 is nicely visualized in step 20 of the
reaction profile displayed in Fig. 4 of ref. 13. We constructed
an extended cluster representing this intermediate state in
pathway B0Ĳ1012) → B1Ĳ1012) and subjected it to a geometry
optimization (Fig. 8). An ab initio IR spectrum of a dangling
OH-bond cluster demonstrates that the stretch vibration of
an OH dangling bond shifts to lower wavenumbers, exactly
what was observed experimentally during a TG-DSC experi-
ment. In the near future, we can foresee the determination of
an optimal activation temperature creating most dangling
OH groups within UiO-66 type structures, and forming possi-
ble anchor points for ALD-precursors (ALD, atomic layer de-
position) and coordinating homogeneous catalysts.38–40

Conclusions

In this paper, an extensive characterization of the defect
structures in UiO-66 materials at the molecular level was

presented. For this purpose, different defect structures were
constructed differing in the number of removed linkers and
their position in the material. Each of the structures was
characterized in terms of its energetic and mechanical stabil-
ity, the degree of water coordination and the ease to which
water may be removed with dehydration reactions.

The following concluding remarks can be made:
i. Irrespective of the position of the linker, its removal

costs a free energy of about 220 kJ mol−1 at atmospheric con-
ditions and a temperature of 320 °C. The formation of miss-
ing linker vacancies after synthesis is thus unlikely due to the
high energy required for the metal–ligand bond breaking and
the removal of a linker may be regarded as an activated process.

ii. Pristine defect-free UiO-66 shows a mechanical robust-
ness with a bulk modulus of 38 GPa which is extremely high
and among the highest reported for MOFs so far. Linker defi-
ciencies lower the bulk modulus to values of about 20 GPa
for UiO-66 crystals with a ten-fold coordination with the tere-
phthalate linkers, but the material remains of extraordinary
stability.

iii. Linker deficiencies may cause a distortion of the
metal-oxide nodes. Removal of the terephthalate linker (diag-
onal connecting two Zr-bricks in the reduced (blue) unit cell)
induces a jump of an μ3-oxygen to a position bridging two Zr-
centres out-of-plane and creating a vacancy in one of the oxy-
gen positions of the Zr–O brick. This oxygen transfer causes a
reshuffle of the Zr–O coordination numbers.

iv. Water stabilizes the Zr–O–Zr defect site in case of a
missing organic terephthalate linker and prefers a configura-
tion in which the charge balancing hydroxide anion is coordi-
nated to one of the Zr atoms whereas a μ3-OH group is
formed. The other water molecules remain physisorbed to
the complex and help to stabilize the overall defect configura-
tion. These findings are in agreement with the results of Ling
and Slater. The structural arrangement, proposed by Trickett
et al., where the charge balancing hydroxide anion is stabi-
lized by a hydrogen bond with a neighbouring μ3-OH group
while the two Zr-atoms at the missing linker defect site are
coordinated with the other water molecules, is energetically
less favoured. However Trickett et al. made their conclusions
on the basis of distances between the relevant atoms of the
Zr-brick and the water molecules and the hydroxide anion.
All these distances are fairly well reproduced by our calcula-
tions and those of Ling et al. Our conclusion is that these dis-
tances are not able to uniquely assign the energetically most
favourable configuration.

v. Dehydration reactions for each of the proposed struc-
tures were studied. Per water removal trajectory, two transi-
tion states are found; one corresponding with terephthalate
and hydroxyl decoordination, one corresponding with the
protonation of the dangling hydroxyl group. Dehydroxylation
reactions happen more easily if there are more terephthalate
defects, also when linker defects are present in neighboring
bricks this enhances the water removal processes. Zr in a
linker defect-free and dehydroxylated UiO-66 sample is not
necessarily always sevenfold coordinated.

Fig. 8 Ab initio IR-spectra of a Zr-brick with a dangling OH-bond. De-
rived from a cluster model with level of theory B3LYP/(6-31gĲd) +
LanL2DZ). The ab initio spectrum was scaled with a factor of 0.96.
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vi. We also investigated the defect structures under isotro-
pic and strain stress. Our results affirm that dehydroxylation
barely affects the robustness of the material and that linker
deficiencies have much more impact on the bulk modulus.
The various UiO-66 materials also resist fairly well to strain
stress. While the shear modulus is almost half of its corre-
sponding bulk modulus, it is still much higher than any
other MOFs. The shear modulus drops down with 1 GPa on
average after each water removal, which is not spectacular,
and the material conserves even in the fully dehydrated con-
figuration a remarkable mechanical resistance.

After the activation (and thus also dehydration) of UiO-66
materials by a heat treatment at a certain temperature, a vari-
ety of possible defects are expected. Molecular level character-
ization of such defect structures is extremely challenging
from both experimental and theoretical points of view. This
work together with other recent literature that appeared on
the topic shows that a combined experimental and theoreti-
cal approach is necessary to reach this goal. The results
obtained here provide a basis to investigate effects of other li-
gands (e.g. substituted terephthalates, biphenyl, bipyridine,
etc.) and metal cations (Ti, Hf, Ce, etc.), within other UiO-66
type MOFs.

Computational methods
A. Cluster calculations

For the water adsorption study, an extended cluster model
for UiO-66 (ref. 12) has been applied for the evaluation of the
Gibbs free energy diagram of water coordination to the defect
sites at different values of temperature and partial pressure.
All structures were fully optimized at the DFT level of theory
using the B3LYP hybrid functional41,42 and the usage of the
Gaussian09 package.43 The double-zeta Pople basis set
6-31G(d) was used for all the atoms except for Zr, for which
the LANL2DZ effective core potential and basis set was ap-
plied.44 The frequencies were calculated at the same level of
theory as the geometry optimizations and confirmed that all
structures were either local minima on the potential energy
surface. Afterwards, the energies were refined by single point
energy calculations at the B3LYP/[H, C, O: 6-311++gĲd,p), Zr:
LanL2TZĲf)] level of theory. Furthermore, the van der Waals
corrections developed by Grimme were also included.45 More
specifically, the dispersion corrections are calculated
according to the third version of Grimme46 with Becke–Jones
damping.47 For the calculation of the Gibbs free energies, we
used procedures as implemented in our in-house developed
software module TAMKIN.48

B. Molecular dynamics simulations of water coordination

To study the water coordination within the UiO-66 material,
ab initio molecular dynamics (AIMD) simulations are
performed by means of density functional theory (DFT) calcu-
lations in a fully periodic UiO-66 catalyst model bearing one
linker defect with unit cell formula [Zr6O5(OH)3(RCOO)11]2[Zr6-
O4(OH)4(RCOO)12]2. The AIMD simulations were performed

with the CP2K simulation package49 with Gaussian plane wave
basis sets (GPW).50,51 The BLYP functional42,52 with inclusion
of Grimme D3 dispersion corrections46 was chosen in combi-
nation with the DZVP-GTH basis set53 for oxygen, carbon and
hydrogen and the double-zeta MOLOPT basis set54 for zirco-
nium (plane wave cut off of 320 Ry). During the MD simula-
tion, the temperature (298 K) was controlled by a chain of five
Nosé–Hoover thermostats.55 The time step for integration of
the equations of motion42 was set to 0.5 fs. The system was
first equilibrated for 5 ps, and the average distances during
the water coordination were determined over the next 10 ps.

C. Periodic calculations

To study the water adsorption and dehydroxylation pathways
of the Zr-bricks, periodic DFT-D calculations are performed
with the Vienna ab initio simulation package (VASP
5.2.12).56–59 The unit cells of all structures (Fig. 1) are first
optimized with a plane wave kinetic energy cut off of 600 eV,
employing the PBE exchange–correlation functional60,61 with
D3-dispersion corrections according to Grimme46 including
Becke–Jones damping47 (PBE-D3ĲBJ)). The projector aug-
mented wave approximation (PAW)62 is used and Brillouin
zone sampling is restricted to the Γ-point. A Gaussian
smearing57 of 0.05 eV is applied to improve convergence. Ad-
ditionally, the convergence criterion for the electronic self-
consistent field (SCF) problem is set to 10−5 eV for cell opti-
mizations. Furthermore, the energy cut off for normal mode
calculations is maintained at 600 eV for the energy refine-
ments and frequency calculations at the PBE-D3(BJ) level of
theory.

D. Dehydroxylation pathways

The same two-step procedure outlined in the previous paper
of the authors13 will be applied to unravel the mechanism of
the dehydroxylation process. First molecular dynamics NPT
simulations were performed on the various periodic models
at increasing temperatures to reveal the intermediate struc-
tures along the reaction pathways corresponding with the wa-
ter removal processes from the inorganic [Zr6O4(OH)4]

12+

bricks. These structures are further cell-optimized by means
of periodic PBE-D3(BJ) calculations. In a second step the min-
imum energy pathways between the intermediate structures
could be determined with the nudged elastic band (NEB)
method.63,64 In order to determine whether we obtained local
minima or transition states along the reaction pathways, a
full Hessian vibrational analysis (VA) has been performed.65

E. Bulk modulus

For the six starting structures (Fig. 2), the bulk modulus B is
derived by fitting the curvature at the minimum of the energy-
versus-volume curve EĲV) (ESI† S2.1). This approach was found
to be very efficient to avoid the effects of the Pulay stress in
the search of the structure optimization instead of applying
the standard conjugate gradient optimizer.66 This Pulay stress
can be seen as a finite basis set effect that artificially pushes
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the structure to small volumes. The effect causes here up to
1% volume change, but the relative volume ordering of the B/C
and the D/E/F structures is not affected. Alternatively, the
bulk modulus may also be derived from the elastic (stiffness)
tensor C, yielding harmonic predictions for the bulk modulus.
The Reuss bulk modulus BR describes the strain response to
isotropic stress, while the Reuss shear modulus GR describes
the resistance against unit cell deformation caused by shear
stress. More details about their computation may be found in
ref. 66 and in the ESI† (S2.1 and S4.4).
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On the intrinsic dynamic nature of the rigid UiO-66
metal–organic framework†

Julianna Hajek, Chiara Caratelli, Ruben Demuynck, Kristof De Wispelaere,
Louis Vanduyfhuys, Michel Waroquier and Veronique Van Speybroeck *

UiO-66 is a showcase example of an extremely stable metal–organic framework, which maintains its

structural integrity during activation processes such as linker exchange and dehydration. The framework

can even accommodate a substantial number of defects without compromising its stability. These

observations point to an intrinsic dynamic flexibility of the framework, related to changes in the

coordination number of the zirconium atoms. Herein we follow the dynamics of the framework in situ,

by means of enhanced sampling molecular dynamics simulations such as umbrella sampling, during an

activation process, where the coordination number of the bridging hydroxyl groups capped in the

inorganic Zr6(m3-O)4(m3-OH)4 brick is reduced from three to one. Such a reduction in the coordination

number occurs during the dehydration process and in other processes where defects are formed. We

observe a remarkable fast response of the system upon structural changes of the hydroxyl group.

Internal deformation modes are detected, which point to linker decoordination and recoordination.

Detached linkers may be stabilized by hydrogen bonds with hydroxyl groups of the inorganic brick,

which gives evidence for an intrinsic dynamic acidity even in the absence of protic guest molecules. Our

observations yield a major step forward in the understanding on the molecular level of activation

processes realized experimentally but that is hard to track on a purely experimental basis.

Introduction

Metal–organic frameworks (MOFs), among the most intriguing
materials of current science, are hybrid materials constructed
from metal ions or metal clusters linked together by multitopic
organic linkers.1–3 The building block concept gives nearly
innite possibilities to vary the chemical composition of MOFs
and make these materials very appealing for a broad set of
applications such as gas storage and separation,4 detection and
decomposition of warfare agents,5 drug delivery6 and catal-
ysis.7–12 The main drawback of most MOFs is their weak stability
under reaction conditions.13,14 However, to date, the amount of
synthesized MOF structures has grown substantially, giving rise
to chemically and thermally stable MOFs.14,15

In this respect, UiO-66 has received considerable attention
due to its exceptional thermal, mechanical and chemical
stability, which is not typically found in other MOFs.16–19 Pris-
tine UiO-66 is composed of inorganic Zr6(m3-O)4(m3-OH)4 (Fig. 1)
bricks connected through ditopic organic ligands and was rst
synthesized by Lillerud and co-workers.20 In the inorganic brick,
four three-fold bridging hydroxyl groups are symmetrically

distributed around the building block such that the oxide and
hydroxide anions are capping the faces of the Zr6 octahedron
alternately to achieve minimum repulsion (Fig. 1, pristine
brick).21,22 As will be shown here, the lability of the species that
make up UiO-66 may play a critical role in processes where the
coordination number of the Zr atoms changes, such as dehy-
dration or exchange of either metal or linker ligands, and has
a direct consequence in the formation of defects.

The key to the exceptional stability can be traced back to the
inherent composition of the framework, where each Zr atom is
8-fold coordinated by oxygen atoms and each inorganic brick is
12-fold coordinated by organic linkers in the defect-free mate-
rial. Despite being exceptionally rigid, there are various indi-
cations that the structure is far more dynamic than originally
believed.24 Dynamic behavior in this context should not be
confused with the properties of exible or dynamic frameworks,
which have the ability to undergo large structural deformations
while retaining their crystallinity upon exposure to external
stimuli, such as light, temperature, pressure, and adsorption of
guest molecules. Such materials are classied as third-
generation so porous crystals by Kitagawa and collabora-
tors.25,26 The dynamic behavior explored here refers to the ex-
ibility introduced by changing the coordination number of the
metal, which affords to modify the framework by temporarily
breaking the metal–ligand (M–L) bonds. The M–L bond is
generally perceived as the weakest link in MOFs, both

Center for Molecular Modeling (CMM), Ghent University, Technologiepark 903, B-9052

Zwijnaarde, Belgium. E-mail: veronique.vanspeybroeck@ugent.be

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c7sc04947a

Cite this: Chem. Sci., 2018, 9, 2723

Received 17th November 2017
Accepted 26th January 2018

DOI: 10.1039/c7sc04947a

rsc.li/chemical-science

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 2723–2732 | 2723

Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 1
3/

03
/2

01
8 

12
:4

0:
43

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

103



thermodynamically and kinetically.15 This has a negative effect
on the thermal stability, but the ease of coordination change
may also be used as an opportunity to modify the structure. In
Zr-based MOFs, like UiO-66, M–L bonds are particularly stable
as Zr is one of the most oxophilic metal elements,27 but such
post-synthetic modications have recently been realized exper-
imentally in UiO-66.28–30

First of all, it has been found that the Zr6O4(OH)4 inorganic
brick has the ability to be dehydrated reversibly, thereby
changing the coordination number of the Zr metal centers
between the hydrated and dehydrated forms.18,21,31,32 The dehy-
dration and rehydration process of the inorganic Zr-brick in
UiO-66 has been experimentally studied using in situ infrared
(IR) spectroscopy and gravimetric techniques.31 The dehydra-
tion starts at 523 K and is completed at 573 K with the removal
of two water molecules resulting in a cornerstone composition
of Zr6O6 (Fig. 1, fully dehydrated brick). When starting from the
defect-free material, the dehydration process is initiated by the
rst water removal and results in a Zr6O5(OH)2 brick, where the
coordination number of the three Zr atoms is reduced from 8 to
7 (Fig. 1, partly dehydrated brick). A further reduction in the Zr
coordination number takes place with the second removal of
a water molecule. Fully dehydrated UiO-66 is composed of Zr6O6

distorted units and has variously coordinated Zr atoms, with
coordination numbers ranging from 8 to 6 (Fig. 1). Despite
these signicant deformations in the inorganic brick, the
original structure of UiO-66 is almost preserved and maintains
the robustness of the brick, which was conrmed by PXRD

patterns, in situ DRIFT spectra and gravimetric characterization
techniques (TG-DSC).21,31 Moreover, a rehydration process can
restore the material to its initial structure, with the hydrated
Zr6O4(OH)4 inorganic cornerstone. This is a remarkable prop-
erty of this MOF, giving an indication of the existence of mobile
m3-OH hydroxyl groups in the brick. By performing IR experi-
ments on UiO-66, in which the temperature was gradually
increased, Shearer et al.31 observed the isolated hydroxyl region
by the presence of additional bands at 3600–3700 cm�1.
Furthermore, recent experimental ndings pointed towards
a signicant structural mobility in frameworks that are classi-
ed as rigid. By applying ultrafast 2D IR spectroscopy, structural
uctuations have been shown in functionalized Zr-based
MOFs.33 These fast dynamics of the framework have a direct
effect on anMOF's lability, exibility and coordination changes.
Furthermore, recent synthesis procedures have reached
a higher level of perfection, allowing engineering of frameworks
by concepts such as post-synthetic ligand exchange or solvent-
assisted linker exchange.28 Within the UiO-66 framework,
unfunctionalized linkers have been replaced by functionalized
ones without compromising the MOF crystallinity or porosity.28

All these observed features in UiO-66 point towards an
intrinsic dynamic exibility of the material and are related to
changes in the coordination number of the metal ions making
up the inorganic bricks.26,34 A more general discussion on these
aspects has been recently reviewed by Morris and Brammer.24

The ease of coordination change and ability to modify the
structure without compromising its hydrothermal stability has

Fig. 1 Schematic representation of the UiO-66 structure with possible configurations of the bricks that give rise to coordinatively unsaturated Zr
atoms. The colors indicate the coordination of the Zr atoms. The representation of the UiO-66 unit cell has been adapted from ref. 23.

2724 | Chem. Sci., 2018, 9, 2723–2732 This journal is © The Royal Society of Chemistry 2018
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shown to be extremely useful for adsorption and catalysis.12,35

However, despite this application-driven importance, the
understanding of rearrangement of linkers, hydroxyl groups
and other labile species on the molecular level is fairly limited.
It poses a huge challenge for experimentalists to trace this
intrinsic dynamic exibility in situ during an activation process.
In this sense, computational techniques offer an indispensable
alternative to follow the dynamics of the system, as was sug-
gested by Ling and Slater, who showed a dynamic acidity of the
defective UiO-66 framework.36 Based on rst-principles molec-
ular dynamics simulations, proton shuttles have been observed
between water molecules coordinated to the metals and charge-
balancing hydroxide anions, which compensate for the missing
linkers in defective UiO-66.36 Such proton shuttles may also be
facilitated by the presence of other guest species in the pores,
such as methanol.37

Herein, we take a major step forward in the structural
understanding of the UiO-66 by using advanced or enhanced
sampling molecular dynamics simulations, which allow to
follow in situ the fast dynamics of the UiO-66 framework during
activation processes. Typical molecular dynamics simulations
only sample stable regions of the free energy surface, whereas
enhanced sampling techniques allow visiting activated regions
of the free energy surface, typically encountered during activa-
tion processes. More elaborate reviews on these advanced
molecular dynamics simulations may be found in the work of
Valsson and references therein.38 Such techniques have only
recently found their way in the eld of heterogeneous catalysis
and have been successfully used to study chemical reactions at
true operating conditions of temperature and pressure.39–45 A
good overview of the recent advances in computational tech-
niques for nanoporous materials is given in ref. 46 and 47 by the
Coudert group. In this contribution, we study the UiO-66
framework along the activation path where one of the
hydroxyl groups bridging the Zr atoms in the brick lowers its
coordination number from 3 to 1, which is a crucial step in the
dehydration process.32 Preliminary molecular insights are ob-
tained from static calculations, neglecting the dynamic
behavior of the system, and reveal the presence of transition
states with loose hydroxyl groups and dangling linkers along the
dehydration pathway (Reaction scheme depicted in Fig. S2 of
the ESI†).48 The results here show a highly dynamic behavior of
M–L bonding, whose lability changes the degree of network
connectivity and coordination that leads to open metal sites.
Linkers can easily decoordinate, translate, rotate and recoor-
dinate, and hydroxyl groups show a high degree of mobility,
even in the absence of external water or solvent molecules. All
these rearrangements occur without deterioration of the struc-
tural integrity of the material. Our simulations show that even
very stable MOFs like UiO-66 are much more dynamic than
originally expected.

Results and discussion

Herein, dynamical structural rearrangements of the UiO-66
framework are studied by lowering the coordination number
of the hydroxyl groups bridging the Zr atoms from 3 to 1. This

reshuffling is typically encountered during dehydration, which
is a commonly applied activation procedure upon thermal
treatment. Exploration of higher free energy regions requires
usage of enhanced molecular dynamics simulations.49–55 Herein
the umbrella sampling (US) methodology is used, whereby an
external potential is added to the true Hamiltonian to enhance
the sampling of low probability regions along certain coordi-
nates of the system.55,56 These degrees of freedom are called
collective variables and may be complicated functions of all
internal degrees of freedom. An appropriate choice of these
coordinates is far from trivial,57 but here we chose the coordi-
nation number of the hydroxyl oxygen to the three Zr atoms as
a collective variable.58 This choice is inspired by the experi-
mental observation of dangling, asymmetric hydroxyl groups in
intermediate states during dehydration,31 and the theoretical
reaction mechanism proposed in ref. 32. The coordination
number is dened based on the distance between the hydroxyl
group and the three surrounding Zr atoms, as schematically
shown in Fig. 2.

With this choice, the coordination number at a value of
about 2.17 represents the Zr brick in its equilibrium congu-
ration, denoted as conguration 1 in Fig. 3, and reaches a value
of about 0.9 when the hydroxyl group is covalently connected to
only one Zr atom, giving rise to a bridging m1-OH hydroxyl group
(conguration 5). Partitioning the entire range of the reaction
coordinate (1.7 # CV # 2.4) into 36 windows following the
procedure of US as outlined in the Methodology section and in
the ESI,† an umbrella sampling simulation has been performed
in each window. The quality of the selection of the 36 windows
along the reaction path and the magnitude of the spring
constant characterizing the harmonic bias potential are
assessed by sufficient overlap of the umbrellas covering the
various windows (Fig. S1 of the ESI†), which is an indication
that the sum of the three coordination numbers as CV is a well-
suited choice in the reaction path towards the rst dehydrox-
ylation. Along the reaction path, ve classes of congurations
are distinguished, which differ in the degree of coordination of
the hydroxyl group with the three neighboring Zr atoms going
from a 3-fold to a 1-fold coordination (Fig. 3).

Conguration 1 in Fig. 3 at 573 K shows the equilibrium
structure, where the four m3-OH groups are ordered symmetri-
cally in a tetrahedral fashion and each Zr atom is 8-fold coor-
dinated (Table S2 of the ESI†). When slightly activating the

Fig. 2 Schematic representation of the applied collective variable.
Three critical Zr–O distances, represented with solid yellow, red and
purple lines, are used as input in the formal definition of the collective
variable. The index i labels each of the three Zr atoms surrounding the
hydroxyl groups.

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 2723–2732 | 2725
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system towards conguration 2, which is characterized by
a collective variable of 1.96, it becomes clear that the hydroxyl
group is relatively mobile, changing its position equally
between the three Zr atoms. The average position of the
hydroxyl group remains centrally located between three Zr
atoms in a m3-OH conguration (Table S2 of the ESI†). Never-
theless, as the coordination number decreases, the mobility of
the hydroxyl group becomes more distinct. Alternatively, the
hydroxyl group makes a stronger connection to two out of three
Zr atoms, breaking the trigonal symmetry (m2-OH structure).
The increase in free energy to reach this point is relatively
modest with a value of about 20 kJ mol�1 from conguration 1.
To obtain more information on the type of connection between
the oxygen and the three Zr atoms, we also constructed proba-
bility distributions for each of the congurations (Fig. 3,
bottom). Interestingly, at conguration 2, the probability of
observing a looser OH-bond with one of the Zr atoms is the

same for the three Zr atoms, which underlines the relatively
mobile nature of the m3-OH hydroxyl group in the pristine
material. Additional inspection of the free energy prole shows
that the dehydration process is initiated by conguration 2, as
further progression towards lower coordination numbers does
not reveal any more m3-OH congurations.

A critical point along the reaction path is encountered at
conguration 3 corresponding to a collective variable of 1.64,
where the hydroxyl group is covalently bonded to only one of the
Zr atoms. Nevertheless, some coordination with another metal
is maintained, but the coordination with the third Zr atom is no
longer observed. Interestingly, even for such lower coordinated
structures, where the hydroxyl group changes substantially its
position, there is no clear preference for the coordination of the
hydroxyl group to one of the three Zr atoms and there is still
a complete symmetry in the average coordination behavior of
the hydroxyl group with the three Zr atoms (Table S2 of the

Fig. 3 Free energy profile at 573 K along the reaction path of dehydrationwith the collective variable defined, as given by the equation in Fig. 2, as
the reaction coordinate. Reference representation of the brick taken from configuration 1 is shown above the free energy profile, with labeling of
all relevant linkers, carboxylate oxygens, hydroxyls and Zr atoms needed to describe the chemical transformation. Some essential turning points
on the profile are indicatedwith a schematic display of their respective configurations. Probability distributions regarding the type of coordination
of the hydroxyl group with respect to the Zr centers measured during the US simulation are reported in the bottom.

2726 | Chem. Sci., 2018, 9, 2723–2732 This journal is © The Royal Society of Chemistry 2018
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ESI†). Note that this region is already substantially highly acti-
vated with a value of about 80 kJ mol�1 that is typically reached
during the activation processes. During the simulation, the
hydroxyl group travels from one position to the other, system-
atically establishing a covalent bond with one of the three
adjacent Zr atoms to create open metal sites that are 7-fold
coordinated. For the rst time along the trajectory, we observe
a tendency of the linkers to elongate the M–L bond and deform
the phenyl ring out-of-plane to make space for the traveling
hydroxyl group. Such elongations and deformations indicate
that the system enters the transition state region, explaining the
increased free energy.

All structures encountered aer conguration 3, are situated
in a higher energy plateau. They are almost isoenergetic since
the collective variable only reects the degree of coordination of
the hydroxyl group to the three Zr atoms to which it was origi-
nally attached. The broad set of structures encountered in this
window of the collective variable show new internal deforma-
tion modes, which include decoordination, translation, rota-
tion, and recoordination of the linkers and hydroxyl group bond
cleavages. Each of the structures of conguration of type 4 has
a clear preference to form m1-OH conguration with one of the
three Zr atoms. However, the hydroxyl group seeks stabilizing
interactions with the other Zr atoms. For congurations of type
4, the probability distributions for the various Zr–O bonds show
a clear asymmetry for the three Zr atoms. A strong covalent
bond is observed between the hydroxyl group and a Zr atom
from which a linker has been decoordinated (vide infra). Indeed,
substantial mobility of linkers is observed in this region, with
strong deformation modes of four linkers. This is explained in
greater detail hereaer for congurations of type 4 and 5. For
the labeling pattern of the various linkers and atoms, we refer to
the reference structure as displayed in Fig. 3 above of the free
energy prole.

For congurations of type 4, in which one Zr atom (Zr1)
makes a strong, covalent bond with the hydroxyl group, two
possible motions of the BDC linker are observed, which are
further illustrated in Fig. 4. The rst dened motion (Fig. 4, le
column) corresponds to a translation of the linker along the axis
of the two Zr atoms to which it is bonded (Movie S1 of the ESI†).
In this case, the linker decoordination starts on the Zr with the
m1-OH conguration and is induced by the steric interactions,
which are directly correlated to the position of the hydroxyl
group. The linker (L1) decoordinates from Zr (O1 from Zr1) and
further forms an intermediary chelated structure in which both
carboxylic oxygens are connected to the same Zr atom (Zr2 and
O1, O2). The chelated structure is a short-living metastable state
from which one oxygen of the linker (O2) subsequently
decoordinates from Zr2 (conguration 4t in Fig. 4), thereby
changing the parent connectivity between the metal ion and the
carboxylic oxygen from the linker (Zr2 is now connected to O1
instead of O2). During the simulation of this conguration, the
hydroxyl group keeps its bond with Zr1 and systematically
switches between m2 and m1 connectivity by establishing a coor-
dination with the Zr atom (Zr2) to which the linker is h1

chemically bonded. Another signicant aspect of conguration
of type 4 that exhibits the translation mode is the progressive

change in the coordination number of the two Zr atoms. Firstly,
linker decoordination lowers the coordination number of Zr1
from 8 to 7. Secondly, in the starting conguration of type 4 and
nal conguration 4t, Zr2 is 7-fold coordinated, but during the
process of linker translation, an intermediary coordination of 8
is present in the chelated structure. This evidence of the pres-
ence of an intermediary chelated structure has also been
observed by Puchberger et al.59 in the case of an isolated Zr6
cluster. The change in coordination number of the various Zr
atoms is schematically represented by a color code in Fig. 4.

The second dened motion observed in congurations of
type 4 corresponds to a rotation mode of the linker (Fig. 4, right
column), which is again prompted by the m1-OH hydroxyl group
dislocation. At this case, the linker breaks a bond with a Zr atom
(O1 with Zr1) and rotates along the Zr2–O2 bond (Movie S2 of
the ESI†). The rearrangement of this linker (L1), with its steric
hindrance, inuences the coordination pattern of another
linker connected to the same Zr (L2 to Zr2), which is pushed
away by linker L1 and detaches from Zr2. This second linker
(L2) immediately stabilizes itself by coordinating to the closest
m3-OH group (originally attached in between Zr2 and Zr4). This
linker decoordination is clearly visible in the probability
distribution of the O3 and Zr2 bond. In the remaining part of
the simulation, the proton of the hydroxyl group travels from
the m3-O atom to the carboxylic oxygen O3 and is donated to the
linker. The appearance of phenomena such as proton transfer
processes between partly decoordinated carboxylic ligands and
hydroxyl groups generates an intrinsic dynamic acidity. Proton
mobility in UiO-66 was reported earlier by Ling and Slater,36 but
in that work, the dynamic acidity was caused by shuttling
protons between water molecules coordinated to the metals and
charge balancing hydroxide anions, which compensate for the
missing linkers in the defective material. This proton transfer
process is reversible and elucidates the unusual simultaneous
action of carboxylic ligands as hydrogen donors and hydrogen
acceptors, which is an indication of the existence of an intrinsic
dynamic acidity in defect-free UiO-66. During the rotational
deformation mode observed for conguration of type 4,
substantial rearrangements of the coordination numbers of the
various Zr atoms are observed. The linker decoordination leaves
an open metal site on Zr1, which changes the chemical bonding
pattern of this atom from 8 to 7. Additionally, the rotation of the
linker around Zr2 results in the second decoordination from
this site, decreasing the Zr coordination number from 7 to 6, as
shown in conguration 4r in Fig. 4.

The reversible proton shuttles observed in conguration 4r
require some additional attention. First, a similar pattern has
been noticed by Haigis et al.44 in metadynamics simulations
performed at high temperatures on MIL-53(Ga), where the
hydroxyl group of the inorganic chain is hydrogen bonded with
the carboxylic oxygen of the BDC linker, forming an interme-
diate structure. Second, the ability to reversibly protonate the
carboxylate groups of linker ligands in UiO-66 has been exper-
imentally evidenced by DeCoste et al.18 by observing some
specic peaks of C]O in the IR spectrum when adding
hydrochloric acid to the material. The simulations performed
here give evidence of an intrinsic dynamic acidity with rapid

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 2723–2732 | 2727
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proton transfers between the hydroxyl groups and linkers, even
in the absence of protic molecules in the pores of the material.
This aspect gives evidence for a similar linker, and hydrogen
bond stabilization during the reactions in which UiO-66
undergoes chemical transformations, like in the case of
ligand exchange process and substantiates the structural
stability.

Congurations of type 5, encountered in the window with
collective variables smaller than 1.0, are typical for processes,
where eventually water could also be formed. However, one
should be careful; there is not one single water formationmode,
but the system can assume a plethora of congurations of
almost equal free energy, which are characterized by a large
mobility of both linkers and protons originally connected to the
inorganic brick. Herein, we demonstrate the presence of
complex, fast structural uctuations that can be rationalized as
a combination of the two previously described motions of linker
translation and rotation. In all these congurations located in
the conguration 5 region (Fig. 5), which is characterized by an
initial collective variable of 0.94, the hydroxyl group is bonded
to a Zr atom in a stable m1-OH position (Movie S3 of the ESI†).
The starting conguration of the inorganic brick is composed of
three 7-fold and three 8-fold coordinated Zr atoms, but the
coordination pattern of the Zr atoms rapidly evolves, giving
different types of open metal sites. During the simulation, two
linkers (L1 and L3) undergo translational and rotational
motions at the same time, modifying the chemical properties of
four Zr sites by changing the coordination number between 8
and 6. In addition, it is important to notice that linker
decoordination occurs from the same metal ion, which can lead
to linker vacancies. Interestingly, linkers also recoordinate to
their parent position, providing an explanation for the
remarkable stability of UiO-66. The ability of the linkers to
reversibly decoordinate and coordinate to the Zr atoms is
intrinsically related to the oxophilic character of the metal.
Upon linker recoordination, the hydroxyl group travels to the
other side of the brick with spontaneous decoordination of
another linker (L4) (Fig. 5). These intrinsic motions show the
ability of the structure to easily respond to deformations of
linkers and hydroxyl groups. Water formation can eventually
occur by a process where a decoordinated hydroxyl group
captures a proton from the m3-OH group (Fig. 5, last congu-
ration). All structural reorganizations observed so far give rise to
the nal conguration, which is made up of four 7-fold and two
8-fold coordinated Zr atoms.

At this point, it is also interesting to note the differences
between the chemical features shown in this study and the
earlier reaction prole determined with static NEB calculations.
The earlier static calculations allow two transition states to be
located with barriers of 121.3 and 178.7 kJ mol�1 at 593 K.48 The
processes observed here consist translation and rotation of

Fig. 4 Umbrella sampling in two windows of CV ¼ 1.45 and 1.51,
showing two distinct motions of the linkers. On the left column,
a translation of the linker L1 generates a chelated structure and
a subsequent shift in the carboxylic oxygen connected to Zr2
(configuration 4t). On the right column, a rotation of the linker L1 and
a partial decoordination of linker L2 forming a hydrogen bond with an
m3-OH hydroxyl group is shown (configuration 4r). A proton transfer

between the carboxylic oxygen O3 and the bridging m3-O is also
observed and is evidenced by the measured probability distribution
(bottom). It is an indication of the occurrence of an intrinsic dynamic
acidity. Colors indicate the coordination number of Zr atoms.

2728 | Chem. Sci., 2018, 9, 2723–2732 This journal is © The Royal Society of Chemistry 2018
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a linker attached originally to two Zr atoms with the hydroxyl
group in a m1-OH conguration and situated on a multidimen-
sional free energy plateau at about 90 kJ mol�1. The simulations
shown here reveal that deformations in one linker induces the
mobility of various nearby linkers and another hydroxyl group
in the inorganic brick. Such metastable congurations are
stabilized by the presence of hydrogen bonds and are main-
tained for a consistent part of the simulation. This has been
further validated by an additional set of regular MD simulations
of 50 ps without the presence of activated umbrellas starting
from the nal conguration obtained in the last window. This
regular MD simulation conrms the mobility of the hydroxyl
groups and supports the hypothesis of a strongly varying
intrinsic dynamic proton acidity (Fig. S3 of the ESI†).

Overall, our simulations show that linkers are much more
mobile than originally anticipated. During an activation
process, they can easily change their position via decoordina-
tions, translations, rotations and recoordinations, while the
inorganic brick shows no major distortions. The latter is shown
in the distribution of the Zr–Zr and Zr–O distances in the brick
(Fig. S4 of the ESI†). Such effects point towards a remarkable
intrinsic exibility of the framework, where the coordination
numbers can easily vary between 8 and 6. Defects on the
structure are crucial for the catalytic activity and the dehydra-
tion mechanism may have a decisive effect on certain catalytic
reactions, where next to the Lewis acid site also, the neigh-
boring Brønsted base or acid sites may take an interactive role
in the reaction mechanism.60,61 Examples of such reactions
are jasminaldehyde condensation,62 in which rst the C–C
coupling product gets protonated by the hydrogen attached to
the m3-oxygen atom and this leads to the aldol product. Also, in
the case of esterication reaction, the hydrogen bond with the
m3-oxygen atom plays a crucial role in the proposed reaction
mechanism.60 For the Oppenauer oxidation studied in ref. 61,
Lewis and dynamic Brønsted sites are required. For this reac-
tion, a conversion of 68% was found to the desired product for
an almost ideal UiO-66 material (11.6 linker per brick). The

mobility of the linkers observed in this study could explain
these ndings, as linkers might temporarily decoordinate from
the Zr atoms and be stabilized by protons from the framework,
giving more accessible Lewis acid sites.61 The unraveled
dynamic behavior of UiO-66 can serve as a platform to ratio-
nalize the dynamic coordination change and accessibility of
active sites in other ‘inert’ MOFs characterized by exceptional
stability and higher surface-to-volume ratio.

The energy required to induce such internal rearrangements
are easily accessible with common experimental activation
procedures such as a temperature increase and can be accom-
modated with this exceptionally stable material. Furthermore,
hydrogen bonding appears to be an important part of the
interaction between hydroxyl group and the decoordinated
linkers. The hydrogen-bonding pattern observed during dehy-
dration is remarkable and can stabilize the structure in
processes that involve decoordination of the linkers. One may
anticipate that further stabilization patterns might occur when
a solvent such as methanol would be present. The observed
structural dynamic exibility of robust UiO-66 is unique and our
results conrmed that the chemistry of M–L bond is reversible,
as was indicated by Kim et al.28 in the linker exchange reaction.
This demonstrates that in all chemical processes where the
coordination number of the metal ion changes, there is fast
structural evolution in which the linkers play a major role,
constantly switching their position. Experimentally, the char-
acteristics of structural dynamic motions on the picosecond
timescale have been seen in the case of functionalized MOFs by
applying ultrafast 2D IR spectroscopy33 and can be expanded to
track changes during reversible dehydration process of UiO-66.

Conclusions

The UiO-66 framework is archetypal for its structural stability,
but also allows structural deformations by processes such as
dehydration, linker exchange, and defect formation while
maintaining its structural integrity. Herein, we tried by means

Fig. 5 Different structures observed in the simulation window of configuration 5, which are rationalized by the two motions presented in Fig. 4.
The colors of the Zr atoms indicate their coordination number.

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 2723–2732 | 2729
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of enhanced sampling molecular dynamics simulations such as
umbrella sampling techniques to give a better insight in the
factors based on the observed intrinsic dynamic exibility of the
framework, whereby the coordination number of the Zr atoms
can easily change between 8 and 6. By following the system on
the y at 573 K, during an activated process where the coordi-
nation number of the hydroxyl group bridging the Zr atoms of
the inorganic brick varies from 3 to 1, a remarkable fast
dynamics of the system is observed. Depending on the free
energy window explored, major rearrangements are observed
for the hydroxyl group, which induce a strong mobile behavior
of various connecting linkers. In lower activated regions, the
hydroxyl group can easily travel among the three Zr atoms to
which it is originally connected in a m3-OH conguration. Once
higher activated plateau is reached at about 90 kJ mol�1,
reversible mobility of the linkers is observed, while the rigidity
of the inorganic brick is retained. We observe the processes of
proton shuttling even in defect-free UiO-66 at elevated temper-
ature, where a proton transfer occurs between a m3-OH and
carboxylic oxygen of a partly decoordinated linker. These results
expand the earlier concept of dynamic acidity introduced by
Ling and Slater36 to defect-free UiO-66, even in the absence of
protic species. General deformation modes are detected for the
linkers during activation, which correspond to translational
and rotational modes. The system has a remarkable intrinsic
dynamic ability to respond to deformations, where closely
connected linkers decoordinate and are eventually stabilized by
hydrogen bonding interactions with adjacent hydroxyl groups.
We can safely assume that partly decoordinated linkers would
also be stabilized by hydrogen bonding interactions with other
solvent species during processes such as solvent assisted ligand
exchange. The change in coordination of the hydroxyl group
simulated here is an essential step during the dehydroxylation
process. Furthermore, our observations are based on simula-
tions in defect-free UiO-66, but these rearrangements may be
expected to take place in defective UiO-66, as we have already
established similar dehydration pathways in defective mate-
rials. The understanding of rearrangements of linker ligands or
bridging hydroxyl groups in the inorganic node during activa-
tion has so far been insufficient, as it poses a huge challenge to
follow the system in situ during activation based on a purely
experimental basis. Herein, we took amajor step forward for the
structural understanding in the intrinsic dynamic behavior of
UiO-66.

Methodology

The ab initio molecular dynamics (AIMD) simulations were
performed within the DFT level of theory in a full periodic
defect-free UiO-66 in the NPT ensemble using the CP2K simu-
lation package interfaced with the advanced simulation library
PLUMED.63,64 The revPBE functional65 with inclusion of Grimme
D3 dispersion corrections66 was chosen using the DZVP-GTH
basis sets for C, O and H atoms, which is a combination of
Gaussian basis functions and plane waves (GPW)67 with a cut-off
energy of 350 Ry. For Zr, the DZVP-MOLOPT-SR basis set has
been applied. Along the reaction path, we performed advanced

molecular dynamic simulations by means of umbrella sampling
(US). The crucial step in the US methodology was the selection
of the various windows on the reaction path along the collective
variable (CV) and determination of the initial structures in each
of these windows. We applied a protocol in the form of amoving
umbrella, which during the duration of the molecular dynamics
crosses the entire range of CV with a constant velocity. This
constrained MD concept was introduced by Grubmüller et al.68

but it was not applied in this context. 36 snapshots were
extracted from this moving umbrella simulation, and in each of
those, an MD simulation with a static harmonic bias was
initiated. Those MD simulations were run for 25 ps and the
frequently visited congurations in each umbrella sampling
were stored and their specic features were discussed. The free
energy prole was constructed by application of the WHAM
methodology.69,70 More details of the calculations were included
in the ESI.†
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Supporting Information

On the intrinsic dynamic nature of the rigid UiO-66 metal-organic framework

Julianna Hajek, Chiara Caratelli, Ruben Demuynck, Kristof De Wispelaere, Louis Vanduyfhuys, Michel 
Waroquier and Veronique Van Speybroeck

Center for Molecular Modeling (CMM), Ghent University, Technologiepark 903, B-9052 Zwijnaarde, 
Belgium

1. Methodology 
1.1. General settings used in the MD simulations

In all simulations, the revPBE functional1 with inclusion of Grimme D3 dispersion corrections2 was chosen 
for its improved performance for solid-state calculations relative to the commonly used PBE functional.3 
PBE or revPBE – augmented with dispersion interactions - have shown to be successful in advanced or 
enhanced molecular dynamics (MD) calculations in periodic systems as they combine a relative accuracy 
with computing efficiency in the very demanding computer calculations.4-9 The decision on the exchange-
correlation functional has to be guided by a compromise between accuracy and computational cost, as 
correctly stated by Evans et al.10  The usage of hybrid functionals such as B3LYP or PBE0 is fairly limited 
for systems with large unit cells as encountered here.  To use such functionals for the enhanced sampling 
molecular dynamics methods performed here for a substantial number of configurations is beyond 
current computational limits. However, some interesting studies appeared to test the influence of the 
functional on the qualitative reliability of geometries and energies in recent literature, which give 
confidence that the same qualitative features as observed here would be found using other electronic 
levels of theory.11-13 We used the DZVP-GTH basis sets for C, O and H atoms, which is a combination of 
Gaussian basis functions and plane waves (GPW) with a cut-off energy of 350 Ry. For Zr the DZVP-
MOLOPT-SR basis set has been applied.14 The simulations were performed in the NPT ensemble at 573 K 
and 1 bar. The time step for integration of the equation of motion was set to 0.5 fs. The temperature was 
controlled by a chain of five Nosé-Hoover thermostats,15 the pressure by an MTK barostat.16

1.2. Determination of the collective variable in the dehydration process

The coordination number used in the simulation is formally defined as: 

Electronic Supplementary Material (ESI) for Chemical Science.
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𝐶𝑁= ∑
𝑖= 1,3

1 ‒ (𝑟𝑖𝑟0)6
1 ‒ (𝑟𝑖𝑟0)12

where the index  labels each of the three Zr atoms surrounding the hydroxyl group as displayed in Figure 𝑖

2. As reference distance  for the Zr – O bond we take 2.7 Å. 𝑟0

The inspiration for the collective variable is based on the following arguments: 

First of all, the reaction path towards dehydration has been studied earlier by static molecular simulation 
techniques, more specifically with Nudged Elastic Band (NEB) calculations.17, 18 The intermediate states 
found in these static calculations give reliable suggestions on the structure of a suitable collective variable. 
 More in particular some of the crucial intermediates found there are shown hereafter and clearly show 
the appearance of intermediate structures characters by partially decoordinated carboxylic groups, 
chelated ligands,…  which are also observed here.  However, from the static approach it is impossible to 
deduce the dynamic behavior of the linkers or to discriminate between a rotational or translational move 
of the ligands as was done here in the manuscript.  

Secondly, we performed as part of the study published in reference 17 some regular MD simulations 
where we systematically increased the temperature to study the response of the material upon inserting 
energy in the system.  At a temperature of 1273 K, we observed simultaneous decoordination of the μ3-
OH and one of the neighboring terephthalates. These observations were used to construct initial 
structures for the dehydration process studied with the NEB calculations.  Of course, the temperatures 
necessary to induce the bond breakage there are unrealistically high, since the additional energy is 
distributed among all degrees of freedom of the system, yielding an overall swelling of the stable Zr-brick 
represented by Zr6O4(OH)4 and eventually bond breakage between metal and bridging oxygen. 

Apart from these observations, we also performed some preliminary metadynamics simulations with 
various collective variables, such as one or two distances between the oxygen of a bridging µ3-OH group 
and the metal (see Figure 2).  Such collective variables are less general and as such we only sampled part 
of the phase space visited during the US sampling method and some intermediate structures observed 

(1)
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here were also detected.  As the system is highly dynamic, some elusive states of the system quickly 
rearranged into more stable configurations where for example water was formed. As such the required 
diffusive behavior for a sufficient sampling of the phase space was not reached. The US sampling method 
used here with the proposed collective variable, which does not impose any preference for one of the Zr 
atoms, allowed to obtain a sufficient sampling in the activated regions and to detect all possible motions 
of the ligands including rotation, translational modes.  We checked that a sufficient overlap exists between 
the various umbrellas as described further in the Supporting information.   

As the dehydration is an activated process regular AIMD simulations will need very long simulations times 
to observe this rare event. Therefore, this process can be enhanced by means of MD techniques with 
introduction of bias potentials pushing the system over the barrier. We have chosen umbrella sampling 
(US) as a suitable advanced MD technique to study this dehydration process. The procedure implies the 
partition of the whole reaction path into windows. In each window, an external harmonic bias potential 
is added to the true Hamiltonian to enhance the sampling in low probability regions. This done by 
performing MD simulations starting from initial structures specific for each window defined by the 
reaction coordinate.

A first exploration of the reaction path characterized by the collective variable (CV) (Eq.(1)) has been 
performed by means of a constrained MD simulation. In this simulation, a bias potential moves with a 
constant velocity along the reaction coordinate over the entire range of CVs (0.9 – 2.4). This constrained 
MD concept has been introduced by Grubmuller et al. 19 but it has not yet been applied in this context. 
After an equilibration run of 1 ps (2000 steps of 0.5 fs) the initial structure for the first window at CV = 2.4 
is settled. The moving bias potential subsequently drives the system to lower values of the CV and this 
during 3 ps (6000 MD steps) simulation. The structure of the metal-organic framework adapts 
systematically at the new value of the CV. 36 snapshots are selected from this constrained MD 
simulations, more or less equally distributed over the remaining 6000 steps and thus the entire range of 
the CV (Table S1). Those snapshots will serve as input structures for the actual umbrella sampling 
simulations. The bias potential has a spring constant of  = 1500 kJ∙mol-1∙unit CV-2.

To recombine the information of the various independent simulations, the weighted histogram analysis 
method (WHAM) 20 has been used.

1.3. The umbrella sampling simulations 

In total 36 windows, corresponding to the 36 snapshots, have been introduced along the whole range of 
the CV. In each window, an umbrella sampling simulation has been performed for 25 ps with a starting 
configuration as extracted in the previous moving umbrella sampling procedure. The quality of the 
selection of the 36 windows along the reaction path and the magnitude of the spring constant 
characterizing the bias potential are assessed by sufficient overlap of the umbrellas covering the various 
windows. The results of our multiple umbrella samplings are clearly displayed in Figure S1. We observe 
that the range of the reaction path represented by 1.7 ≤ CV ≤ 2.4 is well covered, which is an indication 
that the sum of the three coordination numbers as CV is a well-suited choice in the reaction path towards 
the first transition state in the dehydroxylation. The region around CV = 1.6 seems less covered, indicating 
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the presence of some transition state. The post-transition region, which in our sampling is characterized 
by a CV smaller than 1.6, displays a somewhat less dense umbrella overlap. It should be noticed that the 
lower the value of the CV, the more fundamentally different configurations may generate the same value 
of the CV. This is inherent to the composition of the CV according to Eq. (1) which only takes into account 
the degree of coordination of the hydroxyl group. The number of sets [r1, r2, r3] yielding the same CV 
substantially increases at CV < 1.6 with large variations in the distances. The initial structure employed in 
each window is decisive for the type of configurations visited during the US in the phase space orthogonal 
to the collective variable.

Table S1: Specification of each umbrella with indication of the value of the collective variable (CV), step 
number in the constrained MD simulation. Spring constant  = 1500 kJ∙mol-1∙unit CV-2.

Umbrella CV Step number
u1 2.412992 2300
u2 2.350807 2400
u3 2.30496 2600
u4 2.276639 3300
u5 2.217113 3400
u6 2.16906 3500 Configuration 1
u9 2.149121 4000
u7 2.115 3600

u11 2.000408 4400
u10 1.962854 4200 Configuration 2
u12 1.913913 4950
u13 1.853662 5000
u14 1.807944 5100
u16 1.779562 5300
u15 1.74488 5200
u17 1.723907 5700
u8 1.641706 5850 Configuration 3

u18 1.596114 5800
u19 1.519592 6050
u20 1.508012 6150 Configuration of type 4, which leads to configuration 4r
u21 1.446838 6200 Configuration of type 4, which leads to configuration 4t
u22 1.410619 6300
u23 1.371507 6650
u24 1.35217 6700
u27 1.332639 6900
u26 1.301383 6800
u29 1.288676 6950
u25 1.278929 6750
u30 1.261292 7050
u28 1.228579 7000
u31 1.161971 7100
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u32 1.10909 7200
u33 1.044892 7400
u34 0.994583 7500
u36 0.951581 7700
u35 0.939973 7600 Configuration 5

1.4. Reconstruction of the free energy surface

The free energy profile is constructed by application of the WHAM methodology.21-23

The value of the harmonic spring constant  is fixed at 1500 kJ/mol for each umbrella sampling simulation. 
As depicted in Figure S1, this ad hoc choice for the harmonic constant generally yields sufficient overlap 
to construct a precise free energy profile, with respect to the window size.

On Figure S1 we see clearly some uncovered region around CV = 1.64, and it has a direct and visible impact 
on the free energy surface with a small bump at this window, which is unphysical, but which is difficult to 
remove. Starting an umbrella sampling in the windows just before and after this turning point the system 
systematically runs to a configuration further away from CV = 1.64. This feature is probably the result of 
the symmetric character of the chosen collective variable (Eq. (1)). An umbrella sampling on the reaction 
path does no further respect the symmetry between the three Zr atoms. The symmetry is broken once CV 
is lower than 1.64, i.e. moving from configuration 2 to configuration 3 (see main manuscript), and the 
system evolves in such an US simulation to a part of the free energy surface completely determined by 
the starting configuration of that umbrella.

Figure S1: Overview of the 5 ps umbrella sampling in the 36 windows which have been selected on the 
reaction path along the collective variable in the range 0.9 – 2.4. The bias potential has a spring constant 
of  = 1500 kJ∙mol-1∙unit CV-2.
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Table S2: Distances of Zr atoms to OH group

Distances of Zr atoms to OH group
Distance in the starting 

configurations [Å]
Average distances during the 

simulation [Å]
Configuration CV Zr1 Zr2 Zr3 Zr1 Zr2 Zr3

1 2.17 2.32 2.26 2.31 2.30 2.30 2.30
2 1.96 2.14 2.51 2.56 2.38 2.39 2.38
3 1.64 2.58 2.32 2.97 2.51 2.56 2.54
4r 1.51 2.00 3.08 3.02 2.44 3.00 2.57
4t 1.45 2.17 2.98 3.10 2.27 3.55 2.59
5 0.94 2.07 4.80 4.13 1.97 2.97 4.84

2. Transition states observed during static NEB calculations

Figure S2: Transition states and free energy profile during dehydroxylation process taken from Vandichel 
et al. 17, 18
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3. Intrinsic dynamic acidity of UiO-66

From Figure S3 we can see a rapid proton transfer involving the hydroxyl group and the carboxylic oxygen 
from the linker. When the interaction between the proton and the oxygen from the inorganic framework 
is strong the distance between the carboxylic oxygen and the proton is longer which results in a strong Zr-
O binding interaction. When the proton is transferred to the carboxylic oxygen the distance between Zr-
O is also weaker.

Figure S3: Changes of distance of proton disclosing the dynamic acidity in configuration 4r (for a better 
visibility we show 15 ps of the total 50 ps simulation time of regular MD).

In Figure S3 the distance between the oxygen from the carboxylic group and the proton belonging to the 
µ3-OH is indicated in purple. The distance which corresponds to the oxygen and the proton from the µ3-
OH is represented in green. We also display the bond distance of Zr and the oxygen atom from the 
carboxylic group (shown in blue). 

4. Distortions in the inorganic brick during activation process. 

Figure S4: The distance between three Zr atoms from which the hydroxyl group is decoordinated is larger 
due to the lesser constraint of the hydroxyl group. The bond between oxygens and Zr atoms is almost 
preserved during the whole process.
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1.5 1.7 1.9 2.1 2.3 2.5 2.7 2.9 3.1

Zr-O configuration 1

Zr-O configuration 5

Zr-O regular MD of configuration
5

Zr-O distances for the described brick

1. K. Yang, J. J. Zheng, Y. Zhao and D. G. Truhlar, Journal of Chemical Physics., 2010, 132, 10.
2. S. Grimme, J. Antony, S. Ehrlich and H. Krieg, Journal of Chemical Physics, 2010, 132.
3. G. Lippert, J. Hutter and M. Parrinello, Theoretical Chemistry Accounts, 1999, 103, 124-140.
4. P. Cnudde, K. De Wispelaere, J. Van der Mynsbrugge, M. Waroquier and V. Van Speybroeck, 

Journal of Catalysis, 2017, 345, 53-69.
5. K. De Wispelaere, S. Bailleul and V. Van Speybroeck, Catalysis Science & Technology, 2016, 6, 

2686-2705.
6. J. S. Martinez-Espin, K. De Wispelaere, M. W. Erichsen, S. Svelle, T. V. W. Janssens, V. Van 

Speybroeck, P. Beato and U. Olsbye, Journal of Catalysis, 2017, 349, 136-148.
7. J. S. Martinez-Espin, K. De Wispelaere, T. V. W. Janssens, S. Svelle, K. P. Lillerud, P. Beato, V. Van 

Speybroeck and U. Olsbye, ASC Catalysis, 2017, 7, 5773-5780.

120



9

8. C. Caratelli, J. Hajek, F. G. Cirujano, M. Waroquier, F. X. Llabrés i Xamena and V. Van Speybroeck, 
Journal of Catalysis, 2017, 352, 401-414.

9. C. Caratelli, J. Hajek, S. M. J. Rogge, S. Vandenbrande, E. J. Meijer, M. Waroquier and V. Van 
Speybroeck, Chemphyschem, 2017, DOI:10.1002/cphc.201701109.

10. J. D. Evans, G. Fraux, R. Gaillac, D. Kohen, F. Trousselet, J.-M. Vanson and F.-X. Coudert, 
Chemistry of Materials, 2017, 29, 199-212.

11. V. Haigis, F.-X. Coudert, R. Vuilleumier, A. Boutin and A. H. Fuchs, The Journal of Physical 
Chemistry Letters, 2015, 6, 4365-4370.

12. S. Ling and B. Slater, Chemical Science, 2016, 7, 4706-4712.
13. J. Hajek, J. Van der Mynsbrugge, K. De Wispelaere, P. Cnudde, L. Vanduyfhuys, M. Waroquier 

and V. Van Speybroeck, Journal of Catalysis, 2016, 340, 227-235.
14. S. Goedecker, M. Teter and J. Hutter, Physical Review B, 1996, 54, 1703-1710.
15. D. Frenkel and B. Smit, Understanding Molecular Simulation: From Algorithms to Applications, 

2001.
16. G. J. Martyna, D. J. Tobias and M. L. Klein, The Journal of Chemical Physics, 1994, 101, 4177-

4189.
17. M. Vandichel, J. Hajek, F. Vermoortele, M. Waroquier, D. E. De Vos and V. Van Speybroeck, 

CrystEngComm, 2015, 17, 395-406.
18. M. Vandichel, J. Hajek, A. Ghysels, A. De Vos, M. Waroquier and V. Van Speybroeck, 

CrystEngComm, 2016, 18, 7056-7069.
19. H. Grubmuller, B. Heymann and P. Tavan, Science, 1996, 271, 997-999.
20. S. Kumar, D. Bouzida, R. H. Swendsen, P. A. Kollman and J. M. Rosenberg, Journal of 

Computational Chemistry, 1992, 13, 1011-1021.
21. A. Grossfield, http://membrane.urmc.rochester.edu/content/wham.
22. G. A. Tribello, M. Bonomi, D. Branduardi, C. Camilloni and G. Bussi, Computer Physics 

Communications, 2014, 185, 604-613.
23. S. Kumar, J. M. Rosenberg, D. Bouzida, R. H. Swendsen and P. A. Kollman, Journal of 

Computational Chemistry, 1992, 13, 1011-1021.

121





123

Paper IV

The remarkable amphoteric nature of defective UiO–66 in cat-
alytic reactions

J. Hajek, B. Bueken, M. Waroquier, D. De Vos, V. Van Speybroeck, Chem-
CatChem, 9, 2203–2210 (2017)

J. Hajek performed all calculations and prepared the manuscript.

©2017 Wiley-VCH Verlag GmbH & Co
Reprinted with permission from Wiley-VCH Verlag.





The Remarkable Amphoteric Nature of Defective UiO-66 in
Catalytic Reactions
Julianna Hajek,[a] Bart Bueken,[b] Michel Waroquier,[a] Dirk De Vos,[b] and
Veronique Van Speybroeck*[a]

Introduction

Over the past years, zirconium-based metal-organic frame-
works (Zr-MOFs) have received considerable attention because

they exhibit exceptional thermal, mechanical and chemical
properties compared to other common MOFs.[1] Several zirconi-

um-based materials such as UiO-66, NU-1000 and MOF-808

were extensively explored for various catalytic transforma-
tions.[1b, 2] Within this series the UiO-66 framework received the

most attention. The porous crystalline network of UiO-66 con-
sists of Zr6O4(OH)4 octahedral inorganic bricks connected by

twelve 1,4-benzenedicarboxylate (BDC) linkers.[1a] The remark-
able thermal stability of this material is attributed to the high
degree of coordination with organic linkers and to the struc-

tural composition of UiO-66 which has the face-centered sym-
metry of the Fm3̄m space group. To activate the material for
catalysis, coordinatively unsaturated metal sites need to be

generated. A plethora of experimental studies gave substantial
evidence for a high concentration of structurally embedded

defects in the as-synthesized UiO-66 material. Thus in general
the framework connectivity is less than 12.[3] The synthesis

procedures have been meticulously tuned to control to a large

extent the concentration of defects in the final material. Defect
engineering of framework materials is one method to structur-

ally embed coordinatively unsaturated sites in the material.[3e, 4]

In addition it has been reported that upon thermal treatment

the inorganic hexanuclear Zr core Zr6O4(OH)4 is dehydrated
and rearranged into a distorted Zr6O6 node.[3a–c, 5] Upon water
removal from the inorganic brick the Zr6O6 node has a D3d(-

3m) point symmetry, showing a preferential squeezing direc-
tion.[3c] These dehydration procedures also lead to a reduction
of the coordination of the zirconium sites (Figure 1).

These two types of framework distortion, linker and metal

vacancies, create point defects, decreasing the coordination
number of Zr and creating Lewis acid sites, which make UiO-

66 an outstanding candidate for application in catalysis[4d, 6]

(Figure 1).
The UiO-66 material has mainly been studied for Lewis acid

catalyzed reactions such as the citronellal cyclization,[6d, 7] or
esterification.[8] A series of computational and experimental

studies was conducted to unravel the nature of the active
sites. Indeed, owing to the large number of possibilities to

remove linkers in combination with the dehydration mecha-

nisms, a large amount of structures may theoretically be pro-
posed.[9] The effect of linker removal on the catalytic per-

formance and stability of the material has been studied recent-
ly. Furthermore, computational attempts have been made to

describe the process of dehydration.[5] It has been found that
the dehydration of the structure with one linker defect results

One of the major requirements in solid acid and base catalyzed
reactions is that the reactants, intermediates or activated com-

plexes cooperate with several functions of catalyst support. In
this work the remarkable bifunctional behavior of the defective
UiO-66(Zr) metal organic framework is shown for acid-base
pair catalysis. The active site relies on the presence of coordi-
natively unsaturated zirconium sites, which may be tuned by
removing framework linkers and by removal of water from the

inorganic bricks using a dehydration treatment. To elucidate
the amphoteric nature of defective UiO-66, the Oppenauer

oxidation of primary alcohols has been theoretically investigat-

ed using density functional theory (DFT) and the periodic ap-

proach. The presence of acid and basic centers within molecu-
lar distances is shown to be crucial for determining the catalyt-
ic activity of the material. Hydrated and dehydrated bricks
have a distinct influence on the acidity and basicity of the
active sites. In any case both functions need to cooperate in
a concerted way to enable the chemical transformation. Experi-

mental results on UiO-66 materials of different defectivity sup-
port the theoretical observations made in this work.
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in the creation of Zr Lewis acid sites which are 6-fold coordi-
nated. To the best of our knowledge, the comparison of the

catalytic behavior of the hydrated and dehydrated UiO-66 has

never been made.
However, the dehydration mechanism may have a decisive

effect on certain catalytic reactions, in which next to the Lewis
acid site also the neighboring Brønsted base or acid site may

take a cooperative role in the reaction mechanism. This was re-
cently shown for the condensation reaction to form the jasmi-

naldehyde condensation product from benzaldehyde and hep-

tanal.[6b] In this case the cooperation of both the Lewis acid
site and Brønsted base site is essential in the formation of the

active site. A profound understanding of the strength of
Brønsted and Lewis sites within MOFs is very important to

tune the catalytic activity for a broad variety of acid, base or
acid-base catalyzed reactions.

To the best of our knowledge, the nature of active sites

upon calcination and catalytic activity of hydrated and dehy-
drated UiO-66 have not been studied computationally so far.

In the current work, we will make use of the Oppenauer oxida-
tion reaction, which is schematically shown in Figure 2, to ra-

tionalize the catalytic effect of the structurally incorporated de-
fects including linker removal and hydration/dehydration of

the framework. Furthermore, our theoretical findings are
supported by new experimental data conducted on various

defective UiO-66 materials in hydrated and dehydrated
conditions.

Dehydrogenation of alcohols requires acid-base site pairs of

intermediate strength;[10] and in this respect the Oppenauer
oxidation of alcohols to carbonyl compounds on UiO-66 is an

ideal case to study the influence of both missing linkers and
dehydration of the structure on the catalytic activity. The reac-

tion mechanism of the reverse Meerwein-Ponndorf-Verley
(MPV) reduction of aldehydes and ketones has been studied

both theoretically and experimentally on Zr-beta zeolites by

Boronat et al.[11] The similarity between the active sites in the
Zr-beta zeolites and the UiO-66 framework is particularly inter-

esting. A schematic representation of potential active sites in
both materials is shown in Figure 3.

Zr-beta zeolite is a Zr-substituted zeolite containing well-
defined and isolated Lewis acid centers (-Si-O-)4Zr which were
shown to be bifunctional in the MPV reduction of carbonyl

compounds. Boronat et al.[11] demonstrated that the aldehyde
(cyclohexanone) and the alcohol (2-butanol) are coordinated
to the same single Zr-center, acting as a Lewis acid site, and
that the adjacent basic oxygen atom assists in deprotonating

the alcohol. The hydride shift can then take place converting
simultaneously cyclohexanone into cyclohexanol and 2-butanol

into 2-butanone. Clearly, the inorganic octahedral Zr-bricks in

UiO-66 with bridging m3-oxygens and OH-groups show large
similarities with the partially hydrolyzed framework Zr-OH

group in Zr-beta zeolite. Although the reaction mechanism of
the MPV reduction and the heterolytic hydrogen transfer in Zr-

beta zeolite seems to be quite clear, it remains to be investi-
gated what the respective role is of the acid and basic sites in

the UiO-66 catalyst, and how catalytic activity is influenced by

modification of the UiO-66 framework and its multiple defect
structures. Therefore, the Oppenauer oxidation of alcohols is

an ideal choice to evaluate the nature of active sites encoun-
tered in the different modified frames. De Vos and co-work-

ers[6d] were the first to test this oxidation reaction in UiO-66. In
the oxidation of geraniol by furfural over UiO-66 they noticed

Figure 1. Periodic model of UiO-66 with indicated unit cell and encircled two types of bricks. Zr-brick 1 with formula [Zr6O4(OH)4]12 + is intact without missing
linker, whereas brick 2 [Zr6O6(OH)2]10 + has in total two terephthalate linkers missing, one at site A and one at the opposite site B. On the right, the dehydra-
tion processes of brick 1 and brick 2 are shown. Coordination number of different Zr atoms in the brick are encircled in red. Oxygen vacancies are displayed
as grey squares.

Figure 2. Oppenauer oxidation of primary alcohol prenol with furfural.
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a geraniol conversion of 20 % which could be even drastically
increased by functionalizing the linkers with electron-with-

drawing substituents such as NO2, reaching conversion coeffi-
cients of 70 % under the same catalytic conditions. Further-

more, thermogravimetric analysis profiles revealed that of the

12 linkers surrounding each Zr-brick, approximately three were
on average missing.

The MPV reduction has also been investigated on various
types of metal oxides showing that the hydrogen transfer can

proceed on Lewis acid catalysts or on catalysts having basic
properties.[12]

Results and Discussion

In this theoretical study we took prenol as an alcohol which is
a smaller version of the much larger geraniol molecule. Prenol

or 3-methyl-2-buten-1-ol is a building block of isoprenoid alco-

hols of which geraniol is the smallest. To evaluate the direct re-
duction of furfural by this alcohol, calculations were performed

on a periodic model taking into account the full topology of
the material, allowing an accurate quantification of the con-

finement effects induced by the environment of the nanopo-
rous material. A periodic UiO-66 structure was selected follow-
ing a procedure as was described in a previous work of some
of the present authors.[6b] A tetragonal unit cell containing two

inorganic Zr-bricks was taken out from the conventional cubic
cell of UiO-66 (Figure 1). The selected structure had one linker
missing on average with unit cell formula [Zr6O4(OH)4]12 +

[Zr6O6(OH)2]10 + . Each brick is characterized by its coordination
number and in this case one brick (Brick 1) is fully coordinated

by 12 organic linkers, whereas the other brick (Brick 2) is 10-
fold coordinated and is active for catalysis. Brick 2 has a struc-

ture which contains four 7-fold and two 8-fold coordinated Zr

sites (Figure 1). Upon the dehydration process the coordination
numbers of the Zr-atoms in the brick change: four 7-fold coor-

dinated and two 6-fold coordinated Zr atoms and oxygen va-
cancies appear. In the case of two 6-fold coordinated Zr atoms

the oxygen atom is located centrally between them (Figure 1,
Figure 4, right).

The true interest lies in the nature of these different coordi-

nated Zr sites and their influence in a catalytic process. It has
been theoretically found that the activity of UiO-66 for jasmi-

naldehyde condensation is related to the presence of Zr-O-Zr
motifs. These sites are bifunctional and consist of the Lewis

acidic zirconium atom that activates the carbonyl group and

the adjacent basic m3-oxygen atom which attracts a proton.[6b]

In the UiO-66 material with one linker defect (in the unit cell of

two inorganic bricks) we thus distinguish between three active
Zr-sites as displayed in Figure 4. The influence of these struc-

tural defects on the Oppenauer reaction will be investigated.
A very particular characteristic of the Oppenauer-type reac-

tion is that an alcohol is oxidized to the corresponding carbon-
yl compound. Furfural is a strong oxidant and was chosen as
a perfect probe Lewis base molecule to track the Lewis acid

strength of the Zr centers of the active site, which are 7- and
6-fold coordinated. The physisorption of the aldehyde to the

metal atom polarizes and activates the carbonyl double bond.
The strong interaction between the carbonyl functional group

and the Lewis acid site induces a transfer of a significant part

of the electron density to the Zr site. The adsorption of furfural
corresponds to the first step of the reaction scheme shown in

Figure 5. Rather surprisingly, the adsorption of furfural on a hy-
drated or dehydrated site does not cause large differences in

adsorption strength. The adsorption energy on the two active
Zr sites (Zr(7)-O-Zr(7) and Zr(6)-O-Zr(6)) is about 5.0 kJ mol@1

Figure 3. Representation of Zr-beta zeolite, hydrated UiO-66 and dehydrated UiO-66 with indicated active sites. In each configuration zirconium Lewis acid
sites are encircled in orange and oxygen Brønsted base sites in green. On the dehydrated, 6-fold coordinated Zr brick the oxygen vacancy is indicated by
a black square.

Figure 4. Representation of active sites for catalysis in brick 2 on the hydrat-
ed and dehydrated UiO-66. Oxygens are represented by medium circles.
Their color can differ but has no real physical significance and originates
from ref.[5b] .
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stronger than on the hydrated material (Table 1, Figure 5,
configuration 1) This results shows that the Lewis acidity is

not significantly altered between hydrated and dehydrated
bricks.

The next step of the reaction consists of co-adsorption of
the alcohol at the adjacent zirconium atom. The adsorption
strength is almost equally strong on the three considered

active sites. Configuration 2 shows an adsorption free energy
of about 30 kJ mol@1 for the three types of UiO-66 material.

Overall the second reactant has a weak free energy of co-ad-

sorption. The enthalpic co-adsorption energy is relatively large
but is to a large extent compensated by a positive entropic

contribution, originating from the loss of degrees of freedom
associated with the adsorption. One would expect a stronger

local Lewis acid strength for the under-coordinated Zr(6)
center but previous observations learn that the Lewis acid

character of the active site is not concentrated in discrete Zr-

atoms, but rather distributed over the Zr-centers and their
bond with the adjacent m3-oxygens. The specific coordination

number of Zr has a minor effect on the Lewis acid strength of

the active site.
The observed behavior here can be related to some charac-

teristic Zr@O bond lengths in the various adsorption com-
plexes. The critical distances are taken up in Table 2. We

distinguish three types of Zr@O bonds: Zr@O in the inorganic
brick, Zr-O between the metal and the carbonylic oxygen of

the aldehyde and Zr-O between the metal and the oxygen of

the alcohol. In the adsorbed complexes 1 and 2 the distances
between the adsorbates and the active Zr-site vary only slight-

ly between the hydrated and the two dehydrated materials.
On the other hand, the optimized Zr@O bond length in the
brick is 0.2 a shorter in the site composed of the 6-fold coordi-
nated Zr-centers than in the 7-fold coordinated materials. The

shorter the bond length the stronger the covalent Zr@O inter-
actions. The shorter Zr@O length in the Zr(6)-O-Zr(6) site can
partially be assisted by the presence of a vacancy instead of
a bridging oxygen (Figure 4).

Once the two reactants are adsorbed in state 2, the reaction

further proceeds with the deprotonation of the alcohol to
form the alkoxide (Figure 5, Ts1). The proton is transferred to

the m3-oxygen, which acts as a Brønsted base site. From this

point on, the reactivity is substantially different in the three
active sites (Figure 4). The reaction barrier for the deprotona-

tion on the hydrated material is very low and amounts to only
7.4 kJ mol@1, it raises to 36.7 kJ mol@1 and 50.9 kJ mol@1 on the

dehydrated Zr(7)-O-Zr(7) and Zr(6)-O-Zr(6) material, respective-
ly. The differences become even more pronounced in configu-

Figure 5. Free energy profile of the Oppenauer oxidation of prenol with furfural (periodic with PBE-D3) given at 393.15 K. Hydrated brick is indicated by
a blue line, whereas dehydrated 7- and 6-fold coordinated Zr by a red and green line, respectively. X corresponds to: X = O in the hydrated and dehydrated
7-fold material, and X = vacancy for the cluster with 6-fold Zr coordination. R corresponds to the reactants in gas phase and the catalyst, P corresponds to the
final products in gas phase and the catalyst.

Table 1. Enthalpy, entropy and free energy contributions given in
kJ mol@1 for the Oppenauer oxidation, given at 393.15 K.

state Hydrated, Zr 7-fold Dehydrated, Zr 7-fold Dehydrated, Zr 6-fold
DH @TDS DG DH @TDS DG DH @TDS DG

1 @87.8 66.3 @21.5 @91.8 65.9 @25.9 @87.9 63.5 @24.4
2 @174.5 143.6 @30.9 @173.3 140.5 @32.9 @161.8 135.1 @26.7
Ts1 @166.9 143.4 @23.5 @143.7 147.5 3.8 @117.0 141.2 24.2
3 @207.3 139.7 @67.6 @180.5 136.2 @44.3 @124.1 135.4 11.3
Ts2 @141.2 153.1 11.9 @138.5 149.0 10.5 @84.6 154.3 69.8
4 @213.5 134.5 @79.0 @200.2 142.6 @57.6 @148.0 139.7 @8.2
Ts3 @140.2 141.7 1.5 @136.9 144.8 7.9 @130.2 148.5 18.3
5 @170.6 137.5 @33.1 @189.1 140.3 @48.7 @193.6 140.6 @53.0
P @24.2 @0.8 @25.1 @24.3 @0.8 @25.1 @24.3 @0.8 @25.1
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ration 3 after the deprotonation has taken place and an alkox-

ide is formed. The alkoxide is much more stable on the hydrat-
ed brick compared to the dehydrated bricks. The lower the

coordination numbers of the involved zirconium atoms the
less stable the alkoxide becomes. In this case the electrons are

more localized between the zirconium and oxygen atoms and
therefore they are less available to attractively interact with

a proton.

On inspection of the enthalpic and entropic contributions to
the free energy, it becomes clear that the large differences

originate from electronic differences among the various active
sites. The entropic contributions to the overall free energy are

almost equally large (Table 1). The stabilization energy and en-
thalpy differs by more than 80 kJ mol@1 between the hydrated
and dehydrated 6-fold configuration (Table S.1 ESI).

A plausible explanation may lie in the different base
strengths of the m3-oxygen bridging the two active Zr-atoms.
The Zr(6)-O-Zr(6) site has a substantially shorter Zr-O distance,
the Zr-centers are only bridged by one single oxygen atom,

and the brick is more compressed. The basicity of the bridging
m3-oxygen is weaker than in the hydrated brick (distances are

tabulated in Table 2). The shorter the Zr@O bond, the more
electronic density is concentrated in the zirconium-oxygen
bond and the electron density is less localized on the oxygen.

Consequently, the oxygen is less basic. The energy barrier for
the deprotonation reaction (Ts1) increases if the amount of m3-

hydroxy groups and coordination number of Zr decreases. The
role of the active Zr-O-Zr surface in this deprotonation reaction

may typically be attributed to that of an acid-base bifunctional

catalyst. The presence of the aldehyde in the adsorbed com-
plex is crucial to keep the barrier for deprotonation low

(mainly for the hydrated material). It enhances the basic char-
acter of the adjacent m3-oxygen needed to form a strongly sta-

bilized alkoxide complex at least on the two Zr(7)-O-Zr(7)
surfaces.

With the formation of an alkoxide and the formation of a hy-

droxy group in the Zr-OH-Zr site of state 3, the zirconium
oxygen distance increases in the three materials but remains

the shortest in the dehydrated 6-fold Zr-site. Without the
proton a value of 2.0 a is found; it increases with 0.155 a with

the proton bound to the m3-oxygen. The m3-OH group may
now take the role as a Brønsted acid site and will exert an

influence in the further reaction. The intermediate structure 4
is the most stable adsorption complex for all three active sites.

To understand the underlying mechanism of the drastically

stronger stabilization of the intermediate states 3 and 4 in the
hydrated material, we removed the two adsorbates and re-

place them by one water molecule, constructing active sites as
shown in Figure 6. The similarity with configuration 3 is large,

the oxo-atom is also protonated and one zirconium atom is

covered with a hydroxy group. Essential is the presence of
a m3-OH in the brick. This model eliminates any influence aris-
ing from the choice of the adsorbates on the stabilization en-
ergies of the inorganic Zr-bricks. Coordination of a water mole-

cule on a hydrated Zr-brick such as B’O(1012) in ref. [5b] has
been investigated theoretically in several works, but its

influence on a dehydrated brick has not been studied before.
The chemisorption energy and free energies of a water mole-

Table 2. Evolution of the various Zr@O distances during the Oppenauer reaction on the three UiO-66 materials. X corresponds to: X = O in the hydrated
and dehydrated 7-fold material, and X = vacancy in the 6-fold coordinated site.

structure 1 2 Ts1 3 Ts2 4
[a] [a] [a] [a] [a] [a]

Hydrated
Zr-O inorganic brick 2.142 2.167 2.230 2.291 2.302 2.271
Zr-O aldehyde 2.412 2.417 2.371 2.335 2.227 2.025
Zr-O alcohol – 2.396 2.243 2.017 2.132 2.276
Dehydrated Zr 7-fold
Zr-O inorganic brick 2.097 2.120 2.189 2.275 2.302 2.298
Zr-O aldehyde 2.384 2.403 2.354 2.348 2.177 2.011
Zr-O alcohol – 2.457 2.239 1.999 2.146 2.350
Dehydrated Zr 6-fold
Zr-O inorganic brick 1.970 1.967 2.016 2.125 2.190 2.171
Zr-O aldehyde 2.414 2.462 2.427 2.479 2.202 2.048
Zr-O alcohol – 2.476 2.201 1.984 2.194 2.412

Figure 6. Influence of water coordination on the three active sites (hydrated
Zr(7)-O-Zr(7), dehydrated 7-fold Zr(7)-O-Zr(7) and dehydrated Zr(6)-O-Zr(6)
UiO-66).
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cule on the three active sites are shown in Figure 6. Major dif-
ferences for the three sites are observed with chemisorption

energies varying from @95 kJ mol@1 on the hydrated brick to
@22 kJ mol@1 on the 6-fold coordinated dehydrated brick. The

results are fully in line with the relative energies observed in
configurations 3 and 4. The stabilization generated by a chemi-

sorbed water molecule on a free active Zr-O-Zr surface in a
hydrated brick is 72 kJ mol@1 stronger than in a dehydrated 6-
fold Zr-brick. Once the m3-oxygen is protonated forming a hy-

droxy group bridging Zr-centers, the physical and chemical
properties of the whole brick change drastically. The hydrated
brick with chemisorbed water is the most stable, as this brick
resembles the most defective free brick in the pristine material.
The 6-fold dehydrated brick still shows quite large differences
with the brick in the pristine material given the presence of

oxygen vacancies in the close vicinity of the site.

In the next step the hydride shift between two reacting mol-
ecules can occur (Figure 5, Ts2). In this step the atoms from

the catalyst are not actively involved into the mechanism of
the six-membered cyclic transition state and this is also shown

by similar energy barriers for the hydride shift on the hydrated
and dehydrated UiO-66. The carbon–to–carbon hydride shift

results in the formation of prenal, the first product of the Op-

penauer oxidation (configuration 4).
In the last step of this reaction the proton is transferred

from the catalyst to the reacting molecule (Figure 5, Ts3). Here
the m3-OH hydroxy group in the brick acts as a conjugate

Brønsted acid site. Now, we get the opposite effect as ob-
served in the deprotonation reaction (2!3). The acid proton is

more loosely bound to the m3-oxygen in the dehydrated 6-fold

material and jumps more easily to the negatively charged
oxygen of the coordinated alkoxide to form furfuryl alcohol.

The proton transfer occurs much faster from the dehydrated
UiO-66 (free energy barrier of 26.5 kJ mol@1) than from the hy-

drated material, which confirms that this m3-oxygen atom re-
tains the lowest basicity. Upon dehydration the basic proper-
ties were selectively lost though the Lewis acidic properties

were conserved. ZrO2 is a precursor of UiO-66 and the bifunc-
tional character of the inorganic node of UiO-66 does not sur-
prise if we consider the bulk properties of solid oxides. One of
the most important and extensively studied properties of

metal-oxides is their acid-base property. In this sense, ZrO2

owing to its amphoteric character and its thermal stability has

been investigated as a promising material for catalysis. Hydrat-
ed ZrO2 calcined at 573–603 K was found to be highly active
for complementary reduction of various carbonyl compounds

with alcohol.[13] It has also been found that the hydrous form
of zirconium oxide is more efficient for MPV reduction than

the anhydrous form.[14] The reaction mechanism proposed here
shows large similarities with the mechanism on the zirconium-

beta zeolite studied by Boronat et al.[11] except for the fact that

within the UiO-66 material the reaction takes place at two zir-
conium sites. We investigated also similar reaction mechanism

taking place on one zirconium site but these were all much
higher activated.

The influence of both linker vacancies and the hydration
state of the UiO-66 framework on its potential to act as a cata-

lyst in the Oppenauer oxidation of prenol with furfural was fur-
ther probed experimentally. To this end, two UiO-66 materials

containing a different amount of linker vacancies were
synthesized according to the procedure outlined by Shearer

et al. ,[3a] in which defect density can be steered by varying the
molar ratio of terephthalic acid to ZrCl4. In our case, molar

ratios of 1/1 and 2/1 were selected. Although synthesis modu-
lation through the addition of monocarboxylic acids is an
equally viable route to engineer missing linker defects in UiO-

66, here we sought to avoid potential capping of the Lewis
acidic defect sites by these monocarboxylates.[3b, g] Powder X-
ray diffraction (Figure S.1) confirmed the successful preparation
of UiO-66 in both cases. From thermogravimetric analysis of

the washed MOFs (Figure S.2), the average number of linkers
per inorganic brick was estimated to be 9.9 and 11.6, respec-

tively for the materials prepared at linker/Zr molar ratios of 1/

1 and 2/1, hereafter denoted as UiO-66-9.9 and UiO-66-11.6. In
accordance with the higher degree of defectivity in UiO-66-9.9,

a lower thermal stability is observed for this material as com-
pared to UiO-66-11.6. Nitrogen physisorption isotherms for

both materials are presented in Figure S.3. From these, Bruna-
uer-Emmett-Teller specific surface areas were determined to be

1090.0 m2 g@1 for UiO-66-9.9 and 1177.7 m2 g@1 for UiO-66-11.6.

Prior to reaction, both ethanol-exchanged UiO-66 samples
were activated either at 150 8C in air for 24 h, to remove physi-

sorbed guests, but retain the hydrated state of the inorganic
brick; or at 280 8C for 24 h yielding dehydrated, evacuated

frameworks. These samples were subsequently tested as cata-
lysts in the Oppenauer oxidation of prenol with furfural

(Figure 7). As expected, the more defective UiO-66-9.9 shows

an overall higher activity than UiO-66-11.6, owing to an in-
creased number of coordinatively unsaturated Zr sites, regard-

less of the hydration state of the framework. The latter
however has a significant impact on the activity of the UiO-66

material. For both tested MOFs, the hydrated inorganic bricks

Figure 7. Conversion profiles of prenol in the Oppenauer oxidation with fur-
fural, using UiO-66–9.9 (red) and UiO-66-11.6 (black) as catalyst (hydrated
UiO-66 as closed circles, dehydrated UiO-66 represented with open trian-
gles). 50 mg catalyst, prenol/Zr = 10, Furfural/Zr = 20, toluene, 120 8C,
nonane internal standard.
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yield higher prenol conversions, reminiscent of the case of hy-
drous zirconia,[13, 14] even though the hydrated materials are ex-

pected to have a lower density of Lewis acidic sites (see
Figure 4), once again highlighting the importance of the coop-

erative effect between Zr sites and m3-OH groups. Rather sur-
prisingly, despite having only a limited amount of defects, UiO-

66-11.6 still shows significant activity in the prenol Oppenauer
oxidation, reaching prenol conversions of 64 % and 68 % for
the dehydrated and hydrated materials after 24 h, respectively.

Conclusions

The MPVO reaction comes out as an ideal tool to explore the

amphoteric nature of the defective UiO-66 material. Open
active sites appear on the Zr-O-Zr surfaces between coordina-
tively unsaturated Zr-atoms resulting from removal of the BDC

linker. It has been shown that the catalytic activity is spread
out over the Zr-O-Zr site with a Lewis acid center at the under-

coordinated Zr-atoms and a Brønsted site on the m3-oxygen.
The presence of acid and base centers within molecular distan-

ces has been shown to be essential in the performance of the

catalytic reaction as they cooperate in a concerted way during
the chemical transformation. The importance and effectiveness

of a bifunctional catalyst cannot be overestimated. An advant-
age of the UiO-66 material is that it can easily be tailored:

chemical properties are dependent on the synthesis condi-
tions, post-synthetic treatments, etc. All mechanistic studies on

the UiO-66 material merely focused on the Lewis acidity of the

coordinatively unsaturated sites. In this work we show that
there exists a subtle interplay between the Lewis acid sites and

the Brønsted base sites (oxo-atoms). The basicity can be tuned
to a large extent by the pretreatment of the material. Hydrated

bricks have stronger basic sites and facilitate protonation steps
in dual catalyzed reactions on the other hand in subsequent

deprotonation steps the opposite behavior is observed. To

support the theoretical hypothesis, new experiments were per-
formed on UiO-66 of different defectivity and in which the ma-

terials were either hydrated or dehydrated. We systematically
found for the hydrated materials a much higher activity in the

Oppenauer oxidation of prenol with furfural, in complete
agreement with the theoretical predictions.

In the earlier work of Boronat et al.[11] a similar oxidation re-
action has been studied in Zr-substituted zeolites. In the Zr-

beta catalyzed MPV reaction of cyclohexanone with 2-butanol,
both reactants are directly coordinated on the same metal
center. Deprotonation of the alcohol leads to the formation of
an alcoholate intermediate bonded to the Zr-center but the
role of the hydrolyzed Zr-OH group in the MPV reaction is less

deterministic than the hydroxy Zr-OH-Zr group in defective
UiO-66 material. In addition, by thermal treatment of the mate-

rial, the basicity of the oxygen bridging the two Zr-centers on
which the reactants are coordinated, can be tuned, which is
not the case in Zr-beta zeolites.

Another feature which has been revealed here in this work
is the remarkable reshuffle of the electronic properties of the

inorganic Zr-brick if protonating an m3-oxygen. This has been
demonstrated by studying the stabilization effects induced by

a hydrated and/or a dehydrated Zr-brick on the coordination
of alcohols, water, etc. In the dehydrated material the two 6-
fold coordinated Zr-atoms are only capped by a single oxygen
atom, showing a vacancy in the place of the missing oxygen
atom. Once the basic oxo-atom has been protonated—forming
a frame hydroxy group—the internal electronic structure of

the inorganic brick changes drastically leading to an extra
stabilization of some 80 kJ mol@1 to all complexes adsorbed at

the hydrated material with respect to those adsorbed on the
dehydrated 6-fold material. On removal of the hydroxy proton
the brick restores its internal structure and adsorption proper-
ties on both materials become similar with each other.

This work shows the versatile catalytic behavior of defective
UiO-66 materials and their ability to tune their catalytic proper-
ties by proper pretreatments.

Experimental Section

All chemicals were obtained from Sigma Aldrich, ABCR GmbH or
TCI Europe N.V. and used without further purification. UiO-66 was
synthesized in 250 mL pyrex Schott bottles by dissolving 8.1 mmol
of ZrCl4 (1.89 g) and either 8.1 mmol (1.35 g) or 16.2 mmol (2.70 g)
of terephthalic acid in 200 mL of N,N-dimethylformamide (DMF). To
these solutions, 24 mmol of HCl (37 wt % in H2O; 2 mL) was added,
after which the reactor vessel was closed and placed in a preheated
oven at 130 8C for 24 h. Following synthesis, the formed UiO-66
materials were separated from the mother liquor by centrifugation,
and washed twice with DMF overnight at 120 8C to remove un-
reacted linkers. Subsequently, three more solvent exchange steps
with ethanol (overnight, 80 8C) were performed, after which the
materials were activated at 150 8C for 24 h in air to obtain hydrated
UiO-66 samples, or at 280 8C for 24 h in air to obtain dehydrated
UiO-66 samples. Prior to their use as catalyst, samples were stored
in an N2 atmosphere.
Powder X-ray diffraction patterns were recorded on a STOE COMBI
P diffractometer in Bragg–Brentano geometry employing mono-
chromated CuKa1 radiation (l= 1.54060 a) equipped with an IP-PSD
detector. Thermogravimetric analyses were performed on a TA in-
struments TGA Q500. Samples were heated at a 5 8C min@1 rate to
700 8C under an O2 flow. Nitrogen physisorption isotherms were
measured on a Micromeritics 3Flex surface analyzer at 77 K, after
evacuating the samples for 4 h at 180 8C under a 10@4 mbar
vacuum. Surface areas were calculated by applying the multi-point
BET method to the isotherm’s adsorption branch, taking into ac-
count the consistency criteria set forth by Rouquerol.[20]

Catalytic experiments were performed in 10 mL glass reactor vials,
in which 50 mg of activated catalyst was weighed in under an N2

atmosphere. To each reactor, 10 mL of a solution of prenol (molar
ratio 10/1 vs. Zr, as determined from thermogravimetric analysis of
the MOFs) and furfural (molar ratio 2/1 vs. prenol) in toluene, with
nonane as internal standard (molar ratio 1/1 vs. prenol) was added,
and reactions were performed at 120 8C in a heated reactor block
under stirring. After centrifugation to remove the solid catalyst,
samples were analyzed using gas chromatography (Shimadzu GC-
2010 chromatograph, equipped with an FID detector and a 60 m
DB-FFAP column).

Computational Details

All periodic density functional theory (DFT) calculations have been
performed using Vienna Ab Initio Simulation Package (VASP
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5.3.5).[15] The periodic model, in which the environment of sur-
rounding linkers and other Zr Lewis acid sites is accounted for, has
previously been used to give a reliable description of the system.
The defective brick has two active sites A and B (see Figure 1). Re-
actions will be simulated on site A whereas site B is considered as
passive. For the simulations, the Brillouin zone was sampled by the
G-point as the influence of the chosen k-point mesh was previous-
ly checked.[6b] We applied gradient corrected PBE[16] method for
optimization and vibrational analysis including Grimme’s D3 disper-
sion interactions.[17] A plane wave kinetic energy cut-off of 600 eV
was used. The convergence criterion for the electronic self-consis-
tent field problem was set to 10@5 eV. The thermal corrections
were performed on the basis of frequencies obtained with a partial
Hessian approach[18] using the in-house developed processing tool-
kit TAMkin.[19]
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S1. Electronic energies for the Oppenauer oxidation 

 

Table S.1: Electronic energies for the Oppenauer oxidation at 0 K, given in kJ/mol. 

state 
Hydrated, Zr 7-fold Dehydrated, Zr 7-fold Dehydrated, Zr 6-fold 

ΔEelect.  ΔEelect.  ΔEelect 

1 -95.48 -99.43 -95.76 

2 -206.94 -206.12 -194.62 

Ts1 -183.87 -160.59 -133.88 

3 -237.82 -210.79 -153.67 

Ts2 -157.13 -154.36 -100.12 

4 -243.26 -229.79 -176.73 

Ts3 -159.85 -154.13 -147.28 

5 -201.45 -221.83 -227.23 

 

S2. Experimental results 

134



 

 

Figure S.1: Powder X-ray diffraction patterns of UiO-66-9.9 (red) and UiO-66-11.6 (black). The theoretical 
diffraction pattern for UiO-66 is presented in grey. 
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Figure S.2: Thermogravimetric analysis of UiO-66-9.9 (red) and UiO-66-11.6 (black), recorded under an 
O2 atmosphere. The average amount of linkers per inorganic brick was estimated from the relative mass 
of the samples at 350 °C. 
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Figure S.3: Nitrogen physisorption isotherms (77K) of UiO-66-9.9 (red) and UiO-66-11.6 (black). Full 
circles correspond to the adsorption branch, while open circles represent the desorption branch. 

 

S3. XYZ coordinates 
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a b s t r a c t

A full mechanistic investigation is proposed for the industrially important cross-aldol condensation
reaction of heptanal with benzaldehyde on the UiO-66 and the amino-functionalized UiO-66-NH2

metal–organic frameworks to form jasminaldehyde. Several experimental studies indicate that the
activity for the aldol condensation reaction can be increased by proper functionalization of the material,
e.g. by introducing an additional basic amino site and thus creating a bifunctional acid–base catalyst for
the aldol condensation. The precise molecular level origin for this behavior is to date unclear. Herein
state-of-the-art Density-Functional Theory (DFT) calculations have been performed to unravel the
mechanism of the cross- and self-aldol condensations of benzaldehyde and propanal. To this end free
energy calculations have been performed on both extended cluster and periodic models. It is found that
the mechanism on both catalysts is essentially the same, although a slightly stronger adsorption of the
reactants and slightly lower barriers were found on the amino functionalized material, pointing toward
higher initial activities. New experiments were performed to confirm these observations. It is indeed
found that the initial activity toward cross-aldol condensation on the amino functionalized material is
higher, although after about 40 min of reaction both materials become equally active. Our results
furthermore point out that the basic amino groups may promote side reactions such as imine formation,
which is induced by water. The study as presented can assist to engineer materials at the molecular level
toward the desired products.

� 2015 Elsevier Inc. All rights reserved.

1. Introduction

The catalytic condensation of benzaldehyde and 1-heptanal
(Fig. 1) is an important aldol-type reaction in the production of
a-pentyl cinnamaldehyde. This fine chemical compound of
jasmine odor is commonly referred to by its commercial name
jasminaldehyde and is most widely applied in the perfume
industries [1].

The jasminaldehyde condensation reaction invariably goes
along with the self-condensation of heptanal, leading to a major
by-product, 2-pentylhept-2-enal (Fig. 1). For this reason the
reaction constitutes a very interesting case to tune the selectivity
of the used catalyst toward the desired product. This aldol conden-
sation is usually carried out in the presence of a homogeneous
catalyst such as sodium or potassium hydroxide [2]. The main
drawbacks of the homogeneous process for the synthesis of

jasminaldehyde include the absence of reusability and recycling
of the catalyst, environmental pollution due to liquid alkali waste
and postreaction work-up of the spent bases [3]. Apart from
homogeneous catalysts, various heterogeneous catalysts such as
large pore HY and beta zeolites, mesoporous aluminosilicates
(Al-MCM-41), amorphous aluminophosphates (AlPO, Na-AlPO)
[4], magnesium organosilicates [5], calcined hydrotalcite [3] and
metal–organic frameworks [6] have been explored for the
synthesis of jasminaldehyde.

Recently, metal–organic framework (MOF) compounds, which
are made up of inorganic and organic moieties, have been devel-
oped into an important new class of crystalline porous materials
[7–9]. Their unique structural characteristics open a range of pos-
sible application areas. MOFs have multiple uses in gas and liquid
phase adsorption [10], molecular storage, drug delivery and
heterogeneous catalysis [11]. Notably, a wide scope of MOF appli-
cations in catalysis is enabled by the high specific surface area and
the ability to regulate their porosity by modification of both
organic ligands and transition metals. The role of MOFs in the field

http://dx.doi.org/10.1016/j.jcat.2015.08.015
0021-9517/� 2015 Elsevier Inc. All rights reserved.
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of catalysis has been discussed in various reviews [12–18]. One of
the most widely investigated MOFs from the plethora of known
frameworks is the Zr(IV)-terephthalate MOF designated as
UiO-66, which has received considerable attention over the past
years [19–21]. As UiO-66 possesses high thermal and chemical
stability, including a good chemical resistance toward water and
several alcohols, it shows promise for use in a variety of technolo-
gies [19,22]. This MOF with a cubic and rigid 3D structure consists
of octahedral and tetrahedral cavities with diameters of 11 Å and
8 Å, respectively (Fig. 2). Triangular windows with a diameter of
about 6 Å guarantee the access to the cages.

For Lewis acid catalyzed reactions it was shown that
terephthalate defects are responsible for the catalytic activity of
the UiO-66 material [23,24]. Moreover, functionalization of the
1,4-benzenedicarboxylate linker allows to obtain a family of
isoreticular UiO-66 structures [23,25–28]. Such modifications to
some extent affect thermal and chemical stability, and also
remarkably change the electronic properties of the active site.
Lescouet et al. [29] showed that the linker substitution influences
the increase in catalytic activity, which arises from the enhanced
Brønsted acidity. The catalytic activity of UiO-66 for several
reactions was experimentally studied by different authors
[23,30–35]. More specifically, the jasminaldehyde condensation
has been investigated by Vermoortele et al. [6] who compared
UiO-66 and UiO-66-NH2 as catalysts for the coupling reaction
between benzaldehyde and heptanal. It was proposed that UiO-
66-NH2 acts as a bifunctional catalyst with Lewis acid Zr-sites
and Brønsted base –NH2 sites, rendering it more active and selec-
tive toward jasminaldehyde [6]. Furthermore, it was proposed that

the Lewis acidic Zr6O4(OH)4 secondary building units (SBUs)
activate benzaldehyde, while the amino groups on the ligand can
activate the aliphatic aldehyde. The co-catalytic role of the amino
groups has been assumed to partly explain the increased observed
activity, but so far there has been no in depth investigation of the
reaction that could support the mechanism proposed on basis of
purely experimental data.

In this paper the aldol condensation is studied on the UiO-66
and UiO-66-NH2 catalysts using first principles Density Functional
Theory (DFT) calculations. The aim of this research was to find the
reaction mechanism of the jasminaldehyde condensation as well as
to understand the influence of the amino groups during the cat-
alytic cycle. Furthermore new experiments have been performed
on the reaction of benzaldehyde and propanal on the genuine
UiO-66 and on the material modified with amino groups.

2. Methodology

2.1. Computational methods

To rationalize the reaction mechanism of the jasminaldehyde
condensation, calculations were performed on an extended cluster
and on a periodic model taking into account the full topology of the
material, allowing an accurate quantification of the confinement
effects induced by the environment of the nanoporous material.
The computational methods are explained below.

An extended UiO-66 cluster was constructed following a similar
procedure as used before for the MIL-47 [36] and Cu-BTC [37]

Fig. 1. Aldol condensation between benzaldehyde and heptanal (cross- and self-aldol condensations, respectively).

Fig. 2. Octahedral (left) and tetrahedral (right) cages of UiO-66. Color scheme: Zr (cyan); O (red); C (gray); H (white). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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metal–organic frameworks. From an optimized supercell with four
inorganic groups with one terephthalate defect (unit cell formula:
[Zr6O5(OH)3(RCOO)11]2[Zr6O4(OH)4(RCOO)12]2, Fig. S2) we cut an
extended cluster model using the in-house developed program
Zeobuilder [38]. In the cluster model seven linkers were replaced
by formic group while the remaining four linkers surround the
active site (Fig. 3a). The resulting two active Zr-sites have a
coordination number of seven. Analogously, UiO-66-NH2 was
constructed arbitrarily by replacing a hydrogen atom by an amino
group on each phenyl ring. An alternating substitution of the
amino group in the meta- and ortho-position (Fig. 3b) was chosen
in a similar fashion as in earlier reports [23,39]. The extended
cluster calculations were performed with the Gaussian 09 package
[40]. We applied the B3LYP/6-31G(d) level of theory for the

geometry optimization. The energies were refined using a triple-
zeta Pople basis set with one diffuse and one polarization function
on each atom (level of theory: B3LYP/6-311++G(d,p)). Note that for
Zr we did not use the aforementioned basis sets; instead we used
the LANL2DZ basis set and pseudopotential for the geometry opti-
mizations and LANL2TZ for the energy refinements [41–43]. We
also looked at the effect of single f polarization function on Zr atom.
However, this has a minor influence on the free energy of the reac-
tion path. Using the standard notation ‘‘LOT-E”//‘‘LOT-G” (LOT-E
and LOT-G being the electronic levels of theory used for the energy
and geometry optimizations, respectively), all cluster results dis-
cussed in this paper are obtained with the method denoted as
‘‘B3LYP/6-311++g(d,p)-D3//B3LYP/6-31g(d)⁄”. The asterisk ⁄ points
to the LANL2TZ and LANL2DZ basis set and ECP for Zr, used for

Fig. 3. Model for (a) the extended UiO-66 and (b) UiO-66-NH2 cluster with four surrounding linkers, (c) the periodic model with the encircled active site, using the same color
scheme as employed in Fig. 2. The Lewis acid sites on the cluster models are marked in green circles while amine Brønsted base sites are indicated in pink circles. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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energy refinement and geometry optimization, respectively. To
account for dispersion effects, Grimme corrections of the type D3
were added to the energies, using the DFT-D3 program [44].

In contrast to cluster calculations in which only a fragment of
the crystallographic structure is considered, periodic calculations
take into account the entire unit cell. We construct the supercell
starting from an orthorhombic unit cell. Then one linker is cut
out and the geometry of the new structure is optimized with the
periodic code. The active site lies in the middle of the UiO-66 unit
cell (Fig. 3c). The periodic DFT-D3(BJ) calculations were performed
with the Vienna Ab Initio Simulation Package (VASP 5.3) [45–48]
and include dispersion effects using a damping function proposed
by Becke and Johnson as implemented by Grimme [49]. The posi-
tion of the active site gives only minimal interactions with neigh-
boring unit cells. For the simulations, the Brillouin zone was
sampled by the C-point, as the UiO-66 materials have the face-
centered symmetry of the Fm�3m space group. To check the influ-
ence of the chosen k-point mesh, we applied a larger Brillouin zone
of 2 � 2 � 2 k-points and found an electronic energy that barely
differed from theC-point (less than 0.2 kJ/mol). All structures were
first optimized with a PBE-D3(BJ) exchange correlation functional
and the projector augmented approximation (PAW) [50,51]
together with a plane wave kinetic energy cutoff of 400 eV. The
convergence criterion for the electronic self-consistent field (SCF)
problem was set to 10�8 eV. Afterward, the energy in the periodic
code was refined with the hybrid functional B3LYP-D3(BJ). For the
first step of the cross-aldol condensation reaction (vide infra) we
compared enthalpy, entropy and free energy contributions on both
cluster and periodic models obtained with the PBE and B3LYP func-
tional of a combination of them, as reported in Table S1 of the SI.
From the reported values it is clear that the entropy contributions
are hardly affected by the level of theory. In view of the computa-
tional expense of the B3LYP for geometry optimization with peri-
odic codes we opted to use the PBE functional for the geometry
optimization and to refine the energies with the B3LYP functional.

Modeling reactions with molecules containing long alkyl chains
such as heptanal would be very difficult because of the multitude
of possible conformations and adsorption states. This would
require a first principles molecular dynamics approach [52]. There-
fore, instead of heptanal we modeled the aldol condensation using
propanal. The thermal corrections were performed on the basis of
frequencies obtained with a partial Hessian on the systems dis-
played in Fig. 4 (two Zr, two bridging O and the reacting molecules,
benzaldehyde and propanal or two propanal molecules). De Moor
et al. [53] demonstrated that this type of procedure of using a par-
tial Hessian is sufficient to determine accurate enthalpy and
entropy differences. The obtained energy and entropy differences
are similar to the ones obtained with full Hessian calculations.
The nature of the transition states and local minima was verified
by a normal mode analysis. In the case of a local minimum on
the potential energy surface, the partial Hessian matrix has only
positive eigenmodes. In the case of a transition state, there is also
one imaginary eigenmode corresponding to the vibration. For both

cluster and periodic models we applied the partial Hessian vibra-
tional analysis (PHVA) [54–56] as implemented in an in-house
post-processing toolkit TAMkin [57]. We used this program to
investigate the enthalpic and entropic contributions to the free
energy barriers.

2.2. Experimental methodology

To facilitate the comparison between experimental findings and
the new theoretical results new experiments were performed
using similar reactants – benzaldehyde and propanal – as in the
theoretical model, thus resulting in a-methylcinnamaldehyde
formation. All chemicals were obtained commercially from Sigma
Aldrich or ABCR and were used as received.

The synthesis of the materials was as follows: 13.5 mmol of
terephthalic acid or 2-aminoterephthalic acid, 8.91 mmol ZrCl4
and 400 ml DMF were mixed in a 1 l Schott bottle and heated up
to 140 �C for 12 h. The powders were subsequently washed with
2 � DMF and 2 � ethanol. The samples were pretreated at 160 �C
overnight before reaction to remove physisorbed water from the
pores.

For the condensation reaction, a mixture of 0.17 mol (18.2 g)
benzaldehyde (99%), 11 mmol (0.64 g) propanal (99%) and
7.7 mmol (1 g) nonane (99%) as an internal standard was used to
prepare a stock solution and 1.4 ml of the solution was injected
in a vial containing 150 mg (approx. 0.09 mmol) catalyst. The reac-
tion mixture was stirred at 700 rpm and heated in an aluminum
heating block at 393 K. Reaction samples were filtered through a
0.45 lm filter and analyzed with a Shimadzu 2014 GC equipped
with a FID detector and an apolar CP-Sil 5 CB column. The identity
of the reaction products was verified by GC–MS (Agilent 6890 gas
chromatograph, equipped with a HP-5MS column, coupled to a
5973 MSD mass spectrometer).

3. Results and discussion

3.1. Reaction mechanism of the cross-aldol condensation on UiO-66

It is commonly known that the jasminaldehyde condensation
occurs in the presence of a catalyst [1–6]. For the condensation
of jasminaldehyde on UiO-66 as catalyst, we propose a mechanism
that includes 6 steps (Fig. 5a). The mechanism relies on the
availability of catalytically active sites in the UiO-66 material. In
a previous work of some of the present authors, it was shown that
open metal defect sites are required to make the material catalyt-
ically active. It was indeed shown that such sites arise during the
synthesis of these materials [22,24,58]. These coordinatively
unsaturated sites have a Lewis acid character.

We first explore the various steps of the cross-aldol reaction
shown in Fig. 5a. In the proposed mechanism, both reactants are
adsorbed by their carbonyl oxygen on adjacent Zr atoms (State
1-c). The free energy of adsorption of the pre-reactive complex is
�45.7 kJ/mol. The 1-propanal molecule is exclusively activated
by deprotonation of the a-carbon atom on the l3-oxygen belong-
ing to the inorganic part of the framework (TS1). This leads to
the formation of an enolate intermediate which is stabilized
through interaction with the Zr active site (State 2-c). Benzalde-
hyde is very susceptible to attack by the Zr-bound 1-propene-
1-oxide. In the beginning of step 2 (C–C coupling) Zr-bound
1-propene-1-oxide rotates and a new intermediate state is formed
with an adsorption free energy of �65.8 kJ/mol. The carbon–carbon
coupling reaction is exergonic and proceeds very fast with a free
energy barrier of 32.9 kJ/mol (TS2). The C–C coupling product has
a free energy level of �83.9 kJ/mol and is the most stable interme-
diate during the whole reaction path (State 3-c). In the next step

Fig. 4. Selected atoms used to compute a subsequent partial Hessian for the cross
(right)- and self (left)-aldol condensations.
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(step 3), the C–C coupling product gets protonated by the hydrogen
attached to the l3-oxygen atom and this leads to the aldol product
formation (State 4-c), with a free energy barrier of 79.9 kJ/mol
(TS3). This free energy barrier originates from a high enthalpy
(DH� = 79.9 kJ/mol) and a nearly negligible entropy contribution.
Afterward, the molecule rotates to be in an optimal position for
the deprotonation of the a-carbon atom and forms the intermedi-
ate with a free energy of �11.3 kJ/mol. The l3-oxygen atom which
belongs to the Zr-cluster is again protonated by the a-carbon atom
(State 5-c). The consecutive protonation/deprotonation of the
reacting molecules requires in total 100 kJ/mol to overcome the
global free energy barrier on the potential energy surface (steps
3–5) and is obviously the rate determining step in the whole reac-
tion pathway. Next, the dehydroxylation takes place by chemisorp-
tion of the hydroxyl group on the Zr Lewis acid site. The hydroxyl
group is split off and the main product, in our case a-methyl-
trans-cinnamaldehyde is formed (State 6-c). To release the product
from the catalyst we need to overcome the free energy barrier of
41.8 kJ/mol (State 7). In the scheme of Fig. 5 we also include the
removal of water (TS6), as water is produced during aldol conden-
sation reactions while the a-methyl-trans-cinnamaldehyde stays
in the gas phase. At the end of the route the catalytic cycle is closed
with the catalyst, water and the main product in gas phase (State P,
Fig. 5).

We also investigated a pathway in which benzaldehyde is acti-
vated on the hydroxyl group belonging to the inorganic framework

but found higher free energy barriers, and thus this option was no
longer retained as plausible route in the remainder of this paper.

Concluding, the lowest rate-determining free energy barrier of
all possible reaction routes for the cross-aldol condensation
between benzaldehyde and propanal is 100 kJ/mol (from State-3
and TS4 in Fig. 5). This barrier can probably be lowered by taking
solvation effects into consideration. Explicit water molecules can
assist in the proton jump from the oxo-atom to the former alde-
hyde oxygen. However, the study of solvation effect is out of the
scope of this paper.

A similar cycle can be constructed for the formation of the
major by-product 2-pentylhept-2-enal from two propanal mole-
cules. For the self-condensation a similar reaction is proposed
(Fig. 5b). The initial step is the adsorption of two propanal
molecules on adjacent Zr acid sites (State 1-s). Benzaldehyde (State
1-c) is more strongly adsorbed than propanal (State 1-s), with free
energies of adsorption of �45.7 and �30.6 kJ/mol, respectively.
The self-aldol condensation is competitive and seems thermody-
namically favored over the cross-aldol condensation. The free
energy profiles for the cross- and self-aldol condensations on
UiO-66 are compared in Fig. 5 which shows the Gibbs free activa-
tion barriers at 393 K. The theoretical results are given in Table 1,
in which the enthalpy and entropy contributions are listed sepa-
rately. Propanal, being an aliphatic aldehyde is more reactive than
benzaldehyde. Consequently, the self-condensation of propanal is a
parallel reaction which reduces the yield to jasminaldehyde. For

Fig. 5. Comparison of the free energy profiles (B3LYP/6-311++G(d,p)-D3//B3LYP/6-31G(d)⁄) of cross (red line)- and self (blue line)-aldol condensation on UiO-66, calculated
at 393 K. R corresponds to the reactants in gas phase and the cluster, P corresponds to the final product and water in gas phase and the cluster. (a) Schematic representation of
the cross- aldol and (b) self-aldol condensation. Two parallel bars indicate that the main product is no longer present in the catalyst. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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the cross as well as the self-aldol condensations the highest entro-
pic contribution (�TDS� = 18.7 and 18.6 kJ/mol, respectively) is
shown in step 1 whereas the lowest enthalpic contribution
(DH� = 14.3 and 16.6 kJ/mol, respectively) is observed in step 2.
After the second step, a stable intermediate with sp3 hybridization
and free energy of �84.8 kJ/mol is formed (State 3-s). For both con-
densation reactions the free energy barrier for the protonation of
the C–C coupled complex (TS3) amounts to 80.0 kJ/mol, which is
very high and completely dominated by the enthalpic contribution
(DH� = 79.9 and 78.6 kJ/mol for the cross and self-aldol condensa-
tions, respectively). In this step the loss of resonance results in a
higher transition state energy, and would therefore decrease the
reaction rate. Removal of a proton from the a-carbon atom
requires the crossing of an additional transition state (TS4) bring-
ing the global free energy barrier to 94 kJ/mol (Table 1), which is
slightly lower than for the cross-aldol condensation reaction. This
is more or less compensated by the weaker adsorption of the
two propanal molecules. Following the free energy profile in
Fig. 5, the product yields (cross versus self) are close to each other.

In order to complement and account properly for the topology
of the material, periodic density functional theory calculations
were also conducted as explained in the computational section.
In Fig. 3c the periodic model with encircled active site is displayed.
The free energy profiles of the a-methyl-trans-cinnamaldehyde
formation are shown in Fig. 6. To determine the influence of the
framework, we compare cluster and periodic model for the cross-
aldol condensation. The theoretical results are given in Table 2,
in which the enthalpy and entropy contributions are listed sepa-
rately. The first adsorption step shows quantitatively large differ-
ences: the adsorbed reactants are more strongly bound in the
periodic model. For the next steps in the reaction path the free
energy differences between the two models remain largely
the same. This implies that once the adsorbed complex is formed,
confinement effects for the further steps in the reaction route are
not differing much, which is not surprising; framework effects only
appear again at the end of the reaction path with the desorption of
the product (TS6). During the reaction the global free energy
profiles, predicted by the two models, are largely similar, apart
from a shift of some 20–30 kJ/mol (Fig. 6), but this does not mean
that the decomposition into enthalpic and entropic contributions
also behaves similarly in the two models. As an illustration, the
total free energy barrier of 32.9 kJ/mol predicted by the cluster
calculation for step 2 (TS2-c) is close to the value of 35.2 kJ/mol,
as resulting from the periodic calculation. However, if we look at
the decomposition of the barrier, significant differences in
enthalpic and entropic contributions between cluster and periodic
models appear: DH� = 14.3 and 18.6 kJ/mol; �TDS� = 23.9 and
11.3 kJ/mol, respectively. The same trend is observed in the next
steps 4–6. The periodic model predicts a much more stable final
product complex, just as was observed for the reactant complex.
Obviously, this is a pure confinement effect (State 6-c), and when

Table 1
Enthalpy, entropy and free energy contributions given in kJ/mol on the cluster model
UiO-66 (B3LYP/6-311++G(d,p)-D3//B3LYP/6-31G(d)⁄), calculated at 393 K.

Cross Self

DH� �TDS� DG� DH� �TDS� DG�

Cluster model
UiO-66

Step 1 25.8 18.6 44.4 18.9 18.6 37.5
Step 2 14.3 18.6 32.9 16.6 16.9 33.5
Step 3 79.9 0.0 79.9 78.6 1.0 79.6
Step 4 25.7 10.5 36.2 21.6 13.3 34.9
Step 5 33.1 �2.4 30.7 40.3 �6.9 33.4
Steps 3–5 97.0 3.0 100.0 87.5 6.5 94.0

Fig. 6. Schematic representation of the cross-aldol condensation. Comparison of the free energy profiles between two models, cluster (red) and periodic (violet) UiO-66 for
the jasminaldehyde formation, calculated at 393 K. Level of theory on the cluster: B3LYP/6-311++G(d,p)-D3//B3LYP/6-31G(d)⁄. Level of theory on the periodic unit cell:
B3LYP-D3(BJ)//PBE-D3(BJ). R corresponds to the reactants in gas phase and the cluster, P corresponds to the final product and water in gas phase and the cluster. Two parallel
bars indicate that the main product is no longer present in the catalyst. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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the product is desorbed and removed from the cage, the effect of
confinement disappears (State 7).

Summarizing, the periodic model, in which we account for the
environment of surrounding linkers and other Zr Lewis acid sites,
gives a more accurate description of the system. Nevertheless,
the qualitative aspects of the mechanism are fairly well described
by the extended cluster model.

The results presented so far show that on UiO-66 the self-
condensation reaction is competitive with the cross-aldol conden-
sation reaction and proceeds by the same mechanism. Furthermore
the consecutive protonation/deprotonation of the reacting
molecules in steps 3–5 was shown to be rate determining.

3.2. Reaction mechanism on UiO-66-NH2

We first examined the same reaction mechanism for the cross-
aldol condensation as found for the pristine UiO-66 with a crucial
role for the oxo-atom in the inorganic brick as base site. The free
energy profile is shown in Fig. 7 and shows a striking similarity

with the profile corresponding to the parent UiO-66. Propanal is
activated to the enolate form by proton transfer from the a-
carbon to the l3-oxygen. The electron-donating amino group on
the linker is not actively involved in the reaction and the effects
of its presence on the different steps in the reaction profile appear
to be minor. However, the amino substitution does lower the
adsorption of propanal and benzaldehyde and the activation free
energy of the reaction. The total free energy barrier needed to cross
the steps 3–5 is somewhat lower (95 kJ/mol) than the 100 kJ/mol
for the unfunctionalized UiO-66 (Table 2). Each intermediate state
during the condensation reaction on UiO-66-NH2 is more stabilized
with an excess observed in intermediate State 5-c with a free
energy of �92.1 kJ/mol, compared with �65.5 kJ/mol in the unsub-
stituted material. Nevertheless, this remarkable difference has
completely disappeared once the final cross-aldol product has been
formed even in the adsorbed State 6-c: in both materials the
adsorption energy is similar (�72.7 versus �72.4 kJ/mol). Summa-
rizing, the stronger adsorption of the reactants combined with a
slightly lower barrier for the amino functionalized material, would
point toward a higher catalytic activity.

Table 2
Enthalpy, entropy and free energy contributions given in kJ/mol for the cross-aldol condensation on the cluster model UiO-66 and UiO-66-NH2 (B3LYP/6-311++G(d,p)-D3//B3LYP/
6-31G(d)⁄), and on the periodic UiO-66 unit cell (B3LYP-D3(BJ))//PBE-D3(BJ), calculated at 393 K.

UiO-66 UiO-66-NH2

Cluster model Periodic model Cluster model

DH� �TDS� DG� DH� �TDS� DG� DH� �TDS� DG�

Cross Step 1 25.8 18.6 44.4 31.1 15.0 46.1 21.0 21.6 42.6
Step 2 14.3 18.6 32.9 23.9 11.3 35.2 17.2 15.7 32.9
Step 3 79.9 0.0 79.9 74.5 2.5 77.0 77.0 �0.9 76.1
Step 4 25.7 10.5 36.2 11.1 15.7 26.8 20.0 13.8 33.8
Step 5 33.1 �2.4 30.7 56.8 �2.7 54.1 40.1 2.5 42.6
Steps 3–5 97.0 3.0 100.0 76.9 11.3 88.2 90.7 4.9 95.6

Fig. 7. Comparison of the free energy profiles for the cross-aldol condensation on UiO-66-NH2 and UiO-66. B3LYP/6-311++G(d,p)-D3//B3LYP/6-31G(d)⁄, calculated at 393 K. R
corresponds to the reactants in gas phase and the cluster, P corresponds to the final product and water in gas phase and the cluster. Two parallel bars indicate that the main
product is no longer present in the catalyst.
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This is in agreement with recent experimental work [6], as in all
papers investigating condensation reactions one stresses the sys-
tematic increase of activity when inserting electron-donating
amino groups into the linker ligand enlarging the basicity of the
UiO-66-NH2 material. The increase is even larger than we could
expect from the free energy profile. It has been believed that the
cooperative action between the framework Lewis sites and the
amino base groups resulted in high yields for the cross-aldol reac-
tion [6]. It is in line with the conclusion made in a more general
experimental study of Vermoortele et al. [23], that the activity of
UiO-66 catalysts with coordinatively unsaturated sites can be
strongly increased by using functionalized linkers. The superior
performance of this acid–base bifunctional catalyst has been con-
firmed by other experiments. Timofeeva et al. [30] studied the
reaction between benzaldehyde and methanol on substituted
UiO-66. These authors also confirmed that the increase in Lewis
acidity favors the increase of catalytic activity in the acetalization
of benzaldehyde with methanol. Some recent experimental work
also reports on other pathways directly based on the basicity of
the amino group. They mainly consider the Knoevenagel
condensation reaction [30,31,39,59–61] but they proposed
valuable and constructive routes leading to the formation of the

final condensation product with a central role for the amino group.
A plausible route has been suggested in the paper of Gascon et al.
[59], where clear experimental evidences for the formation of
intermediate benzaldimine species in IRMOF-3 and other amino-
based MOFs have been given. To support the findings of Gascon
et al. [59] a DFT study has been performed on the Knoevenagel
condensation of benzaldehyde and ethyl-cyanoacetate taking place
in IRMOF-3. This study of Cortese and Duca [62] confirmed the role
of imines as important intermediates, but it should be stressed that
the catalytic environment of IRMOF-3 is not similar with UiO-66-
NH2 as the former has no other base site than the amino group,
while the amino substituted UiO-66 material shows two competi-
tive base sites with the amino group and the oxo-atom near the
Lewis acid metal site. A more detailed theoretical investigation is
certainly needed to unravel these uncertainties. We therefore
examined the pathways as suggested by the abovementioned
experimental works, involving Zr Lewis acid sites as well as NH2

Brønsted base sites:

(i) Firstly, we investigated an earlier proposed mechanism [6]
for activation of the methyl group of propanal on the amino
function (TSb, Fig. 8). This mechanism implies deprotonation

Fig. 8. The free energy barrier of the deprotonation on the oxo-atom (TSa: brown), on the amino group (TSb: orange) and imine formation (TSc: dark blue) on the cluster
model. B3LYP/6-311++G(d,p)//B3LYP/6-31G(d)⁄, calculated at 393 K. Some critical distances are given in Å. The ‘‘zig-zag” line in the schematic representation of the TS states
corresponds to the terephthalate linker. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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of propanal to form the corresponding carbanion and a pro-
tonated amino group. The free energy barrier for proton
transfer to the amino group is more than two times higher
than for protonation of the oxo-atom (DG� = 124.8 versus
48.6 kJ/mol). As we can see from Fig. 8, the post-TSb is very
unstable and the equilibrium is driven back to the pre-TSb.1

The theoretical calculations obviously exclude this mecha-
nism, and thus disagree with the suggestion made in Ref.
[6], that this pathway could lie at the origin of the increased
observed activity for the cross-aldol condensation.

(ii) Secondly, we focused on hemiaminal formation as this is an
intermediate step in the formation of a framework-bound
imine (Fig. S3), as was already experimentally observed for
the Knoevenagel condensation [31,59,61,63]. A pathway
was investigated in which 1-propanal is activated on the

amino group to form an imine moiety which is preceded
by hemiaminal formation (TSc, Fig. 8). However, the free
energy barrier between the pre-transition state and the tran-
sition state goes up to 205.4 kJ/mol, which is too high to be a
plausible reaction route. So, imine formation does not hap-
pen via TSc, but if it occurs, the reaction is most probably ini-
tiated by a proton shuttle such as water (Fig. S4). To explore
such easier reaction routes leading to a bound imine, we
elaborate on a reaction mechanism as given in Fig. 9. The
reaction induced by water (TSc_w1 and TSc_w2) is a step-
wise process. The water molecule is attached to the catalyst
by means of two hydroxyl groups: water is heterolytically
activated on the material, with a proton on the oxo-atom
and a hydroxyl anion on Zr. During the first step (TSc_w1)
a hydrogen atom attached to the oxo-atom on the cluster
protonates the aldehyde group of propanal. Simultaneously
the carbon–nitrogen bond is formed.

The second step of this reaction (TSc_w2) comprises the proton
transfer from the amine group to the Zr-bound hydroxyl group.

Fig. 9. The free energy barrier of the hemiaminal formation with water as a co-catalyst (TSc_w1 and TSc_w2: pink) and without assisting water molecule (TSc: dark blue) on
the cluster model. B3LYP/6-311++G(d,p)//B3LYP/6-31G(d)⁄, calculated at 393 K. Some critical distances are given in Å. The ‘‘zig-zag” line in the schematic representation of
the TS states corresponds to the terephthalate linker. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1 The free energy of post-TSb structure is higher than the energy of transition state
TSb. This is a consequence of thermal corrections. In a profile with electronic energies
the TS is higher in energy than the product. E0 (TSb) = �5060.3716 a.u. while E0
(post-TSb) = �5060.3722 a.u. The product state is more bound.

J. Hajek et al. / Journal of Catalysis 331 (2015) 1–12 9

149



This two-step hemiaminal formation proceeds fast leading to the
formation of a relatively stable intermediate. The promoting effect
of water during hemiaminal formation is evident. In this case the
barrier of about 205 kJ/mol is reduced to 93.6 kJ/mol. This route
deserves attention as it leads to imine formation bound to the
framework. The imine can further activate benzaldehyde adsorbed
on the material, following a catalytic cycle as described by Gascon
et al. [59]. The role of propanal and benzaldehyde in pathway TSc
can easily be interchanged with the formation of a benzaldimine.
The energetics will not alter too much. Anyway this catalytic cycle
via imine formation is not excluded when water is present on the
catalyst, but is not of such magnitude to disturb the dominant role
of pathway TSa, whereby both reactants are adsorbed on adjacent
Zr-sites, and propanal is activated via the basic oxo-atom which
turns out to be a stronger base than the amino group. The Zr Lewis
acid site is clearly favored for propanal activation over the amino
Brønsted base site.

From these investigations we exclude other significant catalytic
pathways for the UiO-66-NH2. Our catalytic cycle and the role of
amine differ from the previously suggested mechanisms and this
behavior has not been observed in experimental studies so far.
Beside the enhancement of the catalytic activity resulting from
intrinsic electronic effects arising from the amino substituents, it
is not excluded that part of the increased activity is due to the pres-
ence of a larger amount of defect structures and thus a higher
number of catalytic sites within the amino-functionalized material
compared to the parent UiO-66 material. But this is a hypothesis as
not confirmed by the experiment(s). A similar detailed study, as
done in Ref. [23] for the citronellal cyclization, can shed insight
in unravelling the effect of substituent groups on the aldol conden-
sation, in a similar fashion as the citronellal cyclization [23]. Such
study might serve to design new materials with optimal activity
and selectivity, and we would be able to place the catalytic activity
of the amino group in relation to other substituent groups.

3.3. Experimental activity of UiO-66 and UiO-66-NH2

While earlier experimental observations suggested UiO-66-NH2

to be more selective for the cross-aldol reaction than UiO-66, the
computational results indicate that the reaction mechanism on
both materials bears many similar traits. In order to confirm this,
a new aldol condensation experiment has been performed on the
two catalysts but with benzaldehyde and propanal, forming a-
methylcinnamaldehyde as main product. The applied experimental
methodology is similar as in a previous paper of some of the
authors [6], and is given in the experimental methodology section.

The data show that the activity is initially higher for UiO-66-
NH2 than for UiO-66 in otherwise identical conditions (Fig. 10).
This higher activity lines up perfectly with the calculated stronger
adsorption and slightly lower barriers on the amino-functionalized
MOF, as shown in Fig. 7. The fact that especially for the benzalde-
hyde–propanal pair, the adsorption enthalpy is more negative than
for adsorption of two propanal molecules on adjacent open sites
can be consistent with the high initial selectivity for cross-aldol
reaction on UiO-66-NH2. The initial activity ratios after 20 min of
the reaction indicate that the formation of the cross-aldol conden-
sation product is favored for the amino modified UiO-66-NH2

(Table 3). However, after 40 min of the reaction we observe an
increased production of the cross-aldol product in the pristine
UiO-66 compared to the UiO-66-NH2 (initial activity ratio > 1).
The self-aldol condensation product is preferably created on the
parent UiO-66 at almost the same quantity during the reaction
time of 60 min.

All measurements at different reaction times point toward a
selectivity in favor of the cross-aldol product for the two catalysts,
which is partly due to the large excess of benzaldehyde used. With

UiO-66-NH2, the initial selectivity based on propanal amounts to
79%; this value remains constant during the remainder of the
experiment. There is more competition between cross and self-
aldol product formation in the parent UiO-66 catalyst, in the initial
stage the selectivity toward cross-aldol condensation is only 41%,
implying that more propanal is used for self-condensation than
for cross-aldol condensation with benzaldehyde (Fig. 11).

Moreover, it is striking that for UiO-66, the selectivity for the
cross-aldol product gradually increases as the reaction proceeds.
Note that the reaction produces water; as more water is present
in the pores, both the adsorption characteristics and the precise
nature of the active site, e.g. its hydroxylation degree may change.
However, as the trajectories in Figs. 5 and 7 only apply to a pristine,
water-free catalyst, the calculations do not allow explaining
changes in selectivity during the reaction.

Fig. 10. Time dependence of reaction conversion of propanal on the two catalysts.

Table 3
Activity ratio of UiO-66 versus UiO-66-NH2 in function of time of cross- and self-aldol
product formation for the reaction of benzaldehyde and propanal.

Time (min) Cross-aldol product Self-aldol product

20 0.32 1.72
40 1.12 1.88
60 1.77 1.87

Fig. 11. Selectivity for the formation of the cross-aldol product at the two catalysts.
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4. Conclusions

In this work, we have studied the mechanism for the cross and
self-aldol condensations of propanal and benzaldehyde and the
performance of UiO-66 and UiO-66-NH2 as catalysts. This reaction
may be regarded as representative for other cross-aldol condensa-
tions, e.g. the condensation of heptanal and benzaldehyde to pro-
duce jasminaldehyde. The superior performance of UiO-66-NH2

was previously suggested to be caused by a bifunctional acid–base
character of the material. It has been proposed that the Zr-site in
close vicinity of the amino group activates aldehydes to promote
the formation of aldimine intermediates from the aldehydes and
the amino group. All these experimental findings have not yet been
supported by theoretical calculations so far. The current study
reveals that the dominant mechanism in the aldol condensation
reaction does not differ much for the two catalysts. The rate
determining step in the whole process is a proton jump from the
catalyst surface (the Zr-oxo cluster) to the carbonyl oxygen of
the adsorbed aldol product with free energy barriers of around
100 kJ/mol. This has been confirmed by both free energy calcula-
tions on extended clusters and periodic models accounting for
the full molecular environment of the catalyst. In view of the
experimental hypotheses special attention has been given to
bi-functional pathways making use of the amino group as an active
basic site. Several alternative pathways have been investigated but
they all feature higher activation energies than the standard aldol
condensation route with a Zr-Lewis acid site and an oxo-atom
basic site. The hydrogen bonding interaction between the amino
group and the carboxyl oxygen of the propanal reactant does not
show significant catalytic benefits. In this context we demon-
strated that imine formation on the UiO-66-NH2 is possible as soon
as water is present on the catalyst. This agrees with conclusions
made by Yang et al. on the Knoevenagel condensation over
UiO-66 catalysts [31].

The new experiments, performed in this work, confirm the
higher initial conversion of propanal and the higher initial selectiv-
ity for the cross-aldol product in UiO-66-NH2 compared with the
parent UiO-66, but after longer reaction time the experiment
rather predicts a nearly similar performance of both catalysts.
Our theoretical results indeed predict a slightly higher activity
for cross-aldol formation on the amino functionalized material
due to a slightly stronger adsorption and slightly lower barriers.

Regarding the production of side-products, we notice that the
self-aldol condensation of the aliphatic aldehyde (e.g. propanal or
heptanal) is competitive and proceeds simultaneously with the
cross-aldol condensation. The experiment clearly reveals a high
selectivity in favor of the cross-product in both catalysts but in
the parent UiO-66 the competition with the self-aldol condensa-
tion is high in the very early stages of the reaction. Selectivities
are dynamic features which are not reproducible from free energy
profiles, obtained with static theoretical calculations. The availabil-
ity of active metal sites in function of reaction time may also affect
the change of activity ratio of UiO-66 versus UiO-66-NH2 but
requires more advanced techniques. This study might serve to
design new materials with optimal activity and selectivity.
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Supporting Information: 

1. TGA: 

Thermogravimetric analyses of the samples were performed using a TA Instruments Q500 

thermogravimetric analyzer. 

 

Figure S1: TGA graph of the two catalysts under O2 flow at a heating rate of 5 ℃ min-1. The calculated 

number of linkers per hexanuclear cluster amounts to 10.8 for UiO-66 and 10.9 UiO-66-NH2, compared 

to the maximum twelve linkers each cluster can accomodate. 

 

2. The structure of an optimized super cell with four inorganic groups with one terephthalate 

defect; unit cell formula: [Zr6O5(OH)3(RCOO)11]2[Zr6O4(OH)4(RCOO)12]2 

153



 

Figure S2: The modelled UiO-66 crystal is displayed with indication of the unit cell. Zr-brick encircled 

in green corresponds with formula [Zr6O5(OH)3(RCOO)11]2, has one terephthalate defect. From this 

brick the extanded cluster was cut. While Zr-brick indicated in blue corresponds with formula 

[Zr6O4(OH)4(RCOO)12]2.  

 

3. Mechanistic diagrams correspond to Figure 8: 
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Figure S3: Mechanistic diagrams correspond to the deprotonation of propanal to the oxo-atom (TSa),  

deprotonation to the amino group (TSb) and imine formation (TSc), from top to bottom, respectively. 

 

4. Mechanistic diagram corresponds to Figure 9: 

 

Figure S4: Mechanistic diagram of imine formation with water as a co-catalyst. 
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Table S1: Enthalpy, entropy and free energy contributions given in kJ/mol for the step 1 of the cross 

aldol condensation on the cluster and periodic model of UiO-66, calculated at 393 K. Basis sets are the 

same as in the main manuscript. 

Cluster model/ step 1 ΔH‡ -TΔS‡ ΔG‡ 

B3LYP//B3LYP 25.8 18.6 44.4 

B3LYP//PBE 27.5 18.4 45.9 

PBE//PBE 16.5 18.4 34.9 

Periodic model/ step1    

B3LYP//PBE 31.1 15.0 46.1 

PBE//PBE 18.7 15.0 33.7 
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a b s t r a c t

Adsorption of linear pentenes in H-ZSM-5 at 323 K is investigated using contemporary static and molec-
ular dynamics methods. A physisorbed complex corresponding to free pentene, a p-complex and a che-
misorbed species may occur. The chemisorbed species can be either a covalently bonded alkoxide or an
ion pair, the so-called carbenium ion. Without finite temperature effects, the p-complex is systematically
slightly more bound than the chemisorbed alkoxide complex, whereas molecular dynamics calculations
at 323 K yield an almost equal stability of both species. The carbenium ion was not observed during sim-
ulations at 323 K. The transformation from the p-complex to the chemisorbed complex is activated by a
free energy in the range of 33–42 kJ/mol. Our observations yield unprecedented insights into the stability
of elusive intermediates in zeolite catalysis, for which experimental data are very hard to measure.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Solid acids such as zeolites are widely applied in the chemical
industry for conversion of hydrocarbons in reactions such as cat-
alytic cracking, hydrocracking and alkylation [1–6]. These reac-
tions involve alkanes and alkenes as reactants and products
which interact with the zeolite and its Brønsted acid sites (BAS)
[7]. The understanding of alkane adsorption on various zeolites
has been the subject of numerous experimental studies, whereas
comparatively little is known about adsorption of alkenes, due to
their high reactivity even at low temperatures [8–10].

When an alkene adsorbs on a Brønsted acid zeolite, various
adsorbed species may be distinguished as schematically indicated
in Fig. 1 [11–14]. A first state corresponds to a free alkene in the
cages of the zeolite, which undergoes only a weak van der Waals
(vdW) interaction with the walls of the zeolite. This state is further
referred to as the physisorbed state. A more bound state corre-
sponds to the p-complex, where a specific non-bonded interaction
between the p-electrons of the double bond and the Brønsted acid
site occurs. Finally the p-complex may be protonated leading to
the formation of a chemisorbed species [11–14]. The nature of
the resulting intermediate is still debated. It has been proposed
to be stabilized as a covalently bonded alkoxide or as an ion pair
which is referred to as a free carbenium ion (Fig. 1) [11,12,15–17].

Alkene adsorption is very difficult to track experimentally as
these hydrocarbons are highly reactive even at low temperatures.
Solely based on experiment it is practically excluded to gain insight
into the nature of the adsorbed complexes and intermediates,
which can be very short-lived. For butenes some NMR and infrared
based adsorption studies are available. The adsorption of butenes
on H-ZSM-5 and mordenite was experimentally investigated by
Domen et al. [12,13,17–19]. On H-ZSM-5, they observed that at
sub-ambient temperatures a stable p-complex was formed and
that double bond isomerization occurred already at 230 K
[13,18,20]. A concerted mechanism was suggested to explain the
rapid double bond isomerization despite the absence of a classical
carbenium ion at these temperatures, as evidenced from isotope
experiments [20–22]. Isotope experiments evidenced in addition
the high mobility of alkenes already at sub-ambient temperatures
[18,20]. Stepanov et al. studied the kinetics of the double-bond
shift reaction, H/D exchange and 13C scrambling for linear butenes
on FER by means of 1H, 2H and 13C MAS NMR for temperatures
above 290 K and determined activation energies for the double
bond shift and showed that carbenium ions are involved in the
mechanism of double bond isomerization at higher temperatures
[21,23].

Due to the lack of experimental data, theoretical studies are
indispensable to obtain insight into the nature and stability of
adsorbed species. Adsorption of alkanes has been studied exten-
sively in the literature by various theoretical methods. A more
complete literature overview may be found in some recent reviews

http://dx.doi.org/10.1016/j.jcat.2016.05.018
0021-9517/� 2016 Elsevier Inc. All rights reserved.
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[24,25]. For alkenes much less information is available also from a
theoretical point of view. In a series of papers by Sauer and co-
workers various theoretical methods were used to study the
adsorption behavior of C4 species in H-FER [26,27]. The methods
varied in the treatment of the molecular environment, the method
to account for the long range dispersion interactions and the
degree to which finite temperature effects were accounted for.
All three factors are decisive to determine the relative stabilities
of the p-complex, carbenium ions and alkoxide species. The stabil-
ity of carbenium ions depends not only on the carbon skeleton, i.e.
secondary, tertiary, cyclic, but also largely on the applied temper-
ature. Higher temperatures may favor the existence of persistent
carbenium ions. Nicholas and Haw concluded that stable carbe-
nium ions could be observed by NMR provided that the neutral
compound from which it originates has a proton affinity of
875 kJ mol�1 or larger [28]. However the topology of the material
may also be very important as was shown by Fang et al. [29,30].
It was only very recently that the tert-butyl cation on H-ZSM-5
was identified by capturing this reaction intermediate with an
ammonia molecule and by identifying the stable surface com-
pounds by 1H/13C magic angle spinning NMR spectroscopy and
density functional theory calculations [31]. The physisorption
and chemisorption of alkenes beyond C4 in a variety of zeolites
(H-FAU, H-BEA, H-MOR, H-ZSM-5) were studied by Marin and
co-workers using the QM-Pot methodology originally developed
by Sauer and co-workers [14,32,33]. The method relies on a combi-
nation of a quantum mechanical approach on a smaller part of the
system combined with an interatomic potential approach on the
periodic structure. The QM-Pot methodology has proven to be very
valuable in the time frame where periodic static calculations with
more advanced functionals and dispersion interactions were
unfeasible. Some earlier theoretical works also reported on the rel-
ative stabilities of alkenes, but this was done in the absence of dis-
persion interactions; however, also the importance of various
rotational orientations of the adsorbed species was emphasized
[11]. Indeed Göltl and co-workers stressed the role of finite tem-
perature effects and mobility of adsorbed species in case of alka-
nes. For methane, ethane and propane in protonated chabazite at
300 K there was a substantial probability that the adsorbate des-
orbs from the acid site and moves freely in the pores of the zeolite,
yielding adsorption enthalpies which are systematically smaller
than the prediction at 0 K [34,35].

To the best of our knowledge no experimental data are available
for alkene adsorption in H-ZSM-5 beyond C4. Furthermore no fully

periodic density functional theory calculations are available for the
various adsorbed species of alkenes higher than C4, neither from
static calculations at 0 K nor from molecular dynamics calculations
to account for finite temperature effects on the adsorption behav-
ior. Such understanding is however crucial to optimize industrially
important processes such as olefin cracking. These processes
receive a lot of interest to selectively produce propene, by cracking
less valuable C4 through C8 olefins [36–38]. Alkene cracking pro-
cesses consist of a complex reaction network including isomeriza-
tions, oligomerizations, alkylations, hydride transfers and cracking
reactions [3,7,39]. In any case, knowledge on the reaction interme-
diates is of utmost importance.

In this paper we present a complete study on the adsorption
behavior of linear pentenes in H-ZSM-5, which is one of the most
effective industrial catalysts for olefin production due to its opti-
mal balance between conversion, selectivity and coke formation
stability [40–42]. The applied methodology encompasses static
periodic density functional theory calculations using contempo-
rary density functionals and methods to account for the dispersion
interactions, first principle molecular dynamics simulations at
323 K to account for the mobility of the adsorbates, and metady-
namics simulations to sample the transformations among
p-complex, alkoxide and carbenium ion and to deduce the corre-
sponding free energy barriers. We took T = 323 K as finite temper-
ature for all simulations. Inspection of the different adsorption
studies in the literature learns that this temperature is representa-
tive to study the adsorption behavior at low temperatures. This
complementary set of tools provides a comprehensive picture of
the various adsorbed species in the absence of current relevant
experimental data. Such insights into the relative stability of
adsorbed species is of fundamental importance for our under-
standing of zeolite catalysis.

2. Computational methods

H-ZSM-5 was represented by a periodic model to fully account
for the zeolite structure (Fig. S.1 of the SI). Static periodic Density
Functional Theory (DFT) calculations were performed with the
Vienna Ab Initio Simulation Package (VASP 5.3) [43–46]. Initial
geometries were constructed with ZEOBUILDER [47]. The position
of the Brønsted acid site (BAS) is the same as in earlier works of
the authors [24,48] with a substitutional aluminum at the T12
position of the orthorhombic MFI unit cell and the charge compen-
sating proton on O20, resulting in a BAS at the intersection of the
straight with sinusoidal channels (Fig. S.1). All structures were first
optimized with a PBE functional using Grimme D3 dispersion cor-
rections [49]. During the calculations the projector augmented
approximation (PAW) [50,51] together with a plane wave kinetic
energy cutoff of 600 eV was used and sampling of the Brillouin
zone was restricted to the C-point. The convergence criterion for
the electronic self-consistent field (SCF) problem was set to
10�5 eV. For all static periodic DFT calculations the unit cell was
relaxed during the geometry optimizations. Afterward, the energy
was refined with a variety of exchange correlation functionals and
dispersion models encompassing revPBE-D3 with and without
Becke Johnson damping (BJ) [52], revPBE with the non-local corre-
lation functional vdW-DF of Dion [53], BEEF-vdW [54], and PBE
with the new many body dispersion (MBD) scheme of Tkatchenko
with conventional (MBD-vdW_H) and iterative Hirshfeld partition-
ing (MBD-vdW_HI) [55,56]. The thermal corrections were per-
formed based on frequencies obtained with a partial Hessian
approach including 8T atoms, the acid proton and the adsorbate.
De Moor et al. [8] demonstrated that this type of procedure of
using a partial Hessian is sufficient to determine accurate enthalpy
and entropy differences. The nature of the local minima was

Fig. 1. Illustration of the different intermediates upon alkene (2-pentene) adsorp-
tion in the presence of a Brønsted acid site (BAS): (a) alkene in gas phase, (b) alkene
physisorbed in the channels of the zeolite, (c) alkene p-complex, (d) chemisorbed
carbenium ion and (e) chemisorbed alkoxide.
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verified by a normal mode analysis showing that the partial Hes-
sian matrix included only positive eigenmodes. We applied the
partial Hessian vibrational analysis (PHVA) [55–57] as imple-
mented in an in-house post-processing toolkit TAMkin [57].

Ab initio molecular dynamics (MD) simulations were performed
with the CP2K software package [58] on the DFT level of theory by
using the combined Gaussian Plane Wave basis sets approach
[59,60]. The revPBE-D3 functional [61] together with the DZVP-
GTH basis set and pseudopotentials were chosen [62]. This combi-
nation of exchange correlation functional and dispersion model
was successfully used in earlier zeolite catalysis work [48,63,64].
Since ab initio molecular dynamics calculations performed on the
complete zeolite model are computationally very expensive, more
advanced methods using hybrid functionals or many body disper-
sion models are not feasible for simulations of considerable time
length as emphasized here [65,66]. The cell parameters were deter-
mined from a preliminary NPT run on the empty zeolite unit cell at
323 K and 1 atm and are found to be a = 20.14 Å, b = 20.33 Å,
c = 13.56 Å, a = 89.82�, b = 89.47�, c = 90.15�. Subsequent molecular
dynamics and metadynamics (cf. infra) simulations on the various
complexes were performed in the NVT ensemble at 323 K. The
integration time step was set to 0.5 fs. The temperature was con-
trolled by a chain of five Nosé-Hoover thermostats [67]. The MD
simulations also allow the computation of finite-temperature
adsorption enthalpies for the various p-complexes and alkoxides
from ensemble averages of the internal energies over the MD tra-
jectories from separate simulations on the complex, the empty
zeolite and the adsorbate in gas phase. More details on the proce-
dure and the influence of the length of the MD runs are given in the
SI.

To accelerate sampling of the activated transition from the p-
complex to the pentoxide and to explore the nature of the carbe-
nium ion, a metadynamic (MTD) approach was employed
[68,69]. This method has recently been applied successfully in var-
ious zeolite catalysis studies [63,70]. During an NVT MTD run with
similar settings as for the MD simulations, Gaussian hills are added
every 25 fs along two collective variables (CVs), described by coor-
dination numbers (CN), which are able to describe the reaction
coordinate for transformations between the various adsorbed spe-
cies. The first CV is defined by CN(HAO)ACN(HAC1) and describes
the proton transfer from the zeolite to the pentene; the second CV
is defined by CN(C2AOz) and describes the formation of the CAO
bond between the resulting pentyl carbenium ion and the zeolite
framework. C1 and C2 are the carbon atoms forming the double
bond and visualized in Fig. 2 together with the definition of the col-
lective variables. The metadynamics simulations yield a two-
dimensional free energy surface in terms of the two collective vari-
ables. A 1D free energy profile is constructed by projecting the 2D
free energy onto the minimum free energy path after which the
free energy of activation may be computed [71]. More technical
details of the simulations are taken up in the SI.

3. Results and discussion

To obtain insight into the mobility of the various adsorbed pen-
tene species and the various plausible configurations, a series of
ab initio MD runs were performed at 323 K on 1-pentene (p), 2-
pentene (p), 2-pentoxide and 3-pentoxide complexes. As the
potential energy surface (PES) contains a large number of local
minima, we first performed a number of short MD runs of about
10 ps starting from an unbiased initial position corresponding to
an orientation of the physisorbed pentene molecule in the center
of the straight 10-membered ring cavity at about 4 Å from the acid
site. We followed how the 2-pentene evolved during the initial
stages of the simulation. In the Supporting Information we display
some snapshots. The adsorbate that only interacts with the walls of
the zeolite, quickly diffuses toward the acid site to form the p-
complex. The 2-pentene molecule is preferentially positioned with
the methyl end directed in the sinusoidal channel near the BAS and
the longer ethyl tail in the straight cavity. These initial MD runs are
then followed by more extensive production molecular dynamic
runs of 100 ps starting from the optimal configuration obtained
from the initial MD runs. The p-complex is characterized by the
distance between the C@C double bond and the acid proton (Hz).
The probability distribution of the shortest distance between one
of the carbon atoms in the double bond and the acid proton during
the simulation is plotted in Fig. 3. For both 1- and 2-pentene the
shortest CAHz distance is on average about 2 Å, indicating that
the pAH interaction remains in place throughout the simulation.
During the simulations at 323 K we did not observe the carbenium
ion. For the alkoxides a similar analysis was done, yielding average
CAOz distances of about 1.6 Å, indicating that these complexes also
remain stable during the simulation.

Besides geometrical features MD simulations also provide infor-
mation about adsorption enthalpies. They are discussed further in
the text where we investigated the influence of finite temperature
effects on the adsorption process. First we report the 0 K results
predicted by static calculations for the most visited structures.

In a next step, based on the probability distribution (Fig. 3) we
determined adsorption positions corresponding to the most fre-
quently visited structures during the MD runs and performed static
calculations on these initial structures to get the optimized geome-
tries. Subsequent frequency calculations lead finally to the adsorp-
tion enthalpies. For 1- and 2-pentene the energetically favorable
configuration corresponds to the adsorbate positioned in the

Fig. 2. Schematic visualization of the collective variables used for the various
metadynamics simulations.

Fig. 3. Probability distributions of some critical distances in molecular dynamics
simulations of p-complexes and alkoxides in H-ZSM-5 obtained over a 60 ps run.
Min[d(C1AHz), d(C2AHz)] stands for the shortest CAHz distance in 1-pentene p-
complex [average 2.07 Å]; Min[d(C2AHz), d(C3AHz)] stands for the shortest distance
in the 2-pentene p-complex [average: 2.04 Å]; d(C2AOz) is the C2AOz distance in 2-
pentoxide complex [average: 1.62 Å]; and d(C3AOz) is the C3AOz distance in 3-
pentoxide complex [average: 1.62 Å].
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straight channel with its methyl tail oriented into the zigzag chan-
nel. The most plausible structures are visualized in Fig. 4. To ensure
that the selected geometries for the static calculations do not sub-
stantially influence the obtained energetics, additional geometry
optimizations were performed on a range of other geometries also
generated from MD simulations. More details are taken up in Sec-
tion 3.1 of the SI.

A decisive parameter for the energetics of the adsorbed species
is the distance of the carbon skeleton with respect to the BAS. After
optimization, the 1-pentene p-complex has a characteristic short-
est CAHz distance of about 1.9 Å. For 2-pentene p-complex this is
about 2 Å. The pentoxide species are characterized by a CAOz dis-
tance of about 1.6 Å. In order to check the influence of different
functionals and dispersion models, we refined the energies using
revPBE [53] and BEEF [54] functionals. Also some recently

introduced dispersion models were tested such as the models of
Tkatchenko et al. [55,56]. An overview of the adsorption enthalpies
and free energies is given in Table 1 and Table S.3 of the SI. All
applied levels of theories (LOT’s) systematically predict the p-
complexes more stable with respect to their chemisorbed counter-
parts by some 15–30 kJ/mol. The qualitative trends remain the
same for all used levels of theory. The results show that the
Becke–Johnson (BJ) damping function [52], revPBE-vdW-DF and
BEEF-vdW levels of theory, even substantially enlarge the stability
of the p-complexes compared with all other dispersion models,
which indicates that these methods predict an overbinding of the
adsorbed species (see Table 1).

Göltl and co-workers reached similar conclusions for the
revPBE-vdW-DF method and an in-depth analysis was presented
more recently by Göltl and Sautet [72].

To investigate also the influence of the level of theory on the
geometry optimization and the derived relative stabilities of the
p-complex and alkoxide structures, we also performed new geom-
etry optimizations and frequency calculations for 2-pentene p-
complex and 2-pentoxide using the BEEF-vdW functional [54].
Geometrical details of the structures with PBE-D3 and BEEF-vdW
functionals are given in Table S.4. There are no essential features
that are different, but the most crucial result is that the free energy
and the adsorption enthalpy differences for the p-complex and
chemisorbed complex are very similar to each other (Table 2) con-
firming our conclusions for the static calculations.

Our theoretical findings give qualitatively and quantitatively
different results than the values of Nguyen et al. produced with
the QM-Pot methodology [14]. Recently, also Rosch et al. found
similar deviating behavior for alkanes between periodic DFT and
QM-Pot results [73]. A proper analysis of possible ingredients lying
at the basis of the observed differences, learns that the deviancies
should not be ascribed to the QM-Pot methodology itself, but
mainly to less favorable geometries of the adsorbed species and
their positions in the cavity. In the case studied by Nguyen et al.
[14], the double bond of 1- and 2-pentene was located at about
2.3 Å from the BAS, which is significantly larger than the distances
predicted in this work. The PES around the adsorption site was
explored in a 4T cluster embedded in the zeolite unit cell, and is
by far not as accurate as the present calculations where the

Fig. 4. MD snapshots of (a) 1-pentene p-complex, (b) 2-pentene p-complex, (c)
chemisorbed 2-alkoxide and (d) chemisorbed 3-alkoxide in H-ZSM-5 at 323 K, seen
in the direction of the straight channel (camera viewpoint). The snapshots
correspond to geometries which are most frequently visited during MD runs of
100 ps at 323 K.

Table 1
Free energy DG and enthalpy DH differences for configurations for the p-complex and chemisorbed complex in H-ZSM-5 at 323 K. All energies in kJ/mol. Use of the standard
notation ‘‘LOT-E”//‘‘LOT-G” (LOT-E and LOT-G being the electronic levels of theory used for the energy and geometry optimizations, respectively).

PBE-D3
//PBE-D3

revPBE-D3
//PBE-D3

revPBE-D3(BJ)
//PBE D3

revPBE-vdW-DF
//PBE D3

BEEF-vDW
//PBE D3

PBE-MBD-
vdW_H
//PBE D3

PBE-MBD-
vdW_HI
//PBE D3

DG DH DG DH DG DH DG DH DG DH DG DH DG DH

1-pentene (g)? 1-pentene (p) �45.0 �103.2 �58.4 �116.6 �76.1 �134.3 �106.7 �164.9 �68.4 �126.6 �51.3 �109.5 �39.9 �98.1
2-pentene (g)? 2-pentene (p) �52.7 �109.6 �73.3 �130.2 �90.7 �147.6 �112.4 �169.2 �71.1 �128.0 �58.6 �115.5 �44.7 �101.6
1-pentene (g)? 2-pentoxide �17.5 �84.9 �40.1 �107.5 �60.3 �127.8 �69.2 �136.6 �29.4 �96.8 �30.6 �98.0 �15.0 �82.5
2-pentene (g)? 2-pentoxide �4.1 �72.2 �28.7 �96.8 �47.4 �115.6 �58.2 �126.4 �17.8 �86.0 �17.2 �85.3 �1.4 �69.6
2-pentene (g)? 3-pentoxide �3.0 �68.8 �21.3 �87.1 �39.8 �105.6 �52.9 �118.7 �14.1 �80.0 �19.9 �85.7 �2.8 �68.6
1-pentene (p)? 2-pentoxide 27.5 18.3 18.3 9.1 15.8 6.6 37.6 28.3 39.0 29.8 20.7 11.5 24.9 15.7
2-pentene (p)? 2-pentoxide 48.6 37.4 44.6 33.3 43.3 32.0 54.1 42.8 53.3 42.0 41.4 30.1 43.3 32.0
2-pentene (p)? 3-pentoxide 49.7 40.8 52.0 43.0 50.9 42.0 59.5 50.5 57.0 48.0 38.7 29.8 41.9 33.0

Table 2
Free energy DG and enthalpy DH differences for configurations for the p-complex and
chemisorbed complex in H-ZSM-5 at 323 K given in kJ/mol.

BEEF-vdW
//PBE D3

BEEF-vdW
//BEEF-vdW

DG DH DG DH

2-pentene (p)? 2-pentoxide 53.27 41.96 51.05 42.7
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influence of the environment on the PES is intensively investigated
in first-principles MD simulations of the periodic models. The
geometries for 1- and 2-pentene reported in Ref. [14] differ by
far from the configurations obtained in this work. On the other
hand the geometrical parameters of the corresponding pentoxides
found in the two studies are completely similar, so that the differ-
ence in stability between the physisorbed and chemisorbed com-
plexes must be ascribed to the position of the physisorbed
pentene to the BAS. This is an important statement as it reduces
the discussion on the exothermic or endothermic character of the
chemisorption process to the localization of the adsorbed pentene
p-complex in the pores of the zeolite and more particularly the dis-
tance from the BAS.

In a next step, we assessed the influence of finite temperature
effects on the adsorption enthalpies. The probability distributions
for the distances of the various adsorbed species to the BAS, reveal
an asymmetric behavior for the p-complexes toward higher CAH
distances. For 1-pentene this is even more pronounced than for
2-pentene. The adsorption enthalpy of 1- and 2-pentene is strongly
correlated with the CAH distance. The broad probability distribu-
tion for these two species clearly indicates that the average ensem-
ble over the MD trajectories results in enthalpy of adsorption
which corresponds to CAH distances larger than 2 Å. On the other
hand, the static calculations only consider one point on the poten-
tial energy surface (that corresponds to the optimized geometry)
and do not account for configurations with slightly larger distances

as observed in the MD simulations. Indeed the dynamically aver-
aged values for the adsorption enthalpies yield systematically
lower adsorption enthalpies for the p-complexes and slightly lar-
ger values for the alkoxides. The adsorption enthalpies for the p-
complexes are shifted to about 20 kJ/mol. Fig. 3 also reveals that
the CAOz distances in the pentoxides are more peaked around
1.6 Å with almost 80% probability yielding slightly more bound
adsorption enthalpies from MD simulations. The adsorption
enthalpies of pentoxides obtained as an ensemble average in the
MD simulations are closer to the values obtained with static
approaches. If finite temperature effects are taken into account
the p-complexes are almost equally stable as the alkoxide species.
A summarizing adsorption enthalpy diagram is given in Fig. 5. In
good agreement with Ref. [11], the double bond position does
not affect significantly the enthalpy of formation of the p-
complex. Static calculations systematically overestimate the
adsorption enthalpies for the p-complex, which is inherently
related to the usage of optimized geometries, which are necessary
to compute enthalpic and entropic contributions, but neglect the
asymmetric probability distribution shown in Fig. 3 at finite
temperatures.

Finally we also wanted to investigate the possible occurrence of
carbenium ions in the transition path from p-complexes to alkox-
ides. Therefore we used metadynamics simulations which allow
sampling the transition from the p-complex toward the
chemisorbed species and exploring in how far the transformation

Fig. 5. Adsorption enthalpy diagrams at 323 K for the several pentene intermediates with reference to 1-pentene in gas phase and an empty H-ZSM-5 framework, obtained
from (a) static calculations at the PBE-D3 level. (b) MD simulations at the revPBE-D3 level.
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is activated. Those simulations yield detailed information on the
nature of the chemisorbed species and the possible existence of a
carbenium ion. In any case the carbenium ion was not observed
during a regular MD run, nor was the transition from the p-
complex toward the alkoxide seen, which points toward an acti-
vated transition.

The formation of 2-pentoxide from physisorbed 1-pentene and
2-pentene and that of 3-pentoxide from physisorbed 2-pentene
were studied using metadynamics simulations with two collective
variables to describe the reaction coordinate (cfr. Section 2). The
resulting 2D free energy surfaces and 1D free energy profiles along
the lowest free energy paths corresponding with the three reac-
tions are displayed in Fig. 6. There clearly exists a metastable state
between the pentene p-complex and the pentoxide, which could
be characterized as a carbenium ion. This metastable state mainly
represents a 2-pentyl carbenium ion in the two reactions leading to
2-pentoxide; however, rapid isomerization to a 3-pentyl carbe-
nium ion was observed as well.

In a next step the trajectories obtained from the metadynamic
simulations were examined to distinguish between the free energy

minima of the various adsorbed species. All samples in which the
collective variable, corresponding to the coordination number rep-
resentative for the CAOz bond formation with the zeolite frame-
work, is smaller than a cutoff value are identified as alkoxides. A
similar procedure was applied for the identification of the pentyl
carbenium ions. The detailed procedure is described in the SI.
The procedure shows that it is possible to identify various basins
corresponding to alkoxides where the CAO distance is on average
1.6 Å and corresponding to carbenium ions where the average dis-
tance is 3 Å, which is significantly larger than the value (2.0 Å)
obtained with MD simulations for the p-complex (Fig. 3). Here,
some prudence should be taken into consideration as metadynam-
ics does not generate an equilibrium ensemble and hence geomet-
ric parameters, given in MTD, are only indicative.

The 2D free energy surface is subsequently converted into a 1D
free energy profile (by projection onto the minimum free energy
path). For the three reactions under study the difference (CV2–
CV1) of the two coordination numbers turned out to be a good esti-
mate for the one-dimensional reaction coordinate. The three free
energy profiles for pentoxide formation, displayed in Fig. 6, show

Fig. 6. Left: 2D free energy surface for the formation of 2-pentoxide from a 1-pentene p-complex (a) or 2-pentene p-complex (b) and for the formation of 3-pentoxide from a
2-pentene p-complex (c). The lowest free energy paths are displayed. A small well corresponding to the metastable carbenium ion can be observed in the bottom left corner.
Right: corresponding 1D free energy profile along the lowest free energy path for the two reactions.
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the carbenium ion as a metastable intermediate between the p-
complex and the alkoxide. They also allow to determine some esti-
mates of the free energy barriers (DG�) and reaction free energies
(DGr) between the various intermediate states following a proce-
dure outlined in the SI. These values are listed in Table 3. It should
be emphasized that free energies predicted by metadynamics are
mainly qualitative, as they largely depend on the choice of the col-
lective variables and other degrees of freedom. They give an indi-
cation of the minimum free energy path, but is not unique.
Inclusion of other enhanced MD methods could be very comple-
mentary to MTD to compute enthalpy and Gibbs free energies. That
work is planned in near future.

The observed free energy barriers for activation between the
p-complex and the chemisorbed species vary considerably
depending on the type of the chemisorption process. The formation
of 2-pentoxides is likely to occur at these temperatures as the free
energy of activation corresponds to about 36.8 kJ/mol for 1-
pentene to 2-pentyl carbenium ion and 38.2 kJ/mol for 2-pentene
to 2-pentyl carbenium ion. The formation of 3-pentoxide is less
probable, a higher free energy of activation is found and the formed
3-pentoxide is less stable than the other alkoxides. This observa-
tion is systematically found for all methodologies used in this
work, and is probably due to unfavorable steric interactions with
the walls of the zeolite. MD simulations have revealed that by pref-
erence the shortest tail of the chemisorbed pentoxide is oriented in
the zigzag channel. For a 2-pentoxide a methyl end enters the
channel, while for a 3-pentoxide it is a propyl group (we refer to
Fig. 4 for the visualization) encountering more interaction with
the wall.

Apart from the formation of 3-pentoxide, the metadynamics
simulations show that the alkoxide is only modestly more stable
than the p-complex, which is in line with the earlier MD
simulations.

Based on the metadynamics simulations, carbenium ions were
observed and in a subsequent step these were also subjected to
static periodic density functional theory calculations. Starting from
configurations from the metadynamic simulations we could locate
these highly elusive intermediates. The shortest CAO distance of
the carbenium ion after this geometry optimization corresponds
to 2.7 Å for the 2-pentyl carbenium ion and 3.4 Å for the 3-
pentyl carbenium ion. The latter carbenium ion is further away
from the BAS and is also about 10 kJ/mol less stable than the 2-
pentyl carbenium ion. Based on the complementary set of simula-
tions performed, we can now provide a full adsorption enthalpy
diagram for all adsorbed species of 1-pentene and 2-pentene both
from static and molecular dynamics simulations. This is visualized
in Fig. 5 with all energy levels referred to the 1-pentene in the gas
phase.

4. Conclusions

A complementary set of theoretical methods was used to fully
characterize the adsorption behavior of pentene in the pores of
H-ZSM-5. Four distinct states of the olefin have been investigated:

(i) olefin adsorbed in the pores via dispersion forces, (ii) interac-
tions of the C@C bond of pentene with the Brønsted acid sites in
the pores (p-complex), (iii) the transient formation of a carbenium
ion and (iv) the stable formation of an alkoxide. The free physi-
sorbed pentene was not observed during a substantial time of a
molecular dynamics run at 323 K, and instead a stable p-complex
is rapidly formed, which does not transform toward alkoxides in
a regular MD run but remains stable. This observation points
toward an activated process to form stable chemisorbed species.
The energies of p-complexes are very sensitive to the relative dis-
tance of the pentene molecule to the BAS. Adsorption enthalpies
obtained from static calculations at 0 K are systematically larger
than dynamically averaged values, since only the optimized struc-
ture of the p-complex at 0 K is taken into account. Thermal fluctu-
ations on the relative distance of the complex with the BAS give a
better representation of the dynamical adsorption process and give
adsorption enthalpies which are on average 20–30 kJ/mol less
stable compared to their static values. Static periodic calculations
have the advantage that they allow to use a large variation of
DFT functionals and dispersion models. Göltl et al. observed same
features for the adsorption behavior of alkanes and proposed to
dynamically weight statically obtained adsorption enthalpies
[34]. Based on our observations this might indeed be a good prac-
tice for future adsorption studies. Overall the p-complex and
alkoxides (except the 3-pentoxide) are almost equally stable. To
sample also the transformation between stable p-complexes and
alkoxides the metadynamics technique was used. During the trans-
formation we observed the carbenium ion, which seems to be a
highly elusive intermediate. Furthermore the transformation from
a p-complex to the carbenium ion is activated with a free energy of
activation in the range of 32–36 kJ/mol in the most favorable cases.
Starting from geometries taken from the metadynamics simula-
tions we also determined the enthalpies of the carbenium ion, with
static density functional theory calculations. It was confirmed that
carbenium ions are transient species lying higher in energy.

Overall the present data offer a new platform for understanding
the adsorption steps of olefins on zeolites in a quantitative manner,
which will in turn help to better understand the intrinsic role of
the strength of the Brønsted acid sites and the role of the local
environment (siting of acid sites, available pore space) for the
adsorption processes in the future.
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1. Periodic model of H-ZSM-5 

The zeolite was represented by a periodic model with all atoms of the unit cell described upon an equally 

high level of theory, to completely take the environment of the adsorbed molecule into account. A 

substitutional aluminum at the T12 position of an orthorhombic MFI unit cell was used, creating a 

Brønsted acid site in H-ZSM-5. Earlier works [1,2] showed this a good and well-justified choice in 

addition with a charge-compensating proton on one of the adjacent oxygens, resulting in a Brønsted acid 

site at O20 being the intersection of the straight and sinusoidal channels. 

 

Figure S.1: Periodic model of H-ZSM-5 and indication of the charge compensating proton on O20, 

resulting in a BAS at the intersection of the straight and sinusoidal channels 

2. Computational details 

Theoretical calculations based on first principle molecular dynamics simulations have been carried out to 

account for the high mobility of the pentene molecules, finite temperature effects and the overall 

dynamical behavior as multiple configurations of the adsorbate are visited in case the sampling time is 

sufficiently long. In this work, ab initio molecular dynamics (MD) simulations at 323 K were performed 

to shed light into the stability of various adsorbed species in H-ZSM-5 (-complex, alkoxide and 

carbenium ion) and metadynamics simulations to simulate transformations among the observed complexes 

and to deduce corresponding free energy barriers. Static approaches are much more restrictive in exploring 

various minima on the potential energy surface, however they may give an added value to dynamic 

approaches since most contemporary density functional may be used and if necessary even more advanced 

high level theoretical methods. [3] As such both techniques are highly complementary, as more advanced 

levels of theory may be taken into account. For static calculations appropriate thermal corrections should 

be added to extrapolate the static 0K results to finite temperature at which enthalpies of adsorption are 

experimentally measured. [1,2]  

2.1. Static periodic calculations 
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Static periodic DFT calculations were performed with the Vienna Ab Initio Simulation Package, version 

VASP 5.3, except for the calculation of dispersion interactions following the model of Tkatchenko where 

the version VASP 5.4 was used. Sampling of the Brillouin zone was restricted to the Γ-point. The energy 

in the periodic code was refined using a variety of exchange correlation functionals and dispersion 

models: revPBE-D3, revPBE-D3(BJ), revPBE-vdW-DF, BEEF-vDW, PBE-MBD-vdW_H, PBE-MBD-

vdW_HI. During the calculations the unit cell has been also relaxed. The thermal corrections were 

performed on the basis of frequencies obtained with a partial Hessian approach including 8T atoms, the 

acid proton and the adsorbate. De Moor et al. [4] demonstrated that this type of procedure of using a 

partial Hessian is sufficient to determine accurate energy and enthalpy differences. The nature of the local 

minima was verified by a normal mode analysis and the obtained partial Hessian matrix included only 

positive eigenmodes. We applied the partial Hessian vibrational analysis (PHVA) [5–7] as implemented in 

an in-house post-processing toolkit TAMkin. [8] 

2.2. Molecular dynamics 

Born-Oppenheimer molecular dynamic simulations (BOMD) were performed with CP2K version 2.4 to 

sample the conformational space of the -complex and chemisorbed species. [9] The electronic energy is 

evaluated with density functional theory (DFT) using the revPBE-D3 functional [10,11] with the DZVP-

GTH basis set. [12] The integration time step was set to 0.5 fs. The cell parameters of the applied unit cell 

are a = 20.14Å, b = 20.33 Å, c = 13.56 Å, α = 89.82 °, β = 89.47 °, γ = 90.15° and were obtained from the 

time-averaged cell parameters during an NPT simulation of the empty framework at 323 K and 1 atm.  

Subsequent molecular dynamics and metadynamics (cf. infra) simulations on the various complexes were 

performed in the NVT ensemble at 323K. In the production runs, the temperature was controlled using a 

Nosé-Hoover thermostat. [13,14]  During the ab-initio MD simulations on the -complexes of 1- and 2-

pentene as well as the chemisorbed complexes 2-pentoxide and 3-pentoxide different conformations of the 

adsorbed species are visited, and a probability distribution of their geometries, taking into account the full 

environment of the material, can be easily extracted. Such an analysis allows the selection of the most 

probable conformations and spatial positions of the adsorbed species with respect to the acid site of the H-

ZSM-5 zeolite. These selected structures are used as initial guesses for geometry optimizations in static 

calculations. The MD simulations also allow extracting the finite-temperature adsorption enthalpies for the 

various -complexes and alkoxides from ensemble averages over the MD trajectories for the pentene-

HZSM-5 complexes. However these simulations do not give information on the activated processes, as 

transitions from -complexes to alkoxides are not observed in these simulations. Information on the 

activated process was obtained using metadynamics simulations (MTD) as these transitions correspond to 

so-called rare events. 

2.3. Metadynamics 

To accelerate the sampling of the activated transition from the -complex to the pentoxide and to explore 

the nature of the carbenium ion, the metadynamics approach was employed. [15–17]  During an NVT MD 

run with similar settings as described above, Gaussian hills are added every 25 fs along two collective 

variables (CVs) selected to describe the reaction coordinate, defined by coordination numbers (CN):  

𝑪𝑵 =∑
𝟏− (𝒓𝒊𝒋 𝒓𝟎⁄ )

𝒏𝒏

𝟏 − (𝒓𝒊𝒋 𝒓𝟎⁄ )
𝒏𝒅

𝒊,𝒋
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in which the sum runs over two sets of atoms i and j and rij is the distance between atoms i and j. r0 is a 

reference distance that depends on the bond type described by the CN. The parameters nn and nd are set to 

6 and 12, respectively, such that each CN reaches a value of 0.5 at the reference distance and decays 

quickly at larger distances. The first CV is defined by CN(H-O) – CN(H-C1) and describes the proton 

transfer from the zeolite to the pentene; the second CV is defined by CN(C2-Oz) and describes the 

formation of the C-O bond between the resulting pentyl carbenium ion and the zeolite framework. The 

definition of the collective variables is schematically illustrated in Figure S.2. The reference distances r0 

for the collective variables were 1.0 Å for CV1 and 1.59 Å for CV2.  

 

Figure S.2: Schematic visualization of the collective variables used for the various metadynamics 

simulations.  

During the metadynamics runs, the mass of the hydrogen atoms is set to that of a tritium isotope to avoid 

sampling of unrealistically high velocities of hydrogen atoms when manipulating C-H or O-H bonds. 

Initially Gaussian hills of 2.5 kJ/mol high are added. After each barrier recrossing the height of the hills is 

halved until the hill height is lower than 1 kJ/mol. The simulations are continued until the dynamics along 

the reaction coordinate becomes diffusive and the free energy surface of the reaction is then reconstructed 

based on the sum of the spawned Gaussian hills. The total simulation time for the metadynamics 

simulations was between 62 and 67 ps. This is close to the total simulation time of the regular MD 

simulations (100 ps), which was enough to sample all relevant conformations of pentene. A 1D free 

energy profile is constructed by projecting the 2D free energy onto the minimum free energy path. [18] 

Therefore, the lowest free energy path (LFEP) method proposed by Ensing and co-workers [18] 

implemented in the trace_irc program was applied. For the three MTD runs under study in this work  such 

a one-dimensional coordinate is fairly well given by the difference of the two collective variables (CN2 – 

CN1). This variable systematically increases in the range -1 to +1  with positive bin increments which are 

not entirely constant but slightly varying in the same MTD simulation.  

We apply a fully thermodynamic approach in deriving macroscopic properties from the free energy profile 

Gq(s). The procedure is the following in case of one transition state. The complete range for s is partioned 

into three regions R=]-∞,s0], TS =[s0, s1]  and P = [s1, +∞[. We introduce the standard statistical properties 

such as partition functions ZA and free energies GA : 

0 0 0( ) ( )
( ) ; ln lnq q

s s sG s G s

R q R B R B

ds ds ds
Z Z s s e s G k T Z k T e s

s s s
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To circumvent the dimensionality conflict here, we introduced s and defined 
( )

( ) qG s

qZ s s e


   . 

Having introduced free energies to regions , we are now able to define free energies of activation ∆𝐺
‡

as : 

∆𝐺
‡

= 𝐺𝑇𝑆 − 𝐺𝑅 = −𝑘𝐵𝑇 ln
∫ 𝑒−𝛽𝐺𝑞(𝑠)𝑑𝑠
𝑠1
𝑠0

∫ 𝑒−𝛽𝐺𝑞(𝑠)𝑑𝑠
𝑠0
−∞

 ,       (1) 

and reaction free energies Gr : 

∆𝐺𝑟 = 𝐺𝑃 − 𝐺𝑅 = −𝑘𝐵𝑇 ln
∫ 𝑒−𝛽𝐺𝑞(𝑠)𝑑𝑠
+∞

𝑠1

∫ 𝑒−𝛽𝐺𝑞(𝑠)𝑑𝑠
𝑠0
−∞

       (2) 

s drops out of the equation, so it does not influence the results. 

In a crude approximation the free energy of the reactant valley can be simply replaced by the absolute 

minimum of the reactant valley. 

For the three reactions under study we define five regions : the reactants R (in this region local minima 

and hills are present), the transition state TS1 with the formation of the pentyl intermediate, the 

intermediate area I, the transition state TS2 to form the alkoxide and finally the product region P. The 

different areas are easily recognized in the figure which is displayed in Figure S.3. The width of the TS 

region (s0, s1) is determined by the thermal fluctuation, which is given by the standard deviation of the 

collective variable s. We have systematically taken a value of 0.04, which represents the average of the 

thermal fluctuations measured at the local minima of the reactant valley. This is a highly reliable value, 

and for the six transition states in the three reactions it corresponds with 2 – 5 bins.  

In the tables we report the free energies of activation and the reaction free energies resulting from the 

method outlined above. We also include the gap between maximum and minimum of the free energy 

profile which represents a crude approximation of the barrier. Similarly, for the reaction free energies we 

also report the differences between the lowest state of the reactant region and the product region. 

Table S.1 : Free energy barriers (ΔG
‡
) and reaction free energies (ΔGr) in kJ/mol at 323 K for the 

formation of a pentoxide from a pentene -complex through a carbenium ion intermediate determined 

from MTD simulation in the NVT ensemble. LOT electronic energies: revPBE-D3/DZVP-GTH. 

complete trajectory barrier reaction free energy 

 method Eq.(1) TS - Gmin method Eq.(2) crude 
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1-pentene->2-pentyl 36.8 34.9 -2.3 -0.9 

2-pentyl-> 2 pentoxide 20.3 16.4 -9.2 -14.6 

2-pentene-> 2-pentyl 38.2 37.9 +2.8 +3.1 

2-pentyl-> 2-pentoxide 12.1 11.8 -15.2 -17.0 

2-pentene-> 3-pentyl 84.7 88.8 +22.9 +24.9 

3-pentyl-> 3-pentoxide 54.6 55.1 +34.3 +35.3 

 

Table S.2 : Reaction free energies (ΔGr) in kJ/mol at 323 K for the formation of a pentoxide from a 

pentene -complex from MTD simulation in the NVT ensemble. LOT electronic energies: revPBE-

D3/DZVP-GTH. 

 

complete trajectory  reaction free energy 

 method Eq.(2) crude 

1-pentene->2-pentoxide -11.5 -15.4 

2-pentene-> 2-pentoxide -12.4 -13.9 

2-pentene -> 3-pentoxide +57.2 +60.2 
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Figure S.3 :Free energy profile of the reaction 1-pentene  2-pentyl  2-pentoxide obtained in a MTD 

run at 323 K. 

 

 

3. Calculations of adsorption enthalpies 

 

3.1. Selection of initial geometries for static periodic calculations 

 

For a pentene adsorbed in the cavity of a zeolite there are many local energy minima corresponding to 

different but energetically almost degenerate configurations. In a static approach it is unfeasible to explore 

all plausible initial structures. Geometry optimization of an initial structure leads to a local minimum. To 

assess the influence of the initially selected geometry on the final results for the adsorption enthalpy, 

various initial structures have been generated, which are subjected to periodic Density Functional 

geometry optimizations in a next step.    

 

A first selection was retrieved from ab-initio MD runs at 323K as explained in the computational section.  

During the ab-initio MD simulations on the -complexes of 1-pentene and 2-pentene, and the chemisorbed 

complexes 2-pentoxide and 3-pentoxide different conformations of the adsorbed species are visited, and a 

probability distribution of their geometries, taking into account the full environment of the material, can 

be easily extracted. Such an analysis allows the selection of the most probable conformations and spatial 

positions of the adsorbed species with respect to the acid site of the H-ZSM-5 zeolite.  Geometrical details 

of the selected structures before and after the geometry optimization are given in Table S.3. The geometry 

optimization pushes the random structures for the -complexes closer to the BAS while the dihedral 

angles are more or less kept constant.  

 

 

Table S.3: Initial structures of the adsorbed complex taken from MD simulations corresponding to the 

most visited configurations and the optimized geometry resulting from a static periodic calculation. Initial 

structures are labeled by the corresponding record number of the MD simulations. Relevant distances are 

given in Å and dihedral angles are reported in °. 

1-pentene -complex record #115264 

 C1-H C2-H C1C2C3C4 C2C3C4C5 

before geom opt 2.008 2.238 -132.9 +149.6 

after geom opt 1.972 2.158 -126.1 -178.7 

2-pentene -complex record #150846 

 C2-H C3-H C1C2C3C4 C2C3C4C5 

before geom opt 2.087 2.114 -179.4 -138.2 

after geom opt 2.015 2.049 -174.5 -135.3 

2-pentoxide record #124281 

 C – O 
 

C1C2C3C4 C2C3C4C5 

before geom opt 1.601 -68 +180 
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after geom opt 1.558 -62.9 -172.1 

3-pentoxide record #46690 

 C – O 

 

C1C2C3C4 C2C3C4C5 

before geom opt 1.598 - 180 - 139 

after geom opt 1.566 -176.4 -155.7 

 

 

For 1- and 2-pentene the most stable configuration corresponds to the adsorbate positioned in the channel 

intersection with its methyl tail oriented into the zigzag channel and the longer tail in the straight channel. 

The most plausible structures are visualized in Figure 3 of the main manuscript.   

To seriously reduce the possibility that other selections lead to qualitatively different results, we 

performed some additional tests on 2-pentene.  Two independent MD runs were performed starting from 

different initial geometries.  In both cases the 2-pentene molecule is positioned in the straight channel at 

about 4 Å from the BAS and its orientation arbitrary with respect to the zigzag channel in order to achieve 

a maximum possible unbiased initial structure. We therefore choose two clearly opposite orientations of 

the adsorbed pentene molecule by switching the position of the ethyl tail. Snapshots for both MD runs are 

shown in Figure S.4 and S.5.  In the first simulation (selection 1) the shorter alkyl tail enters the zigzag 

channel after a few picoseconds and remains there for the rest of the simulation.  The observed position 

corresponds closely to our most visited structure which was retained in the main paper. In the second MD 

run, the initial position is opposite compared to the first one, as the ethyl chain points towards the zigzag 

channel.  The molecule tries to enter the zigzag channel with its longer chain, but this position is clearly 

unfavorable, leading to a physisorbed complex where neither of the two chains are positioned in the 

zigzag channel (selection 2).  Energetic calculations also learn that this position of the pentene adsorbate is 

less favorable with a difference in electronic energy of about 30-40 kJ/mol, which is quite significant 

(Table S.4) 
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Figure S.4 : Selected snapshots during a molecular dynamics runs starting from an initial structure as 

depicted in a) with the double bond at 4 Å from the acid proton, the 2-pentene in the straight channel and 

the methyl tail oriented towards the zigzag channel.   
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Figure S.5 : Selected snapshots during a molecular dynamics runs starting from an initial structure as 

depicted in a) with the double bond at 4 Å from the acid proton, the 2-pentene in the straight channel and 

the ethyl tail oriented towards the zigzag channel.   
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These results reassure that the configurations taken up in Table S.4 and which were used in the main 

manuscript correspond to one of the most plausible structures.  The short MD runs also show that the free 

energy surface is very complex and that it may be composed of two or more basins which are separated 

with some ridges which are difficult to overcome in a molecular dynamics run. This was nicely illustrated 

in the second MD run where the pentene was not able to overcome the barriers for a global rotation of the 

pentene molecule to reach the most favorable position with its methyl tail in the zigzag channel.  Finally, 

we also performed geometry optimizations on a snapshot corresponding with the configuration shown in 

Figure S.4 (f).  The energy of this structure (selection 3) corresponds to -2383.3219 eV and is almost 

equally stable than selection 1.  This confirms the broad flat nature of the PES. 

 

 

Table S.4 : Electronic energy (eV) of the unit cell comprising the pentene -complex or the chemisorbed 

complex in H-ZSM-5 for selection 1 and 2. The same level of theory has been applied for the two 

selections : PBE D3//PBE D3 and unit cells are relaxed during the geometry optimization.  

 

  selection 1  selection 2  selection 3   1 - 2    1 – 3     
        (kJ/mol)   (kJ/mol)     
1-pentene (π)  -2383.12  -2382.68    -42.03        
2-pentene (π)  -2383.31  -2382.99  -2383.3219  -31.00   1.15     
2-pentoxide  -2383.00  -2382.87    -12.38        
3-pentoxide  -2382.96  -2382.80    -15.98        

 

 

 

3.2. Adsorption enthalpies derived from static periodic calculations 

An extensive energetic analysis was performed on the most preferred geometries (Table S.1) Free energy 

ΔG and enthalpy ΔH differences are given in Table S.3.  Absolute values can largely differ for different 

LOT’s including hybrid functionals and different variants of dispersion interactions, but the relative values 

are more or less preserved for the multiple LOT’s. The adsorption enthalpies vary around -100 kJ/mol for 

most LOT’s but they can increase dramatically when choosing other dispersion interactions. To illustrate: 

when applying vdW-DF instead of the Grimme-D3 corrections the adsorption enthalpies increase with 60 

kJ/mol.  This has been reported earlier by Göltl et al. [20].   
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Table S.5: Free energy G and enthalpy H differences for configurations for the -complex and 

chemisorbed complex in H-ZSM-5 at 323 K. All energies in kJ/mol. Use of the standard notation “LOT-

E”//”LOT-G” (LOT-E and LOT-G being the electronic levels of theory used for the energy and geometry 

optimizations, respectively).  

 
PBE-D3 

//PBE- D3 

revPBE-D3 

//PBE- D3 

revPBE-

D3(BJ) 

//PBE D3 

revPBE-vdW-

DF //PBE D3 

BEEF-vDW 

//PBE D3 

PBE-MBD-

vdW_H//PB

E D3 

PBE-MBD-

vdW_HI//PB

E D3 

 ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH ΔG ΔH 

1-

pentene 

(g) -> 1-

pentene 

(π) 

-

45.0

3 

-

103.2

4 

-

58.4

3 

-

116.6

4 

-

76.1

5 

-

134.3

6 

-

106.7

4 

-

164.9

5 

-

68.4

0 

-

126.6

1 

-

51.3

4 

-

109.5

5 

-

39.9

4 

-

98.15 

2-

pentene 

(g) -> 2-

pentene 

(π) 

-

52.7

0 

-

109.6

5 

-

73.3

0 

-

130.1

7 

-

90.7

1 

-

147.5

9 

-

112.3

6 

-

169.2

3 

-

71.1

2 

-

127.9

9 

-

58.5

8 

-

115.4

6 

-

44.7

2 

-

101.6

0 

1-

pentene 

(g) -> 2-

pentoxid

e 

-

17.5

2 

-

84.94 

-

40.1

0 

-

107.5

3 

-

60.3

3 

-

127.7

6 

-

69.18 

-

136.6

0 

-

29.4

1 

-

96.83 

-

30.6

1 

-

98.04 

-

15.0

4 

-

82.47 

2-

pentene 

(g) -> 2-

pentoxid

e 

-

4.06 

-

72.24 

-

28.6

6 

-

96.84 

-

47.4

4 

-

115.6

2 

-

58.21 

-

126.3

9 

-

17.8

5 

-

86.03 

-

17.1

7 

-

85.35 

-

1.44 

-

69.62 

2-

pentene 

(g) -> 3-

pentoxid

e 

-

3.01 

-

68.84 

-

21.3

2 

-

87.15 

-

39.7

9 

-

105.6

2 

-

52.89 

-

118.7

2 

-

14.1

5 

-

79.98 

-

19.8

6 

-

85.69 

-

2.79 

-

68.62 

1-

pentene 

(π) -> 2-

pentoxi

de 

27.5

1 
18.30 

18.3

2 
9.11 

15.8

1 
6.60 37.56 28.35 

38.9

9 
29.78 

20.7

2 
11.51 

24.9

0 
15.69 

2-

pentene 

(π) -> 2-

pentoxi

de 

48.6

4 
37.41 

44.6

4 
33.33 

43.2

7 
31.96 54.15 42.84 

53.2

7 
41.96 

41.4

1 
30.10 

43.2

9 
31.98 

2-

pentene 

(π) -> 3-

pentoxi

de 

49.6

9 
40.81 

51.9

8 
43.03 

50.9

2 
41.97 59.47 50.51 

56.9

6 
48.01 

38.7

2 
29.77 

41.9

4 
32.98 
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All free energy and adsorption enthalpies reported in Table S.5 have been computed for configurations of 

the -complex and chemisorbed complex in H-ZSM-5 at 323 K using different electronic levels of theory 

but based on the same optimized geometries obtained at the PBE + D3 LOT.  

To investigate the possible effect of a more advanced functional in the geometry optimization, we 

performed - independently of the former calculation - an additional optimization and frequency calculation 

with the BEEF + vdW functional.  

Geometrical details of the structures in 2-pentene π- complex and 2-pentoxide with PBE-D3 and BEEF-

vdW functionals are given in Table S.6. 

Free energy and adsorption enthalpy differences are tabulated in Table S.7 

Table S.6 : Geometrical details of the selected structures with PBE-D3 and BEEF-vdW functionals 

2-pentene -complex  

 C2-H C3-H C1C2C3C4 C2C3C4C5 

PBE-D3  2.015 2.049 -174.5 -135.3 

BEEF-vdW  2.146 2.214 -175.3 -135.1 

2-pentoxide  

 C – O 

 

C1C2C3C4 C2C3C4C5 

PBE-D3  1.558 -62.9 -172.1 

BEEF-vdW  1.577 -63.3 -171.2 

 

Table S.7 : Free energy G and enthalpy H differences for configurations for the -complex and 

chemisorbed complex in H-ZSM-5 at 323 K given in kJ/mol. 

 BEEF-vdW //PBE D3 BEEF-vdW // BEEF-vdW 

 ΔG ΔH ΔG ΔH 

2-pentene (π) -> 2-pentoxide 53.27 41.96 51.05 42.7 

 

 

3.3. Adsorption enthalpies derived from molecular dynamics calculations  

In contrast to static models in ab initio molecular dynamics (MD) simulations all configurations 

contributing to the observed adsorption behavior at finite temperature (in this case 323 K) are visited 

during the simulation. In a recent study by Hafner et al. on adsorption of alkanes in zeolites, finite 
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temperature effects were found to become important when no strong binding exists between the adsorbate and 

the zeolite host. [3,21,22]. This was shown for small alkanes, but the importance of such finite temperature 

effects can only be expected to enlarge for longer hydrocarbons, exhibiting more conformational degrees of 

freedom. Swisher et al. [23] and Tranca et al. [24] followed a Monte Carlo based approach to extrapolate the 

adsorption properties found at 0K to finite temperatures. Furthermore, Sautet and co-workers very recently 

used a molecular dynamics approach to determine active site occupations at finite temperatures for short 

alkanes in SSZ-13 [25]. Similar effects may be anticipated to influence the adsorption of alkenes in H-ZSM-5. 

This is particularly relevant for the π-complex which is mainly governed by non-specific van der Waals 

interactions.  

 

To attain a complete sampling of the conformational space and therefore a more rigorous description of 

the adsorbed states, ab initio molecular dynamics simulations were performed on 1-, 2-pentene and 2-, 3-

pentoxide complexes. The adsorption energy for -complex resp. alkoxide formation at 323 K is 

determined from the ensemble averages of the internal energies determined from separate simulations on 

the complex, the empty zeolite and the adsorbate in gas phase:  

 

ΔUads = <Ecomplex> – <Ezeolite> – <Epentene> 

These ensemble averages can be calculated by averaging the sum of potential and kinetic energy over 

sufficiently long NVT runs. 

The corresponding adsorption enthalpies are then given by  

ΔHads = ΔUads – RT 

in which R is the universal gas constant (at 323 K: RT = 2.7 kJ/mol). 

The total energy of the system converges rather slowly over the course of an MD simulation. 

Unfortunately, for the zeolite systems under study, attainable simulation times are limited to about 100 ps 

due to the high computational expense of DFT-based MD. To illustrate the uncertainty of the estimates, 

values for the adsorption energies (ΔHads) obtained by averaging over different simulation times ranging 

from 10-100 ps are reported in Table S.8. 

 

 

 

 

 

Table S.8. Adsorption enthalpies (ΔHads) for the pentene -complex and alkoxide formation in kJ/mol at 

323 K in H-ZSM-5 determined after different simulation times after an initial equilibration period of 10 

ps. The values obtained by averaging over 50 ps (bold text) are reported in Figure 4b in the main 

manuscript. LOT electronic energies: revPBE-D3/DZVP-GTH. 
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simulation 

length (ps) 

1-pentene  

(g)  

  

1-pentene  

(π-complex) 

2-pentene 

(g) 

 

2-pentene 

(π-complex) 

1-pentene 

(g) 

 

2-pentoxide 

 

2-pentene (g) 

 

2-pentoxide 

 

2-pentene 

(g) 

 

3-pentoxide 

 

10 -76 -109 -103 -87 -101 

20 -85 -82 -113 -99 -76 

30 -92 -86 -123 -110 -102 

40 -80 -81 -115 -100 -88 

50 -88 -94 -110 -93 -81 

60 -85 -96 -108 -93 -73 

70 -81 -87 -105 -90 -60 

80 -83 -91 -101 -86 -58 

90 -85 -96 -102 -87 -64 

100 -85 -100 -105 -90 -71 

 

 

4. Analysis of the bond distance for 2-pentoxide at 323 K in a metadynamics 

simulation 

The distance between the second carbon atom (C2) and the framework oxygens of H-ZSM-5 surrounding 

the aluminum substitution was followed throughout the metadynamics simulation. To distinguish the free 

energy minima corresponding with the 2-pentyl carbenium ion and the 2-pentoxide, a cut-off value of 0.2 

for the second collective variable is determined based on the average C-O distance in the regular MD 

simulation (cf. supra). All samples in which the collective variable is larger than 0.2 correspond with an 

alkoxide; while configurations in which the collective variable is smaller than 0.2 can be identified as a 

pentyl carbenium ion. The C-O distance for both subsets of the trajectory is plotted in Figure S.6. The 

average C-O distance is 1.66 Å over the states identified as part of the alkoxide well, and 2.96 Å in those 

corresponding to the carbenium ion state. 

 
Figure S.6: C2-Oz distance throughout a 88 ps metadynamics simulation of 2-pentoxide formation in H-

ZSM-5 at 50 °C. The average C2-Oz distance is 1.66 Å in the alkoxide (left) and 2.96 Å in the carbenium 

ion (right).  
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a b s t r a c t

Zirconium terephthalate UiO-66 type metal organic frameworks (MOFs) are known to be highly active,
stable and reusable catalysts for the esterification of carboxylic acids with alcohols. Moreover, when
defects are present in the structure of these MOFs, coordinatively unsaturated Zr ions with Lewis acid
properties are created, which increase the catalytic activity of the resulting defective solids. In the present
work, molecular modeling techniques combined with new experimental data on various defective
hydrated and dehydrated materials allow to unravel the nature and role of defective active sites in the
Fischer esterification and the role of coordinated water molecules to provide additional Brønsted sites.
Periodic models of UiO-66 and UiO-66-NH2 catalysts have been used to unravel the reaction mechanism
on hydrated and dehydrated materials. Various adsorption modes of water and methanol are investi-
gated. The proposed mechanisms are in line with experimental observations that amino groups yield a
reduction in the reaction barriers, although they have a passive role in modulating the electronic struc-
ture of the material. Water has a beneficial role on the reaction cycle by providing extra Brønsted sites
and by providing stabilization for various intermediates through hydrogen bonds.
� 2017 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The need of developing alternative energy sources is one of the
world’s highest priorities, as fossil sources are limited and their
refinement and combustion contribute substantially to global
warming. In this context, biofuels represent a possible solution to
overcome the need of fossil fuels in sectors such as transportation
[1]. Biodiesel is a kind of biofuel that is obtained from organic feed-
stocks rich in lipids, such as vegetable oils and animal fats. It is
similar in properties to petroleum diesel and represents a good
renewable candidate that can already replace it in part. Its indus-
trial production is currently performed via transesterification of
triglycerides with low molecular weight alcohols, using strong
Brønsted bases as homogeneous catalysts in anhydrous conditions
[1,2]. In this process, triglycerides, the main components of the
feed, are converted into esters and glycerol is formed as a byprod-
uct. This process, however, is very sensitive to the presence of Free
Fatty Acids (FFA), which instead give water as a byproduct, leading
to saponification and formation of emulsions in a basic environ-

ment. To avoid this problem, the feed must be purified from these
components with quite expensive treatments contributing sub-
stantially to the production cost. An alternative approach consists
in performing the esterification using strong inorganic acids as cat-
alysts. A benefit of this process is that both the transesterification
of triglycerides and the esterification of free fatty acids can be cat-
alyzed without unwanted side effects, allowing the production of
biodiesel from low-cost feedstocks rich in FFA. However, these
acids are highly corrosive and harmful to the environment. A
way to overcome this issue consists in replacing mineral acids by
solid heterogeneous acid catalysts as they could simultaneously
convert both free fatty acids and triacylglycerols [3] while avoiding
corrosion issues or dilution effects due to the generation of water.
In addition, solid acid catalysts can be reused or applied in contin-
uous processes, thus reducing the production cost. Besides biodie-
sel production, esterification is an important reaction also in the
production of other derivatives of acids obtained by renewable
sources, such as alkyl levulinates [1]. Therefore, the study of the
esterification reaction mechanism and the development of good
catalysts are of interest for a broad range of applications. So far,
several suitable solid acid catalysts have been proposed, including
zeolites, ion-exchange resins, and mixed metal oxides [4–6].
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Few theoretical DFT studies on acid-catalyzed esterification of
carboxylic compounds are available in the literature. They all
describe the reaction in gas phase or with small cluster models
considering different pathways. Evidence was found that the reac-
tion proceeds through a concerted mechanism [7,8] although the
literature is not always consistent in the description of the reaction
mechanism [9]. The esterification of a generic carboxylic acid by
methanol is schematically shown in Scheme 1.

Recently, metal organic frameworks (MOFs) have attracted a lot
of interest for their catalytic properties [10–14], among the wide
range of other possible applications, such as drug delivery, gas
and liquid sorption. MOFs are highly tunable materials, where
metal or metal-oxo clusters are connected via organic linkers to
form three dimensional crystalline porous networks. Their poros-
ity, high metal content and tunability make MOFs outstanding can-
didates as catalysts. In particular, a Zr-terephthalate based MOF
named UiO-66 [15] shows an exceptional stability [16–18] which
allows its use in a wide range of thermal and chemical conditions.
The key to its stability lies in the high topological connectivity of
the [Zr6O4(OH)4]12+ secondary building unit (SBU), which is con-
nected with strong Zr–O bonds to 12 terephthalate (BDC) linkers.
It is known that defects are present in the structure when linkers,
metal ions or nodes are missing from the crystalline network [18].
Their amount can be tuned [19–22] without compromising the
high stability of the material [23,24]. However, the presence of
defects in these materials can have a large impact on their catalytic
properties.

Recently, defect engineering in UiO-66 has drawn a lot of atten-
tion from both a theoretical and experimental point of view
[20,23–28]. These defects can arise from one or more missing link-
ers and other building units, and their nature and spatial distribu-
tion are difficult to characterize experimentally. Nevertheless, their
understanding is crucial and has been the subject of several studies
on UiO-66 [23,24,26–32]. Defects increase the pore size, create
room at metal centers for possible reactant adsorbates, and give
rise to additional sites where molecules can be adsorbed. Therefore
their presence is important for applications such as gas and liquid
adsorption [33,34]. In particular, it has been accepted that defects
are responsible for the catalytic activity of this MOF [22,24,25],
since missing linkers introduce coordinatively unsaturated Zr
atoms in the solid, resulting in open Lewis acid sites. In particular,
we refer to the extraordinary property of UiO-66 and variants to
catalytically hydrolyze nerve agent simulants and thus to destruct
chemical warfare agents [35,36]. Furthermore, linkers can also be
functionalized [37,38], allowing a fine-tuning of the catalytic
behavior of the material [39]. UiO-66 has been shown to be a suc-
cessful acid catalyst for the Fischer esterification [40,41], with
activities that are comparable and in some cases even superior to
other homogeneous acid catalysts. In addition, the advantage of
using a solid acid catalyst such as UiO-66 is that the material is
stable under reaction conditions and that it can easily be reused
without significant loss of activity. In particular, it has been shown
that the activity of UiO-66 in the esterification of levulinic acid (LA)
and lauric acid increases with amino functionalization, but the role
of these NH2-substituents was not yet clear [40,41]. However,
recent experiments suggest an enhancing effect of the reaction
due to the close position of the NH2-group to the metal center,
allowing a simultaneous activation of both LA and the alcohol.
UiO-66-NH2 behaves as a bifunctional acid-base catalyst as already
proposed for cross-aldol condensation [42]. This feature has also
been studied theoretically demonstrating the stabilizing effect of
the amino-group in the condensation reaction without playing
effectively an active role in the reaction [43].

The essential step to unravel the mechanism of the esterifica-
tion reaction lies in understanding the nature of the active sites
on defective UiO-66. It has been previously accepted that the key

to the catalytic activity of UiO-66 lies in the presence and accessi-
bility of Lewis acid sites, but recent studies point toward a more
complex scheme involving additional Brønsted sites formed by
water and hydroxyl groups coordinated to the Zr atoms
[24,25,28,31,33,44,45]. Generally, because the structure possesses
different potential catalytic centers, namely Lewis and Brønsted,
a simple relation between the structure and the activity cannot
easily be established.

In this work we go beyond the current state of the art in the the-
oretical exploration of (defective) UiO-66 materials as solid acid
catalysts for the esterification reaction of propionic acid; being a
representative model for a generic carboxylic acid, including the
more interesting biomass derived FFAs and levulinic acid. We par-
ticularly want to understand how the presence of water may affect
the catalytic activity on Zr-MOFs from a mechanistic point of view.
First, the water coordination around the metal and its immediate
impact on the nature of the active site center will be investigated
theoretically. Second, the catalytic effect on the esterification reac-
tion resulting from a dehydration of the MOF will be described.
New experimental data performed on different catalyst samples
containing a varying number of linker vacancies showed the bene-
ficial effect of water in line with the theoretical results. We show
that the lowest activated mechanism takes place in a water envi-
ronment creating Brønsted sites in the network of coordinated
water molecules next to Lewis sites on the coordinatively unsatu-
rated Zr atoms, arisen from the removal of linkers. Our results sup-
port the mechanism of a concerted bifunctional pathway providing
a specific example of acid-base catalysis and this is in full agree-
ment with experimental observations.

2. Methodology

2.1. Computational methods

All reactions studied in this work are investigated by means of
static approaches using periodic models. The same methodology
and levels of theory are used as employed in the study of aldol con-
densation reactions in a previous work of part of the authors [43].
Extended cluster calculations were used as a first guess to explore
the different possibilities for adsorption of reactants and reaction
pathways. However, in this work preference is given to periodic
calculations as extended cluster calculations have the disadvan-
tage that they are inadequate to correctly describe the environ-
ment surrounding the active site. Periodic calculations fully
resolve this shortcoming. We made use of the periodic VASP
(Vienna Ab Initio Simulation Package) code [46–50], applying the
projector augmented wave approximation (PAW) [51] and the U-
point approximation for the sampling of the Brillouin zone. The
influence of k-points was tested on this system in a previous work,
and a minimal effect on the electronic energy (�0.2 kJ/mol) was
observed by increasing the sampling to a 2 � 2 � 2 Monkhorst-
Pack mesh [43]. The structures were optimized within DFT-D3
with PBE as exchange-correlation functional [52,53] and including
Grimme D3 dispersion corrections [54,55]. Energy cutoff for the
plane waves was set to 700 eV, while the convergence threshold
for the electronic self-consistent field (SCF) calculations was fixed
to 10�5 eV. A Gaussian smearing of 0.025 eV was also included to
improve convergence. The energies were then only refined for
the reaction mechanisms with single point calculations at B3LYP-
D3 level of theory [56–58].

The periodic unit cell of UiO-66 consists of four hexameric Zr-
bricks following the crystallographic structure provided by Cavka
et al. [15]. To make some metal sites accessible to guest molecules
acting as reactants for potential reactions, at least two linkers
should be removed from the entire unit cell. A rationalization on

402 C. Caratelli et al. / Journal of Catalysis 352 (2017) 401–414

186



the different structures that can be generated by removing two
linkers has been done in recent work of some of the present
authors [23,59]. There exist seven distinct classes of structures
containing two linker vacancies. In the present study we select
the configuration (type 6 in Fig. 2 of Ref. [23]) which offers the best
perspectives for guest intrusion through the channels to the coor-
dinatively unsaturated Zr-surface. This particular defect structure
is visualized in Fig. 1 where the two missing linkers in the 4-
brick unit cell (blue) are clearly observed. The symmetry of this lin-
ker deficiency permits in reducing the dimension of the unit cell to
two bricks (orange) with different coordination number 10 and 12.
They are displayed in the right panel of Fig. 1. This reduced cell rep-
resents a good compromise between computational cost and accu-
racy, as the reactants adsorbed on the active site are always
separated from their periodic images by a Zr brick and have a min-
imal interaction with each other. The defective brick has two active
sites A and B (see Fig. 1). Reactions will be simulated on site A
while site B will not actively participate in the reaction. We refer
to the ESI for further computational details.

While in an earlier paper of some of the authors [41] the ester-
ification of free fatty acids has been experimentally simulated by
lauric acid (with an alkyl chain of 12 C-atoms (n = 12)), in the com-
putational calculations the carboxylic acid is replaced by propionic
acid with three carbon atoms. This is a seriously simplified model
compound of a free fatty acid but it is large enough to investigate
the reaction mechanism of the esterification reaction. A longer
alkylic chain would add an excessive amount of degrees of freedom
to the system, making the free energy surface of the adsorbate
adduct much more complex and consequently would complicate
the search for the most stable configuration. However, lauric acid
or free fatty acids with longer chain lengths will not easily pene-
trate the pores of the UiO-66 material and reaction will take place
at the surface and at the pore mouth. But as the active Zr-sites at
the pore mouth are not structurally different from those in the
interior (we refer the interested reader to the SM where an active
surface site is constructed following the lines reported by Chizallet
et al. [60,61]), it is plausible to assume that the employed model in
this work to describe the esterification reaction mechanism is real-
istic. In the same context the alkyl chain of the acid can be
regarded as passive and thus not affecting the reaction mechanism.

In order to account for the finite temperature, thermal correc-
tions were performed from the frequency calculations. Using the
in-house developed processing toolkit TAMkin [62] we calculated
enthalpic and entropic contributions to the free energy barriers
associated with each state at reaction conditions: temperature of
351 K and atmospheric pressure. Coordination free energies of
water are calculated according to the standard procedure as out-
lined in the Supplementary Material. The partial pressure of the
gas phase water molecule(s) is systematically taken as 1 atmo-
sphere. A partial Hessian vibrational analysis approach was used
[62], as it has been demonstrated [63] that this approximation
does not affect substantially the entropy and enthalpy differences.
The nature of stationary points was also verified by normal mode
analysis using the partial Hessian frequency calculations. Only pos-
itive eigenvalues were found for reactants and products (minima
on the potential energy surface), while for transition states the
presence of one negative eigenvalue associated with the normal
mode along the reaction coordinate ensured that the system was
in a first order saddle point. The atoms that were included in this

partial Hessian frequency calculations are the reactants, the two
Zr atoms, the two bridging m3-oxygen atoms of the active site,
and the water molecules that are adsorbed. More details on various
theoretical procedures to estimate the kinetics of heterogeneous
catalyzed reactions may be found in Refs. [64,65].

3. Experimental methods

3.1. Synthesis of the MOFs

Several batches of UiO-66 and UiO-66-NH2 solids were pre-
pared using the procedure reported by Kandiah et al. [38].
750 mg of ZrCL4 and 740 mg of terephthalic acid (for UiO-66) or
800 mg of 2-amino terephthalic acid (for UiO-66-NH2) were dis-
solved in 90 mL of DMF (Zr:ligand:DMF molar ratio of 1:1:220)
and kept in a flask at 80 �C without stirring for 12 h, and at
100 �C for other 24 h in an oil bath. The resulting material was
recovered by filtration, and then washed with fresh DMF. The
solids were then washed three times by soaking in dichloro-
methane for 3 h. Finally, the solids were filtered and dried under
vacuum. The high crystallinity and the structure of the materials
were confirmed by X-ray diffraction (Phillips X’Pert, Cu, Ka radia-
tion). MOFs were further characterized by thermogravimetric anal-
ysis (Mettler Toledo TGA/SDTA851e) and transmission electron
microscopy (JEOL JEM-1010 operated at 100 kV) in order to deter-
mine linker deficiency and particle size, respectively. For further
details on the synthesis of UiO-66, we refer to Cirujano et al.
[40,41].

3.2. General procedure for the esterifications

Esterification reactions of levulinic acid with ethanol were per-
formed in a batch reactor at 78 �C, where 1 mmol of acid and etha-
nol (0.6 mL, 15 mmol) was contacted with the MOF (0.018 mmol
Zr). The reaction products were analyzed with GC–MS (Varian
3900) with a BP20(WAX) capillary column (15 m long, i.d.
0.32 mm), with dodecane as internal standard and comparing
retention times with those of commercial standards.

4. Results and discussion

4.1. Molecular level characterization of defects - Water, methanol and
acid coordination on the defective metal sites

In order to understand the reaction mechanism, it is crucial to
have knowledge about the structure of the different active sites
present on the material. Defects are generated during the synthe-
sis, and the creation of a missing linker defect in the material can
be imagined as a removal of one of the twelve negatively charged
BDC2� linkers from the [Zr6O4(OH)4]12+ brick. This produces a pos-
itive charge on the brick, which can be compensated either by
removing a positively charged proton of the l3-OH groups of the
oxoclusters (see Scheme 2), or - in the presence of water - by coor-
dinating a negative species such as a hydroxyl group to one of the
Zr atoms.

Experimental determination of the nature of such defects on the
molecular level is a very difficult task to accomplish. Single-crystal
X-ray diffraction (SXRD) is a suitable tool to experimentally
observe the presence of terminating hydroxyl groups and/or coor-

Scheme 1. Esterification of a generic carboxylic acid to an acid ester by alcohol.

C. Caratelli et al. / Journal of Catalysis 352 (2017) 401–414 403

187



dinating water molecules [26,31]. In the work of Yaghi et al. [26] an
extra hydroxide anion per defect site has been observed bringing
the total of water molecules that can coordinate with a defective
Zr–O–Zr site to three. In addition, it has been postulated that the
charge compensating OH� counterion upon removal of one linker
is stabilized by a hydrogen bond with a neighboring m3-OH of the
brick, while the two adjacent Zr atoms are capped with physi-
sorbed water molecules. However, recent ab initio molecular
dynamics simulations with water molecules moving in the pores
of the UiO-66 material have shown that this state proposed by
Yaghi does not correspond to a minimum on the potential energy
surface [28,45]. In the present work we did not succeed in repro-
ducing it as an intermediate stationary state either. On the con-
trary configuration 3 of Fig. 2 with three water molecules
coordinated to the defective Zr–O–Zr site goes over to a more
stable configuration with the hydroxide ion coordinated to one of
the Zr-atoms (complex 30).

Potentiometric acid-base titrations have been very recently
applied as an alternative experimental technique to measure the
number of defect sites in a MOF [25]. This technique is also useful
to measure the Brønsted acidity or to trace the proton topology
[66]. It helps to understand the role of the Brønsted acidity of the
protons present on the inorganic nodes. Tuning of the chemistry
of reactive groups such as hydroxyl groups on MOF nodes has
become possible for the first time [67], whereby the formation of
methoxy or ethoxy groups on node vacancy sites as intermediate
states has been shown to be crucial for conversion between differ-
ent structures of hydrogen bonded OH/OH2 groups on the Zr6-
nodes. The various types of hydroxyl groups on the Zr6-nodes have
markedly different properties. The chemistry associated with these
various face topology changes on the Zr6 nodes has been investi-
gated in Ref. [67], and will be part of the discussion in this work.

Water coordination near the defective site can occur in several
configurations which are all displayed in Fig. 2. The active sites in
the complex are not limited to Lewis acid sites. The unsaturated
site formed after removal of a BDC linker (Scheme 2) is taken as
the reference configuration R. The active site A contains two m3-
oxygens bridging the Zr-atoms figuring as two Brønsted basic sites
(reference configuration R in Fig. 2).

The simplest state is chosen as reference and is displayed in the
bottom of Scheme 2. The stability of all face topologies displayed in
Fig. 2, has been investigated with respect to this reference config-
uration R. In all calculations a hydrated node surface structure (site

B, located at the opposite brick) has been consistently taken into
consideration, allowing a comparative discussion on the coordina-
tion energies.

The coordination of one water molecule to one Zr-atom of the
inorganic brick shields the Lewis acid character of the Zr-atom
but the coordinated water molecule can act as an additional
Brønsted acid site (configuration 1). In all other structures different
possible Lewis and Brønsted sites appear which may play a role in
a catalytic reaction. The various sites are encircled in all structures
displayed in Fig. 2. The most stable configurations at the reaction
temperature of 351 K are complexes with two or three water mole-
cules. Configuration 20 originates from a complex with two physi-
sorbed water molecules on two adjacent Zr atoms (complex 2).
One water molecule immediately dissociates into a hydroxyl group
adsorbed on one of the Zr-atoms and a proton adsorbed on the
adjacent m3-oxygen, while the second water molecule is physi-
sorbed on the other Zr atom. Structure 20 forms a strongly stable
configuration with a free energy difference of �94.4 kJ/mol com-
pared to reference configuration R representing the unsaturated
Zr site without water coordination. Adding a third water molecule
yields a complex (configuration 3) which is more stabilized than
the complex with two coordinated water molecules (configuration
2). Similarly as in the previous case, one water molecule dissociates
with the OH� counterion directly attached to one of the Zr-atoms,
and the proton forming a m3-hydroxyl group, and a second water
molecule is coordinated to the adjacent Zr-atom, while the remain-
ing water molecule is coordinated to the m3-hydroxyl group and
the Zr–OH group. This configuration 30 is slightly more stable than
structure 20 with two water molecules, but the difference is small
(�4 kJ/mol), which can be ascribed to the seriously increasing
entropy effects dominating the gain in enthalpy by the extra coor-
dination. The position, orientation of the water molecules and the
coordination energies of configuration 30 are in agreement with
what was observed by Vandichel et al. and Ling et al. [28,45].

When reactant molecules (i.e., methanol and propionic acid)
come into play, they can be hindered by the coordinating water
molecules to access the active metal site, or the water can be dis-
placed to make room for the incoming reactants, or the water
molecules can form a complex with the reactants by means of
hydrogen bonds. These complexes with reactants are considered
in Figs. 3 and 4. These states are consistently modeled on a unit cell
where the two Zr atoms on the opposite active site generated by
removal of a linker (site B in Fig. 1) are hydrated (configuration

Fig. 1. Representation of the unit cells containing the defect. In blue, the conventional 4-brick unit cell, in orange, the 2-brick unit cell used for the calculations. The two
different bricks are highlighted in orange. The 10-fold coordinated brick has two terephthalate linkers missing, one at site A and one at the opposite site B.
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20). Analogous structures with the dehydrated site B are reported in
the ESI (Figs. S3 and S4). Configuration 4 in Fig. 3 corresponds to
the physisorbed complex with methanol on the Zr Lewis center
(i.e., MeOH + configuration R). This configuration is found to be less
stable than its chemisorbed structure with formation of a methox-
ide (configuration 40). With the presence of one water molecule,
more stabilized methanol complexes are formed (configurations
5 and 50, coming from MeOH coordinated to configurations 1 and
10). We did not study the dynamics of the methanol substitution
process, as done in Ref. [67], but thermodynamically we found that
structure 50 is the most favorable with the substitution of one
water molecule by one methanol molecule in 20 and abstraction
of the coordinated methanol proton to the terminating hydroxide.

Water in configuration 50 can be removed and replaced by the
acid as second reactant to form a stable reactive complex 90, dis-
played in Fig. 4. In a hydrous environment methanol can even indi-
rectly coordinate with the Zr-center through a hydrogen bond with

a terminal OH group. This complex 8 is even more stabilized
(�60.9 kJ/mol).

In all complexes displayed in Fig. 4, the acid is coordinated to
the Zr-atom via its carbonyl oxygen. All the configurations consid-
ered are energetically favored (structures 6 to 90), but the presence
of water in the environment is beneficial in the formation of stable
complexes of the two reactants (acid + methanol) with the catalyst.
The extra stabilization results from the formation of a hydrogen
bonded adduct, e.g. in configuration 7, with the m3-hydroxyl group
present in UiO-66-H2O (configuration 10).

Taken into account the results discussed so far, we propose
structure 8 as reactive complex to study the esterification reaction
of the acid by methanol in a hydrous environment, as it is the most
stable adduct containing both reactant molecules, plus one water
molecule that provides further stabilization through hydrogen
bonding. The complex contains additional Brønsted acid and basic
sites which may affect the esterification reaction of the acid with

Fig. 2. Coordination free energies at reaction temperature of 351 K of one, two and three water molecules at coordinatively unsaturated Zr-bricks in defective UiO-66 with
respect to a water coordination free site (site R). The structure of the opposite site B corresponds with configuration 20 with two water molecules and consistently used in all
periodic calculations considered in the figure. Free energies (in black) are given in kJ/mol, and their decomposition into enthalpic DH (blue) and entropic �TDS (gray)
contributions. Energies are resulting from periodic calculations with PBE-D3 level of theory. In each configuration Lewis acid and Brønsted sites are indicated.
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methanol, and forms a highly consistent structure of an adsorbed
complex with all reactants in a hydrated UiO-66 material. It is
taken as starting structure to test the reaction mechanism. On a
dehydrated catalyst the situation is slightly different, water mole-
cules are not present in the cavities of the material and a network
of hydrogen bonded water molecules does not occur. Obviously,
the most suitable configuration to start the reaction under anhy-
drous conditions is thus structure 90, formed upon propionic acid
physisorption and dissociative chemisorption of methanol on the
fully dehydrated defect site (configuration R). In following sec-
tions, the esterification reaction in both, hydrated and anhydrous
conditions will be considered.

4.2. Reaction mechanism on hydrated brick

The coordination free energy diagrams in Figs. 2–4 clearly
demonstrate that water molecules preferentially adsorb on the
coordinatively unsaturated Zr-bricks in defective UiO-66, creating
additional Brønsted sites which may assist in the esterification
reaction. According to the proposed reaction mechanism and the
catalytic effect of the defective UiO-66 material [40,41], the
adsorption of the carboxylic acid onto the Lewis Zr acid sites
increases the electrophilic character of the carboxylic carbon atom.
At the same time the presence of weak Brønsted basic sites in the
close vicinity of the alcohol (formation of hydrogen bonded
adducts) will increase the nucleophilic character of the oxygen of
the alcohol, thus favoring the condensation with the activated car-
boxylic carbon of the acid. So far, the eventual beneficial influence
of the presence of a water environment on the catalytic activity has
not been tested theoretically. In a hydrated brick the most favor-
able complex for esterification is configuration 8 with the metha-
nol hydrogen bonded with the water coordinated on the open
metal site. The corresponding energy profile obtained starting from
configuration 8 is shown in Fig. 5, while the enthalpic and entropic
contributions to the free energies of the states at different stages of
the reaction are reported in Table 1.

The first transition state (TS1) is a concerted one, which corre-
sponds to a deprotonation of methanol to the hydroxyl group that
acts as a Brønsted base, and to a simultaneous formation of a C–O
bond between the oxygen of methanol and the carboxylic carbon.

The free energy barrier for this first transition state is 28.9 kJ/mol
with an almost equal enthalpic and entropic contribution. The
post-transition state (configuration 80) is characterized by a tetra-
hedric intermediate coordinated to a Zr atom and a water molecule
physisorbed on the adjacent Zr site. This intermediate has an
almost similar free energy as the first reactive complex (configura-
tion 8) due to the extra-stabilization of a hydrogen bond with the
m3-hydroxyl group. The second transition state (TS2) is character-
ized by an approaching of a hydroxyl group from the tetrahedric
intermediate to the water molecule adsorbed on the other Zr atom.
Simultaneously, a proton shifts from the water molecule to the
hydroxyl group, so that water is formed as a byproduct. The energy
barrier for this transition state is 30.6 kJ/mol, which is similar to
the first energy barrier and makes it difficult to attribute a rate
determining step for the final product formation. The reaction
products (configuration P) are ester and water, but in a water envi-
ronment the catalyst will remain in the strongly stabilized config-
uration 20 and solely the ester will desorb from the catalyst
whereas the water remains coordinated to the brick. The energy
barrier for the reverse reaction is 91.7 kJ/mol, which allows part
of the products to be converted again into the reactants, until a
chemical equilibrium is attained. Indeed, it is also observed exper-
imentally that this reaction is under thermodynamic control. The
suggested mechanism characterized by relatively low free energy
barriers overlays with experimental findings regarding the high
activity of esterification on UiO-66 and shows a dual participation
of conjugated Lewis acid and Brønsted sites, as suggested earlier
[40,41].

4.3. Reaction mechanism in anhydrous conditions

Dehydration takes place after thermal activation of the catalyst.
In an earlier paper of some of the authors [45] the mechanistic
pathway for the dehydroxylation processes that takes place at acti-
vation conditions (T > 300 �C) [18] of the various Zr-bricks present
in defective UiO-66 material has been unraveled. Herein, experi-
mental data that will be discussed later in this paper, have been
obtained after heat treatment of the material at a temperature of
around 150 �C. At this temperature the solvent water molecules
are all removed, but the [Zr6O6(OH)2]10+ brick (structure B’0 of
Ref. [45]) on which the reaction takes place remains still intact;
i.e., no dehydroxylation of the brick takes places. The experimental
results predict a drop of the catalytic activity after this heat treat-
ment at 150 �C (vide infra), and we will now demonstrate that,
indeed, the esterification reaction on a dehydrated brick (reference
configuration R0 in Fig. 5) in a water-free environment requires lar-
ger activation energies.

In the dehydrated brick the active sites are the uncoordinated Zr
atoms, which are Lewis acid sites, and the m3-oxygen atomwhich is
a Brønsted base. Methanol, present in large excess in the reactant
mixture, is first physisorbed on one of the two unsaturated Zr cen-
ters (configuration 4) with an adsorption energy of �32.3 kJ/mol at
B3LYP-D3//PBE-D3 level of theory,1 In this complex the m3-oxygen
atom represents a Brønsted basic site that facilitates the deprotona-
tion of the methanol forming a methoxide, while the abstracted
methanol proton forms a terminating m3–hydroxide (configuration
40). The methoxide complex is slightly thermodynamically favored
with respect to its physisorbed configuration 4 and its formation
requires a transition state TSawith a low free energy barrier of about
17 kJ/mol. Finally, the acid adsorbs on the adjacent free Zr-site, and a
reactive complex (configuration 90) is formed ready to start the
esterification. The reaction proceeds with the formation of the C–O

Scheme 2. Unsaturated sites upon removal of a terephthalate linker.

1 Please note that for the reaction free energy profile the level of theory has been
increased from PBE-D3//PBE-D3 to B3LYP-D3//PBE-D3. It explains the difference in
adsorption energy of complex 4 from �23.1 kJ/mol in Fig. 3 to �32.3 kJ/mol in Fig. 5.
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bond between the carbonyl carbon of the acid and the oxygen of the
deprotonated methanol. In this step the free energy barrier (TS10) is
49.8 kJ/mol and is attributed to an enthalpic contribution of 30.8 kJ/-
mol and an entropic contribution of 19.0 kJ/mol. This barrier is sig-
nificantly higher in these water-free conditions than in the
previous case where water molecules are involved in hydrogen
bonded adducts, creating weak Brønsted basic sites assisting in
increasing the nucleophilic character of the oxygen of the deproto-
nated alcohol. In accordance with the proposed mechanism on the
hydrated brick, we investigated whether a similar concerted mecha-
nism of the deprotonation and O–C bond formation (TS1 in the ‘‘hy-
drated” reaction path) is also valid on the dehydrated complexes, but
this search failed. On the contrary, we found the following interme-
diate (configuration 900) which is very close in energy and geometry
to the transition state (TS10), with a slightly shorter bond distance
between oxygen and carbon. Subsequently the intermediate com-
plex 900 loses a hydroxyl group that binds to the hydrogen adsorbed

on the m3-oxygen atom (see reaction scheme in the bottom of Fig. 5)
to form a water molecule. This activated process also needs a high
energy (barrier of transition state TS20 amounts to DG� = 54.3 kJ/-
mol). This implies that starting from the reactive complex 90 a total
barrier of around 96.8 kJ/mol should be overcome, which is more
than two times higher than what is observed when water actively
participates in the reaction.

The esterification reaction on a dehydrated Zr-brick gives
always water as a byproduct that can be removed leaving the cat-
alyst as a dehydrated Zr-brick (product P0). If this water molecule is
not removed it disturbs the equilibrium of the reaction and will
play a role in the further esterification as it will coordinate with
the open metal sites and the subsequent reactions will come in
competition with the reaction on a hydrated brick.

This dual behavior of the m3-oxygen atom was also observed in
recent work by Hajek et al. on aldol condensation [43] and Oppe-
nauer oxidation [68], where a deprotonation occurs on this site.

Fig. 3. Coordination free energies at reaction temperature of 351 K of methanol at coordinatively unsaturated Zr-bricks in defective UiO-66 with respect to a water
coordination free frame. The structure of the opposite site B corresponds with configuration 20 with two water molecules and consistently used in all periodic calculations
taken up in the figure. Free energies (in black) are given in kJ/mol, and their decomposition into enthalpic DH (blue) and entropic �TDS (gray) contributions. Energies are
resulting from periodic calculations with PBE-D3 level of theory.

C. Caratelli et al. / Journal of Catalysis 352 (2017) 401–414 407

191



The same site donates the proton back to form water in the last
transition state. Therefore, also in this case we have a Brønsted site
that acts as a base in a first step and as an acid in the next step.
Note that in this pathway both Zr Lewis sites adsorb the reactants.
We do not find a plausible pathway for the reaction that only
makes use of the Lewis sites, therefore we conclude that the full
catalytic effect is accomplished when the Brønsted sites are also
taken into account.

The different kinetics of the esterification reaction in a water
and a water-free environment require a more fundamental insight
regarding the role of both Lewis and Brønsted sites present in the
catalyst. It has been proposed that UiO-66 acted as a pure Lewis
acid catalyst, given the Lewis acidity of the non-fully coordinated
Zr atoms on the defect site. However, it is known that in other

MOFs Brønsted groups such as hydroxyl, water, alcohol and acids
can be coordinated to the metal sites on the bricks [69]. This acid-
ity is difficult to characterize, as the acid sites are not homoge-
neous, and often lack an acid-base equilibrium. Moreover,
because the structure possesses different potential catalytic cen-
ters - Lewis and Brønsted sites - a simple relation between the
structure and the activity cannot easily be established. A compati-
ble experimental technique to measure the Brønsted acidity or to
trace the proton topology of MOFs in an aqueous environment is
potentiometric acid-base titration. Using this technique three
types of protons have been detected in UiO-66 material, attributed
to: m3-OH, Zr-OH2 and Zr-OH [66]. This picture is totally consistent
with what we have proposed when removing a linker and replac-
ing it by –OH2 and –OH groups. A similar model has been proposed

Fig. 4. Coordination free energies at reaction temperature of 351 K of the propionic acid and coadsorption of methanol and water at coordinatively unsaturated Zr-bricks in
defective UiO-66 with respect to a water coordination free frame. The structure of the opposite site B corresponds with configuration 20 with two water molecules and
consistently used in all periodic calculations taken up in the figure. Free energies (in black) are given in kJ/mol, and their decomposition into enthalpic DH (blue) and entropic
�TDS (gray) contributions. Energies are resulting from periodic calculations with PBE-D3 level of theory.
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in recent computational studies of Ling and Slater [28] and Vandi-
chel et al. [45] demonstrating that a proton is exchanged between
the Zr-OH2 and Zr-OH groups. This is in line with the proposed
mechanism on the hydrated brick, as in the two transition states
(TS1 and TS2) there is a proton exchange between reactants and

the Zr-OH group, which in the first part of the reaction acts as a
Brønsted base and in the second as a Brønsted acid. The reaction
can be classified as some prototype of a dual acid-base catalytic
reaction, where during the reaction Brønsted sites may alterna-
tively switch of character. Their action works complementary to

Fig. 5. Mechanism and free energy profile for the esterification of propionic acid with methanol on a hydrated and defective UiO-66 material (blue), a hydrated defective UiO-
66 material with amino functionalization of the BDC linkers (red), and on a dehydrated defective UiO-66 (black). Periodic calculations at B3LYP-D3//PBE-D3 level of theory,
T = 351 K. R corresponds to an empty frame with one linker defect and a pool with all reactants to guarantee mass balance. In P the defective Zr-brick is coordinated with two
water molecules (configuration 20). P0 corresponds to the empty frame with the ester as final product and remaining water molecules in gas phase.
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the Zr Lewis acid site whose role remains crucial in the esterifica-
tion reaction. An actual theoretical study of the difference in acid-
ity of the various protons would be very interesting but beyond the
scope of the present paper.

4.4. Reaction mechanism with amino functionalization

One of the great advantages of MOFs is the easiness to function-
alize the linkers and herewith to change the catalytic properties of
the material. In order to understand the effect of the functional
group substitution at the ligand benzene ring on the catalytic activ-
ity of the defective UiO-66 material, the esterification reaction was
also investigated on the amino functionalized material, UiO-66-
NH2. It was originally speculated that amino groups would play
an active role in the reaction. We investigated different pathways
in which the amino group was actively involved, but no plausible
mechanism was found. This brings us to the conclusion that the
reaction needs Brønsted sites to be catalyzed, and that amino
groups are not basic enough to deprotonate the reactants, which
react preferentially with other basic sites, such as the Zr-OH group
in the hydrated brick and the m3-oxygen atom in the dehydrated
one. These results are in line with the recent study of Hajek et al.
on the aldol condensation reaction on the UiO-66 materials [43].
Therefore, the pathway that we have proposed previously for the
hydrated brick of UiO-66, is still prevalent here with the amino
functionalized material UiO-66-NH2. However, even if the amino
groups do not play a direct role in the reaction mechanism they
could indirectly modulate the electronic structure of the frame-
work and influence the reaction free energies. With an electron-
donating substituent we may expect that the Lewis acid character
of the coordinatively unsaturated neighboring Zr center decreases
[39] and would lead to a decrease in the reaction rate. The lower
Lewis acidity is reflected in longer distances between the carboxyl
oxygen of the adsorbate and Zr in configuration 8 (Zr–O distance
increases from 2.30 Å to 2.34 Å for UiO-66 and UiO-66-NH2,
respectively). However, the presence of a hydrogen bond network
makes the electron modulation much more complex in this case,
due to the interplay between the Lewis acid and the several
Brønsted basic sites present in the hydrated complex, and leads
overall to a slight increase in the reaction rate with amino func-
tionalization. This is indeed what is observed here as different sta-
bilization energies and barriers are obtained, compared with the
amino-free material (see Fig. 5 and Table 1). The role of the amino

group is passive and not visible in the reaction scheme. Neverthe-
less, a stronger adsorption of the reactants on the amino function-
alized hydrated solid is noticed (configuration 8) and
systematically lower energy barriers, although not really spectacu-
lar. The stronger adsorption of the reactants on the UiO-66-NH2

material is due to the formation of a network of hydrogen bonds
which are not present in the pristine material (Fig. 6a), and to addi-
tional electronic effects. This extra stabilization affects all the
states (intermediate, transition states and products), but the most
striking effect is observed in the magnitude of the barrier (TS2) in
the second reaction with the bond breaking between the carbonyl
carbon and the oxygen of the leaving group. It lowers from
30.6 kJ/mol to 26.9 kJ/mol. The global effect of the amino function-
alization is best expressed in the rate determining step which
decreases by 11 kJ/mol, while the reaction is highly exothermic
and under thermodynamic control. These results give rise to a
higher catalytic effect that is indeed observed experimentally
[40,41]. Furthermore, amino groups provide additional sites where
water can be adsorbed and form additional hydrogen bonds, as dis-
played in Fig. 6b. To summarize, in the proposed reaction mecha-
nism, amino groups don’t play an active role, but their presence
induces a positive effect on the catalytic activity of the material,
which completely agrees with the experimental observations. This
effect was also observed in a recent theoretical work on aldol con-
densation [43]. The choice of an electron-withdrawing substituent
such as –NO2 will not enhance the esterification, despite the stron-
ger Lewis acidity at the Zr-atom (see Supplementary Material). This
is in line with our conclusion on the dual Lewis/Brønsted character
of the active site in the Fischer esterification.

5. Experimental results

The relevant role of water in the formation in UiO-66 materials
of the active sites for esterification can be inferred experimentally
by analyzing the thermograms of various samples containing dif-
ferent amounts of linker deficiencies. Indeed, TGA curves provide
a means for evaluating the amount of missing linker defects of a
solid, which can be calculated following the method proposed by
Valenzano et al. [18]. In our previous paper on levulinic acid ester-
ification over UiO-66-type materials [40], we showed that the use
of a non-modulated synthesis procedure to prepare these materials
(i.e., without the aid of auxiliary molecules, such as acetic acid),
usually leads to materials with an amount of defects that can lar-

Table 1
Free energy, enthalpic and entropic contributions in kJ/mol for the esterification of propionic acid with methanol on the hydrated, hydrated with NH2-functionalization and
dehydrated UiO-66 material. Periodic calculations at B3LYP-D3//PBE-D3 level of theory, T = 351 K.

Hydrated UiO-66 Hydrated UiO-66-NH2

DG DG� DH �TDS DG DG� DH �TDS

8 20.1 �32.3 52.4 8.7 �46.5 55.2
TS1 48.9 28.9 �17.9 66.8 35.5 26.8 �33.4 68.9
80 31.3 �31.3 62.6 12.5 �55.0 67.5
TS2 62.0 30.6 �11.7 73.7 39.3 26.9 �31.9 71.2
10 �29.7 �87.0 57.3 �41.5 �98.3 56.8
P �16.9 �20.1 3.2 �16.9 �20.1 3.2

Dehydrated UiO-66

DG DG� DH �TDS

4 �32.3 �88.9 56.5
TSa �14.8 17.5 �75.6 60.7
40 �33.7 �88.2 54.5
90 �70.1 �191.8 121.7
TS10 �20.3 49.8 �161.0 140.7
900 �27.5 �164.6 137.1
TS20 26.7 54.3 �113.3 140.0
11 �49.8 �169.6 119.7
P0 �16.5 �19.8 3.2
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gely vary from one sample to another in a randomway. In this way,
we were able to prepare several samples with linker deficiencies
ranging from 2.5 to 13.2% for UiO-66, and between 2.1 and 8%
for UiO-66–NH2. We made use of this large variability of defect
content from sample to sample to establish a direct correlation
between catalytic activity for esterification and the number of
defects of the solid, in such a way that the catalytic activity was
found to increase with the number of linker defects [40]. An almost
9-fold increment of the reaction rate constant (k) was observed on
comparing the most defective (2.5% linker defects, k = 0.07 h�1) to
the less defective (13.2%, k = 0.61 h�1) UiO-66 materials. Interest-
ingly, by comparing the TGA curves of these UiO-66 samples, we
have also noticed that a clear trend exists between the amount
of linker vacancies and the total amount of physisorbed water of
the solid (i.e., the weight lost between room temperature and
150 �C in the corresponding TGA curve (see Fig. 7, left). Moreover,
as the amount of linker defects in UiO-66 increases, water mole-
cules are more strongly bound (i.e., desorbed at a higher tempera-
ture), as shown in Fig. 7, right. This trend is clearly visible in the
corresponding derivative of the TGA curves (red curves in
Fig. S10 in ESI), in which the minima correspond to the inflection
point of the first weight loss in the corresponding TGA curves. In
contrast, in UiO-66-NH2 water molecules are desorbed in general
at higher temperatures than in UiO-66 with a similar concentration
of defects: i.e., water molecules are more strongly bound. However,
in UiO-66-NH2 the desorption temperature does not seem to
depend on the amount of missing linkers. Taken together, these
results indicate that: (i) The defects associated with linker vacan-
cies increase the hydrophilic character of UiO-66, as already antic-
ipated by Snurr and coworkers [33]; and (ii) the presence of amino
groups in the terephthalate linkers favors water adsorption, also in
line with previous results by Walton and coworkers [70]. There-
fore, these experimental findings give strong support to the
hypothesis of a direct participation of water molecules in the active
(defective) sites for esterification, as suggested by our theoretical
models. Moreover, they also offer a plausible explanation to under-
stand the higher catalytic activity of UiO-66-NH2 with respect to
UiO-66. Even though our models do not predict a direct participa-
tion of the –NH2 groups in any of the steps of the catalytic process,
their presence clearly increases the amount of water adsorbed
inside the pores and strengthens the interaction with the material,
which is beneficial for the final catalytic activity.

An item that stirs a lot of experimentalists are the linker
exchanges in MOFs. A recent perspective is given by Seth Cohen
[71] and it is not excluded a priori that the carboxylic acid used
in the esterification reaction exchanges with a terephthalate linker
of the UiO-66 material. Linker exchange of terephthalate linkers by
the carboxylate reaction substrates is in principle a feasible process

that can take place during the reaction, leading to the creation of
further defect sites that could contribute to the catalytic process.
Although we cannot completely rule out the occurrence of this
phenomenon in the general case of any carboxylic acid, in the par-
ticular case of levulinic acid (LA) esterification we were not able to
detect by 1H NMR and FTIR spectroscopy the presence of LA in the
solid recovered after the catalytic experiment. Therefore, the
amount of linker exchange (if any) should be certainly below the
detection limits of these techniques. Indeed, if linker exchange of
the pristine ditopic terephthalate linker by LA would take place
to a significant extent, it would eventually lead to a severe reduc-
tion in the stability and crystallinity of the material. We have
checked that the crystallinity of the material recovered after the
reaction is virtually unchanged with respect to the fresh material
(see Fig. S11 in the Supporting Information). Therefore, although
ligand exchange cannot be totally ruled out for other carboxylic
substrates, this should not be a significant process taking place
during the reaction of LA with ethanol.

Finally, it is also possible to see experimentally a clear decrease
of the catalytic activity of UiO-66 materials upon removal of phy-
sisorbed water molecules. To demonstrate this point, Fig. 8 shows
the time-conversion plots obtained for the esterification of levuli-
nic acid (LA) with ethanol catalyzed by two UiO-66 samples con-
taining 7% (left part) or 2% (right part) missing linkers defects.
The corresponding pseudo-first order reaction rate constants are
k = 0.21 h�1 and 0.07 h�1 for samples with 7% and 2% missing link-
ers, respectively; following the trend observed in our previous
work [40]. It is also observed in Fig. 8 that dehydration of the sam-
ples by thermal treatment at 150 �C (open symbols in both left and
right parts) brings about a definite decrease of the catalytic activity
of both UiO-66 samples; passing from 0.21 h�1 to 0.12 h�1, and
from 0.07 h�1 to 0.02 h�1, for the samples containing 7% and 2%
of defects, respectively. These results clearly reveal the relevant
role of water in the catalytic activity of UiO-66 materials, which
is a further support to our theoretical models and in complete
agreement with the present findings.

The presence of defects in MOFs (both missing linkers and miss-
ing nodes) can eventually lead to an increase in the specific surface
area and pore volume of the material, as compared to a pristine
defect free material [72]. However, even if this type of defects
would facilitate the diffusion of reactants throughout the pore sys-
tem of the MOF, this would not translate into an improvement of
the catalytic performance of the material for this particular reac-
tion of the LA esterification with ethanol. However, we don’t dis-
card that other carboxylate substrates might eventually benefit
for an increase in the material’s porosity associated with missing
nodes. We refer to the Supplementary Material for more details
on this issue.

Fig. 6. Network of hydrogen bonds between adsorbates and amino groups. (a) Reactive complex 8, (b) an additional water molecule present in solution.
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6. Conclusions

In this work we have investigated the mechanism of Fischer
esterification of an organic carboxylic acid with methanol on
UiO-66 and UiO-66-NH2 with a linker deficiency. Particular atten-
tion has been drawn to the hydration state of the active sites on the
materials. Theoretical modeling shows that in the most stable brick
two water molecules are adsorbed on the defect site: one is chemi-
sorbed as a Zr–OH group and a hydrogen on the m3-oxygen, while
the other is physisorbed on the adjacent Zr. In the proposed mech-
anism, the carboxylic acid can displace the physisorbed water to
coordinate with a Zr atom and react with methanol previously che-

misorbed on the neighbor Zr site to form a methoxide. An alterna-
tive mechanism on the dehydrated brick and without the
assistance of water was investigated, but the energy barriers were
substantially higher than in the previous case. This is in line with
the experimental results reported herein that show a lowering in
the catalytic activity upon dehydration of the material. Theoretical
modeling confirms that the role of water molecules is crucial in the
reaction, as water plays an active role as both Brønsted base and
acid. As the role of the Zr Lewis acid centers is indispensable the
proposed reaction mechanism is based upon a dual Lewis/Brønsted
catalytic function. A positive effect of amino functionalization of
the linkers was also observed, even though don’t participate

Fig. 7. (Left) Weight lost between room temperature and 150 �C by UiO-66 (black squares) and UiO-66-NH2 (white dots) as a function of the different amount of missing
linker defects. (Right) Desorption temperature of physisorbed water (determined from the corresponding TGA derivative curves) as a function of missing linker defects for
UiO-66 (black squares) and UiO-66-NH2 (white dots). Both TGA and derivative TGA curves are shown in Fig. S10 in ESI.

Fig. 8. Time-conversion plots for esterification of levulinic acid (LA) with ethanol on UiO-66 with 7% defects (left) and 2% defects (right) when water is coordinated to the
brick (black dots) and when the material is dehydrated (white dots).
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actively in the reaction mechanism. An indirect participation of the
amino groups in increasing and strengthening water adsorption on
the solid can be inferred from the analysis of the corresponding
thermogravimetric curves, which would result beneficial for the
formation and stabilization of the proposed active sites.

The model reaction studied in the present work between propi-
onic acid and methanol can be taken as representative for other
more relevant esterifications, in particular for the production of
biodiesel from free fatty acids. Furthermore, water molecules could
play an active role also in other reactions catalyzed by UiO-66 and
other Zr based MOFs, such as MOF-808 and Nu-1000.

Finally, once more we want to emphasize the high potential of
UiO-66 and its variants as catalyst due to its dual acid/base charac-
ter by the appearance of Lewis and Brønsted sites working comple-
mentary to each other. Defective UiO-66 material is a prototype of
how a MOF can be designed and composed such to fulfill all ingre-
dients needed to construct such a combined Lewis/Brønsted net-
work. The facile way to change the composition, topology of a
MOF opens a lot of perspectives to use MOFs in catalytic
applications.
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Influence of a Confined Methanol Solvent on the
Reactivity of Active Sites in UiO-66
Chiara Caratelli,[a] Julianna Hajek,[a] Sven M. J. Rogge,[a] Steven Vandenbrande,[a]

Evert Jan Meijer,[b] Michel Waroquier,[a] and Veronique Van Speybroeck*[a]

1. Introduction

UiO-66 is a metal–organic framework (MOF) which has re-

ceived significant attention from both experimental and theo-

retical researchers since its discovery in 2008.[1] Its attractive-
ness can be mainly traced back to its exceptional thermal,

chemical and mechanical stability[2] and to the relative facility
by which (linker) defects can be induced in the structure.[3]

These linker defects create under-coordinated metal sites
which act as Lewis acid sites that can be used for catalysis.[4]

The chemical formula for a defect-free UiO-66 unit cell is

[Zr6O4(OH)4][C6H4(COO)2]6, as displayed in Figure 1. Each Zr-
brick represents a six-centered zirconium oxyhydroxide cluster

(octahedron of Zr atoms whose faces are capped by m3-oxo

and m3-hydroxyl groups in an alternating fashion), linked via
terephthalate or benzenedicarboxylate (bdc) linkers to form a

face-centered-cubic net (fcu-a topology). As has been reported
by Lillerud and co-workers,[1] each Zr metal is fully coordinated

by 12 organic linkers to form a highly connected framework if

no linker defects are present. This high connectivity lies on the
basis of its exceptional structural stability and rigidity.

Another feature that makes UiO-66 very attractive for cataly-
sis is the presence of both acid and basic centers within molec-

ular distances, yielding active sites with bifunctional behavior.[5]

In addition, the presence of water has a distinct influence on

UiO-66, composed of Zr-oxide bricks and terephthalate linkers,
is currently one of the most studied metal–organic frameworks

due to its exceptional stability. Defects can be introduced in
the structure, creating undercoordinated Zr atoms which are
Lewis acid sites. Here, additional Brønsted sites can be generat-
ed by coordinated protic species from the solvent. In this Arti-
cle, a multilevel modeling approach was applied to unravel the
effect of a confined methanol solvent on the active sites in

UiO-66. First, active sites were explored with static periodic
density functional theory calculations to investigate adsorption
of water and methanol. Solvent was then introduced in the
pores with grand canonical Monte Carlo simulations, followed
by a series of molecular dynamics simulations at operating

conditions. A hydrogen-bonded network of methanol mole-

cules is formed, allowing the protons to shuttle between sol-

vent methanol, adsorbed water, and the inorganic brick. Upon
deprotonation of an active site, the methanol solvent aids the

transfer of protons and stabilizes charged configurations via
hydrogen bonding, which could be crucial in stabilizing reac-

tive intermediates. The multilevel modeling approach adopted
here sheds light on the important role of a confined solvent
on the active sites in the UiO-66 material, introducing dynamic

acidity in the system at finite temperatures by which protons
may be easily shuttled from various positions at the active

sites.

Figure 1. Schematic representation of a pore in UiO-66. Left : periodic lattice;
right: the pore where the missing linker defect is located, with included
guest molecules. The active sites site A and B are indicated on the left.
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the acidity and basicity of the active sites. Recently, Ling and
Slater[6] used molecular dynamics simulations to show the exis-

tence of some dynamic acidity, created by a double proton
transfer involving two physisorbed water molecules and a hy-

droxide anion in the defect structure. The findings of Ling and
Slater have been confirmed independently by some of the

present authors.[7] Its remarkable properties lie on the basis of
the numerous coordination bonds of the linkers with the
metal centers. When focusing on the catalytic behavior of the

UiO-66 material, knowledge of the molecular structure of the
active sites created by linker defects is an essential ingredient

to understand the reactivity of the node with coordinating
species such as water and methanol, and eventually to tune its
catalytic properties. These species introduce additional Brønst-
ed sites which can play a role in reactions catalyzed by the ma-

terial. A combined experimental-theoretical work[8] demonstrat-

ed that the topology of the OH/OH2 defect coordinating spe-
cies on the Zr6 node-face can be tuned with intermediate

steps in which methanol replaces water on the Zr sites. Insight
in the nature of active sites and the methanol substitution pro-

cess was obtained, indicating that the thermodynamically
most favorable structure was obtained with a node-face con-

taining a methoxide and an open Zr metal site.[8] Further un-

derstanding of the broad variety of defect structures in the
UiO-66 material was obtained by several recent theoretical

works,[6–9] investigating possible structures where up to three
defect coordinating molecules are involved. These metal-

oxide-like nodes of UiO-66 unveil acid-base properties which
are beneficial for a series of catalytic reactions such as the jas-

minaldehyde condensation, the Oppenauer oxidation[5, 10] and

the Fischer esterification of carboxylic acids with alcohols.[9]

More precisely, special attention was given to the role of coor-

dinated species to generate additional Brønsted acid and base
sites in the UiO-66 material. Water was shown to have a bene-

ficial effect on the reactivity by providing additional Brønsted
sites and extra stabilization for various intermediates through

hydrogen bonding. The bifunctional character of the catalyst

has been highlighted. This conclusion was based on a concert-
ed acid-base reaction mechanism that was found for the
esterification reaction of propionic acid with methanol, in
which water formed a combined Lewis/Brønsted network in

defective UiO-66 material. However, it may be anticipated that
such behavior is not restricted to water only but may also be

extended to other protic molecules, such as methanol. This is
especially important as many reactions take place in protic sol-
vents like alcohols.

Herein we investigate the remarkable dynamic complexity of
defect termination of UiO-66 in a methanol solution. This is of

high importance as many heterogeneous catalytic reactions
are performed in solution, where the solvent can play a nota-

ble role in facilitating or hindering the reaction due to its inter-

actions with the catalyst and the solute. We particularly study
the role of the solvent present in the confined cavities of the

material and its interaction with the active sites, as displayed
schematically in Figure 1. A major unresolved challenge lies in

the characterization of the active sites at operating conditions
when more molecules are confined in the pores of the materi-

al. It remains unclear in how far the presence of extra metha-
nol molecules in the pores of the material affects the accessi-

bility and nature of the active sites. For instance, solvent mole-
cules can play a role by connecting the two active sites that

are generated by local defects by means of linker vacancies
and can shuttle protons of reactive species from one site to

the other. The simplest theoretical model includes only species
that are directly bonded to the Zr atoms. A more complex

system could be generated by introducing additional mole-

cules to reproduce the first solvation spheres. However, a more
realistic behavior of the system at operating conditions can

only be obtained by following the system in time under realis-
tic temperatures and pressures and taking the full solvent envi-

ronment in the pores of the material into account.
In this work, we study the nature of the active sites in the

UiO-66 material at operating conditions in the presence of a

realistic loading of methanol molecules confined in the pores
of the material. To this end, a multistep modeling approach is

used. First, a series of static periodic density functional theory
(DFT) calculations were performed to estimate structures of
the active sites with coordinated water or methanol molecules.
Second, a full loading of the unit cell with methanol was con-

sidered. The number of methanol molecules was estimated by
means of a series of grand canonical Monte Carlo (GCMC) cal-
culations. In these simulations, we estimated the maximum

uptake of solvent molecules in the pores of the defective hy-
drated UiO-66 unit cell with two water molecules capping the

Zr metal sites at each defect site. Then, a series of molecular
dynamics simulations was performed in the NVT ensemble,

after an equilibration run in the NPT ensemble at 330 K, which

is below the boiling point of methanol. The followed modeling
approach yields insight into the role of a confined methanol

solvent in the pores of the UiO-66 framework and its influence
on the nature of the active sites. We will show that the active

sites show a remarkable dynamic behavior where protons can
be easily shuttled among various position on the defective sites.

Computational Methods

To estimate the influence of a methanol solvent loading on the
active sites in the UiO-66 material, a multistep modeling approach
was used. First, the active sites were explored with static periodic
calculations, investigating the role of defect capping species with
different topologies. These calculations are necessary in order to
get realistic starting structures and to obtain insight on the species
directly coordinated to the Zr atoms. In a second step, a full load-
ing of methanol solvent was considered. The initial loading in the
pores was estimated by means of grand canonical Monte Carlo
simulations, using an empirical force-field model. Subsequently,
DFT-based molecular dynamics simulations were performed on a
defective UiO-66 where Zr atoms are capped with water molecules.
For our study, it is crucial to model hydrogen bonding and proton
transfer mechanisms. These phenomena involve bonds being
broken and formed and need an electronic level treatment in
order to be correctly reproduced. Force-field based molecular
dynamics would never capture these features even after long sim-
ulation times. Therefore, an ab initio treatment is required. The
computational details for each of these calculations are outlined
below.
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Static DFT Calculations

The various structures at the active site were investigated with a
static DFT approach using a periodic model to correctly describe
the environment surrounding the active sites. In this work, the
same methodology and level of theory of previous work of the au-
thors are adopted.[9–10] The calculations were performed with the
Vienna Ab Initio Software Package (VASP),[11] applying the projector
augmented wave approximation (PAW),[12] and limiting the sam-
pling of the Brillouin zone to the G point. The structures were opti-
mized with PBE exchange-correlation functional[13] complemented
by the Grimme D3[14] dispersion corrections. The energy cutoff for
the plane waves was set to 700 eV, and the convergence threshold
for the electronic self-consistent field (SCF) calculations was fixed
to 10@5 eV. To improve convergence, a Gaussian smearing of
0.025 eV was also included. The used periodic unit cell is built fol-
lowing the crystallographic structure provided by Cavka et al. .[1]

Following a methodology already established in earlier works of
present authors,[5, 7, 9–10, 15] frequency calculations were performed on
each periodic structure with a partial Hessian approach.[16] Firstly,
they indicate if all structures were correctly optimized. Only posi-
tive values for the frequencies of the reported states ensure that
they correspond to minima in the potential energy surface. Sec-
ondly, frequencies are used to account for the finite temperature
effects in the calculation of free energy differences. For this pur-
pose, thermal corrections were computed using the in-house de-
veloped processing toolkit TAMkin.[17]

Active Sites in the Defective UiO-66 Unit Cell

In this work, we will restrict ourselves to active sites which are cre-
ated by the removal of two terephthalate linkers in the conven-
tional unit cell of four inorganic Zr-bricks. Many possibilities exist
to remove two linkers. A rationalization of these two-linker defects
has been done in Ref. [18]. The defect structure denoted as type 6
in the work of Rogge[18b] was chosen here, as this structure ensures
the highest accessibility for guest species, as shown in our earlier
work.[5, 9–10] We gave preference to the situation where active sites
were created showing the best perspective for guest intrusion and
accessibility of the metal center. In addition, the symmetry of this
linker deficiency allows to reduce the dimension of the unit cell to
two bricks. The structure of these active sites has been extensively
outlined in previous works of the authors.[5, 7, 9, 15]

The defective brick <Zr6O6(OH)2>
10 + is tenfold coordinated, and

shows two distinct active sites which lie on opposite sides of the
brick, as displayed in Figure 1. We will refer to these sites as site A
and B. When atmospheric water is present, the Zr-brick becomes
hydrated: water molecules physisorb on the coordinatively unsatu-
rated metal centers. One of the water molecules then dissociates
into a hydroxyl group adsorbed on the Zr-atom and a proton is ad-
sorbed on the adjacent m3-oxygen, to give a more stable structure,
as discussed in literature.[6–9] The unit cell of this hydrated UiO-66
material with two missing terephthalate linkers is displayed in
Figure 1. The two hydrated node surface sites A and B exhibit the
same structure. Further static periodic DFT calculations are per-
formed with different types of coordination with water and metha-
nol on site A while keeping the hydrated site B as passive.

Grand Canonical Monte Carlo

To estimate the number of methanol molecules which can be in-
serted in the UiO-66 framework, we used Grand Canonical Monte
Carlo (GCMC) simulations as implemented in the RASPA software

package.[19] The employed force field describes the short-range re-
pulsion and long-range van der Waals attraction by a Lennard-
Jones potential, and electrostatics via point-charge Coulombic in-
teractions. The methodology is the same as used by Ghosh et al.[20]

to describe water and CO2 adsorption in UiO-66. The Lennard-
Jones parameters of the framework atoms are obtained from
Dreiding[21] (except for Zr for which the UFF[22] parameters are
used) and framework charges are computed using the Extended
Charge Equilibration method.[23] The TraPPE[24] model is used for
the methanol guest atoms. In the GCMC simulations, van der
Waals interactions are truncated beyond a distance of 12.8 a,
which is compensated by analytical tail corrections. For the electro-
static interaction, the Ewald summation to account for the long-
range nature of this interaction is used. Each run consists of 10 000
equilibration cycles and 20 million production cycles, where a cycle
consists of at least 20 Monte Carlo move attempts. The concept of
a 2-brick unit cell is systematically employed in all calculations per-
formed in the frame of this work. It implies that structures are
easily interchangeable between the different approaches. Snap-
shots belonging to GCMC runs can be directly used as starting
configurations for the ab initio molecular dynamics simulations. A
temperature of 330 K and a pressure of 50 atm is applied and it is
verified that methanol in UiO-66 shows liquid behavior under
these conditions.[25]

Molecular Dynamics

DFT-based molecular dynamics simulations were performed with
the CP2K software package,[26] that employs a hybrid Gaussian
Plane Wave basis sets approach.[27] The DFT functional is taken to
be the PBE,[13] which was supplemented by Grimme D3 dispersion
corrections.[14b] A DZVP-GTH basis set was used for C, O and H
atoms together with pseudopotentials.[28] For Zr the DZVP-
MOLOPT-SR basis set was taken into account. The time step for in-
tegration of the equation of motion was set to 0.5 fs, and the tem-
perature was controlled by a Nos8-Hoover chain thermostat con-
sisting of five beads and a time constant of 0.3 ps.[29] The unit cell
used was taken from the static calculations and the methanol con-
figurations were extracted from the GCMC simulation. A first simu-
lation of 25 ps was performed in the NPT ensemble at 330 K and
1 bar, using a MTK barostat with a time constant of 0.1 ps.[30] The
final structure is then used as starting configuration in an NVT sim-
ulation of 50 ps keeping the unit cell parameters fixed.

2. Results and Discussion

2.1. Free-Energy Balance—Water and Methanol Coordina-
tion on Defective Metal Sites

A first step towards a thorough understanding of the influence

of methanol on the active sites in the UiO-66 material may be
done by studying the stability of the various coordinated sys-

tems, involving physisorbed and chemisorbed water and meth-
anol molecules on the active Zr sites. This first step can best

be accomplished by means of static periodic calculations, as al-

ready done for the case of water in a recent paper of some of
the authors.[9] As a result, insight is obtained into the structural

topology of the Zr6 node and the associated chemistry. To
allow for a comparative discussion on coordination energies,

the structure of site B (facing site A at the opposite brick
(Figure 1)) is kept fixed in all structure calculations and is as-
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sumed to show a hydrated node surface. The results of these
static periodic calculations are shown in Figure 2.

In an environment with atmospheric water, the bare Zr2O2

face will be hydrated immediately. The stabilization caused by
one water molecule physisorbed to one of the undercoordinat-

ed Zr-atoms amounts to 17.7 kJ mol@1 at 330 K (structure 1 of
Figure 2). The molecule can be deprotonated to the m3-oxygen

atom (structure 2), lowering the free energy with an additional
22.7 kJ mol@1. The remaining open metal site acts as a Lewis
acid center while a Brønsted acid and basic site arise on the
m3-hydroxyl and the hydroxyl bonded to the metal. The most

stable configurations at 330 K are complexes with two or three
water molecules. In configuration 3, both Zr sites are capped
with a physisorbed and a chemisorbed water molecule, respec-

tively, stabilizing the complex with an extra 64.7 kJ mol@1.
Adding a third molecule yields a complex (structure 6 in

Figure 2) which is slightly more stabilized (&9.4 kJ mol@1) than
the complex with two coordinated water molecules. The addi-

tional water molecule is coordinated to the m3-hydroxyl group

and the Zr-OH group in accordance with what has been re-
ported by Ling and Slater,[6] and Vandichel et al. .[7] However,

the small additional coordination energy will lead to a sponta-
neous decoordination of this water molecule from the active

site. With the presence of a solvent molecule like methanol in
the vicinity of the active site, one could expect that water can

be displaced to allow for coordination by methanol. This may
be important for reactions where methanol takes an active

role in the chemical conversion which is for example, the case
for esterification. Configuration 4 in Figure 2 is characterized
by methanol which is settled along the hydrated face (struc-

ture 3) by means of hydrogen bonds with the Zr adsorbed
water and hydroxide anion and with the m3-hydroxyl group.

This complex has an extra stabilization energy of 18.4 kJ mol@1

compared to the well-known configuration 3. Another possible
arrangement is structure 5, with two water molecules physisor-
bed to the two adjacent under-coordinated Zr-centers and a

methanol coordinated to the m3-oxygen atom. Summarizing,
the static calculations give a good picture of how the active
sites created by linker deficiencies are capped with water in at-

mospheric conditions, and how methanol can easily replace
water when coordinated to the hydrated site. Structure 4, in

which methanol is hydrogen-bonded with the m3-hydroxyl
group and Zr-OH, is even the most stable. Therefore, based on

the static calculations one could predict that configuration 4
will be the most visited configuration in a MD simulation at
operating conditions and with the pores filled with liquid

methanol. Further in this paper, as part of our multilevel mod-
eling approach, we will elaborate in how far these initial results

correspond to a dynamic loading of the pores at operating
conditions.

Figure 2. Coordination free energies at temperature of 330 K of water and methanol at coordinatively unsaturated Zr-oxide bricks in defective UiO-66, with re-
spect to a water coordination free node face R. We assume a hydrated site B which is kept fixed in the static calculations for the different structures of site A.
Free energies (in black) are given in kJ mol@1 and their decompositions into enthalpic (blue) and entropic contributions (grey). Energies resulting from periodic
calculations at PBE-D3 level of theory.
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2.2. GCMC Calculations to Estimate the Loading of Metha-
nol in the Pores of Defective UiO-66

As a next step of our multilevel approach, we estimate the

number of methanol molecules in the pores of the UiO-66 ma-
terial at a temperature of 330 K and a pressure of 50 atmos-

pheres, where methanol is in liquid phase. To this end, a series
of GCMC calculations have been performed at various pres-

sures. This yields a methanol adsorption isotherm for defective

UiO-66 displayed in Figure 3 a at a temperature of 330 K. Con-
vergence is almost reached at 1 atm. Probability distributions

for the uptake of methanol molecules at a high pressure of 50
atm (convergence is now absolutely assured) are plotted in

Figure 3 b and a maximum probability is reached at an uptake
of 29 molecules in the pores of the unit cell (restricted to two
bricks) with a spreading of :3 molecules. For the sake of com-

pleteness GCMC calculations have also been performed in a
2 V 2 x 2 supercell. The maximum loading becomes now 38

molecules (Figure 3 a). This higher number is expected since in
the small simulation cell a lot of space is lost in the bounda-
ries, which could host additional methanol molecules. To com-
pensate for the usage of a reduced unit cell, a maximum load-

ing of 32 methanol molecules is considered in the following

NPT and NVT molecular dynamics simulations. The impact of
this number on the structure of the active site and immediate

vicinity is scarcely visible, since the number of methanol mole-
cules surrounding the active sites is constant and stabilized by

hydrogen bonds, while other molecules occupy the adjacent
pores.

2.3. Molecular Dynamics: Active Sites at Operating Condi-
tions

In previous work of some of the present authors, reactions
were modeled at the active site of defective UiO-66 taking into

account only the molecular species which are directly included
in the reaction and possibly some directly coordinating protic

molecules. However, at real catalytic operating conditions, a
solvent is present in the pores of the material. Even when the
solvent molecules do not play an active role in the reaction

mechanism, they frequently affect the reaction rate in a sub-
stantial and beneficial manner. We have shown in the GCMC

calculations that the methanol solvent in the pores can be rep-
resented by an uptake of about 29–32 methanol molecules

per unit cell (restricted to two bricks). To describe the active
(hydrated) site and its immediate surroundings at operating

conditions we perform a series of MD simulations starting from
some random structures encountered at the end of the GCMC

calculations near convergence. In particular, first an NPT simula-

tion has been run with full loading of methanol during 25 ps
to equilibrate the system, with two water molecules at each

active site A and B (structure 3 of Figure 2). The empty frame-
work has been kept fixed during the loading of the solvent

molecules in the GCMC procedure, and the NPT simulation
allows the system to relax which is clearly visible when exam-

ining the change of the unit cell volume, as visualized in Fig-

ure S2.
The final configuration of the NPT simulation is used as ini-

tial structure of the NVT simulation. During this simulation, at-
tention is drawn to the mobility of the methanol molecules

and its concentration and network formation in the pores of
the unit cell. In the starting hydrated configuration, two water
molecules are coordinated to each of the two active sites A
and B (structure 3 in Figure 2). During the timescale of our sim-
ulations, the methanol solvent does not succeed in replacing a
water molecule coordinated to the metal. At the beginning of
the simulation, the two active sites A and B are equivalent, but
at a certain moment a methanol is nestled between the water
coordinated to the metal and the hydroxyl group bonded to

the other Zr-center, bridging the two Zr-atoms and forming
three hydrogen bonds with the node face. In this configura-
tion, the aqua ligands give rise to a highly stabilized complex,
as shown in Figure 4. This behavior takes place at the begin-
ning of the simulation and breaks the symmetry of the two

sites. In a completely arbitrary way we associate the appear-
ance of this trigonal network with the water-hydroxo pair to

site A. The system remains in this structure during the whole

simulation (displayed in Figure 4). In the static calculations, it is
also found that this configuration is the most stable (structure

4 in Figure 2). This trigonal network obviously interacts with

Figure 3. a) Methanol adsorption isotherm in defective UiO-66 at 330 K indicating also the 1s width of the probability distribution; b) Probability distribution
at different loading of methanol molecules as predicted by GCMC at 330 K and a pressure of 50 atm.

ChemPhysChem 2018, 19, 420 – 429 www.chemphyschem.org T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim424

Articles

205



other methanol molecules of the pore, but they do not suc-
ceed in breaking this bridge. One may expect that the replace-

ment of the water by a methanol molecule is to some extent
activated. An important and interesting aspect is the continu-

ous proton shuttle observed between one Zr-bound water and

the other via the connecting methanol molecule. We are here
confronted with a dynamic Brønsted acidity: the role of the

acid proton of the water and the OH-anion is similar as there is
a systematic switch between the two configurations, as clearly

visualized in Figure 4. The observed dynamic acidity resembles
that of Ling and Slater[6] but in the latter no methanol is pres-

ent between the two groups.

At site B (opposite to site A) we observe a more complex
variation of structures, going from single closed loops of hy-

drogen bonded methanol and water molecules to connected
loops and open methanol chains with a length of 5–6 mole-

cules. The total time of appearance of these three types of net-
works and the probability of occurrence during the 50 ps of

simulation are displayed in Figure 5. These loops and chains

are formed and disappear in a completely random way. The

size of the loops and chains varies dynamically and may easily
amount to a network of 6 oxygens tied together with hydro-

gen bonds. Three of the possible and distinct patterns that are
observed are shown in the top pane of Figure 5. In all these

patterns, the node-ligated-aqua and hydroxyl species remain
intact. None of these species have been replaced by methanol.

One of the patterns at site B which appears the most frequent-
ly, is the six-membered ring formed by four methanol mole-

cules and the two capping water molecules. We clearly see a

boat or chair conformation for the six-membered ring analo-
gous to the cyclohexane molecule. One methanol lies between

the two water molecules, forming a hydrogen bond with the
m3-oxygen atom, while other three methanol molecules are lo-

cated on the same site of the m3-OH group. This configuration
is stable for a part of the simulation time, with the position of

the oxygens kept fixed in a network of hydrogen bonds, while

some of the hydrogens are shuttled by the methanol mole-
cules. The system then, after about 22 ps (Figure 5), evolves to

an open 5-membered ring structure as a methanol molecule
decoordinates from the Zr-OH group. The open ring structure

further arranges to form a 4 or 5-membered ring as shown in
the Figure. This structure allows a methanol molecule to come

closer to the m3-OH group, presumably enhancing the stability

by forming tighter hydrogen bonds.
It is instructive to verify possible similarities with the micro-

scopic structure of liquid methanol in bulk. It is unambiguously
shown in a combined experimental-theoretical paper[31] that

liquid methanol in bulk is a mixture of ring and chain struc-
tures dominated by six and eight methanol units. However, in

bulk the methanol molecules are not hindered by any boun-

dary effects. In general, the influence of the internal surfaces of

Figure 4. Dynamic Brønsted acidity in one of the structures established on
the active site in defective UiO-66 and liquid methanol in the pores.

Figure 5. Top: Ring configurations observed at site A and site B originating from the interaction between the Zr-bonded hydroxo and water and the solvent
molecules. Bottom: Appearance of the various structures during the simulation. The frequency of occurrence of the different structures is also reported. A
threshold of 2.2 a for the donor-acceptor distance was chosen to determine a hydrogen bond and observations were smoothed over 0.5 ps.
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the pores of a nanoporous material disturbs the presence of
regular patterns in the structure of the methanol liquid. Here,

boundary and surface effects will have a substantial influence
on the length of the chain and ring structure. Nevertheless,

the tendency to form chains of 4 methanol molecules which
are eventually hydrogen-bonded to the coordinated water is

clearly present. It is interesting to observe that the structure of
bulk methanol has similarities with the structure in a confined

environment. It must however be emphasized that such be-

havior will be critically dependent on the particular cavity and
channel structure of this nanoporous material. The pores on

UiO-66, where the included sphere diameter ranges from 6 to
9 a,[18b] are large enough to enable structuring of the methanol

molecules, certainly when defects are present.
Besides single closed loops also open chains of hydrogen-

bonded methanol molecules are occurring during the simula-

tion (for at least 30 % of the simulation time), as displayed in
the bottom line of Figure 5. In some events these chains con-

nect the two opposite sites, but no proton transfer has been
observed through this chain of methanol molecules. It is strik-

ing that all the different patterns that have been observed in-
volve methanol molecules that are located in the space be-

tween the two active sites. Assuming a total loading of 32

methanol molecules in the pore of the unit cell, many other
molecules are not part of the observed patterns around the

active sites. They also form chains of hydrogen bonds, which
are generally of short length and which show similarities with

those that have been observed in bulk methanol solution.[32]

In all these scenarios which take place during the NVT simu-

lation, we observe a rather peculiar role of the acid proton on

the m3-OH group. It does not only play a fundamental role in
the formation of the ring structures, as already noticed, but it

also provides an additional stabilization. This is certainly also
the case in the structure on site A where a single methanol

molecule is coordinated to the m3-OH, Zr-OH and Zr-OH2

group, acting as an intermediary in the proton transfer be-

tween the Zr-OH and Zr-OH2 groups. The proton of the m3-OH

group prefers to stay in its protonated state and only partici-
pates in the network by forming a hydrogen bond with a

methanol molecule. Summarizing, the presence of liquid meth-
anol in the pores of defective UiO-66 gives rise to a dynamic

network of hydrogen bonds which surround the active sites
and directly involve Brønsted sites, which could take part in re-

active processes.
No proton transfer has been observed between the two op-

posite sites (site A and site B) during the simulation time. The

distance between the two sites can easily be bridged by two
methanol molecules forming a hydrogen bond with the waters

coordinated at the Zr-centers in both opposite sites. During
the simulation, such a bridge is formed several times, but

there was no driving force to induce a proton transfer. During

the simulation, we never saw a replacement of a water mole-
cule coordinated to the metal by a methanol and also reverse-

ly, no replacement of a methanol by a water molecule has
been observed. In configuration 5 of Figure 2 we see that de-

protonation of the m3OH group at site A is energetically not fa-
vored, as it is 30 kJ mol@1 less stable than configuration 4. This

transition 4 ! 5 needs breaking of two chemical bonds and is
probably highly activated. We have not estimated this barrier
but we never encountered the occurrence of configuration 5
during the NVT simulations. Another striking feature is the
breaking of the symmetry in the structures formed at the two
active sites. At one of the two sites, a methanol molecule acts

as bridge to allow a proton shuttle between the terminating
water and hydroxide, creating a dynamic Brønsted acidity

center. These simulations shed light on a series of dynamic
processes that cannot be observed with static calculations.
Herein, we see that methanol molecules actively take part in

the active sites via dynamic hydrogen bonds, and change the
behavior of the Brønsted sites at the defect level, by exchang-

ing protons with the water molecules. In general, the multile-
vel modeling approach allows to go one step beyond the

static representation of the active sites by adding a realistic

loading of solvent, making it possible to model the system at
operating conditions.

2.4. Proton Mobility in Liquid Methanol Confined in the
Pores of UiO-66

So far, we have seen how protons are dynamically shuttled by

methanol from one Zr-bound water to the other. It is however
also interesting to investigate the transport mechanism of

charged defects in a protic environment. Transport dynamics
of charged defects in hydrogen-bonded liquids have their im-

portance in numerous biological and technological systems

[Ref[32b] and refs therein]. A substantial amount of theoretical
and computational studies has addressed this topic. They all

support the structural diffusion or Grotthuss mechanism in
which a charge defect migrates through a hydrogen bond net-

work via a series of proton transfer steps. All this work was re-
stricted to liquids in bulk. The present simulations allow to ex-

tract information about the way a proton or charge can move

through a confined liquid, by removing a proton artificially
from the active site and inserting it elsewhere in the pore, as

displayed in Figure 6. This way, one creates a positively and a
negatively charged site in the pore of the unit cell and can in-

vestigate how the system responds to this charged defect in
the pore of the material.

In a methanol solvent, a particular charge transfer mecha-
nism was detected, which involve a series of subsequent hy-
drogen bonds, as displayed in Figure 6. In this context, it is in-

teresting to see whether methanol in the pores of a nanopo-
rous material shows similarities with the earlier observations. A

proton shuttle generates a transfer of charge. The proton
transfer occurs through a hydrogen bonded network and im-

plies a shuffle of a hydrogen between two neighboring oxy-
gens. In a methanol chain or ring each non-terminating
oxygen atom can play a role as hydrogen acceptor and donor,

via hydrogen bonds. The positive charge is transferred from
the acceptor to the donor since CH3OH2

+ owns a coordination

pattern which is similar to that of CH3OH. If we assume a
proton transfer from A to B over a chain of methanol mole-

cules tight together with hydrogen bonds, a charge displace-
ment is generated yielding a change in the electrical potential
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between A and B. The main pore in the reduced UiO-66 unit

cell shows two opposite sites A and B filled with methanol
liquid in between. Starting from a neutral system with no

charged species we may assume that the two active sites A
and B have the same electrical potential, and thus no proton

transfer is indeed observed between these sites even when
some network of methanol molecules appears in the simula-

tion connecting the two sites. This was indeed observed in the

previous section.
To study the effect of charge mobility in the UiO-66 material,

three NVT simulations were performed, where in each of the
simulations, a hydrogen atom was removed from site A and

donated to one of the methanol molecules outside the first
solvation sphere, as schematically shown in Figure 6. This cre-

ates a charge separation in the system. If the proton is allowed

to move without restraints, the system will eventually seek to
stabilize the charge. In two of the simulations, the protonated

methanol is stabilized by the surrounding solvent molecules.
In the third simulation, a chain of hydrogen bonds acts as a
backbone for a cascade of exchange of protons, which leads
to the donation of a proton from the solvent to the active site
B. Snapshots of this path are displayed in Figure 6. Site A,

therefore, remains deprotonated, while there is an extra
proton on site B. This configuration is retained for the whole
time of the simulation, and is apparently stabilized by the pres-
ence of solvent molecules. Static periodic calculations in the
absence of any solvent molecules show a difference in free
energy of 89.6 kJ mol@1 in favor of the structure with neutral

sites (structure 3 of Figure 2) with respect to the structure

where one proton is moved from site A to site B (Supporting
Information, Figure S5). The observation that these protonat-

ed/deprotonated sites are maintained in the molecular dynam-
ics simulations is an indication that solvent molecules have a

decisive role in the stabilization of these charged configura-
tions. Moreover, the active sites undergo also changes in the

geometry. On site B, in particular, the orientation of the two Zr

bonded water molecules are slightly altered by the presence
of an extra proton. The distance between the oxygens and the

Zr atoms increases, and they become more loosely bonded.
Moreover, the distance between the two oxygens themselves

is larger, and has large fluctuations (up to 2 a). This could be
related to a higher tendency of water to leave the active site,

and such a process could be the initiator of the substitution

process of a water molecule with a methanol molecule, or
with a generic reactant present in solution. The methanol sub-

stitution process in UiO-66 has been investigated by Yang
et al.[8] showing that at room temperature the interexchange

of one water molecule by one methanol molecule is not ther-
modynamically favorable. Proton mobility has also been stud-
ied in liquid methanol by inducing an excess proton as a

defect structure.[32b] It is found that the defect structure associ-
ated with the excess proton is a hydrogen-bonded cationic
chain whose length may exceed the average chain length in
pure liquid methanol. This agrees perfectly with what we ob-

served in the path discussed in Figure 6 where the excess
proton as defect structure migrates/diffuses through the hy-

drogen-bonded network. The proton transfer satisfies a “snake-

like” mechanism, as suggested by Morrone et al.[32b]

3. Conclusions

In this work, we investigated static and dynamic properties of
the active sites on the hydrated UiO-66 in the presence of a re-

alistic loading of methanol solvent. The behavior of a liquid in

a confined space is substantially different from the one in bulk.
The methanol molecules of the solvent mediate and aid

proton transfers and are kept in stable configurations near the
active sites by a network of hydrogen bonds. Moreover, the

solvent has the capability of transferring protons to the active
sites. The presence of a solvent like methanol assists in the

Figure 6. Three snapshots of the molecular dynamics simulation which starts from a deprotonated site A and a protonated methanol molecule, with corre-
sponding schematic representation of the process (above). 1) starting structure with protonated solvent; 2) a snake-like chain of hydrogen bonds is formed
which leads a proton to site B; 3) site B is protonated, while site A is missing a proton.
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proton mobility, which is observed in the case of a deprotona-
tion of the active site. When an excess proton is introduced in

the solution, it can be transferred to the active site via the
methanol molecules. In this case, we show that the solvent

can stabilize a charge on the active site, with dynamic interac-
tions that are impossible to consider in static calculations. This

could also play a role in reactions where charged intermediates
are present and can be stabilized by the solvent. The interac-

tion with the solvent sheds light on the relative stability of

both Brønsted acid and base sites of the material. The m3-hy-
droxo group is involved in the solvent network, but does not
exchange protons during the simulation time, which indicates
that protons from water and hydroxyl group are preferential
donors and show higher acidity. This remarkable behavior of
the protons on these sites may have a substantial impact on

many heterogeneous catalytic reactions which take place in

protic solvents, such as Fischer esterification or hydrogenation
reactions and could also affect the rearrangement of the

framework itself, such as in the linker exchange process. A sol-
vent can activate or deactivate the reaction, can serve as a

substrate, influence the formation of different isomers, affect
reaction mechanism and even influence the rate and selectivity

due to its interactions with the starting materials or products.

Hydrogen bonds between solvents and substrates can strongly
influence the reaction, revealing the important role of solvent-

stabilized catalytic intermediates, thus going far beyond the
solvation alone. In general, this multilevel modeling approach

brings insights on the interactions of the solvent in the con-
fined pores of the material and how the active sites are modu-

lated via these dynamic interactions.
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Metal–organic and covalent organic frameworks as single–site
catalysts
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Metal–organic and covalent organic frameworks
as single-site catalysts

S. M. J. Rogge, a A. Bavykina,b J. Hajek,a H. Garcia, c A. I. Olivos-Suarez,b

A. Sepúlveda-Escribano,d A. Vimont,e G. Clet,e P. Bazin,e F. Kapteijn, b M. Daturi,*e

E. V. Ramos-Fernandez,*d F. X. Llabrés i Xamena, *c V. Van Speybroeck*a and
J. Gascon *b

Heterogeneous single-site catalysts consist of isolated, well-defined, active sites that are spatially

separated in a given solid and, ideally, structurally identical. In this review, the potential of metal–organic

frameworks (MOFs) and covalent organic frameworks (COFs) as platforms for the development of

heterogeneous single-site catalysts is reviewed thoroughly. In the first part of this article, synthetic

strategies and progress in the implementation of such sites in these two classes of materials are

discussed. Because these solids are excellent playgrounds to allow a better understanding of catalytic

functions, we highlight the most important recent advances in the modelling and spectroscopic

characterization of single-site catalysts based on these materials. Finally, we discuss the potential of MOFs

as materials in which several single-site catalytic functions can be combined within one framework along

with their potential as powerful enzyme-mimicking materials. The review is wrapped up with our personal

vision on future research directions.

A. Introduction

In its classical definition, a catalyst is a substance that
increases the rate of a reaction without being consumed con-
siderably. The active site in the catalyst and its interaction with
reactant(s), transition state(s), and product(s) define whether
the desired reaction will proceed with a higher rate and
selectivity at relatively mild conditions compared to the non-
catalysed reaction. It is not surprising that the design of such
active sites is one of the main targets of catalyst engineering.
However, the nature of the active site is not always clear. In the
case of homogeneous catalysts and enzymes, they can be easily
identified, as discussed in 2005 by Thomas et al.:1 ‘‘it is easy to
comprehend what is meant by the structurally well-defined active site
of a metalloenzyme (or any other enzyme) and also by the active site of

members of the entire family of homogeneous (i.e. molecular) catalysts
in which discrete molecular entities (encompassing the active site) are
dispersed in a fluid phase, usually water. No intellectual or practical
problems are encountered when these catalysts are referred to as
being of the ‘‘single-site’’ variety’’. However, as comprehensively
emphasised in Thomas’ review,1 the description of active sites
in the case of heterogeneous catalysts may become more
controversial. A typical example is a metal nanoparticle, where
the active sites – the metal atoms – may be located at the steps,
kinks, terraces, etc., each one of these sites bearing different
properties.2–5 In this sense, one could easily argue that homo-
geneous catalysis is a much more powerful approach towards
the design of better catalytic systems given the rather high level
of predictability, design, and engineering of these systems,
especially when compared to heterogeneous catalysts. Yet,
issues related not only to the obvious challenge of recyclability
but also to deactivation and the use of low concentrations of
homogeneous catalysts have placed heterogeneous catalysts at
the forefront of chemical industry.

The problems presented by both homogeneous and hetero-
geneous catalysts have triggered intense research over the last
few decades in the quest for alternative systems that, ideally,
would bridge the gap between these two subdisciplines of
catalysis by implementing truly single catalytic sites at the
surface of a solid catalyst. The challenge at hand is certainly
not trivial: progress in this direction requires the discovery of
new materials able to offer sufficient design possibilities as to
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allow for an exquisite control in the implementation of catalytic
functions. This review focuses on, and stresses the advantages
of, two relatively new classes of materials that have the potential
to become the ideal homo–hetero bridge: metal–organic frame-
works (MOFs) and covalent and porous organic frameworks.

MOFs, or more widely speaking, coordination polymers,
are known from the late 1950s and early 1960s.6–11 The field
of MOFs has been especially relevant after the seminal works
by Robson and co-workers12,13 Kitagawa et al.,14,15 Yaghi and
co-workers,16 Lee and Moore,17 and Férey and co-worker.18 MOFs
are crystalline compounds consisting of infinite lattices comprised
of inorganic secondary building units (SBUs, metal ions or
clusters) and organic linkers, connected by coordination bonds of
moderate strength. Distinct from traditional inorganic materials,
MOFs can be synthesised from well-defined molecular building
blocks and may therefore be understood as molecules arranged
in a crystalline lattice.19

Porous organic frameworks (POFs) are another class of
porous materials that, in contrast to MOFs, are constructed
solely from organic building blocks.20–22 POFs can be classified
into two groups depending on the crystallinity of the final solid.
Covalent organic frameworks (COFs) are normally synthesised
relying on reversible covalent bonds, resulting in highly crystalline
materials with mild to low stability. In contrast, amorphous porous
organic polymers (POPs) are constructed through irreversible
covalent bonds (e.g., C–C bonds). As a result, interpenetrated
and non-crystalline structures are normally formed, which
however display excellent stability. In both cases, these materials
possess high surface area, tuneable pore size, and adjustable
skeletons, which brings promise to a wide range of applications.
In addition, POFs can be locally decorated with molecular
catalysts that may acquire activities and selectivities comparable
to their homogeneous analogues. In clear analogy to MOFs,
the vast majority of POFs is synthesised in a modular fashion,

making straightforward incorporation of functional groups
easy and, therefore, opening a promising playground for using
POFs as catalysts.

As discussed above, heterogeneous single-site catalysts are
isolated, well-defined, active sites which are spatially separated
in a given solid and, ideally, structurally identical. Conceptually
different approaches have been applied to create catalytically
active MOFs and POFs and this review is based on a classifica-
tion into three types of active sites, which are schematically
shown in Fig. 1. Within type I catalysts, active sites are created
by using the structurally embedded metal nodes, which are
geometrically undercoordinated – this is clearly only possible in
the case of MOFs. These sites are commonly referred to as open
metal sites (OMSs). Various strategies may be used to obtain a
given degree of undercoordination, which will be further dis-
cussed in detail in this review. Within type II catalysts, a metal
atom embedded in a porphyrin-base ligand acts as active site.
Within type III catalysts, organic linkers are decorated with
covalently anchored functional groups that introduce an active
function onto the framework. Apart from the categories intro-
duced here, active heterogeneous catalysts can also be fabricated
by embedding nanosized metal clusters within the pores of the
MOF or POF. We do not explicitly discuss this type of sites, since
other dedicated reviews have already explored this topic.23,24

Also materials for which catalysis only occurs on the surface of
the material or at grain boundaries are hardly touched upon
in this review.25,26

In this article, we present a thorough review on the recent
advances in the implementation of single catalytic sites on MOFs
and POFs. We first discuss synthetic strategies and progress in
the implementation of such sites in Sections B and C for MOFs
and POFs, respectively. Because these materials are excellent
playgrounds to allow for a better understanding of catalytic
functions, we review the most important recent advances in the

Fig. 1 Classification of the different positions in porous framework materials where single-site catalytic reactions can take place. The inorganic nodes
are indicated with yellow cubes, whereas the structure-defining ligands are indicated in blue. Possible terminating ligands at the inorganic nodes are not
indicated, as they do not contribute to the topology of the material.
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modelling of single-site catalysts based on these materials in
Section D and their spectroscopic characterization in Section E.
In Sections F and G, we go one step forward and discuss the
potential of MOFs for the combination of several single-site
catalytic functions within one framework along with their
potential as powerful enzyme-mimicking materials. The review
is wrapped up with our personal vision on future research
directions. We would like to stress that the literature reviewed
here does not cover all catalytic applications of MOFs and POFs.
This is mostly because we do believe that the easy implementa-
tion of single-site catalytic functions makes both MOFs and
POFs unique materials with a large potential for catalysis. For a
wider overview on the topic of catalysis by MOFs and POFs, we
recommend several recent reviews on the topic.27–32

B. Opportunities for heterogeneous
single-site catalysis in MOFs
B.1. Open metal sites

Open metal sites (OMSs, also referred to as exposed metal centres,
unsaturated metal sites, or coordinatively unsaturated metal sites) in
MOFs were first exploited for catalysis by Chen et al.33 The authors
synthesised a MOF in which copper paddlewheels are linked
through 1,3,5,7-adamantanetetracarboxylate. Extraction of coordi-
nating guest molecules led to undercoordinated copper sites that
can be utilised as Lewis acid sites. After Chen’s work, many new
structures with open metal sites were prepared, the most famous
ones being HKUST-1,34 MIL-100(Cr,Fe),5,35–40 MIL-101(Cr,Fe) (see
Fig. 2),41–46 UiO-66,47–53 and CPO-27(Co,Fe,Mg,Ni),54–58 all named
after the institutes who first synthesised these materials (HKUST =
Hong Kong University of Science and Technology, MIL = Matériaux
de l’Institut Lavoisier, UiO = Universitetet i Oslo, and CPO =
Coordination Polymer of Oslo).

OMSs have been shown to display a certain reactivity and to
behave as truly single sites with application not only in catalytic
processes but also in other fields like gas adsorption. For example,
Yildirim and co-workers demonstrated the importance of OMSs
for hydrogen storage,59 while others showed that OMSs may
play an important role in the separation of hydrocarbons.60–64

As shown over the last decade, OMSs in MOFs have been
used as mild Lewis acids and in the oxidation of organic
substrates. The group of Kaskel used HKUST-1 for the liquid
phase cyanosilylation of benzaldehyde.65 Almost by the same
time, Snejko and co-workers prepared a series of indium-based
MOFs of medium stability, containing OMSs which were active
in the acetalisation of aldehydes.66 They prepared four different
2D and 3D compounds. One of them did not contain OMSs,
and its catalytic activity was one order of magnitude lower than
that of the catalysts with OMSs. It was the first time that MOFs
having the same chemical nature – i.e. the same metal and type
of linker – could be prepared with and without OMSs, and
formed a very elegant way to demonstrate the intrinsic catalytic
activity of OMSs. Later, De Rosa et al. used HKUST-1 for the
oxidation of wastewater pollutants, again making use of the OMSs
in this structure.67 Llabrés i Xamena et al. used a palladium-
based MOF for alcohol oxidation, Suzuki C–C coupling and
olefin hydrogenation.68 They found for the first time shape/size
selectivities in alkene hydrogenation using MOFs as catalysts.
Thus, bulky molecules could not be hydrogenated because they
were too large to enter the pores and reach the active sites. Some
years later, Klemm and co-workers, performing long-term experi-
ments using the same catalysts for the same reaction, found that
the shape selectivity was lost at some point during the reaction
due to the amorphisation of the MOF under reaction conditions.69

With the discovery of more stable MOFs such as the MIL-100
and MIL-101 solids, their application in catalysis became more
feasible.5,35–38,70 These materials display exceptional stability
and large pores, which are desired features for catalytic
applications.4,5,71–73 Férey and co-workers published the first
example of catalysis with the MIL-100 and MIL-101 families.71

In this case, they focused on the chromium-based material
MIL-101(Cr) and its application in the catalytic oxidation of
sulphides using hydrogen peroxide. Following this work, many
other publications using these families of materials appeared
in the field of hydrocarbon oxidation74,75 and Lewis acid
catalysed reactions.76,77

Regarding oxidation reactions, it is important to remark that
when only MOFs were used as catalysts and neither co-catalysts
nor promoters were added, molecular oxygen could not be used
as oxidant. Indeed, most OMSs are not able to activate dioxygen
under mild reaction conditions.75,78,79 Very recently, however,
Llabrés i Xamena and co-workers showed that MIL-100(Fe) treated
under the appropriate conditions before reaction generates a
redox pair, Fe3+/Fe2+, that assists with the generation of peroxides
directly from oxygen.5,80 For more information about MOFs used
in oxidation reactions, we refer the reader to the recent review
by Dhakshinamoorthy et al. and to the extensive characterisa-
tion on the MIL-100 and MIL-101 families performed by Daturi
and co-workers.72,81–86

As can be expected, the metal node on which the catalysis
takes place has a clear influence on the Lewis acidity of the
corresponding MOF. As reported by Mitchell et al., MIL-100(Sc)
outperformed the catalytic behaviour of OMSs-containing
MIL-100(Cr), MIL-100(Fe), HKUST-1, and CPO-27(Ni) in several
Lewis-catalysed reactions such as Friedel–Crafts and MichaelFig. 2 Generation of OMSs in the inorganic clusters of MIL-101(Cr).
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addition reactions.87 In spite of lacking coordination vacancies in
their ideal crystalline structure, dehydration of the [Zr6O4(OH)4]12+

SBUs to [Zr6O6]12+ creates m3 vacancies that, together with the
occurrence of crystalline defects associated to linker deficiencies,
introduce highly desired Lewis acid properties.

The second breakthrough in the use of MOFs with OMSs was
the discovery that UiO-66(Zr), depicted in Fig. 3, may contain a
high density of OMSs depending on the synthetic procedures,
while retaining its stability.48,89,90 Vermoortele et al. firstly used
UiO-66 for the synthesis of jasminaldehyde through the con-
densation of heptanal and benzaldehyde, and the conversion
was found to be directly related to the activation procedure.91

The authors observed a clear correlation between the degree of
dehydration and the attained conversion levels. Following this
work, the same authors reported a positive effect of the electron-
withdrawing groups in the organic linker on the catalytic activity of
the metal nodes during the cyclisation of citronellal.92 The reaction
was strongly enhanced by incorporating electron-withdrawing
groups (F,Cl,Br) in the linkers. A similar finding was published
by Timofeeva et al. for the acetylisation of benzaldehyde.93

Cirujano et al. used UiO-66(Zr) and its amino-functionalised
version as catalysts for biomass related esterification reactions,94

observing the activity of the amino-functionalised material to be
higher than that of the nonfunctionalised UiO-66(Zr). They
ascribed this unexpected behaviour to the role of the amino
group in the activation of the alcohol, inferring a bifunctional
acid–base mechanism to explain the improvement in the reaction
rate. This reactivity trend was also found in CO2 cycloaddition
and cross aldol condensation.91,95 The same authors reported
that a direct correlation exists between the amount of missing
linker defects and the catalytic activity of UiO-66 materials for

the acid-catalysed esterification of levulinic acid with various
alcohols, thus evidencing the importance of such type of defects
in creating suitable OMSs to catalyse this reaction (vide infra).94

The UiO-66 structure was also synthesised with cerium
as the metal species. Ebrahim et al. discovered in 2013 that
UiO-66(Zr) could be doped with Ce(III) atoms following a one-
pot synthesis approach.96 The prepared materials were used for
NO2 adsorption and they demonstrated the importance of the
presence of Ce(III) in the structure. A few years later, Nouar et al.
prepared cerium-doped UiO-66(Zr) by post-synthetic metal exchange
and Lammert et al. were able to prepare pure UiO-66(Ce).97,98

A thorough X-ray absorption near edge structure (XANES)
analysis demonstrated a IV oxidation state of cerium in this
MOF. When used in the aerobic oxidation of benzyl alcohol, the
MOF was only active in the presence of a co-catalyst (TEMPO,
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl). The authors reported a
large influence of the activation conditions on the catalytic
performance, meaning that OMSs play an important role in this
process. Recently, Janiak and co-workers have reported the use
of UiO-66(Ce) for epoxidation reactions. Their results are in line
with those discussed above. The MOF could not activate oxygen
and, consequently, the oxidation did not take place, so tert-
butylhydroperoxide (TBHP) was added as oxidant.99

B.2. Metal nodes as anchoring sites of single-site catalysts

OMSs are electron-deficient centres, so they are prompt to
interact with electron-rich substituents. In this way, Férey and
co-workers used a grafting technique to functionalise MOFs
with additional active species. The OMSs of MIL-101(Cr) were
functionalised with ethylene diamine, on which palladium
nanoparticles were immobilised to be applied in coupling
reactions.4 Mondloch et al. used NU-1000 (NU = Northwestern
University), which consists of Zr6 or Hf6 nodes [M6(m3-O)4-
(m3-OH)4(OH)4(H2O)4, M = Zr, Hf] and the tetracarboxylate linker
1,3,6,8-tetrakis(p-benzoate)pyrene (H4TBAPy), bearing –OH and
–OH2 groups prone to immobilise active species.100 The authors
immobilised an electrophilic organozirconium catalyst for the
polymerisation of ethylene and 1-hexene. For these reactions, an
acid co-catalyst or initiator is normally needed; however, the use
of NU-1000(Hf) could obviate their presence. Density functional
theory calculations showed that the active zirconium sites
were highly polarised due to the interaction with the hafnium
inorganic node (vide infra), resulting in very electrophilic zirconium
sites able to coordinate, initiate, and propagate the polymerisation
reaction.

Dincă and co-workers prepared a number of MFU exchanged
MOFs with outstanding activity for the oligomerisation of ethylene
by post-synthetic cation exchange.101 However, the use of an
initiator was required in this case. Another excellent example of
truly single-site catalysts making use of post-synthetic cation
exchange by the group of Dincă is the immobilisation of Fe2+

in MOF-5(Zn) and its application in the disproportionation
of nitric oxide.102

Manna et al. prepared UiO-68(Zr) and used the m3-OH groups
to attach a molecular catalyst.103 Firstly, they deprotonated the
–OH groups using nBuLi, followed by reaction with CoCl2 or

Fig. 3 Structural description of UiO-66. (a) Metal cluster, (b) fcu topology,
(c) simplified representation of the same topology. Reproduced from
ref. 88 with permission from the Nature Publishing Group, copyright 2014.
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FeBr2�2THF (THF = tetrahydrofurane). The prepared catalysts
were used in benzylic C–H silylation and benzylic C–H boryla-
tion. The authors used the extended X-ray absorption fine
structure (EXAFS) technique to check the low coordination
number of the cobalt complex immobilised in the MOF, and
proved that it was isolated. The same group used a similar
methodology to generate a single-site catalyst based on the UiO-66
topology and a magnesium alkyl complex, see Fig. 4.103 The resulting
material showed high activity in the hydroboration of carbonyls
and imines, the hydroamination of aminopentenes, and ketone
hydroboration. They found that the low coordination of the
immobilised metal generated extremely electrophilic centres
that can activate molecules without the need of a co-catalyst.

A similar approach was followed by these authors to prepare
cerium hydride single sites in MOF-808(Ce). The hydroxyl groups of
the metal nodes were made to react with different organic reagents
until they could prepare Ce(III) hydride, the presence of Ce(III) atoms
being revealed by EXAFS. This material was used in several
reactions. For example, they found a unique 1,4-regioselectivity
for the hydroboration of pyridine, and traced back its origin to
steric effects favoured by the MOF structure.104

One last powerful approach to anchor single sites to the
metal nodes of different MOFs has been recently reported by
the group of Farha and relies on the well-known atomic layer
deposition (ALD) technique. Especially interesting is the genera-
tion of single nickel sites that were later used in the hydrogena-
tion of ethylene. This catalyst behaved very similarly to nickel
nanoparticles in terms of activation procedure and deactivation.
However, the turnover frequency (TOF, expressed per atom of
nickel present in the catalyst) was one order of magnitude higher
than that found for nickel supported on ZrO2.100,103

B.3. Catalysis on lattice defects

An infinite periodic repetition of identical groups of atoms in space
does not exist, since real crystals are usually far from perfection. In
the case of MOFs, these defects can be classified as (i) local defects
(vacancies of either linkers or metal nodes), (ii) line defects
(dislocations), (iii) planar defects (grain boundaries) and (iv) voids
(empty spaces in the crystal). Along this line, Sholl et al. suggested

a simpler classification by distinguishing point defects from
extended defects.105 The first one is associated with simple vacancies
in the crystal, while the second one defines two-dimensional
imperfections all along the crystal. Recently, Fang et al. proposed
another classification based on the origin of the defect: (i) inherent
defects and (ii) engineered defects.106 The difference is that in the
first case the presence of the defect cannot be avoided or controlled
and is generated during the synthesis, while in the second case the
defects are generated on purpose. Independent of the nature and
location of these defects, they all can act as single catalytic sites.

B.3.1. Surface defects. Surface defects appear at the termi-
nation points of a crystal. One of the first examples of catalysis
at these defects in a MOF was published in 2010 by Chizallet
et al.25 These authors demonstrated that ZIF-8 (ZIF = zeolitic
imidazolate framework) was active in the base-catalysed trans-
esterification of fatty acids with alcohols, even when large
molecules were involved. Such catalytic activity was explained
based on a large number of surface-terminated imidazole
groups. The catalytic activity correlated well with particle size,
as demonstrated later by Schneider and co-workers.107

Another interesting approach to generate or modify the type
of defects at the crystal surface is the one published by Chen
et al.108 They prepared ZIF-8 with different morphologies,
rhombic dodecahedra and nanocubes, and applied these materials
in a Knoevenagel condensation. Nanocube-shaped ZIF-8 crystals
surpassed the catalytic behaviour of rhombic dodecahedral
particles. The authors ascribed these results to a higher density
of Zn2+ on the faces of the crystal.

Wee et al. reported a protocol to produce hierarchical porosity
in ZIF-8 crystals.109 In that way, more ‘‘external’’ surface of the ZIF-8
would be exposed to the reactants and the ZIF-8 material could be
more efficiently utilised. Ramos-Fernandez et al. described the
immobilisation of MIL-101(Cr) in cordierite monoliths, and the
MOFs monoliths were used in selective oxidation.43 Aguado et al.
reported the immobilisation of SIM-1, a substituted imidazolate-
based MOF, on alumina beads and its application in a ketone
transfer hydrogenation.110

B.3.2. Bulk defects. Defect engineering, as defined by the
groups of Fischer and Farrusseng,106,111 is a powerful approach

Fig. 4 Representation of a magnesium alkyl complex immobilised on the inorganic cluster of a UiO-66-based MOF. Reproduced from ref. 103 with
permission from the American Chemical Society, copyright 2016.
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to maximise the amount of defects within a given MOF crystal.
This can be done either directly during the synthesis of the
material or by following different post-synthetic approaches.

Defects created during the synthesis. A simple way to generate
defects was proposed by Ravon et al. in 2008.112 This method
involves the use of a synthetic approach that allows the MOF
precursors to react very fast. This rapid nucleation induces a
number of defects in the lattice, such as missing linkers,
leading to a high concentration of unsaturated metal centres
with acid properties, similar to OMSs. Llabrés i Xamena et al.
used the same concept to prepare IRMOF-3 (IRMOF = isoreticular
MOF) with improved activity in Knoevenagel condensations,
originating in part from the inclusion of small ZnO impurities
during the synthesis of the MOF which contributed to the
observed catalytic activity.113 A second approach followed by
Ravon et al. was the addition of monodentate linkers (‘‘dummy
linkers’’) to the synthesis of MOFs made from polydentate
linkers, producing local defects (‘‘truncated missing linkers’’) at
the metal clusters.112

Vermoortele et al. used the same approach to obtain defected
UiO-66(Zr) by using trifluoroacetic acid (TFA) to modulate the
synthesis.114 The addition of TFA produced a large number of
defects, since part of the terephthalic acid linkers were replaced
by the monodentate modulator. After thermal activation, the
modulator was removed and defects were generated. They finally
used the defected UiO-66(Zr) for catalysing the Meerwein reduction
of 4-tert-butylcyclohexanone with isopropanol and the citronellal
cyclisation. They found that the catalytic activity increased when
TFA was removed, since extra Lewis acid sites were formed. In
both reactions, they found that TFA addition strongly benefits
the catalytic activity. While regular UiO-66 reaches a conversion
of 34% after 10 h, the defected UiO-66 converted almost 75% of
citronellal after the same time. Even more pronounced was the
effect of TFA addition when the defected UiO-66 was used in the
Meerwin reduction. While the undefected MOF only reached a
5% conversion after 24 hours of reaction, the UiO-66 modified
with TFA reached a 93% conversion.

Kozachuk et al. further improved the strategy of Farrusseng,
and, instead of using a ‘‘dummy linker’’ having one linking
carboxylate moiety less than the proper linker, they used a
linker in which one of the carboxylic groups was replaced by
another coordination site (e.g. a pyridine group instead of a
carboxylic one).115 This produced a change in the coordination
number of the metal cluster, hence creating a defect that modified
its activity. Marx et al. used this approach to produce defected
HKUST-1 where some of the trimesic acid linkers were substituted
by 2,5-pyridinedicarboxylate (PyDC).116 This substitution produced
a decrease in the coordination number of the copper atoms in the
clusters, which generated a redox Cu2+/Cu+ pair in the paddlewheel
nodes. When this material was used in the oxidation of toluene, a
conversion of 3% could be reached, while regular HKUST-1 only
reached a conversion of 0.3%. Even though the achieved activities
were not overwhelming, this approach to introduce redox
functionalities in a MOF is noteworthy. The ruthenium version
of the same MOF was prepared with a similar methodology.115

A very similar behaviour was obtained: when trimesic acid
linkers were substituted by PyDC linkers, the coordination
number of the ruthenium atoms was also decreased, producing
a Ru+/Ru pair, which is well-known as an efficient catalyst in
hydrogenation reactions.

Post-synthetic defect generation. Post-synthetic defect genera-
tion involves the introduction of defect sites after the construc-
tion of the MOF. One of the first examples of this approach was
reported by Rosseinsky and co-workers.117 They prepared amino-
acids open frameworks based on L-aspartate, 4,40-dipyridyl, and
nickel clusters. After the synthesis, they treated the material
with HCl solutions to protonate the structure. Once the MOF
was protonated, it was used as a catalyst in the methanolysis
of cis-2,3-epoxybutane showing activity and an enantiomeric
excess (ee) of 10.

Vermoortele et al. developed a post-synthetic route to damage
MOFs in a controlled way, generating both Lewis and Brønsted
acid sites.76 MIL-100(Fe) is well known for its high number of
OMSs and its activity in Lewis acid catalysed reactions as well as
oxidation reactions. In order to generate Brønsted acid sites,
these authors treated MIL-100(Fe) with TFA and perchloric acid.
They found that this treatment produced a modification of the
iron oxo-cluster. A new coordination site was opened in the iron
octahedron, and a carboxylic group was also liberated, resulting
in MOFs with two isolated single sites in close proximity. The
resulting material was used in the isomerisation of a-pinene oxide
and the cyclisation of citronellal. A clear correlation was observed
between the number of defects and the catalytic activity. Finally,
the catalyst was also used in Diels–Alder reactions between
different dienophiles and 1,3-cyclohexadiene.

C. Single-site catalysis in covalent
organic frameworks and porous
organic polymers
C.1. Nomenclature

As discussed above, the term porous organic framework (POF)
involves a number of porous solids based only on organic
constituents, encompassing covalent organic frameworks (COFs)
and porous organic polymers (POPs). POFs possess high surface
areas, tuneable pore sizes, and adjustable skeletons that offer
unprecedented possibilities for the design of single-site catalysts.
If the organic constituents are aromatic, the term porous aromatic
framework (PAF) is adopted.

COFs were pioneered by the group of Yaghi and are highly
crystalline solids, originally synthesised via the reversible for-
mation of boroxine rings. The simplest example of this class of
materials is COF-1, obtained by the self-condensation of benzene-
1,4-diboronic acid.118 It has a Brunauer–Emmett–Teller (BET)
surface area of 711 m2 g�1 and an average pore size of 0.7 nm.
COFs can also be constructed via the co-condensation of two or
more building blocks. This allows constructing COFs with
different properties and functions. However, the application
of the aforementioned COFs is often limited since these COFs
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based on boroxine rings are not stable in water.119 It has to be
noted that the term COF is currently being used not only for
materials containing boroxine rings, but also to describe every
crystalline porous organic framework irrespective of its building
units. For instance, the vast majority of imine-linked polymers,
prepared by the co-condensation of aromatic aldehydes with
amines, are amorphous networks. However, by varying the synthetic
conditions, the crystalline form of the material can be obtained.
Along this line, the group of Yaghi reported the synthesis
of COF-300, a crystalline imine-linked polymer prepared by
the co-condensation of the tetrahedral building block tetra-(4-
anilyl)methane with the linear terephthaldehyde linking unit.120

The group of Dichtel further explored the crystallisation of amor-
phous imine-linked polymer networks to generate 2D COFs.121 It
was shown that COF formation occurs through the initial rapid
precipitation of an amorphous imine-linked network with a low
surface area that crystallises into a COF over days under conditions
facilitating imine exchange. Hence, reversible condensation
reactions are essential in COF synthesis.

From the catalytic point of view, covalent triazine frame-
works (CTFs) are more interesting materials. CTFs are porous
aromatic frameworks made upon the trimerisation of aromatic
nitriles. The first reported triazine framework, CTF-1 (Fig. 5),
was prepared from 1,4-dicyanobenzene, and the structure is
isoelectronic to COF-1. However, CTF-1 outperforms COF-1 in
terms of both thermal and chemical stability.122 CTFs are
normally prepared using an excess of molten ZnCl2 as
both solvent and catalyst for the polymerisation. However,
Ren et al. reported an alternative synthetic procedure using triflic
acid as a catalyst during room-temperature and microwave-
assisted synthesis.123

Networks containing triazine rings can be synthesised by
other methods as well. For instance, the group of Müllen
reported on the synthesis of porous polymers through Schiff
base chemistry by the condensation of melamine with different
di- and trialdehydes.124 Another example was reported by

Grate et al. and consists of the conversion of cyanuric chloride
to side-chain functionalised polymers.125

Another interesting class of POFs are the so-called hypercross-
linked polymers (HCPs). This is a large class of polymers firstly
introduced by Davankov in 1969.126 HCPs are typically synthesised
from linear or low cross-linked polyarylates or polysulphones using
a post-crosslinking agent via the Friedel–Crafts reaction.127,128

Conjugated microporous polymers (CMPs) are networks
built from multiple carbon–carbon bonds and aromatic rings
in a p-conjugated fashion. The conditions required for their
synthesis are milder than in the case of HCPs or CTFs, which
allows the inclusion of a wide range of functionalities. CMPs are
obtained via different types of carbon–carbon coupling reactions
such as Sonogashira coupling,129 Yamamoto coupling,130 Suzuki–
Miyaura coupling,131 or cobalt-132 or palladium-catalysed133 homo-
coupling of di- or tri-alkynes. In 2008, the group of Cooper reported
on the synthesis of several CMPs obtained via Sonogashira–Hagi-
hara coupling.133 In 1994, Wang et al. reported three-dimensional
organic networks with zeolitic properties by replacing carbon atoms
within the framework by silicon and tin.134 Later, Kaskel and co-
workers introduced the term elemental organic framework (EOF), a
type of CMPs containing Si, Sn, Sb, or Bi.135,136

A last class of POFs are the so-called polymers of intrinsic
microporosity (PIMs), pioneered by McKeown and Budd.137,138

PIMs are polymers possessing a rigid backbone that prohibits
any free rotation around itself and are made via non-reversible
condensations, which result in infective packing of the polymer.
Porosity in PIMs stems from bent monomers possessing a
so-called ‘‘site of contortion’’, usually a tetrahedral carbon atom.
In other words, PIMs do not require a network of covalent bonds
to exhibit microporosity; appropriate free volume is trapped
within the network due to their irregular, twisted backbones.139

C.2. Bottom-up POF-based catalysts

This pre-synthetic strategy is often preferred, since it allows
for the distribution of a high loading of functional groups

Fig. 5 Structure of CTF-1. Adapted from ref. 122.
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or catalytic sites in a very homogeneous manner over the
framework.

C.2.1. Bottom-up metal-containing POF-based catalysts. In
2010, the group of Jiang described the synthesis of CMPs using
an iron metalloporphyrin building block via Suzuki coupling.140

The obtained FeP-CMP catalyst was employed for the activation
of molecular oxygen under ambient conditions to convert
sulphide to sulphoxide. The catalysts showed activity with a
broad range of substrates showing a large turnover number
(TON of 97 320 for the oxidation of thioanisole after 40 h) and up
to 99% conversion. Three years later, the same group described
the synthesis of a CuP-SQ catalyst, a crystalline porous polymer
obtained via the condensation of squaric acid (SQ) and copper(II)
5,10,15,20-tetrakis(4-aminophenyl)porphyrin.141 The CuP-SQ COF
was tested as a photocatalyst in the oxygen evolution reaction. The
extended p-conjugation, due to the presence of squarine building
blocks, improved the light harvesting capacity and lowered the
band gap compared to the porphyrin monomer.

The group of Chang presented COF-366-Co and COF-367-Co
as catalysts for the electrochemical reduction of CO2 to CO in
water.142 The frameworks are built by imine-condensation
of 5,10,15,20-tetrakis(4-aminophenyl)porphinato cobalt and
1,4-benzenedicarboxaldehyde or 4,40-biphenyldicarbaldehyde.
The catalyst exhibited a high faradaic efficiency (90%) and turnover
numbers up to 290 000. Singh et al. described the synthesis and
application of another porphyrin-containing network prepared
via the condensation of 5,10,15,20-tetrakis(4-aminophenyl) iron
or manganese porphyrin with perylene-3,4,9,10-tetracarboxylic
dianhydride.143 These materials were employed in the selective
oxidation of alkanes and alkenes with tert-butyl hydroperoxide.

Jiang et al. prepared CMP-based catalysts where bipyridine and
phenylpyridine complexes of rhenium, rhodium, and iridium were
incorporated into a framework via Sonogashira–Hagihara cross-
coupling.144 Two different metal–organic conjugated microporous
polymers (MOP-CMPs) were synthesised from two different
preformed metal–organic monomers – bi- and tetra-functional
with respect to the Sonagashira–Hagihara reaction. Bonding
patterns in this case resemble those of MOFs, where the metal
atoms are integral nodes in the network structure.

Li et al. described the synthesis of metallosalen microporous
organic polymers (MsMOP-1) with palladium–salen building
blocks.145 The framework was employed as a catalyst (Pd
loading of 5.01%) in the Suzuki–Miyaura and Heck coupling
for a range of substrates; it showed high activity and good
recyclability: the model reaction using iodobenzene and phenyl-
boronic acid showed a yield of 99% and was repeated five times
without any significant loss of activity. Another example of using
a salen complex as a building block was reported by the group of
Deng.146,147 They prepared Co- and Al-coordinated CMPs capable
of capturing and converting CO2 to propylene carbonate at room
temperature and atmospheric pressure.146 When co-catalysed
with tetra-n-butylammonium bromide (TBAB), a quaternary
ammonium salt, Co-CMP and Al-CMP showed a superior catalytic
activity compared to the corresponding homogeneous catalyst –
with a homogeneous salen–Co-OAc TONs of 158 were obtained,
while Co- and Al-CMP showed TONs of 201 and 187, respectively.

The higher activity of the heterogeneous system was explained
by the enriched CO2 capture ability of Co(Al)-CMP and, there-
fore, the higher local concentration of CO2 within the polymer.
Co-CMP was recycled 22 times without a significant loss of
activity, while with Al-CMP the reaction yields dropped from
78.2% to 51.3% after only three times. Trace water in the
system may have formed inactive Al species due to the highly
hygroscopic nature of salen–Al.146 Later, they synthesised the
chromium implanted network Cr-CMP, which was used to capture
CO2 and consequently catalyse its cycloaddition to epoxides forming
cyclic carbonates.147 The catalyst showed a superior activity com-
pared to its homogeneous counterpart (TOFs of 224 h�1 for Cr-CMP
versus 167 h�1 for the homogeneous salen–Cr–Cl) and was
reused more than ten times without a significant loss in activity.

Wang et al. reported a series of porous organic polymers
prepared via Sonogashira chemistry from N-heterocyclic carbine
gold(I) and alkynes of different chain length.148 These frame-
works were tested in the alkyne hydration reaction for a range
of substrates.

The Kaskel group presented EOFs based on tin (EOF-3),
antimony (EOF-4), and bismuth (EOF-5) atoms as heterogeneous
catalysts for the cyanosilylation of benzaldehyde.149 All three
networks exhibited a good stability and catalytic activity. The
heterogeneity of the reaction was proven by filtration tests.
Wee et al. also used the Sn-EOF, this time as a catalyst for the
esterification of oleic acid with glycerol.150 It outperformed several
MOFs, which were also tested under the same conditions, in terms
of stability and catalytic performance, achieving 498% selectivity
towards monoglyceride and a conversion of 40%.

C.2.2. Bottom-up metal-free POF-based catalysts. Du et al.
described the synthesis of a microporous polymer containing a
covalently bonded Tröger’s base.151 The network was constructed via
the Sonogashira–Hagihara coupling reaction and has a BET surface
area of 750 m2 g�1. The material was tested as a catalyst for the
addition of diethylzinc to 4-chlorobenzaldehyde. The catalyst showed
a comparable activity to homogeneous Tröger’s-base derivatives
with no appreciable decrease in activity after three runs.

Using the same bottom-up approach, Thomas and co-workers
introduced chirality into a fully organic framework.152 A chiral
1,10-bi-2-naphthol scaffold (BINOL) was used as tecton in order
to introduce enantioselectivity into a desired catalyst (see Fig. 6).
BINOL was chosen because of its structure-directing function
and, on top of that, its corresponding phosphoric acid is
well-known as an important organocatalyst. The catalyst was
applied in the transfer hydrogenation of dihydro-2H-benzoxazine.
It showed an increased enantioselectivity in comparison to
the homogeneous reaction, from 34% to 56% ee. Recycling
of the catalyst showed no indication of leaching. In the
follow-up work, the same catalyst was tested for the asymmetric
hydrogenation of 3-phenyl-2H-1,4-benzoxaine, a set of 2-aryl
quinolones, and the asymmetric Friedel–Crafts alkylation of
pyrrole, showing a high activity and selectivity in all cases.154

The group of Theissmann also employed a BINOL building
block to build an organic network using a different approach,
where the precursor was copolymerised with styrene and
divinylbenzene.153
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Cho et al. described the preparation of a tube-shaped
microporous organic network bearing imidazolium salt (T-IM),
prepared through the Sonogashira coupling of tetrakis(4-ethyl-
phenyl)methane and a diiodoimidazolium salt.155 Rose et al. used a
similar imidazolium linker to prepare a cross-linked EOF by Suzuki–
Miyaura coupling.136 The carbon- and silica-based EOFs were tested
in the conjugate umpolung of a,b-unsaturated cinnamaldehyde
and trifluoroacetophenone. The catalysts showed similar results
compared to molecular species used as homogeneous catalysts.

Suresh et al. reported the synthesis of an amide-functionalised
microporous organic polymer (Am-MOP) constructed from tri-
mesic acid and p-phenylenediamine.156 The framework allowed
for a highly selective CO2 uptake over other gases, since its pore
surface is very polar. It also showed a catalytic activity in
the Knoevenagel condensation of aldehydes and methylene
compounds. The group of Zhao recently described the synthesis
of porous polymers bearing functional quaternary ammonium
salts by the copolymerisation of divinylbenzene and hydroxyl-
functionalised quaternary ammonium salts, displaying excellent
catalytic performance in the synthesis of cyclic carbonates from
epoxides and CO2.157

Wang et al. presented a robust chiral porous polymer (JH-CPP)
with embedded Jørgensen–Hayashi catalysts.158 JH-CPP was synthe-
sised by the Co2(CO)8-mediated trimerisation of tetrahedrally
structured building blocks and showed a high activity in catalysing
the asymmetric Michael addition of aldehydes to nitroalkenes,
achieving a good to excellent yield (67–99%), high enantioselectivity
(93–99% ee), and high diastereoselectivity (diastereomeric ratio
of 74 : 26 to 97 : 3). The catalyst was reused four times without
loss of selectivity.

A sulphonated crystalline network, TFP-DABA, was reported
by Peng et al.159 The framework was prepared via the Schiff base

condensation of 1,3,5-triformylphloroglucinol and 1,5-diamino-
benzenesulphonic acid, followed by irreversible enol-to-keto
tautomerisation. TFF-DABA was studied as an acid catalyst in
the dehydration of fructose to 5-hydroxymethylfurfural (HMF)
and, if KBr was employed as a co-catalyst, to 2,5-diformylfuran
(DFF). It exhibited 97% and 65% yield for HMF and DFF
respectively, combined with a good chemoselectivity.

Saptal et al. reported the synthesis of two catechol porphyrin
COF catalysts for the chemical fixation of carbon dioxide via cyclic
carbonates and oxazolidinones. The COFs were synthesised via
a Schiff base reaction using 2,3-dihydroxyterephthalaldehyde
(2,3-DhaTph) or 2,3-dimethoxyterephthalaldehyde (2,3-DmaTph)
units.160

C.3. Top-down POF-based catalysts

C.3.1. Top-down metal-containing POF-based catalysts. In
2011, the group of Wang described the application of an imine-
linked COF (COF-LZU1, LZU = Lanzhou University) as a support
for palladium complexes.161 Simple post-treatment of COF-LZU1
resulted in catalysts with robustly incorporated Pd(OAc)2 with a
palladium content of 7.1 � 0.5 wt%. The crystallinity of the
framework was fully preserved after the post-functionalisation,
and the coordination of the palladium to the nitrogen atoms of
the framework was confirmed by XPS (X-ray photoelectron
spectroscopy) and 13C CPMAS NMR (cross polarization magic angle
spinning nuclear magnetic resonance). The catalyst exhibited a
high activity in the Suzuki–Miyaura coupling of a broad range of
aryl-halides with phenylboronic acid, showing excellent yields and a
high stability – when the catalyst was tested in the cross-coupling of
p-nitrobromobenzene and phenylboronic acid, the yield remained
97% after the fourth cycle. The tolerance of COF-LZU1 to relatively
harsh conditions was also verified.

Fig. 6 (a) Concept of immobilisation of BINOL-derived phosphoric acid via the oxidative coupling of thiophenes; (b) BINOL building block for
copolymerisation with styrene and divinylbenzene. Figure adapted from ref. 152 and 153.
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Li et al. prepared a microporous knitting aryl network (KAP)
with a high surface area via the knitting of triphenylphosphine
(PPh3) with benzene.158 Further binding of the PPh3 groups
with PdCl2 produced KAPs(Ph-PPh3)-Pd catalysts with 0.6 mol%
of palladium. The frameworks enabled the efficient dispersion of
palladium within its structure. The presence of PPh3 functional
groups and the incorporation of palladium was confirmed by
FTIR (Fourier transform infrared spectroscopy), solid state
13CPMAS and 31P HPDEC NMR (high power decoupling NMR),
and XPS techniques. KAPs(Ph-PPh3)-Pd exhibited excellent activity
and selectivity in the Suzuki–Miyaura cross-coupling reaction of
aryl chlorides. Later, the same group reported a cost-effective
approach to prepare microporous organic polymers via the Scholl
reaction.162 The approach involves the elimination of two aryl-
bonded hydrogen atoms accompanied by the formation of a new
aryl–aryl bond in the presence of a Friedel–Crafts catalyst. A series
of polymers was prepared by varying the starting building blocks.
The frameworks named SMP-8a and SMP-9a (SMP = Sholl-coupling
microporous polymer), both prepared from sym-PhPh3, PPh3, and
bipyridine, were analysed as catalyst supports. The SMP-8b catalyst
(Pd loading of 1.2 wt%), obtained by treating the SMP-8a frame-
work with PdCl2, showed a high activity for the Suzuki–Miyaura
coupling reaction (TOFs up to 59 400 h�1) using water–ethanol
mixture as a solvent. The superior activity of the SMPs-8b catalyst
was attributed to its unique microporous structure and to the
abundance of highly dispersed PPh3 groups stabilizing the
palladium species and preventing aggregation.

Wang and co-workers described the synthesis of two urea-
based porous organic frameworks, UOF-1 and UOF-2, synthe-
sised via the condensation of 1,3,5-benzenetriisocyanate
with 1,4-diaminobenzene and benzidine, respectively.163 The
palladium-containing catalysts, PdII/UOF-1 and PdII/UOF-2 (16.87
and 16.83 wt% of Pd, respectively), were obtained by treating the
pristine polymers with [Pd(OAc)2]. The coordination of the PdII

species was confirmed with 13C CPMAS NMR and XPS. Both
catalysts showed a high catalytic activity in Suzuki–Miyaura
coupling in water for a large range of substrates. PdII/UOF-1
showed a slight loss in catalytic activity in the fourth reaction
run, whereas the reactivity of PdII/UOF-2 decreased after the
third run. Both PdII/UOF-1 and PdII/UOF-2 were also tested for
the reduction of nitroarenes. PdII/UOF-1 did not show any drop
in catalytic activity through four reaction runs, but the selectivity
had dropped. However, the activity and selectivity of PdII/UOF-2
dropped only in the fifth catalytic run; PdII/UOF-2 was tested for
a range of nitro compounds, its superior activity over PdII/UOF-1
was not investigated. TEM (transmission electron microscopy)
and XPS analysis of the spent catalysts demonstrated that PdII was
partially reduced to Pd0 and well-dispersed metal nanoparticles
were formed after the first run of a reaction.

The group of Iglesias synthesised functionalised porous
polyimides (PPI-n) prepared by the condensation of aromatic
amines with pyromellitic dianhydride.164 The frameworks were
functionalised with amino groups (PPI-n-NH2). First, the nitra-
tion was performed, followed by the reduction of the nitro
groups by SnCl2�2H2O in THF. The incorporation of palladium
was performed in two steps. First, the amino-functionalised

frameworks reacted with picolinaldehyde to yield the imino-
pyridine ligands (PPI-n-NPy). After, these derivatives reacted with
bis(benzonitrile)palladium(II)chloride. The catalysts (Pd loading
of 3.42 and 1.76%) were tested in Suzuki coupling in pure water
and showed a high activity for a range of substrates, while their
heterogeneous nature was confirmed by hot filtration tests.
However, ICP (inductively coupled plasma) analysis for one of
the reused palladium-functionalised frameworks demonstrated
that 20% of the palladium was lost after seven runs.

Hou et al. presented a nitrogen-rich COF built up from
5,10,15,20-tetra(p-amino-phenyl)porphyrin and 4,40-biphenyl-
dialdehyde.165 The periodically distributed nitrogen atoms
allowed to uniformly disperse palladium ions. To prepare the
catalyst, Pd(OAc)2 was used; the palladium loading was found
to be 12.87% and its coordination was confirmed by XPS
and 13C CP/TOSS NMR (TOSS = total suppression of spinning
sidebands). The catalyst showed a high activity in Suzuki–
Miyaura coupling reactions with good selectivity and yields.
The hot filtration test indicated the heterogeneous nature of
the catalyst. TEM analysis of a spent catalyst did not reveal any
obvious aggregates or change in morphology. Leaching of
palladium was below the detection limit of ICP.

Bruijnincx and co-workers developed a series of 4,40-biphenyl/
phosphine-based amorphous frameworks.166 Palladium coordina-
tion to phosphorous atoms was achieved by using the Pd(acac)2
precursor, while Pd(dba)2 led to the formation of Pd0. The coordina-
tion was confirmed with 31P NMR and DRIFTS spectroscopy. The
catalyst was tested in the telomerisation of 1,3-butadiene with
phenol (catalysts with 0.02–0.16 wt% of Pd were studied) and
glycerol (the employed catalysts had 0.056–0.115 wt% of Pd). A high
activity and selectivity were obtained under solvent- and base-free
conditions, and in the case of glycerol telomerisation, the catalyst
outperformed its homogeneous analogue PPh3. It was possible
to increase the selectivity by increasing the ligand-to-metal
ratio, which also reduced the metal leaching.

Schüth and co-workers have reported one of the most impress-
ive catalysis to date in a COF paper by immobilising the well-
known Periana catalyst using a CTF as support (Fig. 7(a)).167–169

K2[PtCl4] was chosen as the platinum precursor and its successful
coordination to the bipyridine moieties within the CTF was
confirmed by XPS. Catalysed methane to methanol oxidation
was conducted in an oleum medium at high temperature and
pressure (215 1C and 40 bar). The catalyst showed a remarkable
activity (albeit still lower than its homogeneous counterpart)
and stability in such harsh conditions.

Kamiya et al. also employed platinum and a triazine framework
to develop a methanol–tolerant oxygen reduction electrocatalyst.171

To improve the poor electrical conductivity of CTFs, carbon
nanoparticles were introduced during its polymerisation pro-
cess. Platinum from K2[PtCl4] was successfully coordinated
to the resulted material. The catalyst showed a clear electro-
catalytic activity for oxygen evolution in acidic media. Almost
no activity for methanol oxidation was observed, in contrast to
commercial carbon-supported platinum.

Rhodium complexes were also extensively employed to
obtain porous heterogeneous catalysts. Fritsch et al. employed
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the aforementioned phosphorous-based framework EOF-17 to
coordinate a Wilkinson catalyst to phosphorous-containing
ligands.135 In 2012, Weston et al. reported the synthesis of a
catechol-containing POP using a cobalt-catalysed acetylene
trimerisation strategy.172 It was shown that post-metalation can
be readily carried out with a wide range of metal precursors,
such as CuII, MgII, and MnII salts and complexes. In 2014,
together with Hock, the same catechol-containing POP was used
to immobilise a Rh(I) complex (Fig. 7(b)).170 The coordination
was confirmed by CP-NMR, EXAFS, and XANES. The obtained
metalated POP was tested in vapour-phase plug-flow hydrogena-
tion of propylene to propane. The catalyst showed a TOF of
22.5 h�1 at room temperature, while the oxidation state of
rhodium remained unchanged. Rh(I) was proven to be the active
catalytic site. When the catalyst was explored in toluene hydro-
genation under the same conditions as propylene, it did not
show any activity. A high temperature reduction of the Rh(I)
metal centres to nanoparticles was performed; the obtained
Rh(NP)(CAT-POP) converted toluene to methylcyclohexadiene
(the ratio of H2 to toluene was approximately 1 : 1) quantitatively
at 25 1C (TOF of 9.3 � 10�3 mol g�1 h�1).

Bavykina et al. immobilised an IrCp* (Cp* = pentamethylcyclo-
pentadienyl) complex employing the bipyridine units of a CTF.173

The employed framework was made by the trimerisation of two
building blocks – pyridine units introduced bipyridine moieties,
while biphenyl units brought mesoporosity to the CTF. The
successful coordination of IrIII from [IrCl2Cp*]2 was confirmed
by XPS. Chloride ions were removed by washing the solid in
dimethylformamide (DMF). The catalyst was tested in hydrogen
production from formic acid. The CTF worked not only as
a support for the iridium complex, but also behaved like a
non-innocent ligand – pyridine units were able to deprotonate
formic acid, hence launching the catalytic cycle and avoiding
the use of an external base. The catalyst exhibited the record
activity for this reaction for a heterogeneous catalyst compared

to nanoparticle-based and molecular heterogenised catalysts
(initial TOFs of 27 000 h�1 were obtained). The catalyst also
showed a remarkable stability – TONs of more than one million
in continuous operation were obtained. The same group, in an
attempt to bring the use of CTF-based molecular catalysts a step
closer to industrial reality, reported a one-step approach for the
production of porous, mechanically rigid, and easy-to-handle
CTF-based spheres prepared by a phase inversion method
using the polyimide Matrimids as a binder.174 After obtaining
the spheres, IrIIICp* was coordinated to the bipyridine moieties
of a CTF in a similar way as in previously mentioned works to
obtain an efficient catalyst. Both powder and shaped catalyst
were tried in the hydrogenation of carbon dioxide to formic acid.
Spherically shaped composites showed a lower total activity than
the powder, but any iridium loss related to handling, washing, or
filtering the powder was fully eliminated. Yoon and co-workers
employed the same approach for this reaction.175 A year later,
the same group tested a heptazine-based organic framework
instead. This catalyst showed a TON of 6400, the highest reported
value for a heterogeneous system for carbon dioxide reduction
to formic acid.176

A porous polymer catalyst for the same purpose of formic
acid decomposition was reported by Hausoul et al.177 They
employed a phosphorous-based polymer to coordinate the
[RuCl2( p-cymene)] complex. The catalyst showed a high activity
under base-free conditions, and recycling tests revealed a low
level of leaching and only a minor yet gradual decrease in
activity after seven catalytic runs. The catalyst was proposed
to be applied in the facile removal of formic acid, which is a
by-product of the conversion of cellulose to levulinic acid. Islam
and co-workers described a facile in situ radical polymerisation
of 2,4,6-triallyloxy-1,3,5-triazine in an aqueous medium in the
presence of an anionic surfactant (sodium dodecyl sulphate)
as a template.178 Ruthenium chloride was successfully coordi-
nated to the obtained network; by XPS analysis it was shown

Fig. 7 (a) Periana catalyst immobilised on CTF; (b) Rh(I) complex immobilised on a catechol-containing POP. Figures adapted from ref. 167 and 170.
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that the oxidation state of ruthenium was II. The catalyst was
tested in the Suzuki–Miyaura coupling of aryl halides and the
transfer hydrogenation of carbonyl compounds. The catalyst
showed a high activity and was recycled several times without
appreciable loss of activity. The group of Xiao reported the
preparation of a chiral catalyst (Ru/PCP-BINAP), a porous
coordination polymer (PCP) obtained from the copolymerisa-
tion of divinylbenzene and chiral 2,20-bis(diphenylphosphino)-
1,10-binaphthyl (BINAP) ligands.179 The obtained framework was
coordinated with RuCl2(benzene); the coordination was confirmed
by an obvious shift of UV-vis (ultraviolet-visible) spectra between
PCP-BINAP and Ru/PCP-BINAP. To evaluate the catalyst efficiency,
asymmetric hydrogenation of b-keto esters was performed.
With a substrate/catalyst ratio of 2000, the highest reported
enantioselectivity (for such ratio) was reported (94.6% ee). Even
with the ratio increased to 5000, methyl-3-hydroxybutyrate was
completely reacted with 90.1% ee. Such high enantioselectivity
was a consequence of the incorporation of the BINAP ligands
into the polymer backbone rather than grafting them into the
framework. Also, the nature of the ruthenium coordination to
BINAP is quite similar to the homogeneous catalyst.

This year, Rozhko et al. reported the utilisation of different
POFs (covalent triazine and imine-linked frameworks) bearing
free nitrogen atoms as supports for a nickel-based ethylene
oligomerisation catalyst.180 These new catalysts displayed an activity
comparable to that of their homogeneous counterparts and up to a
fivefold higher selectivity to C6

+ olefins, depending on the textural
properties of the support. Accumulation of long chain hydrocarbons
within the porosity of the COFs leads to reversible deactivation,
but the full activity and selectivity of the best catalysts could be
recovered upon washing with 1,2-dichlorobenzene.

Zhang et al. synthesised a microporous polyisocyanurate
(PICU) via the cyclotrimerisation of diisocyanate using N-hetero-
cyclic carbine as a catalyst.181 Fe/PICU was prepared by suspend-
ing PICU in a hot solution of FeCl2 in DMF and was tested for the
oxidation of benzyl alcohol with hydrogen peroxide. Shultz et al.
synthesised a POP containing a free-base porphyrin subunit by
the condensation of bis(pttalic acid)porphyrin with tetra(4-
aminophenyl)methane (Fb-PPOP).182 Post-metalation was
performed using FeCl2 or MnCl2�4H2O, achieving Fe- and
Mn-PPOP respectively. Epoxidation of styrene was examined, where
both catalysts showed better stability than the homogeneous
porphyrin analogues. Saha et al. also employed a porphyrin-based
framework to support iron.183 In this case, though, FeIII-POP-1 was
obtained via a one-pot synthesis by reacting pyrrole with terephthal-
dehyde in the presence of FeCl3. Electron paramagnetic resonance
(EPR) analysis confirmed that iron was in the oxidation state III
after the coordination and remained in this oxidation state after
several catalytic runs. FeIII-POP-1 was tested in the aerobic oxidation
of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid
(FDCA). The catalyst showed a high activity and its heterogeneity
was proven by hot filtration tests. Kraft et al. coordinated iron to
a catecholate-containing porous organic polymer, in a fashion
similar to the previously described rhodium coordination.170

Fe[N(SiMe3)3]2 was chosen as the iron source to obtain the
Et2OFe(CAT-POP) catalyst. It was tried in the hydrosilylation

reaction of aldehydes and ketones with phenylsilane. The
catalyst is fully reusable, recyclable for three catalytic cycles,
and shows high thermal stability.184 In a separate work by the
same group, Et2OFe(CAT-POP) was extensively characterised
by in situ X-ray absorption spectroscopy (XAS) under a variety
of conditions and used as a catalyst in the hydrogenation of
different olefins.185

The use of carbon nanoparticles/CTF (CTF/CPs) composites
discussed above was further extended to obtain non-noble
metal electrocatalysts for oxygen reduction reactions (ORRs).171

The copper version of this system was prepared by the coordina-
tion of CTF/CPs with CuCl2.186 The resulting Cu-CTF/CPs was
reported to be a very efficient electrocatalyst for the ORR in neutral
solutions. The same catalyst was also found to be efficient in the
electrochemical reduction of nitrate to nitrous oxide.187

Iglesias and co-workers described the synthesis of two
imine-linked POFs with different geometries.188 C3v-POF and
Th-POF were obtained by combining 1,4-benzenedicarbaldehyde
with 1,3,5-tris(4-aminophenyl)benzene and tetra-(4-aminophenyl)-
methane, respectively. Th-POF exhibited a higher BET area and a
higher metal uptake after post-synthetic metalation of the frame-
work than C3v-POF. Therefore, only Th-POF was employed as a
catalyst support. When used as a catalyst in the cyclopropanation
of alkenes, the Cu(I)-based catalysts showed good conversion and
diastereoselectivity (51% and 79% respectively, 5–10 wt% of Cu).
The Ir-Th-POF compound was explored for the hydrogenation
of alkenes. In the case of hydrogenation of 1-octene, a conver-
sion of 100% was obtained with TOFs of 5880 h�1 (Ir loading
is 0.1 mol%).

Puthiaraj et al. described the synthesis of a mesoporous
covalent imine polymer (MCIP-1) via the Schiff-base condensa-
tion of 2,4,6-tris(p-formylphenoxy)-1,3,5-triazine and mesitylene.189

Post-metalation was performed by stirring the polymer with copper
acetate in CH2Cl2. The obtained catalyst, Cu/MCIP-1, was used in
the Chan–Lam cross-coupling N-arylation under mild conditions.
Roy et al. anchored CuII to a nitrogen-rich imine network to obtain
the CuII-CIN-1 (CIN = nitrogen-rich porous covalent imine) catalyst
for the synthesis of asymmetrical organoselenides from aryl
boronic acids.190 The coordination of the copper species was
confirmed by EPR, XPS, and UV-vis DRS (diffuse reflection
spectroscopy) analyses.

The group of Nguyen has extensively studied metal catalysts
supported on catecholate-based frameworks. In this review,
rhodium- and iron-containing catalysts were already discussed,
while this approach was extended to other metals.170,182 As a
result, lanthanum was successfully coordinated to the catecholate-
functionalised POF.193 The catalyst was employed in the solvolytic
and hydrolytic degradation of the toxic organophosphate com-
pound methyl paraoxon, a simulant for nerve agents. TaV

trialkyl was stabilised in the same framework and tested
for the hydrogenation of cyclohexene, showing an enhanced
activity compared to its homogeneous analogue.194 In a separate
work, five different species – VIII, CrIII, MnII, CoII and NiII – were
incorporated into the catecholate-based framework.195 A similar
approach to bind a metal via its coordination to hydroxyl groups
was reported by the Lin group.196 Five chiral cross-linked
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polymers (CCPs) based on 1,10-binaphthyl were prepared via
the trimerisation of terminal alkyne groups by the Co2(CO)8

catalyst. The CCPs were treated with Ti(OiPr)4 to generate chiral
Lewis acid catalysts for the asymmetric addition of diethylzinc
to aldehydes. The catalysts were reused ten times without any
loss of conversion or enantioselectivity (from 55% to 81% ee for
different frameworks). An et al. synthesised an a,a,a0,a0-tetraaryl-
1,3-dioxolane-4,5-dimethanol-based (TADDOL) chiral porous
polymer, TADDOL-CPP.197 Using Ti(OiPr)4, TADDOL-CPP/Ti
was also tested in the asymmetric addition of diethylzinc to
aldehydes, and presented an excellent enantioselective control
to a variety of aldehydes.

Aiyappa et al. developed a Co-TpBpy catalyst for water
electro-oxidation. A bipyridine-containing framework was used
as a support for CoII catalysts. The obtained catalysts exhibited
an exceptional stability: even after 1000 cycles and 24 h of oxygen
evolution reaction activity in a phosphate buffer under neutral
pH conditions with an overpotential of 400 mV at a current
density of 1 mA cm�2, the material retained 94% of its activity
with a TOF of 0.23 s�1 and a faradaic efficiency of 95%.198

Mackintosch et al. developed phthalocyanine- and porphyrin-
based PIMs. Cobalt was incorporated into the phthalocyanine
framework and the obtained solid was tested in H2O2 decom-
position, cyclohexene oxidation, and hydroquinone oxidation.199

Similarly, iron was introduced into this porphyrin-based PIM.
The iron catalyst showed a superior activity for hydroquinone
oxidation. Zhang et al. synthesised a molybdenum-doped frame-
work linked by a hydrazine linkage.191 Molybdenum species
were introduced into the framework from a MoO2(acac)2 source
to obtain a catalyst (Fig. 8(a)) for the epoxidation of different
alkenes.

Thomas and co-workers reported the synthesis of an anionic
microporous polymer network, prepared by using lithium
tetrakis(4-bromo-2,3,5,6-tetrafluorophenyl)borate as a tecton

via Sonogashira coupling.192 The Li+ cations were exchanged
for Mn2+ cations, which were further coordinated with bipyridine
to obtain a catalyst for the oxidation of styrene (Fig. 8(b)). The
solid is recyclable and stable at least during three runs, and hot
filtration tests confirmed the heterogeneity of the catalyst.

C.3.2. Top-down metal-free POF-based catalysts. Modak et al.
designed a cross-linked organic polymer, COP-M, from 2,4,6-
tris(bromomethyl)mesitylene and 4,40-bis(bromomethyl)-1,10-
biphenyl via Friedel–Crafts alkylation.200 COP-A, bearing acidic
�COOH groups, was obtained from alkaline KMnO4 oxidation of
methyl-functionalised COP-M. COP-A showed an unprecedented
catalytic activity in indole C–H activation at room temperature.

Xu et al. constructed a mesoporous imine-linked porphyrin
COF as a scaffold in which the porphyrin units are located at the
vertices and the phenyl groups occupy the edges of tetragonal
polygon frameworks.201 The COF catalyst showed a significantly
higher catalytic activity in a Michael addition reaction than the
monomeric catalyst, while retaining the stereoselectivity.

Gascon and co-workers reported the synthesis, characterisa-
tion, sulphonation, and catalytic performance of two new PAFs
obtained by the Suzuki–Miyaura cross-coupling of the commer-
cially available precursors 1,3,5-tris(4-bromophenyl)benzene or
tris(4-bromophenyl)-amine and benzene-1,4-diboronic acid.131

Post-synthetic treatment in sulphuric acid led to the sulphona-
tion of approximately 65% of the benzene rings in the polymers.
The sulphonated materials displayed an excellent catalytic per-
formance in the acid-catalysed esterification of n-butanol and
acetic acid. The catalysts have a similar or even superior perfor-
mance over multiple catalytic cycles to that of the state-of-the-art
catalyst Amberlyst-15. The obtained TOFs for the first reaction
run were 1.06 min�1 in the case of the porous polymer, while the
test with Amberlyst-15 resulted in a TOF of only 0.7 min�1. The
higher activity of the porous polymer was explained by its higher
sulphonic acid content.

Fig. 8 (a) Molybdenum supported on a POF catalyst; (b) manganese supported on an ionic framework catalyst. Figures adapted from ref. 191 and 192.
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D. Modelling heterogeneous
single-site catalysts

Molecular modelling of heterogeneous catalysis is a field of
its own. Theoretical studies may assist in understanding the
function of the active sites, opening perspectives to design
heterogeneous catalysts. However, a plethora of techniques is
available and many decisions need to be made, which may have
a drastic influence on the outcome of the modelling procedure.
Hereafter, we will give an overview of how modelling can assist
in the characterisation and understanding of the function of
heterogeneous single-site catalysts. Computational modelling
of active sites yields molecular insight in complex chemical
transformations, which are sometimes difficult to track at the
molecular level from an experimental point of view.

This section is organised as follows: first of all, a brief
overview of general modelling concepts necessary for modelling
heterogeneous single-site catalysts is given. In the second part, we
illustrate by means of selected case studies how such modelling
strategies may be used to obtain molecular insight into the
reactivity of a diverse set of active sites within the framework.

D.1. General modelling principles

A plethora of modelling techniques is available, which are often
categorised into various length and time scales, as schematically
shown in Fig. 9. For large systems or long simulations, force-field
based methods, which efficiently describe the internuclear inter-
actions based on classical potentials, are ubiquitously used.
Within the field of MOFs, various protocols have been set up
to derive force fields from first principles such as MOF-FF,202

BTW-FF,203 QuickFF,204,205 among others.206,207 However, since
force fields require a predefined connectivity between the atoms,

these molecular mechanics (MM) techniques cannot model the
reactivity of heterogeneous single-site catalysts. Rather, the
electronic structure needs to be described from first principles
to account for the formation and breaking of bonds, using
quantum mechanical (QM) methods. Hence, all modelling
approaches in this review are based on schemes in which at
least the reactive part of the system is described using QM
methods. Also hybrid methods exist which inherit the advan-
tages of both QM and MM methods. In these QM/MM methods,
part of the system, typically the subsystem that participates
actively in the chemical reaction, is modelled quantum mechani-
cally, whereas the rest is treated at a lower level of theory with for
example a force field. An example of such approach may be
found in the work of Yadnum et al. where the Mukaiyama aldol
reaction is studied using an ONIOM-based (Our own N-layered
Integrated Molecular Orbital and Molecular Mechanics)
approach.208,209 The layered approach has been extended for
some systems by using two quantum mechanical based methods.
In such case, the inner part is treated using a high-level electronic
structure method, while the outer part is treated at a lower,
computationally more attractive level of theory.

For catalytic processes in framework materials, one needs to
choose an appropriate structural model to represent the extended
periodic environment of the material. Various methods accounting
for the topology of the material are discussed in the next part of
this section. Afterwards, the influence of choosing different
electronic structure methods to model adsorption and reactivity
in nanoporous materials will be introduced. We conclude by
discussing how free energy profiles at the true reaction condi-
tions can be obtained.

D.1.1. Modelling the topology of the framework. The topology
of the material can either be modelled using an extended cluster
model in which a representative part of the material is considered
or using a periodic model where the full unit cell of the material
is taken into account using periodic boundary conditions.
Fig. 10 illustrates a UiO-66 active site within these two models.

Earlier computational studies on catalysis in MOFs used
cluster models to represent the catalytically active sites, as they
are computationally very efficient. These numerical algorithms,
implemented in programs such as Gaussian,210 Turbomole,211

or Jaguar,212 are typically better suited to localize transition
states than those implemented in periodic structure codes.
Another advantage of the small cluster approach is the ability
to use very accurate electronic structure methods, which is
inherently linked to the small number of atoms contained in
these clusters.213–215 While these calculations may be used for
benchmark purposes, they are inadequate for reactions invol-
ving larger species, as the molecular environment is completely
neglected. Moreover, the selection of the cluster and its termi-
nation may affect the results substantially. Furthermore, by
cutting molecular clusters out of the periodic system, one often
creates highly charged clusters which need to be compensated
by cations or anions to reach charge neutrality.214 Systematic
studies on the impact of the size of the cluster model are not
yet readily available within the fields of MOFs and COFs, in
sharp contrast to the field of zeolites. Based on some selected

Fig. 9 Schematic overview of length and time scales of methods going
from purely quantum mechanical (QM) based methods to force field (MM)
and coarse-grained methods.
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examples, however, we will illustrate the pros and cons of
cluster models for modelling catalytic reactions within MOFs.

As discussed above, one of the materials that received
considerable attention within the field of MOF catalysis is
UiO-66 (see Fig. 3), possessing a high thermal and chemical
stability and a good resistance toward water and several
alcohols.217,218 This material is a showcase example where
modelling and experimental efforts give a complementary under-
standing on the nature of the active sites. In one of the earlier
studies on the citronellal cyclisation in UiO-66, some of the
present authors initially built small cluster models to unravel the
nature of the active site. In this case, all 1,4-benzenedicarboxylate
(BDC) linkers were replaced by formate ligands (HCOO�),
yielding the Zr6O4(OH)4(HCOO)12 and Zr6O6(HCOO)12 models
of Fig. 10(a) and (b) as representations of the hydrated and
dehydrated nodes of the material. These early calculations were
very instructive as they immediately indicated the need for
introducing OMSs to obtain catalytically active sites. Indeed,
the combined theoretical and experimental efforts showed that
structurally missing linkers were necessary to activate the
material towards catalysis. The electronic modulation effects
observed by Vermoortele et al. were rationalised by theoretical
calculations of the rate constants on extended cluster models bearing
two functionalised BDC linkers, as indicated in Fig. 10(c).76 It
was observed that nitro groups increased the conversion as they
allowed for a stronger adsorption on the Lewis acid sites but
also provided additional stabilisation effects in the reactant
and transition states due to specific interactions with the
linkers and their substituents.

Despite these early successes of cluster-based calculations,
our improved understanding of the catalytic active site forced
us to go beyond the cluster model approach. Whereas initially
catalysis on undercoordinated active sites focused primarily
on the Lewis acidity, more evidence was presented recently
that cooperative effects between the Lewis acid site and neigh-
bouring Brønsted base sites might occur.216,219 Moreover, the
catalytic activity of the material may be modulated by the

presence of other species in the pores of the material, such as
water. Such complexity necessitates to go beyond the cluster-
based approximation. For UiO-66-type materials, an intensive
debate on the chemical nature of missing linkers can be found in
literature. Upon removal of a charged BDC linker, various charge-
balancing species such as formate, chlorate, and hydroxide
have been suggested to terminate the inorganic nodes at linker
vacancies.50,220–224 Recent static and dynamic first principles
studies, accounting for the full periodic environment of the
material, revealed a dynamic and labile acid centre that may
even be tuned for catalytic applications (Fig. 11).225 In this most
stable defect configuration, one undercoordinated zirconium

Fig. 10 (a) and (b) The formate-terminated inorganic zirconium nodes of UiO-66, in their hydrated Zr6O4(OH)4(OOCH)12, (a) and dehydrated
Zr6O6(OOCH)12, (b) form; (c) cluster model of the transition state of the cyclisation from citronellal to isopulegol with two explicit nitro-
functionalised BDC linkers; (d) periodic model of UiO-66 comprised of fully coordinated inorganic nodes (brick 1) and defect-containing inorganic
nodes (brick 2), with indication of the periodic unit cell. Panels (c) and (d) reproduced from ref. 76 and 216 with permission of Wiley and Elsevier, copyright
2012 and 2015.

Fig. 11 The unit cell of hydrated UiO-66 with one missing BDC linker. In
the most stable configuration, the defect site is surrounded by three water
molecules. Reprinted from ref. 225 with permission of the Royal Society of
Chemistry, copyright 2016.
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atom is coordinated to a neutral water molecule, whereas the
other undercoordinated zirconium atom is coordinated with a
hydroxide anion. The latter is further stabilised by interaction
with the m3-OH group present in the inorganic node. Ling and
Slater also performed first principles molecular dynamics
simulations at several temperatures to investigate the proton
mobility of the various defect structures, thus accounting
for the dynamic state of the water environment. At higher
temperatures, some of the physisorbed water molecules diffused
away from the zirconium sites into the pores of the material.
This clearly shows that simple cluster-based calculations are
insufficient to study this dynamic behaviour, and more advanced
models are necessary to account for the nature of the active site
at operating conditions. The use of such dynamic methods to
study the reactivity itself has not been used so far within the field
of MOFs, but would open very interesting perspectives for future
modelling studies (vide infra).

Periodic calculations are becoming more and more common
within the field of MOFs. Unlike cluster models, periodic
models consider either the full unit cell or a supercell of the
material consisting of several repetitions of the unit cell. This
is the most natural approach to represent the framework
material, but comes at a serious computational cost. Periodic
models have the advantage that all factors depending on the
structure of the nanoporous material – e.g. the location of the
active sites in the framework, the shape of the pores and
channels, and the flexibility of the porous material – are taken
into account in a more natural way. We refer to the review of
Odoh et al. for a more extensive discussion on the choice of
basis sets, pseudopotentials, and other technicalities.226 The
codes used for these calculations, e.g. VASP,227–229 CRYSTAL,230

FHI-aims,231 and CP2K,232 typically originate from the solid-
state community and one needs to be careful when transferring
the procedures applicable for rigid solids to (flexible) nano-
porous materials. For the latter, structures are preferably opti-
mised by constructing an equation of state to locate the optimal
volume.233 Following such a procedure, Hajek et al. studied the
aldol condensation in UiO-66-type MOFs both by periodic and
extended cluster calculations.216 While the reaction mechanism
remained qualitatively the same in both approaches, the
reactants were more strongly adsorbed by about 20 kJ mol�1

when properly accounting for the confinement effects using the
periodic model.

Some properties, such as proton affinities or deprotonation
energies of periodic materials, may not be well represented by
a periodic model due to the charge induced in the unit cell
when adding a proton to or removing a proton from the
framework. In these cases, cluster models may be very valuable
to give complementary insight. For instance, the active sites of
MOF-74 were explored for classical base-catalysed reactions
such as Knoevenagel condensations and Michael additions.219

In Fig. 12(a), the potential active sites in this material are
shown. The structure consists of metal oxide chains connected
by 2,5-dioxidoterephthalate (DOBDC) linkers and possesses
both coordinatively unsaturated sites and possible base sites.
While the carboxylate oxygen atoms are only weakly basic, the
phenolate oxygens are the conjugate bases to the weakly acidic
phenol and are hence expected to be much more basic. This
was confirmed by theoretically calculating proton affinities of
both the phenolate and carboxylate oxygens for different
metals, using cluster models cut from this periodic structure.

D.1.2. Choice of appropriate electronic structure methods
for adsorption and reactivity. Within this review, the attention
goes to catalytic processes taking place at a single active site.
A schematic illustration of the reaction profile for such a
heterogeneously catalysed reaction is shown in Fig. 13(a). This
profile is typically composed of adsorption steps and activation
steps, and is obtained by determining the electronic energy at
critical points along the reaction profile, e.g., the reactants, inter-
mediates, products, and transition states. While the electronic
energy is only one of the ingredients to determine the final
thermodynamic quantities, it is crucial since it determines to a
great extent the accuracy of the final free energy profile at the
true reaction conditions (see Section D.1.3). It is also by far the
computationally most expensive part of the calculation.

Any heterogeneously catalysed reaction starts with the adsorp-
tion of the various reactants. A thorough understanding of
this adsorption step is hence crucial to understand the kinetics
of catalytic processes. There are various methods available to
describe the adsorption of guest species within the pores of a
nanoporous material, and MOFs have attracted a lot of atten-
tion in this field.234,235 To describe the thermodynamics of

Fig. 12 (a) Representation of the optimised cluster model of MOF-74 with indication of the potential base sites and open metal sites in the framework;
(b) periodic structure of MOF-74 with indication of the 1.2 nm pores. Figure adapted from ref. 219 with permission of Elsevier, copyright 2014.
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adsorption in nanoporous materials, grand canonical Monte Carlo
(GCMC) simulations are ubiquitously used. They are typically
performed with classical force fields that do not explicitly take
into account the electronic structure of the host–guest interactions.
Thus, the quality of the results depends on the quality of
the classical potentials describing the host–guest interactions.
Particularly for the interactions with the OMS this might be
problematic and hybrid approaches that also incorporate some
QM information may provide a substantial improvement of the
adsorption mechanism.236 From these GCMC simulations, adsorp-
tion isotherms and insight into the most probable adsorption sites
can be obtained, which may then be investigated more deeply with
advanced electronic structure methods.237

In general, a theoretical description of adsorption in nano-
porous materials is very challenging since the accuracy depends
on the treatment of the noncovalent interactions, which include
both electrostatic and dispersion interactions. Dispersion interac-
tions, which result from many-particle electron correlation effects,
result in long-range attractive forces that may act between
separated molecules even when no permanent multipole
moments are present. Only very advanced first-principles
methods based on correlated wave functions may capture these
effects, but are restrictively expensive from a computational
point of view and hence not routinely applicable to the extended
systems at hand.238–240 To describe an overall catalytic cycle from
first principles, it is necessary to calculate the adsorption steps and
reactive events consistently with the same quantum mechanical
based method. Thus, all levels depicted in Fig. 13(a) have to be
described at the same level of theory to obtain consistent free
energies. A large variety of electronic structure methods are
available to determine the energy of the system for a given
atomic configuration. In the review of Odoh et al., many of
these theoretical methods are introduced with illustrations of
their applicability to calculate a variety of properties such as
ground-state structural properties, spectroscopic signals, and
band gaps, among others.226

The method of choice to describe the electronic properties
of the system is based on Density Functional Theory (DFT),

which is computationally very attractive even for large systems.
Within the MOF field, only a very limited number of studies are
available that go beyond DFT, using computationally more
expensive post-Hartree Fock methods based on configuration
interaction (CI) or coupled clusters (CC).241–243 However, the
accuracy of DFT depends on the choice of the exchange–
correlation functional and most of the commonly applied local
functionals fail to accurately describe the long-range dispersion
interactions. Various pragmatic solutions have been suggested
to remedy this deficiency in modern DFT approaches, such
as the addition of a parametrised damped dispersion term to
standard functionals such as the Perdew–Burke–Ernzerhof
(PBE) or the Becke-three-parameter-Lee–Yang–Parr (B3LYP)
functionals.244–246 Tkatchenko and Scheffler introduced a
parameter-free method to derive the interatomic coefficients
entering the dispersion term.247,248 This deficiency in describing
long-range dispersion interactions can also be remedied by
constructing a non-local van der Waals functional that accounts
for the long-range electronic correlations.249–251 Grajciar et al.
proposed a combined DFT/CC method that does not simply
include a parametrised functional term to add the missing
dispersion term, but attempts to correct the DFT error in a
systematic way.252

To illustrate the level of accuracy one can obtain with currently
available adsorption methods, it is interesting to discuss some of
the results obtained by another study of Grajciar et al.253 They
performed a comprehensive study on the adsorption of a series of
small molecules (CH4, H2, N2, CO2, CO, H2O, NH3) on HKUST-1
using an extensive set of DFT-based methods, including both
cluster and periodic approaches, and applying different disper-
sion models. Furthermore, calculations were performed on Cu2+

and Fe3+ containing OMSs to investigate the influence of the
metal. Coupled-cluster calculations obtained within a cluster
model and extrapolated to the complete basis limit were used as
reference data. By considering various guest molecules, the study
reveals interesting aspects on the different types of adsorbent–
adsorbate interactions such as dispersion, electrostatic, and
partially covalent bonding. The investigation indicates that

Fig. 13 (a) 1D free energy profiles for a given reaction on two different active sites in UiO-66 (insets), indicating the adsorbed initial and final states and
the localised transition state for this reaction. The adsorption free energy, intrinsic and apparent barriers are obtained by static calculations and indicated
by DGads, DG‡, and DGapp, respectively; (b) possible 2D representation of the given reaction on the two active sites as obtained using advanced dynamic
techniques, indicating the three critical points on the potential energy surface.
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there is no universal method that suits all systems and under-
lines the difficulty in describing the adsorption of small mole-
cules at OMSs from a theoretical point of view. Some of the
results are shown in Fig. 14. When using cluster models with
functionals that do not explicitly add a dispersion correction,
the interaction energies are generally strongly underestimated
with respect to the high-level benchmark values. Some func-
tionals, such as M06-L (the local Minnesota ’06 functional),
perform better since they have been parametrised towards a
dataset that includes some of the nonlocal correlation effects.
Adding dispersion interactions by including an empirical
correction term significantly improves the results as can be
seen from Fig. 14. In HKUST-1, it is possible to distinguish
between three major adsorption sites. The adsorption at the
OMS is dominated by electrostatic interactions with formation
of a partial dative bond, whereas adsorption at the cage-centre
(CTR) and cage-window (WIN) sites is governed by the inter-
action with the organic linkers and dominated by dispersion
interactions. The results obtained for the adsorption of CH4

and CO2 on each of these sites using periodic models are
shown in Fig. 14(c). The methods that do not include explicit
dispersion corrections have prohibitively large errors. For the
PBE functional, the inclusion of Grimme dispersion corrections
(D2 or D3) improves the results significantly. However, an
accurate description of CO2 adsorption at the OMS remains
very challenging.

Also for modelling transition states it might be very challen-
ging to select a proper electronic structure method. Pragmatic
solutions have been proposed by comparing DFT results with
high-level theoretical methods. This procedure was followed for
the theoretical description of the manganese–salen complex that
is used for the enantioselective epoxidation of nonfunctionalised
olefins. Recently, this complex was entrapped in MIL-101 show-
ing the same selectivity as the homogeneous analogue.254 The
selectivity was unravelled by DFT calculations, yet required
the use of a proper DFT functional to yield the correct ordering
of the spin states.255 OPBE was selected from a broad range of
exchange–correlation functionals, as it gave the right ordering of
the spin states compared to benchmark DMRG (density matrix
renormalization group) calculations. Finally, ONIOM calcula-
tions were performed to assess the influence of the confinement
in the cage. Here, the manganese complex was modelled using
the selected DFT method and the rest of the cage with a universal
force field as schematically shown in Fig. 15. The latter
case study shows how an ingenious combination of various
modelling tools may assist in unravelling the reaction profile.

D.1.3. Free energy profiles at reaction conditions. Once the
electronic energy is determined at the critical points along the
reaction profile, thermodynamic quantities, such as enthalpy,
entropy, and free energy, must be evaluated to allow for a
comparison with experimental data. This comparison is based
on the principles of statistical physics and more precisely the

Fig. 14 (a) Errors in the interaction energies of adsorbate-Cu(HCOO)2 calculated with respect to CCSD(T)/CBS level of theory; (b) the CuBTC supercage
with indication of an open metal site (OMS, green), a tetrahedral cage-window site (WIN, yellow) and a tetrahedral cage-centre site (CTR, magenta) as the
three main adsorption sites; (c) errors in the interaction energies calculated for CH4 and CO2 at the three main adsorption sites with respect to the DFT/CC
reference level of theory. Figure adapted from ref. 253 with permission from the American Chemical Society, copyright 2015.
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determination of the molecular partition function.256 Within a
static approach, i.e. when assessing the reactivity based on a
limited number of points on the free energy surface, thermal
corrections and entropy contributions are generally determined
using a harmonic oscillator approximation, in which all anhar-
monic motions such as internal rotations or translations of
adsorbates relative to the framework are neglected. However,
soft, low-frequency modes are typically present for molecule–
surface interactions, which are very hard to determine accu-
rately and which moreover have a substantial impact on the
final entropic contributions.257,258 In this low-frequency region,
anharmonic corrections should be used. Some models have
been proposed in the literature, but so far they have not been
used for reactions taking place in MOFs.257,259 Within other
fields, such as zeolite catalysis, more progress has been made
on the methodological side and it has been shown that accurate
enthalpy barriers and rate constants can be predicted with
chemical accuracy for reactions taking place at a single active
site.258–261 At true operating conditions, the scene at the
nanoscale level is often far more complex, and it might become
necessary to determine macroscopic thermodynamic and kinetic
quantities from more advanced techniques (see Section H).

D.2. Modelling the reactivity on single active sites: selected
case studies

Herein, we illustrate various modelling principles for a selected
number of case studies, based on the division introduced in
Fig. 1. For type I heterogeneous catalysts, catalysis is achieved
on the structurally embedded metal nodes that form secondary
building units in the framework. As discussed in Section B,
while some MOFs comprised of fully coordinated inorganic
nodes lack active sites at first sight, several strategies were
implemented to intentionally create active sites by introducing
defects.106 Type I catalysts are hence characterised by open metal
sites and encompass active sites created by structural defects,
active sites due to catalytically active terminating ligands, and
active sites due to the framework topology prohibiting the
complete saturation of the coordination sphere of the metals

in the inorganic node. In type II catalysts, metalloporphyrins
form the catalytically active sites. In these metalloligands, the
catalysis takes place at the metal atom embedded in the
porphyrin ligand. The nature of the catalytic site may be tuned
by post-synthetically altering the metal atom at the centre of the
porphyrin ligand. Type III actives sites are based on covalently
anchored functional groups on the organic linker, which are
catalytically active. These functional groups, already present during
synthesis or added post-synthetically, are terminating groups
that do not connect different building blocks of the framework
material, differentiating them from the metalloporphyrins. The
inclusion of organic and inorganic functional groups onto the
framework, the latter often termed metalation, will be discussed
separately due to its different catalytic nature.

The classification used here is not directly applicable to
POFs, since they do not contain inorganic nodes. Hence, only
the discussion on type II or type III active sites may also apply to
POFs. Indeed, POFs may be active for catalysis by incorporating
metalloporphyrins or by anchoring active complexes to the organic
building units by means of postfunctionalisation. Modelling
studies on POFs are making their entrance into the field, but
are still more restricted than the available literature for MOFs
and, for catalytic purposes, are focused on the band gap disper-
sion. Due to the absence of heavy atoms, POFs are promising
photocatalysts, and modelling studies hence concentrate on
unveiling the electronic and optical properties of these materials.
For 2D COFs, a density functional based tight binding (DFTB)
computational study by Lukose et al. indicated that the stacking of
the monolayers in these materials does not affect their electronic
structure significantly.262 However, the concentration of nitrogen
atoms was shown to influence the optical and electronic proper-
ties for several test systems.263–265 For 3D COFs, Yang et al.
consistently investigated boron-based COFs sharing the MOF-5
topology using the PBE functional within the DFT paradigm. They
showed that the mechanical, optical, and electronic properties of
these COFs can be tuned systematically by varying the atoms
contained in one of the secondary building blocks.266 However,
Meunier and co-workers revealed by comparing GW calculations

Fig. 15 Schematic representation of the transition state contained in the small MIL-101 cage. Hydrogens and amine groups are omitted for clarity, the
inner ONIOM layer is represented by the ellipsoid. Reprinted from ref. 254 with permission of the Royal Society of Chemistry, copyright 2013.
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with regular DFT calculations that many-body effects lead to
a non-negligible increase in the band gap.267,268 Hence, in
this early stage of theoretical research in COFs as catalysts,
benchmark studies comparing the accuracy of different levels
of theory are a prerequisite.

D.2.1. Type I: catalysis at open metal sites (OMSs). Several
OMS classes are illustrated in Fig. 16 for the UiO-66, the NU-1000,
and the HKUST-1 frameworks and are thoroughly discussed below.
A molecular understanding of OMSs present at the inorganic nodes
of the catalyst is quintessential to develop predictable hetero-
geneous catalysts engineered for particular applications. This
computational modelling, however, does not only involve the
study of the actual catalytic reaction. It can also be applied to
study the sequence of steps leading to the formation of catalyti-
cally active sites in the framework material, starting from inves-
tigating the influence of synthetic and post-synthetic conditions
on the formation of the catalytic site, to modelling the adsorption
of the reactive species on the active site, as indicated below.

Class 1: OMSs due to structural defects. Arguably the best-
known example of this class is UiO-66.50,89 In an extensive study
by Shearer et al., the effect of the type and amount of modulator
added during synthesis was observed to determine the degree
to which structural defects are present.269 From a theoretical
point of view, the effect of modulators was investigated by
Vandichel et al. in an attempt to obtain more insight into
the formation of different active sites.90 In this study, periodic
DFT-D geometry optimisations were carried out in VASP, using
the PBE exchange–correlation functional with Grimme D3 disper-
sion corrections.270 One BDC ligand was removed, and charge
neutrality was obtained by capping the OMSs with trifluoro-
acetate, chloride, and/or hydroxide, or by deprotonating one of
the hydroxo-groups present in the inorganic node, hence con-
verting it to an oxo-atom. While hydroxide is present in
the reaction mixture, trifluoroacetate and chloride stem from
different modulators, TFA and chloric acid, respectively.
A subsequent partial Hessian vibrational analysis (PHVA)271,272

was carried out on a relevant part of the unit cell using

TAMkin273 to calculate the free energies associated with the
different capping mechanisms, showing that all of them were
more favourable than removing one of the protons from the
inorganic node. Moreover, two trifluoroacetate molecules were
determined to be the most favourable capping mechanism
(see Fig. 17).

In the same class of materials, a mechanistic investigation
of aldol condensation has been undertaken, performing
both periodic and extended cluster calculations on UiO-66 and
UiO-66-NH2 to unravel the reaction mechanism at the OMSs.216

The extended cluster of the UiO-66 active site has been selected
based on an optimised supercell with one BDC linker out of
twelve missing. The model consisted of two adjacent open
zirconium sites that were surrounded by four BDC linkers while
the remaining seven ligands were substituted by formate. The
calculations have been performed using the B3LYP exchange–
correlation functional in the Gaussian09 package. In order to
complement and properly account for the topology of the
material, periodic DFT calculations were also performed using
VASP. This study revealed that the Zr–O–Zr bridge has a bifunc-
tional character in which the open zirconium sites act as Lewis
acid sites and the bridging oxo-atoms act as strong Brønsted
basic sites, capturing a proton during the reaction.

Structural linker vacancies do not only play a role in UiO-66-
type materials, but may also influence the catalytic properties of
MOFs comprising copper paddlewheels. In a 2012 study,
St. Petkov et al. investigated the infrared (IR) spectrum of CO
adsorbed in HKUST-1 or CuBTC, illustrating how computa-
tional spectroscopy may help in unravelling the nature of the
active site.274 The IR spectrum revealed two CO bands, one of
which could be assigned to the CO bound to the regular Cu2+

species, and one that seemed to stem from CO bound to irregular
Cu+ species. St. Petkov et al. suggested that, when one out of four
1,3,5-benzenetricarboxylate (BTC) ligands connected to a copper
dimer were to be removed, the excessive positive charge of the
Cu2+ species would be compensated by Cu+. To validate that this
linker vacancy indeed leads to the observed IR spectrum, DFT
calculations on dimer cluster models with a different amount

Fig. 16 Schematic representation of the three types of single sites available for catalysis at the inorganic node: UiO-66 (class 1), NU-1000 (class 2) and
HKUST-1 (class 3).
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of BTC ligands were carried out using the B3LYP exchange–
correlation functional. These quantum mechanical calculations
unequivocally indicated that the experimentally observed
IR spectrum can be explained by the adsorption of the mixed
Cu+/Cu2+ dimer, exhibiting an electronic doublet state, and,
moreover, that these reduced dimers are favourable adsorption
sites for CO. This observation paves the way for employing the
active site created in this fashion.

Class 2: OMSs with catalytically active terminating ligands.
The inorganic nodes of the zirconium-based NU-1000,
[Zr6O4(OH)4]12+ (hydrated) or [Zr6O6]12+ (dehydrated), are iden-
tical to those of UiO-66. However, instead of twelve structurally-
defining BDC ligands, only eight of the twelve possible points
of extensions are occupied by tetradentate TBAPy ligands,
whereas the remaining four, located on the equatorial posi-
tions, are occupied by water/hydroxyl groups (see Fig. 16).100

This material was studied by Beyzavi et al. to elucidate the
reaction mechanism of epoxide ring opening.275 However, they
opted to exchange the Zr4+ cations with Hf4+, since the dis-
sociation enthalpies of typical Hf–O versus Zr–O bonds indicate
that hafnium is more oxophylic than zirconium and hence
should function as a stronger Brønsted acid site. Periodic DFT
calculations on both NU-1000(Zr) and NU-1000(Hf) were carried
out using the PBE generalised gradient approximation exchange–
correlation functional as implemented in VASP. To account for
the solvation with trimethylsilyl azide (TMS-N3) during the
reaction, the continuum solvent model was applied. The reac-
tion mechanism was further studied on a NU-1000(Hf) cluster
model in which two of the terminating phenyl groups of the
original ligand were retained to preserve a good representation
of the first coordination sphere of the Hf6 oxo-metallate node.
It has been found that epoxide ring-opening on NU-1000(Hf)
is Brønsted acid catalysed in which styrene oxide forms an
association complex with the inorganic Hf6 node via hydrogen
bonding derived from the terminating hydroxyl ligand, and that
the binding energy of styrene oxide is stronger due to the
p-stacking interaction with the organic ligands.

In a study by Kathalikkattil et al., a zinc-based bio-MOF was
successfully synthesised in the rare lcy topology.276 The zinc-
glutamate (ZnGlu) MOF consists of zinc atoms that are fivefold
coordinated with the structurally-defining glutamate ligands,
whereas the sixth position in the zinc coordination sphere is
occupied by coordinated water. Upon removal of this water
molecule, a penta-coordinated zinc Lewis acid site is formed
which allowed for the further interaction with propylene oxide
for the cycloaddition of carbon dioxide. The full epoxidation
mechanism was studied on a cluster model applying quantum
mechanical calculations in the Jaguar code using the M06
functional.

A special subclass of MOFs consists of frameworks comprised
of 1D inorganic chains, such as the [VQO]N chains in MIL-47(V)
or the [M–OH]N chains in MIL-53(M),277,278 which are in both
cases connected by BDC ligands. While these materials may
be catalytically active when linker defects are created, the small
m2-oxo or m2-hydroxo groups connecting the metal atoms in the
inorganic chain may themselves also be catalytically active.279–281

Moreover, these materials, that often exhibit flexible behaviour
under various stimuli, are characterised by 1D channels parallel
to the 1D chains, which allows relatively large molecules to
diffuse through the material and reach possible catalytically
active centres. Ravon et al. investigated the acid strength of
the catalytic centres in MIL-53(Al) and MIL-53(Ga), the latter
material also named IM-19.282 For this purpose, the authors
identified the nature of the intermediate in the Friedel–Crafts
alkylation of different monosubstituted benzenes with tert-
butylchloride and biphenyl and characterised the acid centres
using DFT studies on the periodic model. The simulated adsorp-
tion IR peak positions and shifts of the CO probe molecule on
the catalysts were in very good agreement with experimental
data for the n(OH) bands. The molecular modelling in the OH
region of the material clearly confirmed the Brønsted acidity of
MIL-53(Ga), although of mild strength. It has been proposed
that the absence of catalytic activity for Friedel–Crafts alkyla-
tion in MIL-53(Al) may not only be attributed to the very low
acidity, but could also be realised because of the location of the

Fig. 17 Schematic representation of the calculated structures with different capping species. Adapted from ref. 90 with permission of the Royal Society
of Chemistry, copyright 2015.
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�OH groups in the inorganic chain, which are ordered in a
straight fashion. In contrast, the tilted �OH groups in the MIL-
53(Ga) inorganic chains induce a much stronger stabilisation of
the passively charged intermediates, leading to a higher turn-
over. In the same class of materials, Vandichel et al. also
investigated the creation of catalytically active open vanadium
sites for the oxidation of cyclohexene using TBHP/water as
oxidants. This catalyst showed a TON of 150, which was only
slightly lower than the TON reported for the VO(acac)2 homo-
geneous catalyst (TON of 169).280,281

Class 3: OMSs due to topological restrictions. In this class of
materials, OMSs are created because the topology of the material
prohibits the complete saturation of the coordination sphere of
the inorganic node. This inorganic node is in many cases the
Cu2(CO2)4 paddlewheel or one of its isometallic analogues.
Indeed, in these inorganic nodes, the metal centres adopt a
square pyramidal geometry, and the metals are kept rigidly in
the square. However, since many of these metal centres prefer a
sixfold coordination, the two axial positions are often occupied
by labile but coordinated ligands, or remain open.

In MOF-11, the two labile ligands are typically water molecules
which can easily be removed upon heating.33 Choomwattana
et al. demonstrated that the open copper sites may act as a Lewis
acid catalyst for the carbonyl-ene reaction between formaldehyde
and propylene.283 The model of the MOF-11 catalyst has been
described using the ONIOM method to account for the role of the
whole framework in the adsorption of reactants.209 The copper
paddlewheel, forming the active site for this type of catalysis, was
described as an inner ONIOM layer and treated quantum
mechanically (QM) with the B3LYP hybrid functional as indicated
in Fig. 18. In contrast, the framework environment, which gives
mostly van der Waals interactions due to confinement of the
adsorbed species in the nanoporous material, was defined as the
outer ONIOM layer and considered with molecular mechanics
(MM) using the universal force field (UFF).284 This hybrid
QM/MM approach is an effective trade-off between the desired
accuracy and available computing resources. In the performed
calculations, only the actively involved part of the copper
paddlewheel and reacting molecules were optimised, while the
remainder of the framework was kept at the crystallographic
positions. For the carbonyl-ene reaction between formaldehyde
and propylene, the authors proposed the concerted mechanism
that comprises five steps. The role of the Lewis acidity of copper
in MOF-11 was elucidated already in the first step by a high
adsorption energy of formaldehyde which was �51.6 kJ mol�1

compared to �13.8 kJ mol�1 on a bare Cu+ model. Similar
conclusions for the Cu-MOF-505 were drawn by Yadnum et al.208

By applying an analogous computational methodology as described
above for the Mukaiyama aldol reaction, the authors proposed
the Cu+ cation as the Lewis acid site responsible for the
adsorption and activation of reacting molecules.

Another example of a carbonyl-ene type reaction, the citronellal
cyclisation, was studied using HKUST-1 as the heterogeneous
catalyst. Also this MOF consists of the same copper paddlewheel
units as MOF-11 and Cu-MOF-505. Vandichel et al. used an

ONIOM approach for HKUST-1,285 similar to the approach of
Choomwattana et al. for MOF-11.283 However, Vandichel et al.
applied first-principles calculations both in the high-level and
low-level ONIOM layers, using the cluster-based Gaussian09
code, rather than applying force fields in the low-level layer.
The clusters were extracted from periodic VASP calculations.
This study unequivocally indicated that open copper sites act as
Lewis acid sites, binding with the carbonyl oxygen from the
citronellal molecule.

The efficiency of HKUST-1 has also been investigated for
the Friedländer reaction,286 showing a higher activity than
conventional zeolites or mesoporous materials such as H-BEA
and (Al)SBA-15.287,288 This increase in catalytic activity has been
assigned to a higher number of available undercoordinated
metal ions in the paddlewheel units. To obtain insight in the
reaction mechanism, DFT calculations have been conducted
on both cluster and periodic models. Periodic calculations
employing the PBE exchange–correlation functional as imple-
mented in VASP were performed for the primitive cell containing
12 Cu2+ ions. The authors studied three cluster models by
means of the paddlewheel model, the single copper site model,
and the model accounting for two adjacent OMSs. To allow for
the energy comparison with periodic simulations, also the cluster
calculations have been carried out using both the B3LYP and
PBE functionals in the Gaussian09 program. The mechanism
mediating the Friedländer reaction depends on the catalyst
character. Two different active sites were characterised, namely

Fig. 18 (a) MOF-11 model used in the work of Choomwattana et al.;
(b) layers of the ONIOM model: high level (ball-and-stick model) and low level
(line model). Figure adapted from ref. 283 with permission of the American
Chemical Society, copyright 2008.
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the Lewis acid (Cu2+ OMS in HKUST-1) and the Brønsted acid sites
formed by the protons. The concerted effect of neighbouring
copper sites was shown to be fundamental for the efficient
catalysis of the rate determining reaction step.

The iron exchanged analogue of HKUST-1, FeBTC, was
studied by Maihom et al. for the catalytic ethylene epoxidation
with nitrous oxide.289 By performing DFT calculations with
the M06-L local functional as implemented in Gaussian09,
they unveiled the reaction mechanism and underlying energy
profile of the N2O decomposition and the subsequent ethylene
epoxidation (Fig. 19). The authors concluded that the reaction
is initiated by the decomposition of N2O to generate the active
oxygen atom residing on the coordinatively unsaturated iron
sites in the paddlewheel units. This is followed by the reaction
of the ethylene molecule with this site, leading to the formation
of the ethylenoxy intermediate, which can then form the final
ethylene oxide. Moreover, they also showed that the activation
barrier for acetaldehyde formation from the ethylenoxy inter-
mediate is larger, leading to a preferential epoxidation reaction.

To further separate the paddlewheel units as active centres,
bimetallic MOFs may be synthesised. Zou et al. synthesised the
bimetallic MOF of Fig. 20, which is constructed of two types of
inorganic nodes: zinc paddlewheels, Zn2(CO2)4, and tetrameric
Zn4O(CO2)6 nodes, which are connected through a tricarboxylate
ligand.290 Moreover, using selective post-synthetic metal exchange,
the zinc centres in the paddlewheel units were exchanged with
either copper or cobalt, while the zinc centres in the tetrameric
nodes were largely preserved during the process. The performance

of the so-obtained bimetallic MOFs for the chemical fixation of
CO2 on epoxy propane to yield propylene carbonate was then
assessed experimentally. From a theoretical point of view, this
catalytic reaction is limited by the energetic mismatch of the
highest occupied molecular orbital (HOMO) of the epoxy propane
and the lowest unoccupied molecular orbital (LUMO) of CO2. DFT
molecular dynamic simulations were conducted to explain
the distinct catalytic performance of the bimetallic MOFs. By
calculating the orbital energies using the LDA-PWC functional,

Fig. 19 (a) and (b) Optimised structures of the (a) FeBTC model and (b) its interaction with nitrous oxide; (c) energy profile and some geometric
parameters of reactants, intermediate, and transitions state involved in the decomposition of N2O over FeBTC (distances in Å). Figure adapted from
ref. 289 with permission of Wiley, copyright 2016.

Fig. 20 Illustration of the fragmental cluster change via metal cation
exchange in a zinc paddlewheel MOF. Reproduced from ref. 290 with
permission of Wiley, copyright 2016.
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the energy gap between the HOMO of the epoxy propane and the
LUMO of CO2 was determined. The original zinc MOF repre-
sented the first MOF with open metal sites for the cycloaddition
reaction due to the open zinc Lewis acid sites.

While this type of catalysis is often encountered in paddle-
wheel MOFs, other topologies may also give rise to topologically
restricted OMSs. In MOF-74(M) or CPO-27(M), a 1D helical
inorganic chain or rod is formed with composition [[O2M2](CO2)2]N,
where the metal centre M = Ni, Co, Zn, Mg, or Mn is sixfold
coordinated, one of the coordination sites again being occupied by
a labile molecule such as DMF which can easily be removed upon
heating.291,292 The 1D chains are connected through tetradentate
DOBDC linkers. The open metal sites, obtained when heating
the material, result in a MOF with intrinsic framework basicity,
as reported by Valvekens et al.219 MOF-74(M) or CPO-27(M) was
considered as a catalyst in the Knoevenagel condensation and
Michael conjugated addition reactions. It has been found that,
among a large set of studied metals in MOF-74, the nickel-based
material showed one of the strongest Lewis interactions, which
was confirmed theoretically by calculated proton affinities (vide
supra). In another work of Valvekens et al., the base catalytic
activity of the alkaline earth MOFs M2(BTC)(NO3)(DMF) with
M = Ba or Sr has been studied.293 The defect structure shows a
strong basicity indicating that alkaline earth ions are closely
involved in the base catalytic activity. The basicity of the
proposed Ba2+–O–Ba2+ motifs generated in the structures is close
to those of the edge sites in BaO, as proven by calculating proton
affinities on the generated active sites. In this case, Ba–MOF
clusters were cut from the periodically optimised structures and
the outer carboxylic units of the linkers were kept fixed during
the cluster optimisation to mimic the rigidity of the framework.
The iron analogue of this MOF, MOF-74(Fe) or CPO-27(Fe), was
the subject of further study by Xiao et al.294 DFT and CASPT2
(Complete Active Space with Second-order Perturbation Theory)
calculations were performed on a truncated model of the MOF to
study the electronic structure of the cluster model. It has been
proposed that the Fe(II) centres can activate N2O, which then acts
as a Lewis acid catalyst which may further activate the C–H
bonds of ethane and convert it into ethanol and acetaldehyde
using N2O as the terminal oxidant.

In the paddlewheel unit discussed above, the planar geo-
metry results in the creation of OMSs. This geometry is not
unique to the paddlewheel units, however, and is also found in
the copper MOFs Cu(2-pymo)2 and Cu(im)2, in which the Cu2+

centres are bridged via the nitrogen atoms of azaheterocyclic
compounds: respectively pyrimidine (pymo) and imidazole
(im).295,296 Luz et al. have carried out first-principles DFT
calculations to investigate the interaction between these MOFs
and cumene-hydroperoxide.74 In order to get a deep insight into
the structural and electronic properties of the two catalysts, the
cluster models were selected consisting of a central Cu2+ cation
surrounded by either four imidazole or four 2-hydroxypyrimidine
molecules. Although these two MOFs have different abilities to
decompose the hydroperoxide, for both MOFs the reaction takes
place on a copper coordination vacancy that forms a Lewis acid
site. Similar Lewis acid sites were identified in cobalt-based

MOFs by Tonigold et al.297 and Tuci et al.,298 for which periodic
DFT calculations have been performed probing their effective
oxygen uptake. Both studies pointed towards the presence of
oxo-species at the cobalt centre, indicating the Lewis acid
nature of this metal.

D.2.2. Type II: catalysis at ligands: metalloporphyrins.
Porphyrin rings and their structural analogues are attractive
moieties to include in framework materials because of their
versatility for catalytic purposes.299 The four nitrogen atoms at
the centre of this ring may coordinate metal atoms such as
titanium, chromium, cobalt, nickel, copper, zinc, or iron, the
latter also termed heme. In all these cases, the metal atoms are
coordinated by the ring in a square planar fashion, such that
their axial positions are unsaturated which can be exploited for
catalysis (Fig. 1, type II). While many porphyrin-based framework
materials, including both MOFs300–302 and COFs,142,303 have been
synthesised, theoretical studies on these materials are currently
limited because of the necessarily extended size of porphyrin-
based ligands, which may contain about a hundred atoms and
are often fourfold coordinated. Therefore, the active site for
catalysis is often reduced to a few tens of atoms, and approximate
schemes are applied to study these catalytic sites. However,
thanks to the increasing computational possibilities, we envisage
a gargantuan body of theoretical work on these materials in the
very near future.

As early as 2012, Roy et al. studied the acyl-transfer reaction
between 3-pyridylcarbinol and N-acetylimidazole on ZnPO-
MOF,304 a MOF consisting of zinc dimers which are either
linked by the tetradentate 1,2,4,5-tetrakis(4-carboxyphenyl)benzene
ligand or a bidentate porphyrin-based ligand, embedding a
catalytically active zinc atom in the latter (Fig. 21).305 Note that,
while the porphyrin ligand is normally fourfold coordinated, two
of those coordinating species are terminating pentafluorophenyl
moieties, limiting the size of the MOF’s unit cell. The authors
proposed a three-step approach to calculate the rate enhance-
ment of this reaction due to preconcentration of reactants at
the zinc-porphyrin active sites. In the first step, the binding
energies of solvent, reactants, and products to the active site of
ZnPO-MOF were calculated using a DFT-based approach. In the
next step, these results were used to obtain the equilibrium
constants for the binding of the reactant and the dissociation of
the product at the active site. Lastly, the authors derived a kinetic
model to calculate the importance of reactant preconcentration
in this system. The DFT investigation with the PBE functional of
the framework-promoted reaction at the active metal site has
been performed using the full atomic structure of the ZnPO-MOF
in the VASP code, which is possible thanks to the reduced
twofold coordination of the porphyrin.

When a higher level of theory is needed, the porphyrin linker
needs to be terminated as a cluster to ensure the calculations
are computationally feasible. Maitarad et al. employed such a
porphyrin cluster model to study the adsorption of N2O over
metalloporphyrins with different metals.306 Among the plethora
of studied metals, titanium-porphyrin in the triplet ground
state was the most active for N2O adsorption. This material
was further assessed for a direct decomposition of N2O to N2
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and O2. An overall reaction mechanism involving three N2O
molecules on titanium-porphyrin was proposed, demonstrating
that titanium acts as a Lewis acid site and is coordinated by the
oxygen atom. All of the electronic structure calculations were
carried out using the Gaussian09 program employing DFT with
the M06-L local functional.

While the aforementioned studies focus on the presence of
one porphyrin-based ligand, Deria et al. envisaged to determine
how the topology of a MOF, and hence the relative orientation
of the porphyrin-based ligands, may alter the catalytic proper-
ties of a MOF.307 For this study, three MOFs were selected
which are all formed by connecting zirconium-based clusters
with zinc-embedded porphyrin ligands: PCN-222 (PCN = porous
coordination network) or MOF-545,308,309 MOF-525,309 and the
newly synthesised NU-902,307 which synthesise respectively in
the csq, ftw, and scu topologies. The authors postulated that
the MOFs’ performance in the Lewis acid catalysed acyl transfer
reaction between pyridylcarbinol and N-acylimidazole depends

on the relative spatial organisation of the zinc-containing
porphyrin ligands, since the pairs of porphyrin sites should
position the acyl-group donor and acceptor species at suitable
distances and relative orientations to facilitate the formation of
the transition state. At first instance, the authors determined the
nine configurations in these three MOFs for which the zinc atoms
embedded in the porphyrin ligands were the closest, which
are shown in Fig. 22. Molecular mechanics simulations using
UFF were applied to calculate the strain energy resulting from
positioning the isolated intermediate in between the porphyrin
ligands, and the two distinct configurations with the smallest
strain energy were selected for further study. The porphyrin cores
of these two configurations were then optimised using the B3LYP
exchange–correlation functional in the DFT paradigm, accurately
determining that the configuration of porphyrin sites in MOF-525
optimises the acyl transfer reaction under study.

D.2.3. Type III: catalysis at reactive functional groups.
Within the third type of single active sites, functional groups

Fig. 21 Representation of N-acetylimidazole molecules at active sites of ZnPO-MOF. Reprinted from ref. 304 with permission of the American Chemical
Society, copyright 2012.

Fig. 22 The nine different pairs of porphyrin sites with their respective centre-to-centre Zn–Zn distances for pairs in PCN-222 (1–3), NU-902 (4–7), and
MOF-525 (8–9). Figure reproduced from ref. 307 with permission of the American Chemical Society, copyright 2016.
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are covalently bound to the linker. Organic groups can be bound
both during synthesis or post-synthetically, but the inorganic
groups can only be added post-synthetically, a procedure which is
termed post-synthetic metalation.310 Due to the different catalytic
nature of metal centres and organic groups, the discussion will
be subdivided in these two subclasses.

Class 1: inorganic groups. As any post-synthetic functionali-
sation, post-synthetic metalation requires the framework to be
sufficiently stable to retain its porosity and crystallinity after the
process. As a result, post-synthetic metalation is often carried
out on the most stable MOFs, such as the zirconium-based
UiO-66 and NU-1000 and their hafnium analogues, as well as on
the prototypical MOF-5.311

While pristine MOF-5 is not catalytically active, Maihom et al.
were guided by experimental findings when they added a copper
alkoxide group to the BDC linker to construct a single active
site for the production of formic acid from H2 and CO2.312

The selected cluster model consisted of two Zn4O inorganic
nodes connected by one copper-alkoxide functionalised linker,
the simplest model still capturing the linker modification and
its direct environment. The choice for cluster calculations
was motivated by the large size of the MOF-5 cell. In all DFT
simulations, the M06-L local functional was used. Further, the
authors examined both the concerted and stepwise mechanism
of the carbon dioxide hydrogenation to formic acid over the
copper-alkoxide functionalised MOF-5. They revealed that the
reaction proceeds through the stepwise mechanism and that
the activity of the reaction increases with the electron-donating
group substitution, as verified by substituting the two non-
functionalised positions of the functionalised linker by nitro or
amino groups.

While the metalation above was carried out on the organic
building block of the MOF, metal complexes can also be
supported by the inorganic nodes. The inorganic nodes of
NU-1000 and UiO-66 were identified as essential catalyst
supports for metal complexes such as Ir(CO)2 in the work of
Yang et al.313 These complexes were subsequently studied
for the catalytic hydrogenation and dimerisation of ethylene.
The zirconium nodes of these MOFs were modelled as finite
clusters that were extracted from the periodic unit cells after
optimisation at the PBE level of theory. To determine the
structure of the iridium-supporting sites, cluster DFT calcula-
tions employing the M06-L local functional were applied and
various calculated bands have been compared with the ones
observed experimentally. It has been noted that the nature of
the MOF support influences the transition states and activation
energies for the various catalytic reactions. The authors explored
different competing reaction mechanisms for ethylene dimerisa-
tion and proposed the one in which chemisorption of ethane
takes place on the iridium sites. Another iridium complex
was also computationally embedded on UiO-66, UiO-67, and
NU-1000 by the same authors to study ethylene conversion.314

For the UiO-66 type materials, one linker was removed and
the open zirconium metal sites were terminated by –OH and
–OH2 groups. For the optimisation, the same computational

methodology as in the previous work has been applied. Once
more it has been proven that DFT calculations provided
detailed insights into the structure of the catalyst, the reactivity,
and the catalytic properties of the iridium centre bonded to the
MOF supports.

The accuracy of different levels of theory on the zirconium-
based NU-1000 was studied by Bernales et al.315 The authors
applied both DFT with the M06-L local functional as well as
higher-level multireference simulations to study the atomic
layer deposition of nickel and cobalt and the subsequent
ethylene dimerisation mechanism on the inorganic nodes of
NU-1000. The inorganic NU-1000 nodes contain reactive –OH
and –OH2 groups on which the transition metals were deposited.
The extended cluster model consisting of benzoate and formate
groups was selected and optimised using the M06-L functional
as implemented in Gaussian09. The key reaction intermediates
identified by DFT were further characterised by applying the
complete active space self-consistent field (CASSCF) level of
theory, followed by second-order perturbation theory (CASPT2)
calculations in the MOLCAS package.316 The reaction mechanism
proceeds via an ethyl-nickel/cobalt intermediate and the for-
mation of the ethyl–metal bond is the rate-determining step in
both cases. The highest catalytic activity was found for the nickel-
containing NU-1000. A similar embedded procedure has been
used by Klet et al. to study the single-site, highly electrophilic
organozirconium ZrBn4 (Bn = benzyl) catalyst supported on the
hafnium analogue of NU-1000.317 A zirconium–monobenzyl
species has been discovered as the lowest product on the
reaction pathway. This site was further investigated as catalyti-
cally active for olefin polymerisation. The periodic structure and
the cluster model calculations were performed employing the
PBE and M06-L functionals, respectively.

In a subsequent study by the same authors on the zirconium-
based NU-1000, the accuracy of different DFT functionals for
acceptorless alcohol dehydrogenation was assessed.318 This
reaction was catalysed by depositing different first-row transi-
tion metals on the NU-1000 inorganic nodes. A neutral cluster
model involving one inorganic node and eight organic linkers
was used and the simulations were carried out using the M06-L
local functional as benchmark functional, comparing the results
with other functionals such as PBE, B3PW91, and B3LYP with
and without dispersion corrections.270 The incorporation of a
metal on the inorganic support was achieved by removing two
acid hydrogens belonging to the –OH and –OH2 groups. A three-
step mechanism for the acceptorless alcohol dehydrogenation
was proposed, comprising of a proton transfer, a b-hydride
elimination, and a H–H bond formation. It has been concluded
that the metal embedded on the inorganic node acts as a Lewis
acid site on which two reacting cyclohexanol molecules can
be adsorbed. Furthermore, the Brønsted catalytic activity of
the support was confirmed for the proton transfer and the H–H
bond formation step.

While the attention of the aforementioned studies is aimed at
describing the metalation process itself, leaching, i.e. the removal
of the inorganic group as a result of competitive reactions at the
support site, may still pose an important problem. In a study by
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Noh et al., a molybdenum oxide was deposited on the zirconium
inorganic nodes of NU-1000 using a solvothermal deposition
method.319 By using the molybdenum-containing inorganic node
terminated by benzoate groups as a cluster model for DFT
calculations using the M06-L local functional as implemented
in Gaussian09, the authors showed that the regeneration of the
inorganic node is strongly endergonic, confirming the stability
of this catalyst towards leaching.

Class 2: organic groups. Functionalisation of MOFs with
smaller organic groups, such as amino or nitro groups, can
be achieved by adding the appropriate carboxylic acids to the
synthetic mixture. However, larger organic functional groups
are often added post-synthetically via click reactions.

An example of a MOF with small functional groups, IRMOF-3,
was discussed by Gascon et al.320 and Cortese et al.321 IRMOF-3 is the
MOF-5 analogue in which each BDC ligand is functionalised with
one amino group. Cortese and colleagues studied the structural and
electronic properties of IRMOF-3 during the catalysed Knoevenagel
condensation of benzaldehyde and ethyl-cyanoacetate. To this
end, they applied both purely quantum mechanical calcula-
tions using the DFT paradigm with the BP86, B3LYP and
MPWB1K functionals as implemented in Gaussian03, as well
as the ONIOM approach with semi-empirical AM1 or PM3
methods at the lower layer and the aforementioned DFT func-
tionals at the higher layer. Second-order Møller–Plesset (MP2)
perturbation theory calculations were also carried out to deter-
mine the proton affinity of the amine derivative models. To
unravel the reaction mechanism, a cluster model consisting
of two Zn4O inorganic bricks bridged together with the amino-
functionalised linker was applied for the high-level calcula-
tions, a cluster analogous to the MOF-5 cluster used by Maihom
et al.312 In the mechanism proposed by the authors, the reaction

is base-catalysed and occurs on the amino group present on the
linker, revealing imines as important intermediates.

For the second class of functional groups, requiring post-
synthetic modification of the linker, Ye et al. proposed a
possible pathway for the creation of UiO-66 with different
extended organic groups containing Lewis pair moieties.317 In
this work and the subsequent large-scale screening of functional
groups,322 the authors investigated the performance of eight
functional groups based on 1-(difluoroboranyl)-4-methylpyrazole,
containing both Lewis acid and base sites, for the catalytic
hydrogenation of CO2. All the considered functional groups are
composed of boron as the Lewis acid site and nitrogen as the
Lewis base site. The periodic DFT calculations were performed
with the PBE functional as implemented in CP2K, and evidenced
that the reaction mechanism always proceeds through a two-step
mechanism based on the heterolytic dissociation of H2 on the
Lewis pairs (Fig. 23). This screening study revealed energetic
barriers which are among the lowest reported for the non-
electrolytic reduction of CO2 with H2. Moreover, the authors
proposed two Brønsted–Evans–Polanyi relationships for this
reaction, one relating to the barrier for the concerted addition
of a hydride and a proton to CO2, and another for the recombi-
nation of the hydride and the proton to produce H2.

Finally, MOFs exist for which the organic functional group
acts as a second active site, complementing an already existing
active site in the nonfunctionalised MOF. For instance, Lescouet
et al. studied the activity of the amino-functionalised MIL-68(In),
for which the indium metal centres act as Brønsted acid sites,
while the amino groups are Lewis basic sites.323 MIL-68(In) is the
indium analogue of the vanadium-containing MIL-68, which
is comprised of 1D inorganic [V(OH)]N chains connected via
BDC ligands.324 The performance of MIL-68(In)-NH2 as a hetero-
geneous catalyst for the synthesis of styrene carbonate from

Fig. 23 Potential energy profiles (0 K, no ZPE correction) for CO2 hydrogenation in UiO-66-X. Key structures are shown in the diagram for the P-B(CF3)2
functional group as examples. Figure reproduced from ref. 322 with permission from the American Chemical Society, copyright 2015.
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styrene oxide and CO2 was studied both experimentally and
theoretically. For the theoretical study, periodic structures
of MIL-68(In)-NH2 were optimised with DFT using the PBE
functional as implemented in VASP, including dispersion correc-
tions following the DFT-D2 scheme of Grimme.245 The authors
concluded that the acidity of the amino-functionalised MIL-68(In)
is larger than its nonfunctionalised counterpart by calculating
the adsorption energies of the basic probe molecules CO and
NH3, a synergetic effect that is also encountered in other
studies mentioned in this review.76,216

E. Single site analysis by IR
spectroscopy in MOFs

One of the major challenges in single site heterogeneous catalysis
resides on the actual demonstration of the existence of such active
sites. In this sense, advanced characterisation techniques, especially
IR spectroscopy, are instrumental. As already mentioned, the acces-
sible OMSs of MOFs can provide interesting centres for interactions
with different molecules and represent the active sites where the
chemical properties of such materials reside.38,325 Therefore, their
precise investigation is of paramount importance, and among the
different available techniques for this kind of materials, IR spectro-
scopy has a key role for unravelling their characteristics. Being
sensitive to the molecular vibrations, IR spectroscopy can provide
valuable and pertinent information on the adsorption sites and
modes on a surface, either directly or via the adsorption of adapted
probe molecules.326 Physical–chemical properties of the sites can
be described and ranked versus reference compounds, drawing a
picture of acidity, basicity, and redox properties in terms of strength
and site concentrations.327 To characterise these features, a limited
number of molecular probes have been used. We will classify
them following the criteria they have been used for.

E.1. CUS typology and acidity characterisation

CO is the typical example of a probe that, due to its small size
and interaction sensitivity with a cationic or a metallic site, can
provide a set of information about the host material. MIL-10038

and HKUST-1328,329 were the first MOFs to be investigated by this
methodology. CO adsorption on MIL-100/101(Cr) is an example
of the IR contribution to the identification of the potential active
sites in MOFs.4,38,330 Thanks to the presence of three n(CO)
bands (observed at 2207, 2200 and 2193 cm�1), it was shown
that the Cr3+ sites are heterogeneous, due to 2, 1 or no residual
(from synthesis) fluoride ions on the metallic trimers, respec-
tively, in the neighborhood of each Cr3+ OMS.38 The quantitative
analysis also provided the number of expected free Cr3+ sites
in the activated compound (3.5 mmol g�1), considering that
one corner of the three octahedra is occupied by one anion. In
MIL-101(Cr), this methodology allowed identifying these sites
as the grafting centres of catalytically active sites.4 In some
cases, the weak interaction of CO with the substrate needs to
be enhanced by adsorption at low temperature. For example, in
the case of HKUST-1, a larger amount of coordinate carbonyl
species was observed at liquid nitrogen temperature than at

room temperature, depending on the CO partial pressure on
both CuI and CuII sites.331 With the assistance of an isotopic
12CO/13CO mixture, it was possible to conclude that part of
the Cu2+ ions in a similar Basolite C300 sample are highly
coordinatively unsaturated and can adsorb more than one CO
molecule, which is important for both a correct quantification
of the exposed sites and for rightly evaluating their hosting
properties towards guest molecules.332 CO was found particu-
larly useful for the characterisation of divalent and trivalent
iron sites in MIL-100(Fe): at room temperature, CO does
not interact strongly with Fe3+, providing only a weak band at
2190 cm�1, whereas Fe2+ leads to the appearance of two bands
at 2182 and 2173 cm�1.5 At 100 K, these bands shift to 2179 and
2170 cm�1 for Fe2+, and between 2192 and 2173 cm�1 for Fe3+

sites, allowing a quantitative analysis of the site concentration,
with relative intensities depending on the activation treatment.81

In CPO-27(Ni), CO adsorption gave rise to a very intense band at
2178 cm�1 due to the formation of Ni2+� � �CO complexes, persist-
ing at room temperature, but being reversibly desorbed upon
prolonged evacuation.333 A similar band was also observed after
CO introduction on MOF-74(Mg).334 These studies also supported
the assignments for CO adsorption in the mixed MIL-127(Fe,Ni).335

Thanks to CO gas sorption analysis combined with adsorption
microcalorimetry, the much higher sorption capacities of the
mixed metal compound were highlighted with respect to the pure
iron sample, as well as a higher tendency to form Fe(II) sites. Again,
in agreement with previous experiences and calculations,336 CO
could evidence the differences in the electronegativity of divalent
cations substituted in the polycarboxylate structure, giving rise to
an affinity ranking for the probe towards the various divalent
species with the trend Ni2+ 4 Co2+ 4 Fe2+ 4 Mg2+,335 in
agreement with the differences in the enthalpies of adsorption
that lie from about �30 to �50 kJ mol�1 at low coverage.
Combining data obtained by CO or 15N2 adsorption recently
proved to be useful to distinguish free and H-bonded hydroxyls
in the case of MIL-53(Al) and NH2-MIL-53(Al).337

Pyridine is in general the molecule widely used to probe
the Lewis acid strength on oxide surfaces, through the wave-
numbers of its n8a and n19b bands. Most of the time, these
modes are useless for MOFs, being overlapped by very strong
bands due to carboxylate and ring vibrations. Nevertheless, other
bands can be used in the 1000–1100 cm�1 range. For example,
pyridine adsorption on MIL-100(Fe) activated at different
temperatures gave rise to a set of bands at 1008–1014, 1043
and 1070 cm�1, which were assigned to n1, n12 and n18a ring
modes of the probe. They present a significant blue shift with
respect to the liquid phase and can be correlated with the site
acidity.81 It is worth to remark that the use of this probe
molecule has allowed evidencing the presence of additional
Brønsted acid sites in Basolite F300 with respect to MIL-100,
responsible for a different catalytic activity of these two solids.82

Another valuable probe for the characterisation of acidity in
porous materials is acetonitrile, properly used in its deuterated
form CD3CN. For example, the acidity of the Ln3+ sites in MIL-
103(Ln) was investigated by this probe. The position of the n(CN)
mode of the coordinated acetonitrile (2283, 2287 and 2290 cm�1
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for Ln = La, Eu, and Dy, respectively) was directly related to the
strength of the lanthanide–nitrile bond, proportional to the
polarising power of the cation.338 Acetonitrile was used to probe
and quantify the acidity of zirconium-based MOFs.114,339,340 In
the case of UiO-66(Zr) and UiO-66(Zr)-(COOH)x, acetonitrile
allows distinguishing the presence of Lewis and Brønsted
(associated with hydroxyls) acid sites through the n(CN) vibra-
tion bands observed at 2304 and 2275 cm�1, respectively, and
also provides the concentration and the strength of the sites
versus the dehydration process and the presence of the func-
tional groups.340 In a similar way, acetonitrile probed the
presence of Lewis acid sites in the aluminium fumarate A520,
having a strength intermediate between that of MIL-100(Al) and
those of MIL-100(Cr) or MIL-100(Fe). On the counterpart, CO
adsorption at low temperature demonstrates that the Brønsted sites
present a milder acidity with respect to those in MIL-100(Cr).341 It is
worth remarking that sometimes probes may present a different
behaviour on the sites due to their specific interactions. This is
the case, for example, in MIL-100(Al), where CD3CN indicates a
strong acidity of aluminium OMSs, close to that reported for
silica–alumina, whereas CO reveals a medium acid strength, as
that reported for unsaturated sites in alumina. This contra-
dictory result is particular to the MOF: the small diameter of
the Al3+ cation increases the shielding effect of the neighbouring
carboxyl oxygen atoms inducing a lower Al3+ OMS accessibility.85

This phenomenon shows that it is important to use and compare
different probe molecules and compare their results when
investigating a property of a material by IR spectroscopy, to
avoid biased interpretations. When the spectroscopic study is
related to the catalytic properties of the material, the best probe
remains the reactant itself.

E.2. Cationic species and their oxidation degree

Complementary information on MOF sites can be provided by NO,
but band assignment is not always straightforward. In the case of
HKUST-1, for example, the formation of Cu2+� � �NO adducts was
indicated upon NO addition by a band at 1887 cm�1. In spite of a
strong interaction energy, the nitrosyls appeared at a position
relatively close to the gas phase due to the competitive effects of
electrostatic polarisation and s donation on the one hand, and the
opposite p-back-donation on the other hand, as for CO adducts on
Ni2+.329 In the case of CPO-27(Ni), both IR and Raman indicated
the formation of linear/tilted Ni(II)� � �NO species thanks to the
appearance of a very strong and stable band at 1847 cm�1.56

A thorough characterisation of the presence and interchange
between Cu2+/Cu+ sites (redox properties) in HKUST-1 was
possible by coadsorbing CO and NO, then complementing these
evidences by CO2, NO2, and methanol probes.342 Conversely, NO
was fundamental as a probe to quantify the amount of Fe3+ and
Fe2+ sites in iron carboxylates such as MIL-88.343 In MIL-100(Fe),
nitrosyls were characterised by a band at 1901 cm�1 on FeIII

OMSs and by a doublet at 1842 and 1828 cm�1 on FeII OMSs.72

The stronger adsorption of NO with respect to CO on the divalent
OMSs allowed for a precise measure of the Fe2+/Fe3+ ratio, as well
as their role in the propene/propane separation.56 A similar
approach permitted the quantitative analysis of accessible iron

and nickel sites in MIL-127(Fe,Ni) as well.335 NO was also used
to characterise the vanadium oxidation degrees in MIL-100(V),
a material with promising redox catalytic properties.83

We have already evoked above the use of methanol as a probe
molecule to ascertain the oxidation state of copper in HKUST-1.
The invaluable importance of such a probe is highlighted in a
study of UiO-66(Zr,Ce), where methanol clearly demonstrated
the insertion of cerium in the hosting structure, as well as the
presence of low amounts of Ce3+.97 Moreover, methanol behaved
also as a reacting agent, undergoing a catalytic decomposition
to CO2, hence demonstrating the unique properties of the new
material due to a combination of defects and redox activity upon
cerium substitution.97

E.3. CO2-specific interactions

CO2 is an amphoteric molecule which can be used to probe
both acidity and basicity,327 but in the case of MOFs carbon
dioxide is a complementary probe to characterise acidic sites.
The most interesting results on CO2 adsorption were found
in MIL-100(Cr) and MIL-101(Cr), where the formation of CO2-
coordinated species on Lewis acid sites gave rise to strong n3

bands situated at 2351 and 2348 cm�1, respectively. The lower
wavenumber position for the adsorbates in the latter compounds
indicated a weaker interaction, as confirmed by calorimetric
studies, and hence also for an easier reactivation of the material
after carbon dioxide sequestration. This property was considered
extremely important, being associated with an amount of
CO2 filling in MIL-101(Cr) in mild conditions that was found
the highest for all the known materials, so that it could be
considered as a target solid in pressure swing adsorption (PSA)
applications, being furthermore stable after several adsorption/
desorption cycles and in the presence of moisture, as under-
lined by IR spectra.84 In another structure, such as the porous
chromium(III) terephthalate MIL-53(Cr), the adsorption mode
of CO2 at low coverage was identified using IR spectroscopy: the
red shift of the n3 band and the splitting of the n2 mode of CO2

in addition to the shifts of the n(OH) and d(OH) bands of the
MIL-53(Cr) hydroxyl groups provided evidence that carbon
dioxide acts as an electron-acceptor via the interaction of its
carbon atom with the oxygen atoms of the framework’s Cr(OH)
inorganic chain. That was the first example of such an inter-
action between CO2 and bridged �OH groups in a solid.344

When CO2 was adsorbed at room temperature in MIL-53(Cr), an
additional phenomenon was observed: the gas isothermal
uptake proceeded via a plateau while the desorption occurred
with hysteresis. In situ X-ray diffraction (XRD) and IR experi-
ments demonstrated that this unusual effect was associated to a
breathing behaviour of the hybrid structure.345 Interestingly, in
the case of the MIL-53(Fe)-X functionalised MOFs, it is observed
that the carbon atom of the CO2 molecule interacts preferentially
with the oxygen atom of the carboxylate group, contrarily with
what is predicted for the non-modified MIL-53(Fe), hence
revealing that the functionalisation does not provide an
expected additional X� � �CO2 interaction but rather a modula-
tion of the interaction with the preferential m2-OH adsorption
sites.346 Similar studies on CO2 complexes on MIL-53(Al) and

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
3/

03
/2

01
8 

12
:3

7:
33

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

242



This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 3134--3184 | 3163

MIL-53(Al)-NH2 were also performed by Mihaylov and co-workers332

Also the linear chain coordination polymer Ni-DBM-BPY presented
CO2 and CH4 adsorption behaviours typically associated with
flexible MOFs. A detailed correlation between the structural
phase transition in the material and the sorption of carbon
dioxide was performed by monitoring in situ the adsorption of
the gas via ATR-FTIR spectroscopy (attenuated total reflectance
Fourier transform infrared spectroscopy), using the methodology
described above.347

E.4. Basicity

Propyne was used to probe the basicity of sites in MOFs: in the
case of MIL-100(Fe), independently from the oxidation state of
iron, only weak interactions of the molecule with the adsorption
sites were observed, witnessing for a very weak basicity of the
oxygen atoms around the metal sites.81 In the case of flexible
MIL-53(Fe)–X MOFs, the interactions are very diversified, but
once more IR spectroscopy (with the help of DFT calculations)
can draw a view of the propyne molecule adsorbed via the CRC
bond or the hydrogen bonding of the terminal proton.348 In the
same way, acetylene was used on CPO-27 to probe the basicity
of the oxygen atoms.349

E.5. Hydrogen as a probe for cations and ligands

Hydrogen is also an interesting probe having specific properties.
Upon dihydrogen adsorption on HKUST-1 at 20 K, IR spectra
showed two main bands at 4097 and 4090 cm�1. After time, the
two bands shifted and interconverted (isosbestic point), and were
replaced by other components (4137, 4140 and 4148 cm�1). This
was interpreted as one of the few examples of in situ evidence of a
single site catalysed ortho–para conversion of H2 in the adsorbed
state, indicating that Cu2+ in HKUST-1 acts as a spin catalyst.329

On MOF-5, this ortho–para conversion started at higher tempera-
tures, and diffuse reflectance infrared spectroscopy revealed
at least three distinct binding sites upon adsorption at low
temperature, with site-specific energies ranging from 2.5 to
4 kJ mol�1.350 In CPO-27(Ni), H2 adsorption started to be
observed already at 180 K, giving rise to bands in two distinct
regions (4010–4040 and 4110–4150 cm�1), the first associated
with hydrogen interacting with Ni2+, while the second region
was assigned to H2 adsorbed on ligands. In particular, the
interaction of hydrogen with Ni2+ sites produced a doublet at
4035 and 4028 cm�1, due to Ni2+� � �H2 complexes belonging to
the heterogeneity in the first coordination sphere of the oxygen
atoms around nickel.351 Chavan et al. extended the study to the
isostructural CPO-27(M) (M = Mg, Mn, Co, Zn). The strongest
perturbation of the H2 vibrational frequency was shown to be
due to the interaction with an OMS, and a direct correlation
between the ionic radii of the metal cation and the H2 inter-
action energy was found in MOFs of the same topology.352

Drenchev et al. specified the infrared signature of hydrogen
adsorbed on CPO-27(Ni) and the site competition with CO.353

Nijem et al. performed hydrogen adsorption at 300 K and
high pressures (27–55 bar), followed by IR spectroscopy,
on several MOF prototypes: Zn, Ni or Cu(BDC)(TED)0.5, Mn
or Ni3(HCOO)6, Zn2(BPDC)2(BPEE) (TED = triethylenediamine,

BPDC = 4,40-biphenyldicarboxylate, BPEE = 1,2-(bipyridyl)ethane).
These experiments highlighted the relevance of IR spectroscopy to
determine the type and arrangement of ligands in the structure of
MOFs.354 A thorough description of the structural and thermo-
dynamic aspects of H2 adsorption at the strongest binding sites
in Mn–, Fe–, and Cu–BTT (BTT = 1,3,5-benzenetristetrazolate)
samples was obtained by combining IR experiments with a
detailed DFT study.355 The effect of substitutions at the metal
cluster (metal ion and anion within the tetranuclear cluster) was
discussed, showing that the configuration of this unit indeed
plays an important role in determining the affinity of the frame-
work toward H2. This study highlighted the importance of a
combined experimental and theoretical approach to the design
and synthesis of new frameworks for H2 storage applications.

Other kinds of probe molecules have been used to characterise
the OMSs of MOFs by IR spectroscopy, adapting the type of the
guest with respect to the quality of the host and the researched
interaction. But we cannot be exhaustive in this kind of review.
What is important to underline is that IR spectroscopy of probe
molecule adsorption constitutes a unique way for characterising
qualitatively and quantitatively the OMSs in the structures,
as well as their physical–chemical properties.

F. Cooperative single-site catalysis
with MOFs: one-pot tandem and
multicomponent coupling reactions

In our recent perspective article, we envisaged the use of MOFs
as (multifunctional) catalysts for sequential tandem reactions –
including multicomponent coupling reactions – as one potential
niche of application for this family of compounds in which
MOFs have the potential to display interesting advantages with
respect to other potential competitors such as homogeneous
catalysts, zeolites, and other inorganic materials.32 Advance-
ments in this field have been the subject of several reviews
recently.356,357 Probably the type of multifunctional MOF-based
catalysts studied most extensively so far consists of metal
nanoparticles encapsulated in MOFs. Strategies for preparing
these systems usually rely on techniques such as chemical
vapour infiltration358 or impregnation359 of suitable metallic
precursors followed by reduction, or either on nucleated
synthesis in which a MOF is formed around pre-formed metal
nanoparticles.360 A bunch of examples exist in which the
catalytic activity of the encapsulated nanoparticles is then
combined with active sites located at the MOF nodes or linkers,
yielding multifunctional catalytic systems that can be success-
fully applied to sequential tandem reactions.77,361,362 However,
given the scope of this review, only examples on (multifunc-
tional) MOF catalysts based on single-site engineering are
discussed here, thus excluding examples in which the catalytic
activity arises from metal nanoparticles encapsulated inside the
MOF pores. For a more general view of this type of compounds,
the reader is referred to some recent reviews dealing with this
type of composite materials.363,364
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When dealing with single-site MOFs, various situations are
possible, depending on whether the active centres are located
at the metallic nodes, at the organic linkers, or a combination
of both, as depicted in Fig. 1. Therefore, recent advances on the
use of these compounds are reviewed based on two main
scenarios: one-pot multicomponent coupling reactions and
one-pot multistep sequential (or tandem) reactions. In spite
of being conceptually different, both types of catalytic schemes
represent a process intensification strategy, aiming at reducing
the number of separation/purification steps of intermediate
products, thereby reducing the energy consumption and the amount
of solvents used and by-products generated in the synthesis of
the target compounds. This leads to a significant and highly
desirable improvement of the atom and process economies
while minimising its environmental impact.

F.1. One-pot tandem reactions

F.1.1. Acid–base bifunctional catalysts. One of the preferred
tandem processes to evaluate the catalytic activity of MOFs
comprising acid and basic single sites is the deacetalisation of
benzaldehyde dimethyl acetal followed by the Henry condensation
in which the resulting benzaldehyde couples with nitromethane
(Scheme 1). Although the two individual steps are separately
not very challenging and there are numerous Brønsted and
Lewis acids and bases that can catalyse them independently,
the point is that the coupling of the two reactions in a tandem
process would require the simultaneous presence of an acid
and a base that would become instantaneously neutralised in the
homogeneous phase, precluding the tandem process. Control
studies with homogeneous acids and bases clearly show that it
is not possible to perform this tandem reaction with soluble
acid and bases.

In contrast, MOFs as well as other solid supports provide
a rigid network to attach acid and basic sites at sufficient
distances to avoid their annihilation by neutralisation. The
importance of the simultaneous presence of (weak) acid and
basic sites in solids to activate nucleophiles on the basic sites
and the substrate on the acid sites is well known in hetero-
geneous catalysis and has been reported for instance by Corma
and co-workers to explain the high catalytic activity of aminated
aluminophosphates (AlPOs), even though the strength of the
acid and basic sites is relatively weak.365 The simultaneous
presence of acid and basic sites is also possible in MOFs
with the advantage that these porous materials offer different
alternatives, including a rich variation in the nature of the acid
and basic sites, their location at the linkers or on nodal

positions, and the generation of active sites by post-synthetic
modification, and all of them on a highly crystalline, well-
characterisable material. Several of these possibilities have been
realised already.

For instance, Shi and co-workers used MIL-101(Cr) and
anchored basic sites (ethylendiamine) on the metal nodes and
acid sites (sulphonic groups) on the organic linkers.366 In this
way, the acid and basic sites are organic units and both of them
were introduced sequentially by post-synthetic modification
of the parent MIL-101(Cr) (see Fig. 24). Not surprisingly, the
MIL-101(Cr)-SO3-NH2 was reusable – although only three con-
secutive runs were performed – and the inverse relationship
between the size of the substrates and the yield of corresponding
b-nitrostyrene suggests that the reaction should occur within the
internal pores of the material.366 Importantly, control experiments
using a mixture of p-toluenesulphonic acid and ethylenediamine,
which are structurally closely related to the acid and basic sites
in the MOF, show no conversion at all. Moreover, if any of these
two organic compounds is added to MIL-101(Cr)-SO3-NH2, the
tandem process is also impeded due to the neutralisation of the
opposite site within the MOF pores.

The same deacetalisation/Henry reaction tandem process
has also been reported using a mixed-ligand MIL-101(Cr) as
catalyst. This catalyst was synthesised using a mixture of two
ligands, sulphonic terephthalate and nitro terephthalate, followed
by SnCl2 reduction of the nitro to amino groups (Fig. 25).367

It was claimed that this synthesis was more convenient and led
to a more efficient material than the one discussed above for
MIL-101(Cr)-SO3-NH2, reaching somewhat higher nitrostyrene
yields in shorter times and at lower temperatures.367

Another similarly preferred tandem test to evaluate the
catalytic activity of solids having acid/base sites is the deaceta-
lisation of benzaldehyde dimethyl acetal to form benzaldehyde,
followed by the Knoevenagel condensation with malonitrile
(Scheme 2). Also in this process, there are numerous soluble
acids and bases that can promote each individual step sepa-
rately and none of the two requires sites of strong acidity or
basicity. In this context, Zhou and co-workers reported the synthesis
of a copper paddlewheel-based MOF with 5,50-(pyridine-3,5-
dicarbonyl)bis(azanediyl)diisophthalate ligands (PCN-124).368

The exchangeable coordination positions at the Cu2+ sites and
the pyridine and carboxyamide units are responsible for the
acidity and basicity of the material with a self-interpenetrated
3D structure. The material did not lose activity in four con-
secutive uses and XRD characterisation of a four-times used
sample shows the structural stability.

Scheme 1 Tandem reaction showing (i) the deacetalisation of benz-
aldehyde dimethyl acetal and (ii) the Henry condensation of benzaldehyde
with nitromethane.

Fig. 24 Cartoon illustrating the relative position of the sulphonic acid
groups (green arrows) and basic amino groups (purple hexagons) in the
lattice of MIL-101. Reproduced from ref. 366 with permission from the
Royal Society of Chemistry, copyright 2012.
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The same deacetalisation/Knoevenagel condensation tandem
process has also been reported in MIL-101(Al)-NH2,369 whose
activity was much higher than other solids with acid or base
nature such as other MOFs, zeolite Y, and MgO, while a mixture
of HCl and trimethylamine was inactive. In the case of MIL-
101(Al)-NH2 the free �COOH groups of the linker present at
structural defects or at the outer surface are believed to play the
role of acid sites, while the basic sites are the amino groups of
the linker. The superior activity of MIL-101(Al)-NH2 with respect
to other MOFs (e.g., MIL-53 or MIL-101(Cr), either with or
without –NH2 groups) has been attributed to a combination
of a high porosity (800 m2 g�1 with wide pore openings), with
the simultaneous presence of –NH2 groups in the organic
ligands and structural defects in the form of –COOH groups.
MIL-101(Al)-NH2 was recycled three times, but showed neither

a deterioration of its high catalytic activity nor a change in
its selectivity.369

F.1.2. Acid-oxidation bifunctional catalysts. Other typical
tandem processes combine one acid- or base-catalysed step
with an oxidation reaction. Thus, an iron-porphyrin MOF with
Lewis acid Hf6 nodes has been reported to be active for the
regioselective conversion of styrene to the trimethylsilyl ether
of phenyl azidohydrin (Scheme 3).370 After MOF synthesis,
chemical analysis established that the Fe/Hf atomic ratio was
lower than the 2 : 6 according to the expected formula. To
increase the iron content, the as-synthesised material was sub-
mitted to anhydrous FeCl3 treatment in DMF, but then the Fe/Hf
ratio was consistently 4 : 6 and the characterisation data were
compatible with two Fe3+ ions associated to the Hf6 nodes in
addition to the iron-porphyrin. Interestingly, styrene epoxidation
by molecular O2 using tert-butyraldehyde in the presence of
azido trimethylsilane (TMSN3) affords the product of the tandem
reaction with the opposite regioselectivity of the azido and
trimethylsilyl (TMSO) groups than when styrene oxide is sub-
mitted to epoxide opening by TMSN3 with the same catalyst. This
change in the regioselectivity depending on the nature of the
starting materials, either styrene or styrene oxide, was intriguing,
but confirmed with model compounds and known to originate
in the first step of the tandem process. The change in the regio-
selectivity of the azido hydrin depending on whether the starting
material is the styrene or styrene oxide remains unexplained
and, certainly, requires further study.

In another tandem reaction having an oxidation step, a mixed
metal MIL-100(Sc,Fe) was prepared and used as catalyst for
the tandem deacetalisation/Friedel–Crafts alkylation/oxidation
(Scheme 4).371 MIL-100(Sc) was found in previous work to be an
excellent solid acid catalyst compared to other MIL-100(M)
congeners, even if its activity does not correlate directly with the
acid strength of the sites. The original feature of MIL-100(Sc,Fe)
is that the two nodal metals have a different activity, scandium

Fig. 25 Preparation of mixed-ligand MIL-101(Cr) having isolated acid and base centres able to promote the deacetalisation/Henry condensation tandem
process. Reproduced with permission from ref. 367 from the Royal Society of Chemistry, copyright 2014.

Scheme 2 Tandem reaction showing (i) the deacetalisation of benzaldehyde
dimethyl acetal forming benzaldehyde and (ii) the subsequent Knoevenagel
condensation with malonitrile.

Scheme 3 Conversion of styrene to the trimethylsilyl ether of phenyl
azidohydrin using a tandem process.

Scheme 4 Tandem deacetalisation/Friedel–Crafts alkylation/oxidation.
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being the Lewis acid site promoting deacetalisation and alkyla-
tion, while iron, in its III oxidation state, is responsible for the
oxidation of the benzylic alcohol to the heteroaromatic ketone
when using TBHP as oxidant. It was noticed that the tandem
process starting from indol and trifluoroacetaldehyde ethyl
acetal affords the heteroaryl ketone in higher yield than when
the presumed heteroaryl alcohol intermediate is used as starting
material, a fact that was attributed to be higher efficiency of the
oxidation when the intermediate is located already near the active
sites as compared to the situation in which this compound has to
diffuse to the active sites.371 This interesting observation shows
that tandem processes may overcome the diffusion limitations
normally posed by the intermediate, since they are already
located near the active site in a tandem reaction, hence result-
ing in an improved catalyst performance.

Perhaps one of the best examples of the versatility in the
design and synthesis that MOFs offer in catalysis is their use
as enantioselective catalysts. While most of the attempts to
obtain homochiral zeolites or other porous solids that could be
used as enantioselective catalysts have failed, there are ample
precedents using MOFs in asymmetric catalysis.372,373 The
simplest approach is to use an enantiometrically pure chiral
linker as building block in the preparation of chiral MOFs.374

These homochiral MOFs have also been applied as catalysts of
tandem reactions. The use of chiral manganese–salen com-
plexes to promote the enantioselective epoxidation of simple
alkenes by Jacobsen was a major achievement in the area since
it expanded the initial enantioselective Sharpless epoxidation
of allylic alcohols.375 Chiral metal–salen complexes are general
catalysts for a series of asymmetric reactions including
the asymmetric resolution of epoxides, the cyanosilylation of
aldehydes, Diels–Alder cycloadditions, among many other
reactions.376 Considering the advantages of heterogeneous
catalysts in terms of recovery and recyclability of the catalysts,
there was a considerable interest in anchoring or encapsulating
these chiral complexes in organic polymers and inorganic solid
supports.377 Not surprisingly, a MOF with a manganese–salen
complex as building unit and Zn4O tetrahedra as inorganic
nodes has been prepared (Fig. 26).378 The resulting chiral MOF
is able to promote the enantioselective epoxidation of cyclic
benzylic alkenes with a high to moderate enantiomeric excess
(ee) using a substituted iodosylbenzene derivative as oxidant. In
addition, the Lewis acidity of the Zn2+ ions is able to promote the
regioselective epoxide ring opening using TMSN3 as nucleophile.
Although no enantiomeric resolution of a racemic epoxide mixture
was observed in this epoxide opening, the process was enantio-
selective and pure epoxide enantiomers afforded the corresponding
azidohydrin with a high ee. Nevertheless, the chiral MOF based on
the manganese–salen complex was able to perform the alkene
epoxidation/epoxide ring opening tandem process (Scheme 5) with
high to moderate enantioselectivity by the one-pot sequential
addition of oxidising agent and, then, TMSN3.378

In another example, the enantioselective epoxidation of
styrenes was followed by CO2 insertion to render the cyclic
carbonate with a large to moderate enantiomeric excess.379 In
this case, the MOF had several components that cooperated to

the success of the tandem reaction. The active site for the
oxidation reaction was an achiral Keggin polyoxometallate,
ZnW12O40

6�, and the asymmetric induction was performed by
a chiral pyrazol pyrrolidine that was in close proximity to the
oxidation centre mimicking in a certain way enzymes in which
the protein backbone directs and establishes the interaction
with the substrate in its approach to the prostetic active centre
(Fig. 27). The MOF also contains an amino substituent in the
4,40-bipyridine linker to increase the CO2 adsorption capacity of
the material. Moreover, exchangeable positions around the
Zn2+ nodal ions as well as tetrabutylammonium bromide act
as Lewis acid and base to activate CO2 insertion. Interestingly,
the opposite homochiral MOF, prepared in the same way but
using the opposite enantiomer of the pyrazol pyrrolidine linker,
gives rise to the opposite enantiomer of the cyclic phenyl
carbonate in very similar ee, unveiling this linker as the unit
responsible for the enantioselectivity of the process (Table 1).

F.1.3. Acid-reduction bifunctional catalysts. The reaction
of salicylaldehyde with a pre-formed MOF containing free
amino groups in its organic linkers (e.g., aminoterephthalate-
based MOFs such as IRMOF-3 or MIL-101-NH2) leads to
the corresponding salicylidene-imine Schiff base under mild
conditions. This simple post-synthetic modification strategy

Fig. 26 (a) Stick/polyhedra model of a chiral MOF showing the
(Zn4O)0.5(Mn–salen)1.5 cage built from distorted octahedral secondary building
units and dicarboxylate bridging Mn–salen complexes; (b) schematic showing
the twofold interpenetrating networks of the lcy topology; (c) space-filling
model of the structure of the double interpenetrated chiral MOF viewed
perpendicular to the (001) plane. Reproduced from ref. 378 with permission
from the Royal Society of Chemistry, copyright 2011.
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has been used successfully to introduce efficient chelating groups
in MOFs. These chelating groups allow the coordination of
additional metallic species that introduce desired new catalytic
functions through a further metalation step.380,381 We recently
used this approach to design bifunctional acid–metal catalysts by
introducing palladium and platinum monoatomic salicylidene–
imine complexes in a chromium aminoterephthalate MOF, MIL-
101(Cr)-NH2, bearing coordinatively unsaturated Cr3+ sites with
Lewis acid properties.361 The resulting bifunctional MOFs were
used as catalysts in various tandem reactions consisting of
the metal-mediated reduction of nitroarenes followed by the
reductive amination of carbonyl compounds by the in situ formed
aminoarene. These tandem processes catalysed by the bifunctional
MOFs opened the door to the one-pot synthesis of important
nitrogen-containing products, including secondary arylamines
and nitrogen heterocyclic compounds (quinolines, pyrroles and
pyrrolidines). The interplay between the Cr3+ Lewis acid sites of
the MOF and the hydrogenation properties of the salicylidene
metal complexes was found to be very convenient, in particular for
tandem processes involving the reductive amination of ketones,
Paal–Knorr synthesis of pyrroles, or Michael addition reactions,
all requiring the assistance of acid sites with a moderate strength.
In contrast, commercial catalysts based on palladium or platinum
nanoparticles supported on carbon or alumina did not perform as
well as the MIL-101 materials due to the lack of suitable acid sites
to catalyse the above key reactions.361

A similar post-synthetic modification strategy was used by
Rasero-Almansa et al. to modify the amino groups of the
zirconium-containing MOFs UiO-66-NH2 and UiO-67-NH2, to
produce various chiral NNN pincer aminopyridineimine ligands
with chelating properties, followed by the introduction of iridium
or rhodium (see Fig. 28).382 In this way, the authors developed a
new family of multifunctional zirconium-based MOF catalysts
containing (Rh, Ir) metallic centres, Zr4+ sites with Lewis acid
properties, and base groups incorporated as ligands.

The post-synthetically modified multifunctional catalysts were
tested in a number of reactions to evaluate the availability of the
different incorporated functionalities, and were finally applied to
a cascade process of olefination–hydrogenation of aldehydes.
First, the basic groups of the ligands catalysed the Knoevenagel
condensation of the aldehyde with nitroacetate to form product A
(see Fig. 29), followed by the hydrogenation of the CQC bond
of the intermediate product by rhodium (or iridium) sites to
product B, and also catalysed the reduction of nitro to amino
groups to product C at longer reaction times. However, it is worth
mentioning that, in spite of using chiral NNN pincer ligands, the
tandem process was found to be not enantioselective, even in the
presence of a chiral diphosphine.382

F.2. One-pot multicomponent coupling reactions

Very recently, we have shown that the acidity of UiO-66 and the
amino-modified derivative, UiO-66-NH2, renders these materials

Scheme 5 Alkene epoxidation-epoxide ring opening tandem process.

Fig. 27 Components and their role, as well as a pictorial illustration, of the structure of the chiral zinc MOF that promotes the one-pot transformation of
styrenes into the corresponding chiral cyclic carbonates with high ee values, reproduced from ref. 379 with permission from Nature Publishing Group,
copyright 2015.
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highly active and diastereoselective for the multicomponent
coupling reaction between aldehydes, imines, and dihydropyrane
(DHP).383 This so-called Povarov reaction leading to pyranoqui-
nolines actually consists of a series of domino reactions starting
from an inverse electron-demand aza-Diels–Alder cycloaddition
of an aryl imine (formed in situ from the aldehyde and the amine)
and an electron-rich dienophile (DHP), followed by a [1,3] hydride
shift reaction (see Fig. 30).384 When UiO-66-type materials were
used as catalysts, this cascade process was found to proceed
smoothly at room temperature, yielding pyranoquinolines almost
quantitatively after 20 h of reaction. Interestingly, the reaction
proceeded with an excellent diastereoselectivity (diastereomeric
excesses of 90–95%) to the corresponding trans isomer,

stemming from the exo approach of DHP to the aryl imine during
the aza-Diels–Alder cycloaddition. This high diastereoselectivity
was attributed to the large steric effects of the MOF, preventing
the endo addition and thus favouring the formation of the trans
isomer. In this sense, the MOF was considered as a ‘‘macro-
ligand’’ of the zirconium ions, which can drive the reaction
pathway towards the formation of the less hindered product.

Very recently, Monge and co-workers reported on the synth-
esis and catalytic activity of mixed-metal MOFs with the general
formula [InxGa1�x(O2C2H4)0.5(HFIPBB)] (H2HFIPBB = 4,40-(hexa-
fluoroisopropylidene) bis(benzoic acid)).385 The series of mono-
metallic Al, In, Ga, and bimetallic (In,Ga) compounds were all found
to be active for the one-pot Strecker multicomponent reaction
between benzaldehyde, aniline, and trimethylsilyl cyanide (TMSCN)
to form the corresponding aminonitrile. Interestingly, the obtained
products depended on the composition of the starting MOF (see
Scheme 6): while AlPF-1 afforded the expected aminonitrile product
(a), when GaPF-1 was used, the product coming from the aldehyde
cyanosilylation (b) was obtained instead. Meanwhile, the imine
product (c) was obtained over InPF-11, while the aminonitrile
product formed quantitatively when the bimetallic (In,Ga) com-
pound was used as catalyst. The rationalisation of the obtained
results allowed the authors to suggest plausible reaction mechan-
isms, depending on the chemical composition of the used catalyst.
Thus, activation of benzaldehyde at the Lewis acid sites lead to either
cyanosilylation (GaPF-1) or imine formation, which in turn was
followed by addition of TMSCN to the corresponding aminonitrile
only in the case of AlPF-1 and bimetallic (In,Ga). This is a very nice
example that illustrates the great potential of solid solution MOFs to
address the various stages involved in the reaction mechanism, thus
allowing to tune the final product.

G. Towards enzyme mimics

The ultimate goal of implementing single catalytic sites into
synthetic solids is to achieve the degree of sophistication
displayed by enzymes. Reactivity in enzymes is usually defined
by the chemical properties of the active site, typically composed of
transition metal-based organometallic or inorganic compounds.
However, selectivity and reaction rates are highly controlled
through the interaction of the active site with the surrounding
substructure of the enzyme and, in many cases, depend on
cofactors. The typical hurdle to overcome is the implementation
of all the subtle components that facilitate enzyme reactivity
while, at the same time, controlling the design-reactivity in the
synthetic target. In an aim to simplify the problem, different
approaches have centred on chemically mimicking the structure
of the active site whereas other approaches have gathered inspira-
tion on inter- and intramolecular forces to construct similar
reactive sites, hence focusing on the enzyme structure. Enzyme
immobilisation is another strategy where the enzyme reactivity
can be retained at a wider range of reaction conditions (e.g., pH,
solvent, concentration) by using an adequate support. However, in
this contribution we will not touch upon enzyme immobilisation.
In the literature, extensive reviews and perspectives can be found

Table 1 Yields and enantiomeric excess in the asymmetric epoxidation of
the olefins, a in the coupling of CO2 to styrene oxide,b and in the
asymmetric auto-tandem catalysis of olefins to cyclic carbonates over
ZnW-PYI catalysts.c Reproduced from ref. 379 with permission from the
Nature Publishing Group, copyright 2015

Entry Substrate Product Yieldd (%) eee (%)

1 92(94) 79(�76)

2 87(88) 75(�74)

3 76(79) 75(�76)

4 87(85) 93(�70)

5 499 Trace

6 499 90

7 499 �96

8 28 —

9 92(90) 80(�77)

10 83(85) 70(�73)

11 72(70) 55(�59)

12 25 —

a Entries 1–4: conditions: olefin: 10 mmol, ZnW-PYIs: 0.01 mmol; TBHP
(70% in decane): 20 mmol, 50 1C, 120 h. b Entries 5–8: conditions:
styrene oxide: 10 mol, catalyst: 0.01 mmol, TBABr 0.1 mmol, CO2,
0.5 MPa, 50 1C, 48 h. c Entries 9–12: conditions: olefin: 10 mmol,
catalyst: 0.01 mmol, TBHP 20 mmol, CO2, 0.5 MPa, 50 1C, 96 h. d The
yield was determined by 1H NMR spectroscopy of crude products. Yields
catalysed by ZnW-PYI2 were listed in the parentheses. e The ee value
was determined by chiral HPLC on a Chiralcel OD-H column. The ee
values catalysed by ZnW-PYI2 are listed in the parentheses.
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that account for enzyme-mimicking with MOFs.386–389 In the
present contribution we highlight systems that: (1) mimic the
chemical structure of enzyme active sites (2) mimic the metal-
mediated reactivity by using different metal sites, and, lastly,
(3) mimic the enzyme by exploiting the hydrogen bond sites.

G.1. Hydrogenases

Hydrogen production from water is considered one of the most
promising solutions to store solar energy in the form of

chemical bonds. In nature, many micro-organisms benefit from
the equilibrium between H2 and protons and use an enzyme-
mediated process either to obtain energy from H2 or to use H2

as an electron sink. Hydrogenases are a large family of enzymes
that are mostly classified based on their active centre. The
[FeNi] hydrogenases are more involved in hydrogen oxidation
processes, whereas the [FeFe] hydrogenases are more related to
hydrogen production. The active structures of the [NiFe], [FeFe],
and [Fe] hydrogenases are the core for inspiration of biomimetic

Fig. 28 Post-synthetic modification of zirconium-MOFs with NNN pincer ligands. M = Rh, Ir. Reproduced from ref. 382 with permission from Wiley,
copyright 2013.

Fig. 29 Tandem olefination-hydrogenation of aldehydes catalysed by multifunctional zirconium-MOF-[M] materials. Reproduced from ref. 382 with
permission from Wiley, copyright 2013.
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models, and although there are hundreds of structural models,
the mimetic models are still in their infancy. Among the
synthetic models that have attracted the most attention are
the diiron hexacarbonyl models. In these systems, fine-tuning
the first and second coordination sphere and not only using
carbonyl groups lead to hydrogen evolving activities closer to
the performance of enzymes, although with greater overpoten-
tials (0.5 V).390 It has also been demonstrated from mutagenic
studies that even the third coordination sphere is crucial for the
performance of the enzyme.391 Given these facts, the field of
metallo-enzymes mimics can highly benefit from MOF-based
models. Although there is still a long road to explore, there are
already some examples that have mimicked the dimeric metal
active site of the hydrogenases. In an early example, Cohen and
co-workers reported the incorporation of a Fe–Fe dimeric
hexacarbonyl complex by attaching it to UiO-66 as a modified

BDC linker (Fig. 31).392 The resulting catalyst was shown to be
active in the photocatalytic hydrogen evolution reaction (HER) by
using [Ru(bpy)3]2+ as photosensitiser and ascorbate as electron
donor.392 Whereas the synthesis of the MOF proved impossible
by directly incorporating the Fe–Fe modified dicarboxylate
during the solvothermal synthesis, the authors reported the
ease of the synthesis by post-synthetic modification (PSM).
They achieved to exchange about 16% of the nonfunctionalised
linkers to their Fe–Fe functionalised counterparts and demon-
strated their incorporation in the MOF structure (see Fig. 31).
The Fe–Fe dimer metal site was also determined intact after the
PSM with EXAFS. Moreover, the heterogeneous electron transfer
(ET) between UiO-66-[FeFe](dcbdt)(CO)6 and [Ru(bpy)3]2+, esti-
mated at B300 mV, proved the light-driven reduction of the
iron sites. This example was the first proof of concept to
demonstrate the possibilities that MOFs can offer to stabilise

Fig. 30 (a) Multicomponent Povarov coupling reaction of benzaldehyde, aniline, and dihydropyrane (DHP) leading to pyranoquinolines; (b) the
zirconium-MOF acts as a ‘‘macroligand’’ favoring the exo addition of DHP to the coordinated imine, which results in the diastereoselective formation
of the trans isomer.

Scheme 6 One-pot Strecker multicomponent reaction between benzaldehyde, aniline, and trimethylsilyl cyanide (TMSCN).
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and enhance reactivity for enzyme-mimicking models. There
are other examples where MOFs are used as a photosensitiser.
Typical strategies use the incorporation of organic light harvest-
ing units such as amino terephthalates, porphyrins or even
the incorporation of coordination sites to anchor the photo-
sensitiser/photocatalyst. The activity of porphyrins to act as an
antenna was demonstrated in hydrogen production and this
concept was used by Rosseinsky and co-workers.393,394 The
concept of using photosensitised MOFs with porphyrins as
linkers was further coupled with the supramolecular attachment
of the Fe–Fe dimer via a pyridine-functionalised dithiolate
ligand. Thus, the group of Feng et al. reported a system in which
the zirconium–porphyrin MOF ZrPF, the photosensitiser, was
coupled to the reduction [Fe2S2] catalyst [(i-SCH2)2NC(O)C5H4N]-
[Fe2(CO)6] for light-driven HER. Once more, the resulting complex
proved more efficient than its homogeneous counterpart.395

Remarkably, in the homogeneous version of the [Fe2S2] complex,
the CO ligands are lost after 40 minutes of reaction and therefore
the catalyst deactivates, whereas [Fe2S2]@ZrPF still shows the
characteristic CO vibration in FTIR and displays stable activity
after similar reaction times.

More recently, Nasalevich et al.396 developed a ship in a bottle
approach for the efficient encapsulation of a derivative of a well-
defined cobaloxime proton reduction catalyst within a photo-
responsive MOF (NH2-MIL-125(Ti)). The resulting hybrid system
is a fully recyclable and, to date, one of the most efficient noble
metal-free catalyst system for light-driven hydrogen evolution
from water under visible light illumination based on a MOF. In
this case, the MOF is used to harvest light and as electron buffer
for the actuation of the Co (electro)catalysts.

G.2. Degradation of chemical warfare agents

Organophosphates are important molecules found in bio-
chemical signalling processes as well as in enzymatic cofactors
for a wide range of living organisms. Besides their natural

occurrence, the interest in developing synthetic methodologies to
hydrolyse the phosphate ester bond is due to the accumulation of
synthetic organophosphates used for pesticides and insecticides
in soils and aquatic bodies.397 Nerve agents are another class of
organophosphates and are among the most dangerous chemical
warfare agents (CWA). This subclass of CWA is mostly volatile
and able to disrupt the nervous system by blocking the acetyl-
cholinesterase (AChE) and causing accumulation of acetylcholine,
the neurotransmitter to relay nerve impulses. Since the chemical
signalling is localised in the neuromuscular junctions, its accumu-
lation can lead to disruptions in the nervous system, generating
perpetual signalling in the nerve, blocking muscular movement,
and eventually leading to asphyxiation.398,399

Phosphotriesterase (PTE) is an enzyme able to catalyse the
hydrolysis of a wide range of phosphotriesters.398 The active
centre, containing bimetallic zinc clusters bridged by hydroxide
anions and carbamylate functional groups, has served as an
inspiration to mimic its reactivity. The cluster is surrounded by
four histidine molecules, two for each zinc atom. The two
zinc atoms differ from each other in their coordination: one
is fully coordinated, by an aspartic acid residue, whereas the
second is exposed to the solvent when the substrate is
absent.400 The binuclear centre, bridged by a carboxylate, is
found in similar enzymes able to hydrolyse the phosphate ester
bond.401 Moreover, when replacing the zinc centres by other
metals, the activity can be preserved.402 Therefore, in light of
the wide tunability of metal clusters in MOFs, Peterson et al.
investigated the activity of the undercoordinated ‘‘paddlewheel’’
copper site in HKUST-1 to hydrolyse venomous agent X (VX),
soman (GD), and distilled mustard (HD).403 The copper-mediated
hydrolysis was observed in all cases but with disappointingly low
reaction rates, affording at most a half-life of 13 h for HD and
over a day for VX and GD. The same group had already demon-
strated the favourable reaction rates obtained by zirconium–
metal hydroxides in the hydrolysis of HD, VX, and GD.404 This
precedent was used as argument by the group of Hupp and
Farha to explore the phosphate hydrolysis activity of zirconium-
based MOFs. Although the activity of the UiO-66(Zr) framework
is still lagging behind compared to the PTE in the hydrolysis
of methyl paraxon (dimethyl 4-nitrophenyl phosphate, DMNP)
and its aryl analogue (4.2 � 10�6 and 1.6 � 10�6 M s�1,
respectively),405 it served as a platform to develop and apply
similar structures to the UiO-66 with the same Zr6 node but
longer linkers and with fewer linkers interconnecting the nodes,
such as the NU-1000 and MOF-808.406–408 Although the catalytic
efficiency of UiO-66 was already a good milestone, the authors
found that, due to the relative large substrate molecules and
therefore diffusion limitations of the substrate molecules into
the pores of the framework, the observed catalytic activity
resulted only from those zirconium clusters located at the
surface of the crystallites. A large drop in surface area was found
after reaction, but no deactivation was observed, nor any loss of
crystallinity. By digesting the framework, some phosphorous-
containing residues could be tracked, most likely blocking the
pores. However, since the catalysis mostly took place on the
surface, the change in porosity did not have an important role in

Fig. 31 Schematic representation of the implementation of a hydro-
genase mimicking active site by post-synthetic modification of a UiO-66-
based MOF. Reproduced from ref. 392 with permission from the American
Chemical Society, copyright 2013.
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the activity of these materials. The authors then focused on
improving the activity by preserving the metal node but using
instead a larger tetradentate linker.407 The resulting NU-1000
structure has an exceptionally wide channel size (31 Å) and this
enables diffusion of the organophosphate ester into the pores,
thus achieving greater activity per gram of catalysts. The activity
when using a N-ethylmorpholine buffered solution of DMNP and
6 mol% of catalyst (based on zirconium equivalents) is three
times higher in NU-1000 than in UiO-66. Moreover, although
the Zr6 unit [Zr6(m3-O)4(m3-OH)4(H2O)4(OH)4] is preserved in
NU-1000, there are important structural differences compared to
the [Zr6(m3-O)4(m3-OH)4] in UiO-66 reflecting the changes in chemical
reactivity. The NU-1000 nodes are coordinatively unsaturated
because they are coordinated to only eight linkers instead of
twelve in the defect-free UiO-66 structure.

In a further study, another zirconium-based MOF with
the same hexamer was used, but with a different topology. In
MOF-808, the metal node is only sixfold connected as a result
of capping half of the metal node sites with formate ions
during synthesis. The resulting MOF-808 can be activated by
heating the MOF in a hot solvent and exchanging the six
formate ions by six water molecules and six hydroxide
ions. With this number of unsaturated active sites at the metal
node, an impressive activity for the hydrolysis of dimethyl
4-nitrophenyl phosphate (DMNP) was achieved, increasing the
TOF from 0.004, 0.14, and 0.09 s�1 for UiO-66, UiO-66-NH2, and
dehydrated NU-1000, respectively, to TOF values of 1.4 s�1 for
MOF-808.408

G.3. Hydrogen bond donor catalysis

In an aim to exploit the highly ordered crystal structures that
MOFs offer, the incorporation of catalysts that would normally
suffer from deactivation as a result of clustering or self-
aggregation is a promising avenue. In this regard, hydrogen
bond donor catalysis has emerged as a biomimetic alternative
to Lewis acid activation. Hydrogen bond donor catalysis relies
on the use of hydrogen bonding interactions to accelerate and
control organic reactions. Such mechanisms are commonly
found in enzyme catalysis, but also a whole range of organo-
catalytic reactions make use of this approach.409–411 A common
problem with these organocatalysts is that they tend to self-
aggregate because, next to the hydrogen bond donor motifs,
they contain hydrogen bond acceptor motifs as well.412–414 In
practice, this means that activity is lost because active sites are
occupied, but also that the activity of these catalysts depends
very strongly on temperature, solvent polarity, and the presence
of salts. In many cases, these reactions suffer from a loss
of selectivity coinciding with the loss of activity, because there
is a significant amount of nonselective background reactivity.
In enzymes, the problem of self-aggregation does not exist
because the active sites are isolated and a single binding motif
in each active site can be achieved. The same principle can be
achieved by the isolation of the catalytic unit in a solid support.
The chymotrypsin enzyme, which hydrolyses peptides, can
be seen as a mechanistically related example. In this case,
cooperative hydrogen bonding plays a major role by reorienting

the substrate into a suitable conformation, leading to lower
activation barriers. The chymotrypsin achieves a high activity
by attacking deactivated carboxylic groups with a strong nucleo-
phile. Ureas,415 thioureas,416 and squarimides417 are motifs
that proved very useful as hydrogen bond donor catalysts. They
have been applied in a variety of reactions, like conjugate
additions, Diels–Alder reactions, Henry reactions, and Friedel–
Crafts reactions.

Farha, Hupp, and Scheidt managed to incorporate a urea
unit in a zinc-based MOF, the NU-601, by using bis-(3-
isophthalic)-urea as a linker.418 Interestingly, the NU-601
framework is not catalytically active immediately after synth-
esis, because the active sites are blocked by the DMF used in
the synthesis. The usual procedure to remove the solvent, by
heating, proved ineffective because the framework decomposes
at these higher temperatures. However, solvent exchange
with nitromethane allowed framework activation and the for-
mation of an active catalyst for the Friedel–Crafts reaction of
pyrroles with nitroalkenes, displaying a higher activity than
diphenylurea. Having said this, the authors did not compare
the activity of this NU-601 catalyst with that of other more
electron-poor ureas. Moreover, they also showed that for large
substrates the reaction is slowed down or even blocked,
emphasising the importance of the pore size.

In the same line, Che and co-workers reported the function-
alisation of MIL-101(Cr) with different ureas and the application
to the Friedel–Crafts alkylation between trans-b-nitrostyrene and
N-methyl pyrrole.419 Both electron-withdrawing and electron-
donating groups in the phenyl ring were well-tolerated and
afforded good yields. In addition, the group of Hupp incorpo-
rated ureas in the zirconium-MOF UiO-67 to catalyse the Henry
reaction.420 In this case, the ureas are attached to BPDC linkers.
Remarkably, when using the fully functionalised UiO-67-urea,
the MOF was not catalytically active. It was concluded that
the pores were too crowded. As a solution, they used a mixed-
linker approach by combining the urea-modified BPDC with
nonfunctionalised BPDC. This yielded a MOF with increased
porosity, and indeed catalytic activity was obtained: the MOF
was more active than a comparable homogeneous urea. In
a third contribution, Hupp, Farha, and Mirkin incorporated
squarimides in UiO-66, also following a mixed-linker approach,
very similar to the previous example with UiO-67-urea.421

These MOFs are active in the Friedel–Crafts reaction between
unsubstituted indol and b-nitrostyrene.

In another approach to decorate MOFs with urea-like function-
alities by post-synthetic functionalisation, the group of Wang
immobilised a thiourea functionality into IRMOF-3.422 The
pending amino group yields a urea-modified MOF upon reaction
with an isocyanate, while reaction with an isothiocyanate yields a
thiourea-modified MOF. These frameworks were successfully
used in Friedel–Crafts, acetalisation, and Morita–Baylis–Hillman
reactions. The above examples show that hydrogen bond donor
catalysts can be incorporated into MOFs to prevent their self-
aggregation. It is shown in a few examples that these isolated
catalysts are indeed more active than their homogeneous coun-
terparts. Recycling is shown in one example as well.
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H. Outlook and future perspectives

Heterogeneous single-site catalysis has the potential to com-
bine the best of homogeneous and heterogeneous catalysts into
a single synthetic solid. Because of the almost unlimited design
possibilities, both MOFs and POFs are ideal materials for the
implementation of these sites in such a way that the distance
between catalytic functions can be altered at will. This results in
very important advantages such as a higher stability compared
to homogeneous counterparts and the addition of extra func-
tionalities such as shape selectivity or specific interactions.

The last few years have witnessed an impressive advance-
ment in the development of new synthetic methods related to
the implementation and maximisation of single-site catalytic
functions in MOFs. Especially interesting are the controlled
generation of defects and the application of post-synthetic cation
exchange to generate sites with unprecedented reactivities.
However, we believe that defect generation may become a victim
of its own success, since the stability of the framework is clearly
compromised upon creation of coordination vacancies. More-
over, most catalytic performances presented so far – except from
some outstanding examples – are not overwhelming. In Section
B.2 we have highlighted two terrific examples from Dincă’s
group on the post-synthetic cation exchange of nickel and iron
in two different MOFs.101,102 In these examples, the MOF has to
be seen as a macroligand that affects – or tunes – the electronic
configuration of the active metal. Such an idea opens the door to
a new design pathway where solid ligands become readily
available and may be the start of a new research field in catalysis
with unprecedented opportunities. We believe that over the next
few years many more examples in this direction will appear.

From this review, it is obvious that catalysis with POFs and
COFs is still in its infancy. What an infancy however! In a previous
perspective article, some of us advocated for a fair comparison
between new catalytic systems (based on MOFs in that case) and
state-of-the-art catalysts as a way to convince the reader of the
benefits of new materials.32 This practice has certainly been
applied in the field of POF catalysis, demonstrating that, in most
cases, activities similar to their homogeneous counterparts can be
achieved upon immobilisation of single-site catalytic moieties in
POFs. Moreover, the outstanding stability of most of these solids
allows for their application under a wider range of conditions.
Methane activation via Periana chemistry167–169 and formic acid
decomposition173 – with the highest productivities reported to
date for a solid catalysts – are two clear examples of the potential
of these materials.

In order to achieve a faster progress in these topics, the level
of understanding has to increase. To this task, modelling is
going to play an instrumental role. Reaction profiles for cata-
lytic reactions within MOFs have so far been obtained using
static calculations as outlined in Section D.1.2. These static
approaches hence only account for a limited number of points
on the potential energy surface. For the schematic reaction
profile shown in Fig. 13(a), this would boil down to calculating
the electronic energies for the adsorbed reactants, transition
state, adsorbed products, and desorbed state. However, at real

operating conditions, chemical transformations taking place at
the nanometre scale may be very complex in nature due to the
interplay of several factors such as the number of particles
present in the pores of the material, framework flexibility,
competitive pathways, and entropic effects, among others.
The textbook concept of a single transition state is far too
simplistic in such cases, and is often insufficient to capture
the complexity of the transformation. In these cases, one
should construct the complex free energy surface (FES) along
the important reaction coordinates of the system. Advanced
sampling methods such as molecular dynamics techniques
have been developed and allow exploring larger regions of the
FES. Within the field of zeolites, these methods are making their
entrance to describe complex reactive transformations.260,423,424

For MOFs, such an assessment would be a next promising
step to bridge the gap between experiment and theoretical
predictions.

An illustration of an active site where such advanced
sampling methods might be useful concerns an undercoordi-
nated brick of the UiO-66 material that may be hydrated or
not (see Fig. 13). Active site 1 is a visual representation of a
dehydrated brick, whereas active site 2 is the hydrated brick for
which the metal is capped by water molecules. For selected case
studies, an effect of adding water to the system was observed
experimentally. To mimic such effect theoretically, various
approaches may be followed. Statically, one may obtain first
insights into the mechanism on the two active sites and
construct a free energy profile on both the hydrated and
dehydrated bricks. However, when the reaction is assisted by
guest molecules, one needs to account for the dynamical state
of the water or other guest species in the pores of the material.
For reactions taking place in zeolites, such dynamical assess-
ment of water on the reaction mechanism has been investi-
gated, while a similar investigation on MOFs and POFs is still
missing. Apart from obtaining detailed mechanistic insight
into particular reactions, computational methods can also be
used to rapidly screen or design in silico promising framework
materials for specific catalytic reactions. This approach was
recently followed by Vogiatzis et al. to identify framework
materials that may act as hosts for high-valence iron(IV)–oxo
species, which are known to activate strong C–H bonds.425

However, stabilising the high-spin state in molecular species
used in homogeneous catalysis is difficult and thus alternative
routes have been explored to stabilise the complex in a hetero-
geneous host. To find potentially interesting host materials for
the high-valence iron complexes, computational screening pro-
cedures form a viable approach. It is impossible to synthesise
and experimentally test the huge amount of MOFs that have been
reported so far. Various high-throughput screening studies are
available for applications such as gas storage and separation, but
within catalysis such screening is less common.426 A screening
study is only meaningful when it is much faster or cheaper
than experimental synthesis and therefore it needs to rely
on descriptors that may easily be obtained for a large set of
materials. Vogiatzis et al. set up a multi-step approach based on
both geometric and electronic criteria to screen materials with
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coordinatively unsaturated iron(II) centres that can activate N2O
and support a high-spin iron(IV)–oxo intermediate.425 The
screening procedure, which started from a database containing
more than 5000 known MOFs, resulted in three viable materials
for this catalytic application. The computational screening
study was performed on perfect materials. It is well known that
defects are inherently present in MOFs and thus future com-
putational screening studies should also account for defective
materials. This is certainly a highly ambitious task. Screening
studies are thus making their entrance to characterize hetero-
geneous single-site catalysts and are complementary to detailed
insight into the reaction cycle obtained with computationally
very expensive methods.

In Section F of our review, we have highlighted a number of
studies on the application of MOFs in multifunctional catalysis.
Indeed, this might be an excellent application niche for MOFs
and POFs. By enclosing different single-site catalytic functions
within a single framework, process intensification on the one
hand and easier activation of substrates on the other hand may
render superior catalytic systems. It goes without saying that we
are not yet at the point where every catalytic function can be
implemented and therefore the implementation of several func-
tions is even trickier. However, looking at the pace at which
synthetic methods advance, it would not be overly controversial
to state that in a few years this dream may become a reality.

In our research proposals we always tend to claim that
enzymes are used as source of inspiration for catalyst design,
whether we actually try to mimic such exquisite systems or not
being of a lower importance. From a scientific point of view,
mimicking nature is as attractive as challenging and we do not
need to convince the reader about how important it would be to
develop synthetic tools able to replicate enzyme selectivities. In
contrast, when it comes to stability and scope of application, as
catalyst designers, we want to go much further than enzymes
do. Freely quoting the recent Nobel laureate Ben Feringa:
‘‘we took inspiration from birds to build airplanes even when at
this moment we are not able to synthesize a single cell of a bird’’.
We need therefore to learn much more from the way enzymes
work to be able to translate this knowledge to synthetic solids
that not necessarily need to be replicates of such enzymes. For
instance, the facts that still make many enzymes unique are
(i) the encapsulation of reactants in the vicinity of the reaction
centre, e.g. promoting a given rebound mechanism and (ii) the
non-covalent interactions with the protein matrix that help
product removal and suppress side-reactions. While most research
so far has focused on the exact replication of active sites (see e.g.
the examples of hydrogenases mimics), far less attention has
been paid to the design of the surroundings of the active site. In
this sense, rational control over the framework flexibility of the
material may also add great advances in terms of catalyst design
and should certainly be considered in future developments
where materials are capable of adapting their pore space by
conformational changes of their building units.

Last but not least, although not touched upon in this review,
before a large-scale application of these materials becomes
feasible, synthesis scale-up – something that may be extremely

tricky with materials such as CTFs – and catalyst shaping will
be a must. When considering the relatively poor mechanical
properties of these materials, traditional methods involving high
pressure shaping will not be an option. Therefore either coatings
or other methods towards self-supported agglomerates, like
spray drying,427 electrochemical coatings,428 or the use of
alternative binders will need further research.176

In summary, research into single-site catalysis on MOFs and
POFs is already contributing to a much better understanding of
heterogeneous catalysis and has the potential to be not only a
game changer in catalyst design for a number of processes
usually dominated by homogeneous catalysis, but also to open
the door to new reactivity concepts with a plethora of potential
applications.
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18 D. Riou and G. Férey, J. Mater. Chem., 1998, 8, 2733–2735.
19 C. Wang, D. Liu and W. Lin, J. Am. Chem. Soc., 2013, 135,

13222–13234.
20 A. I. Cooper, Adv. Mater., 2009, 21, 1291–1295.
21 A. Thomas, Angew. Chem., Int. Ed., 2010, 49, 8328–8344.
22 R. Dawson, A. I. Cooper and D. J. Adams, Prog. Polym. Sci.,

2012, 37, 530–563.
23 M. Meilikhov, K. Yusenko, D. Esken, S. Turner, G. Van

Tendeloo and R. A. Fischer, Eur. J. Inorg. Chem., 2010,
3701–3714.

24 Q.-L. Zhu and Q. Xu, Chem. Soc. Rev., 2014, 43, 5468–5512.
25 C. Chizallet, S. Lazare, D. Bazer-Bachi, F. Bonnier, V. Lecocq,

E. Soyer, A.-A. Quoineaud and N. Bats, J. Am. Chem. Soc.,
2010, 132, 12365–12377.

26 C. Chizallet and N. Bats, J. Phys. Chem. Lett., 2010, 1,
349–353.

27 J. Lee, O. K. Farha, J. Roberts, K. A. Scheidt, S. T. Nguyen
and J. T. Hupp, Chem. Soc. Rev., 2009, 38, 1450–1459.

28 D. Farrusseng, S. Aguado and C. Pinel, Angew. Chem.,
Int. Ed., 2009, 48, 7502–7513.

29 A. Corma, H. Garcia and F. X. Llabrés i Xamena, Chem.
Rev., 2010, 110, 4606–4655.

30 A. Dhakshinamoorthy, M. Alvaro, A. Corma and H. Garcia,
Dalton Trans., 2011, 40, 6344–6360.

31 F. X. Llabrés i Xamena and J. Gascon, Metal Organic
Frameworks as Heterogeneous Catalysts, The Royal Society
of Chemistry, 2013.

32 J. Gascon, A. Corma, F. Kapteijn and F. X. Llabrés i
Xamena, ACS Catal., 2014, 4, 361–378.

33 B. Chen, M. Eddaoudi, T. M. Reineke, J. W. Kampf,
M. O’Keeffe and O. M. Yaghi, J. Am. Chem. Soc., 2000,
122, 11559–11560.

34 S. S.-Y. Chui, S. M.-F. Lo, J. P. H. Charmant, A. G. Orpen
and I. D. Williams, Science, 1999, 283, 1148–1150.
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64 A. Ö. Yazaydın, A. I. Benin, S. A. Faheem, P. Jakubczak,
J. J. Low, R. R. Willis and R. Q. Snurr, Chem. Mater., 2009,
21, 1425–1430.

65 K. Schlichte, T. Kratzke and S. Kaskel, Microporous
Mesoporous Mater., 2004, 73, 81–88.

66 B. Gómez-Lor, E. Gutiérrez-Puebla, M. Iglesias, M. A. Monge,
C. Ruiz-Valero and N. Snejko, Chem. Mater., 2005, 17,
2568–2573.

67 S. De Rosa, G. Giordano, T. Granato, A. Katovic, A. Siciliano
and F. Tripicchio, J. Agric. Food Chem., 2005, 53, 8306–8309.

68 F. X. Llabrés i Xamena, A. Abad, A. Corma and H. Garcia,
J. Catal., 2007, 250, 294–298.

69 S. Opelt, V. Krug, J. Sonntag, M. Hunger and E. Klemm,
Microporous Mesoporous Mater., 2012, 147, 327–333.

70 P. Horcajada, T. Chalati, C. Serre, B. Gillet, C. Sebrie,
T. Baati, J. F. Eubank, D. Heurtaux, P. Clayette, C. Kreuz,
J.-S. Chang, Y. K. Hwang, V. Marsaud, P.-N. Bories,
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L. M. Frutos, L. Gagliardi, M. Garavelli, A. Giussani, C. E.
Hoyer, G. Li Manni, H. Lischka, D. Ma, P. Å. Malmqvist,
T. Müller, A. Nenov, M. Olivucci, T. B. Pedersen, D. Peng,
F. Plasser, B. Pritchard, M. Reiher, I. Rivalta, I. Schapiro,
J. Segarra-Martı́, M. Stenrup, D. G. Truhlar, L. Ungur,
A. Valentini, S. Vancoillie, V. Veryazov, V. P. Vysotskiy,
O. Weingart, F. Zapata and R. Lindh, J. Comput. Chem.,
2016, 37, 506–541.

317 J. Ye and J. K. Johnson, ACS Catal., 2015, 5, 2921–2928.
318 M. A. Ortuño, V. Bernales, L. Gagliardi and C. J. Cramer,

J. Phys. Chem. C, 2016, 120, 24697–24705.
319 H. Noh, Y. Cui, A. W. Peters, D. R. Pahls, M. A. Ortuño,

N. A. Vermeulen, C. J. Cramer, L. Gagliardi, J. T. Hupp and
O. K. Farha, J. Am. Chem. Soc., 2016, 138, 14720–14726.

320 J. Gascon, U. Aktay, M. D. Hernandez-Alonso, G. P. M.
van Klink and F. Kapteijn, J. Catal., 2009, 261, 75–87.

321 R. Cortese and D. Duca, Phys. Chem. Chem. Phys., 2011, 13,
15995–16004.

322 J. Ye and J. K. Johnson, ACS Catal., 2015, 5, 6219–6229.
323 T. Lescouet, C. Chizallet and D. Farrusseng, ChemCatChem,

2012, 4, 1725–1728.
324 K. Barthelet, J. Marrot, G. Férey and D. Riou, Chem.
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328 L. Alaerts, E. Séguin, H. Poelman, F. Thibault-Starzyk,
P. A. Jacobs and D. E. De Vos, Chem. – Eur. J., 2006, 12,
7353–7363.

329 S. Bordiga, L. Regli, F. Bonino, E. Groppo, C. Lamberti,
B. Xiao, P. S. Wheatley, R. E. Morris and A. Zecchina, Phys.
Chem. Chem. Phys., 2007, 9, 2676–2685.

330 A. Vimont, H. Leclerc, F. Maugé, M. Daturi, J.-C. Lavalley,
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G. Férey, Microporous Mesoporous Mater., 2011, 140, 25–33.

339 V. Guillerm, F. Ragon, M. Dan-Hardi, T. Devic,
M. Vishnuvarthan, B. Campo, A. Vimont, G. Clet,
Q. Yang, G. Maurin, G. Férey, A. Vittadini, S. Gross and
C. Serre, Angew. Chem., Int. Ed., 2012, 51, 9267–9271.

340 F. Ragon, B. Campo, Q. Yang, C. Martineau, A. D.
Wiersum, A. Lago, V. Guillerm, C. Hemsley, J. F. Eubank,
M. Vishnuvarthan, F. Taulelle, P. Horcajada, A. Vimont,
P. L. Llewellyn, M. Daturi, S. Devautour-Vinot, G. Maurin,
C. Serre, T. Devic and G. Clet, J. Mater. Chem. A, 2015, 3,
3294–3309.

341 E. Alvarez, N. Guillou, C. Martineau, B. Bueken, B. Van de
Voorde, C. Le Guillouzer, P. Fabry, F. Nouar, F. Taulelle,
D. de Vos, J.-S. Chang, K. H. Cho, N. Ramsahye, T. Devic,
M. Daturi, G. Maurin and C. Serre, Angew. Chem., Int. Ed.,
2015, 54, 3664–3668.

342 J. Szanyi, M. Daturi, G. Clet, D. R. Baer and C. H. F. Peden,
Phys. Chem. Chem. Phys., 2012, 14, 4383–4390.

343 A. C. McKinlay, J. F. Eubank, S. Wuttke, B. Xiao,
P. S. Wheatley, P. Bazin, J.-C. Lavalley, M. Daturi,

A. Vimont, G. De Weireld, P. Horcajada, C. Serre and
R. E. Morris, Chem. Mater., 2013, 25, 1592–1599.

344 A. Vimont, A. Travert, P. Bazin, J.-C. Lavalley, M. Daturi,
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Towards metal–organic framework based field
effect chemical sensors: UiO-66-NH2 for nerve
agent detection†

I. Stassen,ab B. Bueken,a H. Reinsch,c J. F. M. Oudenhoven,d D. Wouters,d J. Hajek,e

V. Van Speybroeck,e N. Stock,c P. M. Vereecken,ab R. Van Schaijk,d D. De Vosa

and R. Ameloot*a

We present a highly sensitive gas detection approach for the infamous ‘nerve agent’ group of alkyl

phosphonate compounds. Signal transduction is achieved by monitoring the work function shift of

metal–organic framework UiO-66-NH2 coated electrodes upon exposure to ppb-level concentrations

of a target simulant. Using the Kelvin probe technique, we demonstrate the potential of electrically

insulating MOFs for integration in field effect devices such as ChemFETs: a three orders of magnitude

improvement over previous work function-based detection of nerve agent simulants. Moreover, the

signal is fully reversible both in dry and humid conditions, down to low ppb concentrations.

Comprehensive investigation of the interactions that lead towards this high sensitivity points towards

a series of confined interactions between the analyte and the pore interior of UiO-66-NH2.

Introduction

Detection of chemical warfare agents is both an unsolved chal-
lenge and a current need,1 particularly in the context of terrorism
threats. Volatile alkyl phosphonate nerve agents are a nefarious
group of compounds that inhibit acetylcholinesterase (AChE),
resulting in asphyxiation even at very low levels of exposure.2 For
example, the 10 min acute exposure guideline limit (AEGL-2) for
sarin (O-isopropyl methylphosphonouoridate, GB) is merely
15 ppb.3 This compound has become infamous because of its use
in the 1995 Tokyo subway attack and Gulf wars.4 Dimethyl
methylphosphonate (DMMP) is a widely used and relatively safe
to handle sarin simulant (Fig. 1a). State-of-the-art metal oxide gas
sensors display DMMP detection limits that are tenfold higher
than required for sarin.5,6 The application of designer polymer
adsorbent lms combined with optical and micro-
electromechanical transducers resulted in prototype sensors able
to detect low-ppb DMMP levels under idealized conditions.7–10

Nevertheless, improved sensing materials and transducer
mechanisms are still essential to elevate reliability, selectivity
and response kinetics to a level suitable for commercial
implementation.11,12 Work function-based gas sensors, such as
chemically sensitive eld effect transistors (ChemFETs),
transduce the interaction of analyte molecules with the gate
electrode of a metal–insulator–semiconductor FET to a change in
source-drain current. The principle underpinning signal trans-
duction in ChemFETs is chemical modulation of the gate
electrode work function through a change in surface function-
alization or adsorbed surface species.13,14 In practical devices, this
work function modulation is observed as a shi in contact
potential difference (CPD) relative to a reference electrode.
ChemFETs are interesting for real-world applications because
they are robust, highly sensitive and compatible with readily
scalable, inexpensive CMOS fabrication.12,15

Metal–organic frameworks (MOFs) are a class of crystalline
porous materials that consist of metal-containing nodes
connected by multitopic organic linkers.16,17 These tailorable,
high specic surface area materials show outstanding potential
in catalysis,18 gas storage19 andmolecular separations.20Recently,
interest in integrating these materials in devices has increased
rapidly,21–24 for instance as selective adsorbent layers in various
types of chemical sensors.25–27 Although MOF-based sensors for
alkyl phosphonates have not yet been developed, previous work
demonstrated the suitability of MOFs as adsorptive concentra-
tors for this family of compounds.28,29 Recent illustrations of
MOF-catalyzed decomposition of nerve gas simulants further
underline the high affinity that framework building blocks such
as metal oxide clusters can have for alkyl phosphonates.30–32 The
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[Zr6O4(OH)4]
12+ cluster that is embedded in carboxylate-linked

UiO-66 type materials (Fig. 1b)33 has been of specic interest
because of its remarkably high activity towards phosphate ester
hydrolysis. The catalytically active site on this cluster is considered
a biomimetic analogue of the bridged hydroxy ligand in the
phosphotriesterase enzyme.34 Inspired by this high-affinity site, we
investigated the potential of these non-conductive hybridmaterials
for implementation in ChemFET nerve gas sensors, in a similar
fashion as high-affinity enzymes have been used in FET sensors.35

Herein, we report high CPD shis of UiO-66-NH2 covered
electrodes upon exposure to DMMP concentrations down to
3 ppb in a Kelvin probe conguration. This response is generated
by strong DMMP adsorption in the well-dened MOF pores, in
proximity to the interface of the electrically insulating MOF and
the electrode. The extrapolated (3s) limit of detection for DMMP
of the demonstrated system is 0.3 � 0.1 ppb and the observed
response time is 1.9 � 1.3 min. This study is an important step
towards implementation of MOFs in ChemFET sensors.

Results and discussion
Kelvin probe DMMP sensing using UiO-66-NH2

The Kelvin probe technique is a well-established tool to
measure the CPD between a stationary electrode and an

oscillating reference electrode.13 The CPD consists of a bulk
contribution, associated with the Fermi level of the electrodes,
and a surface contribution, associated with the work function.
The work function is connected to the chemical potential at the
electrode surface, which is inuenced by adsorption of mole-
cules. At low analyte concentrations, this effect can be amplied
by functionalizing the electrode with an adsorbent layer, to
accumulate target molecules in proximity to the electrode
surface.36,37 Practically, a balancing potential Vb ¼ �CPD is
determined through biasing both electrodes respective to each
other, thus zeroing the current that ows due to the oscillation
of the capacitance (Fig. 1c). Kelvin probe transducers are not
used as commercial sensors because of the non-scalability of
the instrumentation. However, ChemFETs transduce the same
analyte-induced work function shis that are the basis of
signals measured by the Kelvin probe. As the CPD change upon
analyte exposure is an intensive surface property, the Kelvin
probe technique is an effective macroscopic screening tool
for sensing materials to be implemented in miniaturized
ChemFETs (Fig. 1d).12,38

UiO-66-NH2 (Fig. 1b) was selected because of its superior
catalytic activity in the decomposition of phosphonates.‡ This
high activity has been linked to the amino moiety that can
accept protons from nearby [Zr6O4(OH)4]

12+ clusters and
thereby induces stronger, possibly bidentate, adsorption of the
phosphonates.39 UiO-66-NH2 powder was drop-casted on
a silicon electrode and exposed to different DMMP concentra-
tions in a ow cell (Fig. 2a and b). Real-time Kelvin probe
monitoring showed CPD shis of tens of millivolts. These
signals were reversible and consistent between repeated
exposures (Fig. 2c). Moreover, the signal-to-noise ratio
remained signicant even at concentrations down to 3 ppb, the
lowest reachable concentration for our dosing system (Fig. 2d).

The average response time tr90 and decay time td90 observed
for the signal over the measured concentration range was
1.9 � 1.3 min and 5.7 � 3.5 min respectively (Fig. S3†). The
observed response time is in line with previous low concentra-
tion DMMP sensing studies using adsorptive sensing mate-
rials.40–42 The relatively slow decay of the signal indicates that
desorption is rate-limiting for the signal due to high affinity of
the sensing material for DMMP. Mass transport limitation
through the relatively narrow pore aperture size of the MOF
(ca. 0.5 nm) is another potential factor of inuence.

Plotting the CPD shi signal at equilibrium in function of the
DMMP concentration yields a non-linear relationship that can
be tted by an empirical Freundlich adsorption isotherm of the
form jDCPDj ¼ K

ffiffiffiffi

Cn
p

, with C the DMMP concentration in ppb
and K and n tted parameters (Fig. 2e). The extrapolated limit
of detection (LOD) of this tted relationship (K ¼ 7.98 � 1.06,
n¼ 2.18� 0.22, R2¼ 0.990) is 0.3� 0.1 ppb for a 3s noise level of
4.2 mV. To the best of our knowledge, this is the lowest LOD
demonstrated to date for Kelvin probe gas sensing.43 Of all
reported DMMP sensor types, only a capacitive ultrasonic
transducer performed signicantly better when used in vibra-
tion-isolated conditions (0.05 ppb LOD, 2 min tr90).8 Linear
interpolation of the response in the range of the AEGL-2 level
for sarin results in a sensitivity of 0.78 mV ppb�1, which

Fig. 1 Field effect DMMP sensing strategy using a MOF adsorbent film.
(a) Structure of sarin and the simulant DMMP. (b) Representation of
UiO-66-NH2, showing the [Zr6O4(OH)4]

12+ inorganic clusters,
2-aminoterephthalate organic linkers, as well as a missing linker defect
site on the cluster. Atom colors: Zr (purple), O (red), C (grey) and N
(green). H atoms are omitted for clarity. (c) Schematic representation
of the Kelvin probe configuration used in this study. The MOF film is
deposited on a stationary electrode that is electrically connected to an
oscillating reference electrode. During sensing experiments, the ana-
lyte flows between both electrodes. (d) Schematic representation of
suspended gate ChemFET, which is a miniaturized counterpart of the
Kelvin probe and a potential real-world implementation.

5828 | Chem. Sci., 2016, 7, 5827–5832 This journal is © The Royal Society of Chemistry 2016
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corresponds to a signal resolution of 1.28 ppb mV�1. This
sensitivity and LOD are at least three orders of magnitude better
than reported in previous work on MOF work function-based
sensing.44,45 These results underline how the periodic high-
affinity adsorption sites in MOF pores can be judiciously
matched with specic target analytes to achieve detection at low
concentrations.

Inuence of humidity on the sensing response

An oen overlooked but nevertheless decisive parameter for the
robustness and reliability of a sensing material is its interaction
with humidity. The CPD response to a 50% relative humidity
(RH) background was measured to simulate a situation more
representative of real-world applications. The stable and
reversible response resulting fromwater uptake, around 100mV
at 50% RH (Fig. S4 and S5†), conrms the expected water
stability of the UiO-66-NH2 material.46 Remarkably, this
response is similar in range as for ppb-range DMMP levels,
despite the 5 orders of magnitude higher water concentration.
This observation indicates that the work function of the elec-
trode is inuenced to a much lower extent by the adsorption of
water in the MOF pores compared to DMMP. As indicated by
a previous study,45 the higher CPD response towards DMMP
compared to water points towards stronger adsorptive interac-
tions of the former. Consistently, when DMMP was introduced
under 50% RH, responses of similar magnitude as under dry
conditions were observed. The extrapolated LOD for DMMP at
this RH is 2.0 � 0.5 ppb (K ¼ 2.89 � 0.42, n ¼ 1.88 � 0.15) and
the sensitivity and signal resolution are 0.39 mV ppb�1 and
2.56 ppb mV�1, respectively. This experiment shows that the
sensitivity to DMMP is still very high, even when the pores are
saturated with water (Fig. S6†). These results are remarkable

and can only be explained by a much higher affinity of the
adsorption sites for DMMP than for water.

Elucidating DMMP adsorption in the cavities of UiO-66-NH2

A ppm-range DMMP UiO-66-NH2 adsorption isotherm was
measured at 300 K (saturation at 1265 ppm).47 This isotherm
clearly reveals the high affinity of UiO-66-NH2 for DMMP,
apparent from the signicant uptake at low concentrations
(Fig. 3a). The volumetric partition coefficient (PMOF/air), dened
as the ratio of DMMP per volume in the adsorbent and in vapor
phase, is in the order of 106 in the concentration region below
15 ppm. This partition coefficient is two to three orders of
magnitude higher than those observed for DMMP sensing
polymers,48 and matches the best-performing sensing material
to date (DKAP, proprietary polymer, Sandia National Lab).8,49

Decreasing affinity for DMMP is observed from roughly 0.31
adsorbed DMMP molecules per zirconium atom onwards,
which corresponds to 1.9 DMMP molecules per [Zr6O4(OH)4]

12+

cluster. This number agrees well with the number of missing
linker defects estimated based on thermogravimetric analysis
(Fig. S7†), and indicates that these defects are likely related with
the highest-affinity DMMP adsorption sites.

Two DMMP loaded UiO-66-NH2 samples were further
analyzed, at a loading of 1.2 DMMP per cluster (MOFDMMP-L)
and at a loading that is 5 times higher (MOFDMMP-H). Together
with a non-loaded UiO-66-NH2 reference sample, these samples
were analyzed using gravimetric temperature programmed
desorption (TPD) and attenuated total reectance Fourier
transform infrared spectroscopy (ATR-FTIR). TPD reveals
desorption of DMMP in the 400–450 K temperature range for
MOFDMMP-L (Fig. 3b). Desorption occurs at slightly lower
temperature than the well-described cluster dehydroxylation

Fig. 2 Kelvin probe DMMP sensing measurements. (a) Schematic representation of the experimental setup: two air flows are mixed to obtain
different DMMP concentrations in the Kelvin probe measurement cell. RH is controlled by a humidifier system. (b) SEM image of drop-casted
UiO-66-NH2 film. Scale bar: 1 mm. Inset, experimental and reference X-ray diffraction patterns. (c and d) CPD responses at 0% RH for DMMP
concentrations in the ranges 40–150 ppb and 3–15 ppb, respectively. (e) Freundlich isotherm fit of the CPD response, at 0% and 50% RH.
(f) Linearized fit of the CPD response in the range of the AEGL-2 level for sarin.

This journal is © The Royal Society of Chemistry 2016 Chem. Sci., 2016, 7, 5827–5832 | 5829
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(450–520 K),50 but at signicantly higher temperature than
a liquid DMMP reference run (full evaporation below 370 K).
This observation points toward relatively strong physisorption,
which corresponds with the high affinity and fully reversible
behavior observed in Kelvin probe sensing. This observation is
further conrmed by ATR-FTIR (Fig. 3c). The P]O stretching
mode is sensitive to nucleophilic interactions of the oxygen
atom, which are accompanied by a loss of electron density of the
double bond and a shi towards lower wavenumbers. This
effect is clearly demonstrated by a shi between the vapor
(1276 cm�1)51 and liquid phase (1230 cm�1). In MOFDMMP-L, this
P]O band is broadened and shied to even lower (1205 cm�1)
wavenumbers, consistent with a strong nucleophilic interaction
with the pore interior. In contrast, the measurements on
MOFDMMP-H show that excess DMMP, adsorbed aer saturation
of the strongly interacting sites, behaves similar to liquid
DMMP. Desorption is observed mainly in the 350–400 K
temperature range and the position of the broad P]O stretch-
ing band perfectly matches the liquid phase value. Importantly,

only a small shi is observed for the C–O stretching modes of
the methoxy substituents (1022 to 1034 and 1053 to 1056 cm�1)
in all cases, indicating no dissociative adsorption or hydrolysis
of DMMP.

To obtain further insight in the adsorption of the DMMP
molecule in UiO-66-NH2, periodic static and dynamic density
functional theory (DFT) calculations were carried out. The
calculations were performed on a UiO-66-NH2 structure
containing clusters with isolated missing linker defects
(Fig. S8†).52,53 These simulations reveal two plausible adsorption
sites, as shown in Fig. 3d. Firstly, adsorption may occur in
a position adjacent to a missing linker in the octahedral cage. In
this adsorption site long range interactions occur between the
amino groups and the DMMP molecule. Secondly, the DMMP
molecule may adsorb directly in the position of a missing
linker, where it interacts closely with the water molecules and
hydroxides capping the defect sites on the cluster. Both
sites show a roughly equal electronic adsorption energy of
100 kJ mol�1.§ To give a view on the mobility of the adsorbate in

Fig. 3 DMMP adsorption in UiO-66-NH2. (a) DMMP adsorption isotherm at 300 K. The isotherm data are shown as diamonds. The smooth line
displays the volumetric partition coefficient. Two samples were analyzed further, which are annotated as MOFDMMP-L (L, for low loading) and
MOFDMMP-H (H, for high loading) on the isotherm. The dotted red line indicates the loading corresponding to the highest partition coefficient.
(b) TPD data for MOFDMMP-L and MOFDMMP-H displayed together with a reference UiO-66-NH2 sample. The dotted red lines highlight the peaks
corresponding to desorption of DMMP. (c) ATR-FTIR spectra for MOFDMMP-L and MOFDMMP-H displayed together with reference UiO-66-NH2

and liquid DMMP samples. The dotted lines highlight bands corresponding to DMMP (black) and DMMP–cluster interaction (red). (e) Adsorption
energy predicted for DMMP by periodic DFT calculations, two nearly energetically equivalent adsorption sites were found, one in the octahedral
cage (left) and one in the position of the missing linker defect (right). Key interactions between DMMP and the framework (b1–b4) are allocated
for both sites based on the observed center-to-center atomic distances. (d) Rietveld refined position of the tetrahedral phosphorus center of
DMMP in the octahedral cage of UiO-66-NH2 based on powder X-ray diffraction (MOFDMMP-L). The purple cloud represents 48 symmetrically
equivalent positions that are consistent with the refinement. The orange tetrahedron, corresponding missing linker (dotted line), interacting
cluster (dashed line) and schematic wireframe representation illustrate a specific case that resembles the position of adsorption site simulated by
DFT. Atom colors: Zr (purple), O (red), C (dark grey), H (light grey), P (orange) and N (green).
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the framework, we performed 20 ps molecular dynamics runs at
300 K starting from both adsorption positions. The adsorbate
conguration of the DMMP molecules as obtained from static
calculations was maintained during the whole simulation,
which further underlines the strong adsorption of DMMP on
both sites.

High-resolution powder X-ray diffraction patterns of
MOFDMMP-L were recorded to localize electron density associated
with adsorbed DMMP in the pores of UiO-66-NH2. Rietveld
renement of a framework containing a rigid PO4 tetrahedron as
guest model was performed to approximate the position of the
central phosphorus atom of the DMMP molecule (Fig. S11 and
Table S1, Dataset S1†). Following convergence (Rwp¼ 3.3%), this
model fragment is situated on a position (Wyckoff multiplicity
192) in the framework's octahedral cavity (Fig. 3e). In a fully
connected UiO-66-NH2 lattice, this PO4 position would overlap
with the framework atoms, which supports a correlation
between the missing linker defects and the highest affinity
adsorption sites. The rened position of the phosphorus site in
the octahedral cage complies reasonably well with one of the two
adsorption sites obtained by DFT modelling (Fig. S12†). Due to
the disordered nature of the missing linkers, it is not possible to
conclusively refute the occurrence of the second adsorption site
based on X-ray diffraction.

Conclusions

We demonstrated the potential of UiO-66 type MOFs in work
function-based sensors for alkyl phosphonate nerve agents.
Through Kelvin probe monitoring, the nerve agent simulant
DMMP was reversibly detected, both in dry and humid condi-
tions, down to low ppb concentrations. The high sensitivity of
UiO-66-NH2 results from a series of conned interactions of
DMMP in the octahedral lattice pocket in proximity to missing
linker defects. Our study indicates that integration of MOF
sensing materials is an interesting pathway for tailoring of
ChemFETs to obtain unmatched sensing performances. In
addition, our results show that the electrically insulating nature
of typical MOFs does not inevitably lead to a limited suitability
for eld effect and other potentiometric chemical sensors. The
available toolbox of MOF design strategies offers a broad
perspective for detection of analytes based on different inter-
actions. Moreover, recent progress in computational screening
of MOFs for specic adsorption properties and applications can
considerably facilitate optimal matching of analytes and
sensing materials.54,55
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Suppression of the Aromatic Cycle in Methanol-to-Olefins
Reaction over ZSM-5 by Post-Synthetic Modification Using
Calcium
Irina Yarulina,[a] Simon Bailleul,[b] Alexey Pustovarenko,[a] Javier Ruiz Martinez,[c] Kristof
De Wispelaere,[b] Julianna Hajek,[b] Bert M. Weckhuysen,[c] Klaartje Houben,[d] Marc Baldus,[d]

Veronique Van Speybroeck,[b] Freek Kapteijn,[a] and Jorge Gascon*[a]

Introduction

The discovery of the methanol-to-gasoline (MTG) process over

ZSM-5 catalysts by Mobil Corporation in 1977[1] opened an oil-
free route for the synthesis of hydrocarbons. Since then,

a great deal of effort has been devoted to mechanistic studies
that led to a better understanding of this catalytic process.

The evolution in mechanism comprehension started from

understanding the first C@C bond formation (which is still
under the debate)[2] and slowly developed to the currently ac-

cepted dual-cycle concept.[3] An important milestone in metha-
nol-to-olefins (MTO) history was the introduction of the “hydro-

carbon pool” concept by Dahl and Kolboe, who proposed the

existence of intermediates of coke deposits responsible for
olefin formation.[4] These intermediates were later clarified to

be methylbenzenes and/or their protonated versions.[5] Transi-
ent 12C/13C experiments, however, revealed that whereas ethyl-

ene is predominantly formed through the abovementioned ar-

omatic species, propylene and higher alkenes are formed from
olefin methylation and cracking reactions.[3b, 5] These observa-

tions led to the acceptance of the dual-cycle mechanism, in-
volving the presence of two cycles, namely, a methylation/

cracking cycle, in which mostly propylene is produced, and an
aromatic cycle, responsible for ethylene and aromatics forma-
tion and catalyst deactivation.

Sun et al. have shown that one cycle can be promoted over
the other by co-feeding species participating in these cycles,
that is, co-feeding of propylene led to the increased selectivity
of olefinic species, whereas co-feeding of aromatics promoted

the formation of methane, ethylene and aromatic species.[3c, 6]

An approach to suppress the aromatic cycle is currently of

utmost interest as it is the key to prolong catalyst lifetime and
to increase the selectivity to propylene. Teketel et al. have
shown, using ZSM-22, that by choosing the appropriate zeolite

topology the methylation/cracking cycle can be promoted
over the aromatic one.[7, 8]

Considering that aromatic species are formed from higher
alkenes, another approach to suppress the aromatic cycle

would involve tuning the acidity of the catalyst, since less

acidic catalysts are known to promote the alkene cycle.[9] In
this way, it would be possible to produce olefins via the meth-

ylation/cracking cycle but their further conversion to aromatics
would be restricted.

Some studies, mainly performed in the early 1990s, showed
that modification of ZSM-5 with elements such as Ca,[10] B[11] or

Incorporation of Ca in ZSM-5 results in a twofold increase of

propylene selectivity (53 %), a total light-olefin selectivity of
90 %, and a nine times longer catalyst lifetime (throughput
792 gMeOH gcatalyst

@1) in the methanol-to-olefins (MTO) reaction.

Analysis of the product distribution and theoretical calculations
reveal that post-synthetic modification with Ca2 + leads to the

formation of CaOCaOH+ that strongly weaken the acid

strength of the zeolite. As a result, the rate of hydride transfer
and oligomerization reactions on these sites is greatly reduced,
resulting in the suppression of the aromatic cycle. Our results

further highlight the importance of acid strength on product
selectivity and zeolite lifetime in MTO chemistry.
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P[12] leads to the increased formation of olefins. Many of these
results were very promising but did not receive the worthwhile

attention as “the most valuable ethylene was formed very
little”.[13] Nowadays, the industrial focus has shifted towards

propylene. The observed high selectivities to propylene and
butenes and low selectivities to ethylene are already indicative

that this modification might result in the promotion of the
olefinic cycle over the aromatic cycle.

Results and Discussion

In this work, we modified the ZSM-5 acidity by Ca incorpora-
tion and investigated, using a combined experimental and the-

oretical approach, how this modification changes the nature of
the acid sites, which in turn leads to the suppression of the ar-
omatic cycle in favour of the olefinic cycle, leading to
enhanced propylene formation.

The parent ZSM-5 zeolite used for the preparation of the Ca

containing catalysts was purchased from Zeolyst (Si/Al = 40,
CBV8014). Depending on the method of preparation, the ob-

tained catalysts are denoted as Ca-ZSM5-IE, 6 Ca-ZSM-5-SSIE,

6 Ca-ZSM5-IWI, 6 Ca-ZSM5-EW, where IE, SSIE, IWI and EW stand
for ion-exchange, solid state ion-exchange, incipient wetness

impregnation and wet impregnation, respectively. All catalysts
were prepared aiming at a 6 wt. % Ca loading. Another set of

catalysts was prepared by incipient wetness impregnation by
varying Ca loading from 1 to 6 wt. % respectively. Details

about catalyst preparation can be found in the Experimental
Section. XRD results show (Figure S1, Supporting Information)

that the original MFI topology is preserved in all samples.[12a]

Textural properties displayed in Table 1 demonstrate that Ca
incorporation produces a small decrease in micropore volume,

whereas no additional mesopores are created. NH3 tempera-
ture-programmed desorption (TPD) results (Table 1 and Fig-

ure 1 a) show that the concentration of acid sites for all cata-
lysts except 6 Ca-ZSM5-SSIE is similar to that of the parent

ZSM-5, whereas the desorption maximum shifts from 435 8C to

290 8C for 6 Ca-ZSM5-EW and 6Ca-ZSM5-IWI, already indicating
a qualitative weakening in the strength of these acid sites
upon Ca incorporation. As NH3 TPD is not an adequate tool to
quantify the nature and strength of acid sites,[14] the catalysts
under study were additionally characterized by FTIR spectros-

copy using pyridine as a probe molecule (Figure 1 b). Parent
ZSM-5 shows two IR bands at 1546 cm@1 and 1455 cm@1 repre-

senting adsorption of pyridine on Brønsted and Lewis acid
sites, respectively. The Lewis acidity in the parent zeolite is as-

cribed to extra-framework Al species[15] but can be the result of
both extra-framework and perturbed framework Al.[16] Incorpo-

ration of Ca into the zeolite caused a significant decrease of
Brønsted acidity for all samples, especially for 6 Ca-ZSM5-EW
and 6 Ca-ZSM5-IWI, for which the vibration at 1545 cm@1

almost completely disappeared. Direct observation of the zeo-
lite IR spectrum in Figure 1 c shows a similar disappearance of
the 3600 cm@1 band characteristic for the Brønsted hydroxyl
stretching. Along with the disappearance of Brønsted acidity,

a new pyridine band at 1446 cm@1, assigned to acid sites of
Lewis nature, arises for Ca-containing catalysts, indicating

transformation of strong Brønsted acid sites to Lewis acid

ones. Interestingly, Ca-ZSM5-IE displays both IR bands at 1455
and 1446 cm@1 and can be considered as in between ZSM-5

and 6 Ca-ZSM5-IWI, having intermediate acidic properties. FTIR
spectroscopy using CO as a probe molecule (Figure S2) further

confirms the transformation of Brønsted into Lewis acid sites
and suggests the existence of Ca sites of different nature.

To obtain a full picture of the acidic properties of these cata-

lysts, we performed additional characterization by solid-state
NMR spectrometry using trimethylphosphine oxide (TMPO) as

a probe molecule (Figure 1 d). Several 31P resonance peaks at
99, 75, 67, 63, 47, 43, 36 and 30 ppm are observed. The reso-

nance peak at 30 ppm is ascribed to “mobile” TMPO, and
peaks at 47, 43 and 36 ppm are characteristic for physisorbed

TMPO.[17] Peaks in the range between 60 and 90 ppm are aris-

ing from TMPOH+ complexes on Brønsted acid sites.[18] The
peak at 99 ppm can be attributed to very strong Lewis acid

sites.[19] Adsorption of TMPO on Ca-ZSM5-IE resulted in the ap-
pearance of similar peaks, however, a significant decrease of

the resonance at 67 ppm suggests that, during ion exchange,
Ca preferentially occupies certain Brønsted acid sites. In con-

trast, in the spectra of 6 Ca-ZSM5-IWI the peaks in the 60–

90 ppm range are absent. In summary, the extensive acidity
characterization performed demonstrates the transformation of
Brønsted into Lewis acidity.

The as-prepared catalysts were tested at 500 8C in the MTO

reaction. Such a relatively high reaction temperature was

Table 1. Textural and catalytic properties of the ZSM-5 catalyst materials under study.

Entry Catalyst Vtotal
[a]

[cm3 g@1]
Vmicro

[a]

[cm3 g@1]
SBET

[a]

[m2 g@1]
Smicro

[a]

[m2 g@1]
cAS

[b]

[mmol g@1]
cBAS

[c]

[mmol g@1]
cLAS

[c]

[mmol g@1]
Throughput[d]

[gMeOH gcatalyst
@1]

S(C3 =)
[C mol %]

1 ZSM-5 0.256 0.152 448 363 387 232 35 88 25
2 Ca-ZSM5-IE 0.273 0.145 429 344 402 138 108 264 39
3 6 Ca-ZSM5-SSIE 0.212 0.111 323 267 171 128 0 136 39
4 6 Ca-ZSM5-EW 0.199 0.110 336 276 374 38 208 304 43
5 6 Ca-ZSM5-IWI 0.226 0.124 385 310 384 29 240 504 53
6 4 Ca-ZSM5-IWI 0.223 0.126 387 313 381 27 240 480 45
7 2 Ca-ZSM5-IWI 0.238 0.128 392 315 332 40 228 792 39
8 1 Ca-ZSM5-IWI 0.246 0.138 418 334 347 66 198 272 46

[a] From N2 adsorption. [b] Concentration of acid sites (AS) derived from NH3 TPD. [c] Concentration of Brønsted (BAS) and Lewis (LAS) acid sites derived
from pyridine IR spectroscopy. [d] Amount of methanol (g) converted per gram of zeolite before conversion decreases below 80 %.
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chosen because higher temperatures favour the formation of

short chain olefins.[20] Furthermore, owing to their lower acidity,

some of the catalysts were not catalytically active below
475 8C. The conversion results in Figure 2 a demonstrate that

incorporation of Ca into ZSM-5 prolong catalyst lifetime.
Herein, the method of catalyst preparation is crucial to obtain

the longest lifetime and selectivity to propylene, and the best
results were obtained by using the catalyst prepared by IWI

(504 vs. 88 g MeOH converted per gram of catalyst). As shown

above, other preparation methods are less effective in weaken-
ing zeolite acidity and led to shorter catalyst lifetimes. Remark-

ably, Ca incorporation caused significant changes in product
distribution (Figure 2 b), the most important of which are the

decrease in the formation of paraffins and ethylene. For 6 Ca-
ZSM5-IWI and 6 Ca-ZSM5-EW, the selectivity to paraffins drops

from 27 down to 3 %, and the selectivity to ethylene from 16 %
down to 8 and 6 %, respectively, compared with the per-
formance of parent ZSM-5. Moreover, 6 Ca-ZSM5-IWI showed
only negligible formation of aromatics in comparison to parent
ZSM-5 (compare SC6–8 = 0.5 % and 9 % respectively, Figure 2).

Both, the much lower selectivity to aromatics along with small-
er ethylene productivity indicate—to a large extent—the sup-

pression of the aromatic cycle. Indeed, ethylene is considered

to be the main product of this cycle.[3b, 5, 21] On the other hand,
the lower paraffin selectivity indicates the partial suppression

of intermolecular hydride transfer reactions responsible for the
conversion of olefins to paraffins and aromatics.[21a] The latter

is considered to be the bridging step between the olefinic and
aromatic cycles. We thus conclude that the observed suppres-

Figure 1. Acidity characterization of Ca-containing ZSM-5 catalysts and parent ZSM-5. (a) NH3 TPD profiles, (b) FTIR spectra of adsorbed pyridine, (c) FTIR
spectra in the OH stretching region, (d) 1H-31P CP MAS NMR spectra for TMPO adsorbed on 6 Ca-ZSM5-IWI, Ca-ZSM5-IE and ZSM-5.

Figure 2. Methanol conversion over Ca-modified ZSM-5 prepared by differ-
ent methods tested at 500 8C in MTO. (a) Catalyst lifetime, (b) product distri-
bution. mcat = 0.5 g, WHSV = 8 gMeOH gcatalyst

@1 h@1, MeOH/N2 = 1:1.
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sion of the aromatic cycle is achieved by reducing the rate of
hydride transfer and oligomerisation reactions on significantly

weaker acid sites.[22]

As catalyst 6 Ca-ZSM5-IWI prepared by IWI showed the high-

est selectivity to propylene (53 %) and butenes (29 %) and the
longest lifetime, this method was used to further to optimize

the Ca content. NH3 TPD and pyridine FTIR spectrometry (Fig-
ures S3 and S4) reveal that all samples possess a similar con-
centration of acid sites and modification with Ca caused

almost complete disappearance of Brønsted acidity as was ob-
served for 6 Ca-ZSM5-IWI.

Catalytic experiments (Figure 3) showed that by employing
a Ca loading of 2 wt.% with a molar ratio of Ca to Al 2:1

(Table S1), catalyst lifetime was further prolonged up to 99 h,
corresponding to 792 g of MeOH converted per gram of cata-

lyst before the catalyst became fully deactivated, which is nine
times longer than for the commercial ZSM-5. The selectivities

to propylene (39 %) and butenes (26 %) were slightly lower

than for 6 Ca-ZSM5-IWI. Observed differences in selectivities
caused by different Ca loadings are tentatively attributed to

additional spatial restrictions caused by Ca deposition inside
the micropores, that is, reducing micropore volume (see

Table 1), resulting in less aromatics formation, thus enhancing
formation of propylene and decreasing formation of ethylene

(Figure 3 b). However, based on toluene adsorption isotherms
(Figure S5), shape selective effects can be ruled out. Whether

bulkier aromatic molecules,[12b, 21a] as suggested by Abubakar
et al.[23] on P-modified ZSM-5, can be formed inside of the

pores of the Ca modified ZSM-5 catalyst is still not clear.
As mentioned in the introduction, a great deal of effort has

been dedicated in the open literature to the modification of
acid sites and its consequences in MTO performance,[24] includ-
ing Ca modification.[10a,b, 25] For example, Zhang et al. modified

ZSM-5 with Ca(NO3)2 to achieve a propylene selectivity up to
50 % with catalyst lifetime increasing from 13 to 75 h at
WHSV = 4.2 h@1.[10b] Observed differences were attributed to
the acid site weakening through the formation of acid-base

centres but without spectroscopic evidence to support this hy-
pothesis. Nonetheless, the observed large decrease in paraffin

and ethylene selectivities was not discussed either by these au-

thors. High selectivity towards propylene is generally demon-
strated for mesoporous ZSM-5.[26] It is claimed that this is

a result of both improved diffusion properties and acid site
strength modification. However, according to Olsbye et al.[27]

the observed differences are not yet satisfactorily described
and explained. By creating mesopores in ZSM-5, Mei et al.

reached a selectivity to propylene of approximately 42 % to-

gether with a considerable drop in the production of paraffins
(from 20.5 down to 5.7 %) and ethylene (from 15.3 down to

4.2 %).[26a] These results were rationalized on the basis of a dif-
ferent contribution of the aromatic and olefinic route, that is,

by partial suppression of the aromatic cycle.
On the other hand, the modification of the acidity might

simply lead to a decreased amount of working acid sites, i.e.

partial poisoning. Thus, application of ZSM-5 with a high SiO2/
Al2O3 ratio, and therefore a much lower density of acid sites,

has been widely reported with light olefin selectivity increasing
upon decreasing Al content.[28] Although very effective in

terms of selectivity, these zeolites with low Al content usually
deactivate faster[12a] owing to selective coke deposition on the

few active sites. We tentatively suggest that the promotional

effect of acid site modification is mainly related to the decreas-
ing the strength of acid sites rather than their amount. Thus,
the biggest difference between decreasing Al content and
“poisoning” (or “modifying”) acid sites with Ca is that in the

former case the amount of acid sites has been lowered where-
as in the latter their strength has been weakened through

changing their nature but preserving their amount.
To obtain molecular level insight into the nature of the

active site of the pristine and Ca-modified catalysts, a set of

periodic DFT calculations were performed using the Vienna Ab
Initio Simulation Package (VASP).[29] Simulation details are pro-

vided in the Supporting Information.[30] Inspired by earlier liter-
ature reports[10a, 31] and the experimentally defined optimal

Ca:Al ratio of 2, we calculated the electronic energies for a sys-

tematic set of CaOCaOH+ structures coordinated to framework
oxygen atoms near the Al substitution and with different ori-

entations in the channel intersections (Figures S10 and S11).
An overview of all considered structures is given in the Sup-

porting Information. We assumed isolated Brønsted acid sites
in the pristine H-ZSM-5 material, which is a realistic representa-

Figure 3. Methanol conversion over Ca-modified ZSM-5 prepared by the IWI
method with different Ca loading tested at 500 8C in MTO. (a) Catalyst life-
time, (b) product distribution. mcat = 0.5 g, WHSV = 8 gMeOH gcatalyst

@1 h@1,
MeOH/N2 = 1:1.
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tion since the experimentally used Si/Al ratio amounts to 40.
We observed two stable configurations of Ca species as dis-

played in Figure 4: the CaOCaOH+ tail may adopt either

a straight (Figure 4 a) or curled (Figure 4 b) configuration. The
latter is electronically more stable. A detailed comparison of

the vibrational frequencies of the modified Ca-ZSM-5 and pris-
tine ZSM-5 yields some distinct differences for the Ca-modified

ZSM-5 catalyst. The calculated OH stretch frequency of the H-
ZSM-5 catalyst at 3684 cm@1 shifts upwards to 3848 cm@1 and

3796 cm@1 for the straight and curled Ca chains in the Ca-ZSM-

5 catalyst, respectively, located in the range of less acidic sila-
nol groups (3740 cm@1), which corresponds to the spectra

shown in Figure 1 c.[32] These calculations suggest that the
active site in Ca-ZSM-5 catalysts is a combination of multiple

CaOCaOH+ structures, and the shift of the OH stretch frequen-
cies points towards a lower Brønsted acidity of the calcium-

modified catalyst.

Conclusions

The post-synthetic incorporation of Ca into ZSM-5 leads to the
formation of CaOCaOH+ species that strongly weaken the acid

strength of the parent zeolite. As a result, the rates of hydride
transfer and oligomerisation reactions on these sites are great-

ly reduced, resulting in the suppression of the aromatic cycle

and to increased total light olefin selectivity in the range of
90 %. These results further demonstrate the importance of acid

strength on product selectivity and zeolite lifetime in MTO
chemistry.

Experimental Section

Synthesis of catalysts

Ca-modified ZSM-5 catalysts were prepared from commercial ZSM-
5 (Zeolyst, CBV 8014). Ca-ZSM5-IE was prepared by ion- exchange
with 1 M Ca(NO3)2·4 H2O solution at 80 8C for 2 h repeated three
times with filtration step in between and followed by calcination
at 550 8C. 6 Ca-ZSM5-SSIE was prepared by solid-state ion-exchange
with Ca(CH3COO)2. SSIE was achieved by grinding required amount
of calcium acetate with commercial ZSM-5 for 30 min in a mortar
followed by calcination at 550 8C. 6 Ca-ZSM5-EW was prepared by
wet impregnation. In a typical procedure the required amount of
Ca(NO3)2·4 H2O was dissolved in water (5 mL). Zeolite (4 g) was
added to this solution and left overnight under stirring at RT. Sub-

sequently, the catalyst was dried for 12 h at 80 8C and calcined at
550 8C. 6 Ca-ZSM5-IWI, 4 Ca-ZSM5-IWI, 2 Ca-ZSM5-IWI and 1 Ca-
ZSM5-IWI were prepared by incipient wetness impregnation (IWI).
Parent zeolite (4 g) was impregnated with Ca(NO3)2·4 H2O solution
(1.06 g) corresponding to the total pore volume of the zeolite.
After impregnation, the catalysts were kept overnight in a desicca-
tor followed by drying for 12 h at 80 8C and calcination at 550 8C. A
heating rate of 2 8C min@1 and static air conditions were applied in
all cases for calcination.

Characterization of catalysts

N2 adsorption at 77 K was performed by using the Tristar II 3020
analyzer (Micromeritics). Prior to the experiment, samples were
outgassed at 350 8C for 16 h. Toluene adsorption measurements
were performed at 25 8C using Micromeritics 3Flex equipped with
a 15 mL stainless steel vapor vessel.

Images were recorded by using a JEOL JSM-6010LA with a standard
beam potential of 10 kV and an Everhart–Thornley detector. X-ray
microanalysis (SEM/EDX) confirmed the elemental composition in
the sample by scanning microscopy (SEM) coupled with a disper-
sive X-ray microanalysis system (EDX) with a Silicon-drift detector.

The XRD patterns of the powders are recorded in Bragg–Brentano
geometry with a Bruker D8 Advance X-ray diffractometer equipped
with a LynxEye position-sensitive detector. Measurements were
performed at RT by using monochromatic CoKa (l= 1.788970 a) ra-
diation between 2 q= 58 and 508. Elemental analysis was per-
formed with a PerkinElmer Optima 4300 DV instrument. The sam-
ples were first digested in an aqueous mixture of 1 % HF and
1.25 % H2SO4. After dilution, analysis was done by inductively cou-
pled plasma optical emission spectrometry (ICP-OES).

Temperature-programmed NH3 desorption (NH3-TPD) was per-
formed with an AutoChem II chemisorption analyzer (Micromerit-
ics). Approximately 0.2 g of the material was first degassed under
He flow at 400 8C and then saturated with NH3 at 200 8C during 1 h
using a flow of 1.65 % NH3 in He. The gas mixture was then
switched back to He and the sample was purged at 200 8C for
about 1 h to remove weakly adsorbed NH3 molecules. TPD was
subsequently recorded under He flow, from 200 8C to 800 8C. All
flow rates were adjusted to 25 mL min@1, and the heating rate was
10 8C min@1 during the different stages of the experiment.

Transmission FTIR spectroscopy using CO as a probe molecule was
performed by using a Nicolet Nexus spectrometer at 4 cm@1 resolu-
tion equipped with an extended KBr beam splitting and a mercury
cadmium telluride (MCT) cryo-detector. The pellets were placed in
an IR quartz cell equipped with CaF2 windows. A movable sample
holder allows the sample to be placed in the infrared beam for the
measurements or into the furnace for thermal treatments. The cell
was connected to a vacuum line for pretreatment. The specimen
was activated in vacuum at 400 8C for 16 h to remove adsorbed
species. After this step, the samples were cooled down to @130 8C
and CO was dosed up to 30 mbar.

Transmission FTIR spectroscopy using pyridine as a probe molecule
was performed by using a Nicolet 6700 spectrometer equipped
with MCT/B detector. The specimen was activated in vacuum at
400 8C for 16 h to remove adsorbed species. After activation, pel-
lets were saturated with pyridine vapor and further evacuated at
160 8C for 2 h. Spectra were recorded in 1000–4000 cm@1 range at
4 cm@1 resolution and co-addition of 128 scans. The amount of
Brønsted (BAS) and Lewis (LAS) acid sites was derived from the
bands at 1545 and 1456 cm@1 as described elsewhere using extinc-

Figure 4. Representation of suggested active sites in Ca-ZSM-5 with
(a) straight and (b) curled configuration. Color code: H white, O red, Al grey,
Si cream and Ca green.
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tion coefficients of 1.67 and 2.22 respectively.[15, 33] Assuming that
one molecule of pyridine is adsorbed on one acid site, the follow-
ing expressions were used to calculate CBAS and CLAS.[33]

CBAS ¼ 1:88> IA Bð Þ> R2=W ð1Þ

CLAS ¼ 1:42> IA Lð Þ> R2=W ð2Þ

where IA (BAS, LAS) is the integrated absorbance of BAS or LAS
band (cm@1), R is the radius of catalyst disk (cm), and W is the mass
of catalyst (mg).

For solid-state NMR measurements using trimethoxyphosphine
oxide (TMPO) as a probe molecule, the preparation procedure was
adapted from Wiper et al.[34] TMPO (50 mg) was dissolved in anhy-
drous CH2Cl2 (15 mL) in an Ar glove box. A 15 mL volume of this
solution was added to the dehydrated at 400 8C for 16 h zeolite
and left under stirring for 1 h. Subsequently, materials were heated
at 150 8C for 1 h under vacuum to allow homogeneous distribution
of TMPO. Finally, cooled down samples were transferred into a zir-
conia MAS rotor (3.2 mm). Solid-state 31P NMR spectra were record-
ed on a Bruker spectrometer operating at a 1H Larmor frequency
of 500 MHz equipped with a triple resonance 3.2 mm Magic Angle
Spinning (MAS) probe, using an MAS frequency of 19 kHz. After
a 1H 90 pulse, 1H-31P cross-polarization (CP) was achieved by apply-
ing simultaneously a 46 kHz 31P and a 94 kHz 1H RF field (ramp 70–
100 %) with a contact time of 4.2 ms. During acquisition 83 kHz
SPINAL64 proton decoupling[35] was applied. For each experiment,
256 scans were used with a recycle delay of 4 s.

Methanol-to-olefins testing

Catalytic experiments were performed in a Microactivity Reference
unit (PID Eng&Tech) at 500 8C and ambient pressure. The catalyst
(pressed, crushed and sieved to particle sizes 250–420 mm) was
placed in a fixed-bed reactor with internal diameter 9 mm for stan-
dard experiments. An HPLC pump (307 5-SC-type piston pump,
Gilson) was used to feed methanol to the reactor system. A
weight-hourly space velocity (WHSV) of 8 gMeOH gcat

@1 h@1, a 1:1
molar feed composition of N2 and MeOH and atmospheric pressure
were utilized. The product mixture was analyzed online with an In-
terscience CompactGC equipped with a 15 m capillary RTX-1 (1 %
diphenyl-, 99 % dimethylpolysiloxane) column and a flame ioniza-
tion detector. Conversion, selectivities and yields were calculated
on a molar carbon basis. Thus, conversion was defined as the
carbon based fraction of light oxygenates (methanol and dimethyl
ether) consumed during the reaction:

X ¼ nC;MeOHin
@ nC;MeOHout

@ 2> nC;DMEout

nC;MeOHin

> 100% ð3Þ

The selectivity towards ethylene (2) and propylene (3) was calculat-
ed based on the carbon number as follows:

Sethylene ¼
2> nC2 H4

nC;MeOHin
@ nC;oxyout

> 100% ð4Þ

Spropylene ¼
3> nC3 H6

nC;MeOHin
@ nC;oxyout

> 100% ð5Þ

and the yield of a component i was defined from its selectivity and
methanol conversion:

Yi ¼
Si > X

100
ð6Þ

The performance results were presented in graphs as a function of
the methanol throughput per amount of catalyst used (gMeOH gcat

@1)
and defined as overall MeOH throughput fed through the catalytic
bed before the conversion of oxygenates drops to 80 %. Selectivi-
ties were taken after testing catalysts for 1.5 h. Remarkably, for Ca-
modified samples the steady state was achieved after approximate-
ly 40 min on stream and product distribution did not change sig-
nificantly (Figure S6) after that time. For ZSM-5, no steady state
was achieved, and the early stages were characterized by the high
selectivity towards paraffins decreasing with time on stream in
favor of olefins.
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