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The thermodynamic properties of the unsubstituted and substituted phenyl, phenoxy, anisyl, benzoyl, styryl and benzyl radi-
cals with six substituents (hydroxy, methoxy, formyl, vinyl, methyl, and ethyl) are calculated with the bond additivity cor-
rected (BAC) post-Hartree-Fock G4 method. Bond dissociation energies of monocyclic aromatic hydrocarbons are
calculated and used to identify substituent interactions in these radicals. Benson’s Group Additivity (GA) scheme is extend-
ed to aromatic radicals by defining 6 GAV and 29 NNI parameters through least squares regression to a database of ther-
modynamic properties of 369 radicals. Comparison between G4/BAC and GA calculated thermodynamic values shows that
the standard enthalpies of formation generally agree within 4 kJ mol21, whereas the entropies and the heat capacities
deviate less than 4 J mol21 K21. VC 2016 American Institute of Chemical Engineers AIChE J, 63: 2089–2106, 2017
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Introduction

Radical chemistry plays an important role in various areas of
life such as pyrolysis (steam cracking, thermochemical conversion
of biomass, carbon black production),1–4 corrosion (rusting),5

radical-initiated polymer chemistry,6 oxidation (internal combus-
tion engines, metabolism),7,8 and environment (NOx and ozone
formation)9–11 to name a few. Among the radicals involved,
monocyclic aromatic radicals present an important sub-family.
For example, phenyl (C6H5•) and benzyl (C6H5CH2•) radicals are
important intermediates in molecular growth chemistry forming
polycyclic aromatic hydrocarbons (PAHs),12,13 coke,14 and soot15.
Phenoxy (C6H5O•) radicals are crucial for the coal processing,16

antioxidant,17,18 and lignin chemistry.19,20

One area of great interest in chemical engineering is the
conversion of lignocellulosic biomass to liquid fuels, energy,
and chemicals. Given the relatively low O/C ratio compared to
other biomass components and the richness in aromatic units,
the lignin fraction has recently received special attention as a
source for highly valuable products.21 One conversion strategy
for biomass is the thermochemical route, in which fast pyroly-
sis is used to produce mainly a liquid (bio oil), which is then
upgraded in subsequent steps to the desired products. Since
pyrolysis chemistry is generally dominated by radical mecha-
nisms it is expected that monocyclic aromatic hydrocarbon
(MAH) radicals (MARs) play a pivotal role in this process.

To support the optimization of thermochemical conversion
of biomass, kinetic models are needed that are able to optimize

process conditions and minimize costly and time-consuming

experiments. Kinetic models have been used successfully in

the past for that purpose.22–25 One obstacle in developing such

models for biomass is that reliable thermochemical data for a

large number of intermediates and products including those

related to lignin are unknown.26–29 Therefore, a recent study

employed electronic structure methods to generate a large set

of thermochemical data for single, double, and various triple

substituted MAHs.30 A similar comprehensive thermochemi-

cal data set for MARs is still unavailable. The aim of this

work is to address this shortcoming.
In recent years, kinetic modeling has changed from being a

manual reaction network assembling task performed by expe-

rienced kineticists to one in which software packages31–35 are

used to generate comprehensive reaction mechanisms auto-

matically based on user-defined reaction rules. Such software

packages need to keep track of the formation and consumption

of all participating species, including reactive intermediates.

Assignment of thermochemical properties for all these species

is one of the current limitations of automated network generat-

ing tools because of the aforementioned gaps in thermochemi-

cal databases and because the use of “on-the-fly” first-principle

calculations for each molecule or radical encountered is still in

its infancy stage.36–38 Therefore, estimation methods for ther-

mochemical properties of a large variety of molecule classes

are of crucial importance.
One popular approach to estimate thermodynamic proper-

ties of gas-phase species is the Group Additivity (GA) method

developed by Benson and coworkers.39–42 The essence of Ben-

son’s method is that any thermochemical property of a mole-

cule can be calculated from contributions (“group additive

values [GAVs]”) of smaller units, called groups. Benson

defines a group as “a polyvalent atom in a molecule together
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with all its ligands.”42 Even though GAVs are able to account
for the major part of a thermodynamic property, inclusion of
contributions from interactions that extend beyond the range
of a group is essential to achieve the level of accuracy needed
for kinetic modeling. These so-called “non-nearest neighbor
interactions” are incorporated into the group additivity method
as correction terms (NNIs). The thermodynamic property “y”
thus is calculated as

y5
Xi

1

ni GAVi1
Xj

1

nj NNIj (1)

The GAVi refer to different groups which occur ni times in the

molecule and NNIj is the jth correction term which occurs nj

times in the molecule. For the calculation of thermodynamic

properties of a molecule via Benson’s Group Additivity meth-

od, the contributions from all present groups and NNI must be

known. Therefore, an ongoing effort is to expand the available

GAV/NNI database toward previously ignored molecule clas-

ses and to improve the accuracy of existing entries.
In order to ensure reliable GA results, the GAV and NNI

parameters need to be internally consistent. This implies that

(1) GAVs are defined and parameters are assigned in a system-

atic way resolving all linear dependencies, (2) the set of NNIs

are comprehensive and well-defined, and (3) all parameters

are determined from reference data of equal quality. Marin

and coworkers30,43–46 have begun to create such an internally

consistent GAV/NNI database based on ab initio results at

either the CBS-QB3 or the G4 level of theory. Currently this

database contains GAV and NNI values that allow calculation of

thermodynamic properties for aliphatic hydrocarbons and their

corresponding radicals,43,44 oxygenated hydrocarbons including

radicals,46 organic sulfur compounds,45 and MAHs.30 The pur-

pose of this study is to extend the GAV and NNI database to

those substituted MARs, which are expected to play a significant

role in lignin pyrolysis.
An alternative approach to determine thermochemical proper-

ties of free radicals is to use so-called hydrogen bond increments

(HBI).43,44,46,47 A HBI describes the change of a thermochemi-

cal property caused by the loss of a hydrogen atom. Hence, the

thermodynamic property, y, of a radical X derived from the par-

ent XH by removing the hydrogen is calculated as

y Xð Þ5y XHð Þ1HBI Xð Þ (2)

The thermodynamic property for the corresponding parent mol-

ecules may be obtained by any means including Benson’s GA

method. In contrast to the GA method, the HBI(X) parameters

are not restricted to groups but may describe larger moieties, for

example, resonance stabilized subgroups, which are difficult to

describe by GAV and NNI contributions. Sabbe et al.43,44

showed that the HBI method performs better than GA for such

radicals. One drawback of HBIs is that HBIs are not additive,

meaning that only one HBI can be applied per radical. For com-

plex substitution patterns, this means that each combination of

substituents requires its own HBI. This lack of transferability

prevents accurate description of unknown higher substituted

MARs. As will be shown later, NNIs for radical groups are

transferable and results for single and double-substituted radi-

cals can be translated straightforwardly to multiple substituted

MARs. Therefore, this study does not develop HBI parameters

but solely focuses on GAVs and NNIs.
The article is organized as follows: first, a database of accu-

rate gas-phase standard enthalpies of formation (DfH
0),

entropies (S0), and heat capacities (Cp Tð Þ) is constructed for a

set of 369 MARs. This set is divided into two parts: a training

set to determine new GAV and NNI parameters, and a test set

used to demonstrate transferability. To identify which NNIs

are necessary, bond dissociation energies (BDEs) for all radi-

cal classes considered in this work are calculated and ana-

lyzed. Once preliminary GAV/NNI values are available and

transferability of these new GA parameters is established, all

available thermodynamic data are combined to determine the

final GAV and NNI values via a least squares procedure.

Finally, an example is discussed to demonstrate the use and

performance of these new GAV/NNI values.

Methodology

Electronic structure calculations

The Gaussian 09 software package48 has been used to per-

form all electronic structure calculations and the G449 level of

theory was selected to calculate the thermodynamic properties

of all MARs (see Supporting Information Figures S1–S14 for

a full list of these MARs). The primary results from these cal-

culations are electronic 0 K energies, geometries, and harmon-

ic oscillator frequencies. This information is used to calculate

standard enthalpy of formations (DfH
0), entropies (S0) at

298 K, as well as heat capacities (Cp) at various temperatures

via statistical mechanics. Prior to their use, harmonic oscillator

frequencies are scaled by the default factor of 0.985449 and

the rigid rotor and harmonic oscillator (RRHO) approximation

is applied48 except for those modes that resemble internal rota-

tions.50 The latter are analyzed with the one-dimensional hin-

dered rotor approach of Waroquier and coworkers.51–53 To

calculate the contributions of internal rotations to the partition

function and thermodynamic properties, their hindrance poten-

tials are determined with relaxed potential energy surface

scans at the B3LYP/6-31G(d) level and expanded as truncated

Fourier series using the first six sine and cosine terms. Har-

monic oscillator frequencies associated with the internal rotors

are identified via animation and then removed. Only internal

rotors with total barriers below 50 kJ mol21 are evaluated sep-

arately, all other modes are treated as harmonic oscillators.

Internal rotations with very low barriers (less than 1 kJ mol21)

are classified as free rotors. The reduced moment of inertia

describing the rotation of the two molecule fragments around

the axis that decouples internal from external rotation is calcu-

lated with the procedure described by Vansteenkiste et al.51

All reported thermochemical data are based on the lowest

energy conformer found for a molecule at the G4 level of the-

ory. The hindrance potentials of the internal rotors are uti-

lized to identify local minima on the potential energy

surface, which are then evaluated at the G4 level in order to

identify the lowest energy conformer. Note that this approach

is a compromise between accuracy and effort as it does not

necessarily guarantee that the global minimum is found if

internal rotors are coupled. In this study, though, coupling is

limited and thus the lowest energy configurations are located.

The used methodology is in line with previous studies by

Marin and coworkers.44–46

Standard enthalpy of formations

The electronic energies obtained from the G4 method are

converted to standard enthalpies of formation DfH
0 with the

atomization energy method as shown in Eq. 3:
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DfH
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0

gas;exp Oð Þ

2 mH0
AI Cð Þ1nH0

AI Hð Þ1pH0
AI Oð Þ2H0

AI CmHnOp

� �� � (3)

where DfH
0
gas;exp(C) 5 716.68 kJ mol21, DfH

0
gas;exp(H) 5 218.0

kJ mol21, and DfH
0
gas;exp(O) 5 249.18 kJ mol21 at 298 K.54

The first three terms of the right-hand side are the experi-

mental standard enthalpies of formation of the atoms in the

gas phase (gas,exp) at 298 K and the expression in brackets is

the ab initio calculated atomization enthalpy for CmHnOp,

that is the reaction enthalpy for the reaction at 298 K given in

Eq. 4:

CmHnOp ! mC1nH1pO (4)

Note that spin-orbit corrections are part of the G4 methodolo-

gy49 and do not have to be applied separately. However, addi-

tional systematic errors are encountered in electronic structure

calculations and these can largely be eliminated via “Bond

Additive Corrections” (BACs)55 as given in Eq. 5.

DfH
0 G4=BACð Þ5 DfH

0 G4ð Þ1
X

ij

NijBACij (5)

in which i and j run over all atom types and Nij is the number

of bonds between atoms of type i and j. The required BACs

for the G4 level of theory are taken from an earlier study.30

Assigning BAC corrections for resonantly stabilized radi-

cals can be ambiguous since the corresponding Lewis struc-

tures often contain different bond types. As this manuscript

focuses on aromatic radicals, BAC corrections are based on

Lewis structures that preserve the phenyl ring. The latter struc-

tures are expected to provide a reasonable description of the

electron configuration of the radical, for example, in a phe-

noxy radical the largest spin density is on the oxygen atom.
A difficulty encountered in this study while using the

default implementation of the G4 method is that in some

instances abnormally high electronic energies are calculated.

This lead to the suspicion that the default guess of the initial

wavefunction to solve the self-consistent field problem does

not always lead to the electronic ground state. To resolve this

issue, a wave function stability test48,56,57 was performed prior

to each G4 calculation and the stabilized wavefunction is used

as initial guess in the G4 method. Particularly the energies of

some para-substituted benzoyl radicals improved by more

than 10 kJ mol21. Using the stability test as pre-step provided

the consistency in the data set that is needed to derive group

additivity values.
One of the issues frequently encountered in unrestricted

Hartree-Fock calculations for open-shell systems is the con-

tamination of the wavefunctions by higher spin multiplicity

states. This may lead to electronic energies that are unrealisti-

cally low.58–62 High <Ŝ2> values are noted for several MARs

under investigation, particularly for some substituted benzoyl

radicals. Extensive validation against reported experimental

data indicates that the final set of G4/BAC enthalpies of for-

mation is reliable despite these spin contaminations. The use

of a large training set introduces a high degree of redundancy

and allows the identification of outliers. Such outliers were ini-

tially observed for (substituted) o-vinylbenzoyl radicals. Slight

modifications of the starting geometry resulted in drastic

differences in energies and only the internally consistent

low-energy values are used. The alternative—to invoke

multireference wavefunction calculations—was not followed
because such a method would drastically differ from previous
GAV/NNI studies and lead to inconsistencies within the over-
all GA database.

Standard intrinsic entropies

The entropy for a radical calculated via statistical methods
as described above does not take symmetry or contributions
from stereoisomeric centers into account. Hence, the initial
entropy needs to be corrected for such contributions if the total
entropy of a molecule is needed. On the other hand, GAV and
NNI parameters in Benson’s group additivity method42 are
“symmetry-free,” because they relate to moieties of a mole-
cule and not to the entire molecule. Since the goal of this study
is to determine such GAVs and NNIs, the symmetry-
independent “intrinsic” entropies Sint

0 are used:

Sint
05S01R ln

r
nopt

� �
(6)

r is the global symmetry number and nopt is the number of
optical isomers. The global symmetry number r is the product
of external symmetry number rext and the internal symmetry
numbers rint:

r5 rext

Y
k

rint;k (7)

BDE analysis

The BDE of a XAY bond in a molecule XY is defined as
the difference between the sum of DfH

0 of the X• and Y• radi-
cals, and the DfH

0 of the XY parent molecule (Eq. 8).

BDEX2Y5 DfH
0 X•ð Þ1DfH

0 Y•ð Þ2DfH
0 XYð Þ (8)

BDEs are helpful in estimating the activation energies of reac-
tion families, for which the activation energies correlate with
the BDEs via Evans-Polanyi relationships. Within this study,
BDEs are used for two purposes. First, if experimental BDE
data exist these are used to validate the accuracy of the current
calculations. Second, BDEs provide a means to identify NNIs
in MARs. To illustrate the use of BDEs to identify NNIs, con-
sider the difference in BDE between a substituted and an
unsubstituted MAH (DBDE):

DBDE5BDEYZ2X2BDEYH2X

5 DfH
0 Y•

Z

� �
2DfH

0 Y•
H

� �� �
2 DfH

0 YZXð Þ2DfH
0 YHXð Þð Þ

(9)

Here, BDEYZ2X denotes the BDE of a Z substituted MAH
YZAX and BDEYH2X describes the BDE of the corresponding
un-substituted aromatic species. Y•

Z and Y•
H symbolize the

Z-substituted and un-substituted fragments, respectively. Note
that the same X fragment is formed in the substituted and
unsubstituted cases and hence its contribution cancels out in
Eq. 9. If the enthalpies of formation of the parent molecules
YZX and YHX are known, the change in heat of formation
upon substitution of the radical (Y•) can be determined:

DfH
0 Y•

Z

� �
2DfH

0 Y•
H

� �
5DBDE

2 DfH
0 YZXð Þ2DfH

0 YHXð Þ
� � (10)

To apply Eq. 10 to identify NNIs for radicals in Benson’s GA
scheme, the DfH

0 in Eq. 10 are written in terms of GA param-
eters using Benson’s nomenclature42 distinguishing different
types of carbon atoms, namely a single bonded carbon (C), a
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double bonded carbon (Cd), and a carbon in an aromatic ring

(Cb) are abbreviated differently. For instance, the group addi-

tive value, GAVCb2 Hð Þ, refers to the group in which an aryl

carbon (Cb) is the center atom, which is bonded to a hydrogen

atom. The difference in BDE of the phenylic CAH bond upon

substitution by Z, that is reaction (i)–(ii)

(i)

(ii)

can be obtained as follows:

DfH
0 C6H5—Hð Þ5 6 GAVCb2 Hð Þ

DfH
0 C6H5

•ð Þ55 GAVCb2 Hð Þ1 GAVC•
b

DfH
0 Z2C6H4—Hð Þ5 5 GAVCb2ðHÞ

1 GAVCb2ðZÞ 1 GAVZ2ðCbÞ1NNIParent

DfH
0 Z2C6H4

•ð Þ54 GAVCb2 Hð Þ1 GAVC•
b

1 GAVCb2 Zð Þ1GAVZ2 Cbð Þ1NNIRadical

(11)

and substitution into Eq. 10 then yields:

DBDE5NNIRadical2NNIParent (12)

This demonstrates that the change in BDE upon the introduc-

tion of a substituent group Z is only a function of the differ-

ence between substituent effects in the radical and the

corresponding parent molecule. Equation 12 lays the founda-

tion for NNIRadical identification in this study as the DBDEs

are calculated with the G4/BAC methodology and the

NNIParent terms are already known from the study of Ince

et al.30

From Eq. 12, one can distinguish three cases:

DBDE > 0! NNIRadical > NNIParent

DBDE50! NNIRadical5NNIParent

DBDE < 0! NNIRadical < NNIParent

(13)

The above derivation assumes that the DBDE values calculat-

ed by group additivity are identical to those calculated by G4/

BAC. Since there is no 100% agreement between G4/BAC

and GA data, NNIRadical values derived from Eq. 12 are only

approximations. Nevertheless, they provide good initial

guesses for the NNIs of interest.
In some cases, scissions of bonds that belong to different

MAHs may yield the same radicals. For instance, compare

reactions (ii) and (iii) where Z-C6H•
4 radical is obtained from

two different parent molecules, for example, Z-C6H4AH and

Z-C6H4AY. Since both reactions yield the same radical, the

magnitude of the substituent effects in Z-C6H•
4 which are cal-

culated from the BDE analyses (Eq. 12) of these two reactions

are expected to be very similar and, hence, this is used to sup-

port identification of NNIs. This practice is followed for all

cases in which different reactions lead to the same NNIRadical.

For each substituent effect appearing in multiple reactions, the

individual values are averaged and this average is reported as

the preliminary NNI correction term.

(iii)

Derivation of GAV and NNI values

Linear Regression Procedure. The GAV and the NNI val-

ues are determined through simultaneously optimizing the

agreement between group additively calculated and ab initio
thermodynamic data for MAH radicals via unweighted least-

squares analysis. In this linear regression analysis, the follow-

ing objective function is minimized:

SSQ5
Xn

i

yi2ŷið Þ2 (14)

In Eq. 14, yi is the ab initio calculated enthalpy of formation

(DfH
0), entropy (S8), or heat capacity (Cp(T)) of the radical i

and ŷi is the calculated thermochemical value via group addi-

tivity. This results in the equation:

GAV=NNI5 XTX
� �21

XTy (15)

In Eq. 15, GAV=NNI is the calculated vector of the group

additive values and NNI parameters and X is the occurrence

matrix in which each row represents a radical and each column

refers to a GAV or NNI. The elements of this matrix Xij spec-

ify the number of occurrences of group j in radical i. Here, y is

the vector of all yi.
A statistical analysis is performed to assess the reliability of

the linear regression step and the quality of the optimization

procedure. The quality of the fits is expressed in terms of the

significance (F) of the regression, the mean absolute deviation

(MAD), root-mean square deviation (RMS), and maximum

deviation (MAX) between ab initio data and the data obtained

via group additivity. The reported significance F of the regres-

sion is calculated with the following equation:

F 5

Pn
i51

ŷ2

� �
=p

Pn
i51

ŷi2yið Þ2
� �

= n2pð Þ
(16)

In Eq. 16, n is the number of molecules and p is the number of

parameters. More details regarding the linear regression proce-

dure and the statistical analysis are provided in Supporting

Information.
Definition of the GAVs for MARs. A total of 24 GAVs are

required to describe all the MARs (See Supporting Informa-

tion) studied in this work. Among these, 18 GAVs have

already been defined in earlier studies. They are given in

Table 1.30,43,44,46 These 18 GAVs can be divided into 14

GAVs which describe non-radical groups, and 4 GAVs which

relate to radical moieties. The parameters for these 18 GAVs

are adopted and not subjected to optimization. This was done

to ensure internal consistency with previously developed

GAV/NNI databases.
Generally, the GA description of radicals requires two types

of radical-specific GAVs: GAVs for radical-centered and
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radical adjacent groups. For hydrocarbon radicals, Sabbe
et al.43,44 showed that GAVs describing a radical adjacent
group can be substituted by the analogous non-radical groups
without significant loss of accuracy. Hence only GAVs for the
radical centered groups were developed. Investigating radicals
of oxygenates, Paraskevas et al.46 noticed that the same
replacement strategy does not work for these radicals, mainly
because oxygen (•O) and carbonyl (•C@O) moieties are not
considered as center atoms of groups and hence their contribu-
tions to thermodynamic properties have to be incorporated
into adjacent groups. The GAV definitions in this study take
the discussed previous observations into account. For benzyl
radical, only two new GAVs are needed to represent the
carbon-centered radical groups, Ċ-(Cb)(H)2 and Ċ-(Cb)(C)(H).
The radical-adjacent groups Cb-(Ċ) and C-(Ċ)(H)3 found in
benzyl and 1-phenylethyl radicals are replaced by the nonradi-
cal Cb-(C) and C-(C)(H)3 GAVs.

For phenyl and substituted phenyls, only the radical-specific
GAV, Ċb, is needed. Although this GAV has already been
defined by Sabbe et al.43,44 based on CBS-QB3 calculations,
Ince et al.30 showed that the CBS-QB3 method overestimates
the DfH

0 of phenyl radical, which leads to a biased value of
the GAV for the Ċb group.43 Therefore, in this study this GAV
is redefined with the G4/BAC dataset that encompasses 25
phenylic MARs. For b-styryl radicals, no new GAVs are need-
ed, because the Ċd-(H) GAV has already been defined by
Sabbe et al.43,44

Two new GAVs are needed for phenoxylic and benzoylic
MARs: the radical-adjacent groups Cb-( _O) and Cb-(ĊO). For
the radical moiety in anisylic radicals, the O-(Ċ)(Cb) group
is missing and needs to be defined and the value for the
_C-(O)(H)2 group is taken from Paraskevas et al.46

Results and Discussion

G4/BAC calculations have been performed to construct a
database of accurate gas-phase standard enthalpies of forma-
tion (DfH

0), entropies (S0), and heat capacities (Cp Tð Þ, at
T 5 300, 400, 500, 600, 800, 1000, and 1500 K) for 369
MARs. This database is divided into a training set (316
MARs) and a test set (53 MARs). The training set is used to
assign initial GAV and NNI values via linear regression and

the test set serves to prove the transferability of these GAV/

NNI parameters, meaning their applicability to larger MARs

or MARs not present in the training set. Afterwards, both sets

are combined and final values for the GAV/NNI parameters

are determined via regression.
This complete MAR database, which is provided in the Sup-

porting Information, can be grouped into six subsets reflecting

the radical classes considered. These subsets distinguish

between unsubstituted and substituted phenyl (C6H5•), phe-

noxy (C6H5O•), anisyl (C6H5OCH2•), benzoyl (C6H5C•(@O)),

b-styryl (C6H5CH@CH•) and benzylic radicals (benzyl

(C6H5CH2•), and 1-phenylethyl (C6H5CH•CH3)). Besides phe-

nyl and 25 single substituted MARs, the database contains 128

double substituted MARs, which include all ortho (o-), meta
(m-), and para (p-) combinations of hydroxy (AOH), methoxy

(AOCH3), formyl (ACHO), vinyl (ACH@CH2), and alkyl

(ACH3 and AC2H5) substituent groups, and additionally 212

triple and 3 quadruple substituted MARs. The o-formyl

substituted benzoyl radical is removed from the set of mole-

cules described above as the geometry optimization yields a

bicyclic radical, which does not fit to the category of radicals

of interest in this article. This radical is discussed later in more

detail. Furthermore, all a-styryl radicals are excluded since

they rearrange without barrier to species that are no longer

aromatic. See Supporting Information Figure S14 for a list of

these radicals, which are not used for GA parameter

development.
BDEs of 323 bonds found in MAHs have been calculated.

Besides benzene, these bonds occur in 69 single substituted

and double substituted MAHs (ortho, meta, and para), in

which the substituent groups are AOH, AOCH3, ACHO,

ACH@CH2, ACH3, and ACH2CH3. The DfH
0 data for the

MAHs are taken from Ince et al.30 while the DfH
0 data for the

MARs and the small radical fragments are from this study.

The datasets for the DfH
0 of the MAHs, MARs, the small radi-

cal fragments, and the BDEs which are calculated from these

are provided in the Supporting Information (Tables S1–S5).

Performance of G4/BAC method

To assess the accuracy of the data obtained by the G4/BAC

method, literature-reported DfH
0 of MARs and BDEs leading

Table 1. GAVs Taken from Earlier Studies
30,43,44,46

Predefined
GAVs Source

DfH
0

[ kJ mol21]
S0

[J mol21 K21]

Cp [J mol21 K21]

300 K 400 K 500 K 600 K 800 K 1000 K 1500 K

Cb-(H) Reference 30 13.7 48.6 13.3 18.4 22.7 26.2 31.3 34.8 40.1
Cb-(O) Reference 30 24.0 230.0 12.1 12.6 15.0 17.4 21.3 23.5 26.0
Cb-(C) Reference 30 23.5 233.6 10.8 13.8 16.5 18.7 21.9 23.8 26.2
Cb-(CO) Reference 30 21.5 233.7 16.4 17.8 19.7 21.6 24.4 26.6 27.4
Cb-(Cd) Reference 30 24.3 235.0 12.4 14.8 16.4 18.0 20.9 22.6 25.6
O-(Cb)(C) Reference 30 2124.1 21.6 20.3 24.2 25.1 24.8 23.7 23.1 22.0
C-(O)(H)3 Reference 46 242.9 127.1 25.3 32.1 38.4 44.1 53.4 60.6 72.5
O-(Cb)(H) Reference 46 2188.1 106.3 24.6 30.3 32.5 33.2 33.3 33.6 35.0
CO-(Cb)(H) Reference 46 2128.3 129.3 27.3 34.0 39.4 43.7 50.2 54.2 60.8
C-(Cb)(H)3 References 43 and 44 242.9 127.2 25.0 31.8 38.2 43.9 53.2 60.5 72.3
Cd-(Cb)(H) References 43 and 44 30.4 25.7 18.1 24.1 29.1 32.7 37.1 40.0 43.1
Cd-(H)2 References 43 and 44 25.1 115.8 20.6 25.8 30.8 34.9 41.4 46.4 54.6
C-(Cb)(C)(H)2 References 30 220.6 38.6 24.9 30.7 36.0 40.4 47.3 52.3 60.0
C-(C)(H)3 References 43 and 44 242.9 127.2 25.3 32.1 38.4 44.1 53.4 60.6 72.5
Ċ-(O)(H)2 Reference 46 147.2 126.2 27.5 33.1 37.8 41.4 46.7 50.4 56.2
Ċd-(H) References 43 and 44 275.8 121.4 20.6 23.6 25.7 27.4 30.1 32.3 35.6
Cb-(Ċ) Same as Cb-(C)a,30,43,44 23.5 233.6 10.8 13.8 16.5 18.7 21.9 23.8 26.2
C-(Ċ)(H)3 Same as C-(C)(H)3

43,44 242.9 127.2 25.3 32.1 38.4 44.1 53.4 60.6 72.5

aThe newer values from ref. 30 are used for Cb-(C).
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Table 2. An Overview of the Bonds in Benzene and Single Substituted Benzenes for which the BDEs Analyses are Performed
a

Bond BDEG4/BAC BDEexp Prototypical Reaction

Phenyl
CbAH 473.7

474.1 6 8.963,64

472.8 6 3.463,65

472.2 6 2.266,67

CbAOH 469.0 470.3 6 2.568

CbAOCH3 428.6 422.4 6 4.268

CbACHO 415.3 415.5 6 3.868

CbACH@CH2 484.4 485.3 6 4.268

CbACH3 433.3 433.0 6 2.568

CbACH2CH3 427.6 427.6 6 2.968

Phenoxy
OAH 368.1

368.1 6 2.669

368.2 6 6.354

365.3 6 3.270

OACH3 273.1
272.154,71

272.854,72

273.154,73

Anisyl

CAH 402.1 -

Benzoyl

C(@O) AH 373.6 37254,74
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to these MARs can be compared. This is done in Table 2 using
selected published data for simple MAHs. A more extensive
comparison presented in the Supporting Information (see Sup-
porting Information Figures S15 and S16) shows that the G4/
BAC calculated BDE energies are in the center of the range of
experimental literature data; hence the G4/BAC method repro-
duces the general trends. The entries in Table 2 are discussed
in detail in the following paragraphs, along with some ab initio
values from the literature.

The BDE of the CAH bond in benzene, 474.1 6 8.9
kJ mol21, is obtained with the DfH

0 for benzene (82.9 6 0.9
kJ mol21)63 recommended by Roux et al. and the DfH

0 for
phenyl radical (339. 6 8. kJ mol21)64 suggested by Tsang
et al. If the DfH

0 value of phenyl from recent photoionization
measurements by Stevens et al. (337.7 6 2.5 kJ mol21)65 is
used instead, the BDE value amounts to 472.8 6 3.4 kJ mol21.
Ervin and Deturi calculated a value of 472.2 6 2.2 kJ mol21

based on the electron affinity of the phenyl radical from the
photoelectron spectroscopy data reported by Gunion et al.66,67

Van Speybroeck et al. studied the BDE utilizing B3P86/6-
311G** and calculated it as 472.5 kJ mol21. The G4/BAC cal-
culated BDE of 473.7 kJ mol21 obtained in this study is in
good agreement with all values mentioned above. The agree-
ment between the G4/BAC method and the experimental data
is similarly good for the BDEs of all C6H5AX bonds except
the C6H5AOCH3 bond in anisole. The large deviation (6.2
kJ mol21) in the latter case is mainly caused by the ambiguity
of the DfH

0 value for anisole. The NIST Webbook78 contains
four entries which differ by 8.8 kJ mol21 for this molecule and

only two of them (267.8 kJ mol21 79 and 276.9 kJ mol21 80

have reported uncertainties. Ince et al. developed BACs con-
sidering the average of these two values, which, therefore, is
highly uncertain. This explains the discrepancy with literature

BDEs for anisole.
The DfH

0 values of 54 6 6 kJ mol21 by Tsang et al.64 and
55.5 6 2.4 kJ mol21 by Simoes et al.69 for phenoxy radical
agree well with the G4/BAC result of 54.1 kJ mol21. For the
C6H5OAH bond, three experimental BDE values are available
in the literature, which are 368.1 6 2.6 kJ mol21,69

368.2 6 6.3 kJ mol21 54, and 365.3 6 3.2 kJ mol21.70 These
reported values are close to the G4-calculated value of 368.1
kJ mol21. Similarly, the reported BDE values for the
C6H5OACH3 bond in anisole, 272.1 kJ mol21,71 272.8
kJ mol21,72 and 273.1 kJ mol21,73 compare favorably with the
value of 273.1 kJ mol21 obtained in this study.

The standard enthalpy of formation of benzoyl radical mea-
sured with photoacoustic calorimetry by Simoes and Griller is
116.1 6 11 kJ mol21 81 and this value is in good agreement
with the G4/BAC result of 118.2 kJ mol21. For the BDE,

Lund et al.74 reported a value of 372 kJ mol21 which is again
close to the G4/BAC value (373.6 kJ mol21). For the
C6H5CH2AH bond in toluene, Ellison et al.75 reported a value
of 375.7 6 2.5 kJ mol21 deduced from ion flow tube experi-
ments, which matches within the error margins the G4/BAC
result of 377.0 kJ mol21. Van Speybroeck82 performed ab ini-
tio calculations utilizing B3P86/6-311G** method and their
result (376.1 kJ mol21) lies in-between the experimental and
G4/BAC values. All comparisons above show that the chosen

TABLE 2. Continued

Bond BDEG4/BAC BDEexp Prototypical Reaction

b-Styryl

CAH
(Cis)

465.7 -

CAH
(Trans)

470.2 -

Benzyl

CAH 377 375.3 6 2.568,75

CaACb 324 319.7 6 7.176

1-Phenylethyl

CaAH 364.6 364.177

aAll BDEs are given in kJ mol21.
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methodology yields reliable enthalpies of formation for the

MARs of interest.

BDE analysis of MAHs

The objective of the following BDE analysis is to identify

NNIs by comparing the BDE in the un-substituted MAH with

that found upon addition of a substituent group Z,
DBDE 5 BDEZ–BDEH. Taking into account the known sub-

stituent effects in the parent molecules,30 non-nearest neighbor

effects involving the radical site can be obtained (Eq. 13).

Therefore, DBDEs for various bonds are presented in Figure 1
in the form of bar diagrams.

Table 3 lists the identified substituent interactions and the

preliminary values assigned for these NNIs based on the BDE

analysis. In the Methodology section, it was pointed out that
the NNIRadical values obtained via Eq. 13. are only initial esti-

mates. The column “Substituent effects in radicals” of Table 3

lists those initial guesses for individual radicals and in

“Preliminary NNIradical values” the averaged substituent
effects are used as initial guess for the corresponding NNI. In

the following subsections, some DBDEs shown in Figure 1

and the identified NNIs in Table 3 are discussed in detail.
Two more NNI parameters are needed to describe the inter-

actions in MARs: One NNI is required to describe the entropy
changes caused by steric interactions between the alkyl and

benzyl groups in o-CH3 and o-CH2CH3 substituted benzyls.

The second NNI describes the difference between trans and

cis b-styryl radicals. Since these two NNIs (NNI24 and
NNI29) are not obtained from the BDE analysis, they are not

included in Table 3.
Phenyl Radicals. In Figures 1a and 1b, DBDE results are

plotted for CbAH and CbACHO bond scissions leading to phe-

nyl radicals. Table 2 shows that these bonds are strong and
require 473.7 kJ mol21 and 415.3 kJ mol21, respectively, for

cleavage. Upon substitution, the BDE for the CbAH bond

changes slightly. The largest increase is 5.3 kJ mol21 and the

largest reduction amounts to 23.7 kJ mol21. According to Eq.
12, these changes are related to interactions between the Z-

groups and the phenylic radical site. Given that these radicals

are highly unstable, they are likely to be of minor importance
in many reaction systems, and an introduction of NNIs to cap-

ture these small effects seems not warranted.
The BDE differences for the CbACHO bond cleavage

shown in Figure 1b are more difficult to explain because inter-

actions between the ACHO group and the Z group may exist
in the parent MAHs. Since these interactions disappear upon

removal of CHO, any significant absolute DBDE value mainly

points to a substituent effect in the parent molecule. The most

notable of these deviations is the Z 5 o-OH case. The parent
MAH (o-hydroxybenzaldehyde) is strongly stabilized by H

bond formation and resonance effects.30 All the other large

deviations in Figure1b can be explained in a similar fashion.
Phenyl radicals can also be formed by removing any other

of the five X substituents considered in this work (X 5 AOH,
AOCH3, ACH@CH2, ACH3, and ACH2CH3). DBDE plots

for those are provided in Supporting Information Figure S17.

Analyses of these cases lead to similar conclusions as dis-

cussed above.
Since in general the BDE changes upon substitution are rel-

atively small, no NNIs are defined for substituted phenyl

radicals.
Anisyl Radicals. The scission of the C6H5OCH2AH bond

in anisole is the prototypical anisyl radical forming reaction

(see Table 2). This bond is clearly stronger than the phenox-
yACH3 bond (discussed in the following section) but weaker
than arylAH bonds. The impact of substitution on the BDE is

shown in Figure 1c in terms of DBDE values. It can be seen
that all DBDE values are within 64 kJ mol21. Since most par-
ent molecules are free of substituent interactions, this means

that anisyl radicals experience generally only minor NNIs.
Among the few exceptions are Z 5 p-OH/OCH3, Z 5 o-OCH3,
and Z 5 o-CHO substituents. These substituents cause non-

negligible interactions in the MAHs and similar effects
are observed in the radicals (Table 3). For instance, for
Z 5 o-OCH3, electron pair repulsion (anomeric effect) causes

destabilization in the parent molecule as well as in the radical.
For the Z 5 o-CHO case, in the parent molecule o-formylani-
sole, the inductive electron withdrawing effect (-I effect) of

OCH3 and CHO groups leads to an effective destabilization.
The same effects also destabilize the corresponding o-formyla-
nisyl radical leading to a very small change in DBDE values.
As shown in Table 2, the DBDE for the CAH bonds obtained

for the Z 5 p-OH and Z 5 OCH3 cases are very small and the
destabilizing substituent effects encountered in the parent mol-
ecules (p-hydroxyanisole and p-methoxyanisole)30 are also

reflected in the corresponding anisyl radicals implying that the
substituent effects in the radicals are similar to those of the
closed shell molecules.

Phenoxy Radicals. In Figures 1d and 1e, the largest abso-

lute DBDE values are noted for Z 5 o-OH (237.3 kJ mol21

and 235.5 kJ mol21, respectively). The substituent effects in
the parent molecules are minor (23.0 kJ mol21),30 which

means that a strong stabilizing interaction exists in the radical.
The preliminary value of this NNI amounts to 239.4
kJ mol21. It describes the interaction between the phenoxy

radical site (O•) and the o-OH substituent. This strong stabili-
zation can be rationalized by resonance between the p-
electron donating (1M effect) o-OH group and the electron

accepting (-M effect) phenoxy radical. In addition, a H-bond
is formed that is stronger than that in the parent molecules.
This strong H-bond is discussed in several earlier studies in liter-

ature.71,83,84 The resonance stabilization is also expected to be
present in p-hydroxy phenoxy and p-methoxy phenoxy radicals
and indeed, highly negative DBDEs are calculated (221.0
kJ mol21 and 220.5 kJ mol21 for the OAH bonds in p-hydroxy

or p-methoxy phenol and the OACH3 bonds in p-hydroxy or p-
methoxy anisole, respectively). Taking into account NNI interac-
tions in the parents, the preliminary NNIs for Z 5 p-OH and p-
OCH3 are calculated as 215.1 kJ mol21. From the difference in
the preliminary NNIs for o- and p-hydroxy phenoxy radicals (see
Table 3), it can be concluded that the H bond in the radical pro-

vides a stabilization of some 25 kJ mol21. Resonance effects are
not at play for Z 5 m-OH and thus the DBDE value is close to
zero. No NNI is needed for Z 5 m-OH.

The DBDE values for Z 5 o-OCH3 substituted phenoxy rad-

ical formation either from o-hydroxyanisole or o-methoxyani-
sole differ according to Figures 1d and 1e by 18.7 kJ mol21.
As the same radicals are formed, this difference is caused by

substituent interactions in the parent molecules. Through the
BDE analysis, a value of 28.8 kJ mol21 is found for the inter-
action between the phenoxy radical group and OCH3 in ortho
position. This stabilization can be explained with a mesomeric
effect between the p-electron donating (1M effect) OCH3

group and the electron accepting (-M effect) phenoxy radical
site. This resonance stabilization also occurs for Z 5 p-OCH3,

however, in this case a stabilization of 215.1 kJ mol21 is
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found. Therefore, in ortho position a second counteracting
effect must be present, which is steric repulsion. For Z 5 m-
OCH3 substituted phenol and anisole, no significant substitu-
ent effect was reported.30 However, DBDE values of

approximately 28.9 kJ mol21 are calculated, which point to a
substituent effect in the m-methoxyphenoxy radical.

The very low pressure pyrolysis (VLPP) experiments by
Suryan et al.71 point out that the BDE of the OAC bonds in

Figure 1. DBDEs (@BDEZABDEH) for (a) Z-C6H4AH, (b) Z-C6H4ACHO, (c) Z-C6H4OCH2AH, (d) Z-C6H4OAH,
(e) Z-C6H4OACH3, (f) Z-C6H5C(@O)AH, (g) Z-cis-C6H4CH@CHAH, (h) Z-C6H4CH2AH, and (i) Z-C6H4CH(AH)CH3

for various Z groups.

Below each plot, the BDE for the bond in the unsubstituted MAH (BDE(Z 5 H)) is given. See text for the details regarding the definition

of DBDEs. Note that the x axis scale varies for the different cases. The units are kJ mol21.
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Table 3. An Overview of the Results of the BDE Analysis: Analyzed Bonds, Identified Substituent Interactions, and the Prelim-

inary Values Assigned for these NNIs
a

#b Bond Interactionc DBDEd NNIParent
e

Substituent
effects in
radicalsf

Preliminary
NNIradical

values

Anisyl (Z-C6H4OCH2�g)
1 p-OH-C6H4OCH2—H p-OH/OCH3—C6H4OCH2� 0.5 7.3 7.8 6.5

p-OCH3-C6H4OCH2—H 22.2 7.3 5.1
2 o-OCH3-C6H4OCH2—H o-OCH3—C6H4OCH2� 23.5 14.7 11.2 11.2
3 o-CHO-C6H4OCH2—H o-CHO—C6H4OCH2� 3.3 7.9 11.2 11.2
Phenoxy (Z-C6H4O�g)
4 o-OH-C6H4O—H o-OH—C6H4O� 237.3 23.0 240.3 239.4

o-OH-C6H4O—CH3 235.5 23.0 238.5
5 o-OCH3-C6H4O—H o-OCH3—C6H4O� 25.3 23.0 28.3 28.8

o-OCH3-C6H4O—CH3 224.0 14.7 29.3
6 m-OCH3-C6H4O—H m-OCH3—C6H4O� 29.0 0.0 29.0 28.9

m-OCH3-C6H4O—CH3 28.8 0.0 28.8
7 p-OH-C6H4O—H p-OH/OCH3—C6H4O� 221.0 7.3 213.7 215.1

p-OH-C6H4O—CH3 220.5 7.3 213.2
p-OCH3-C6H4O—H 224.2 7.3 216.9
p-OCH3-C6H4O—CH3 223.8 7.3 216.5

8 o-CHO-C6H4O-H o-CHO—C6H4O� 33.8 227.4 6.4 7.7
o-CHO-C6H4O—CH3 1.0 7.9 8.9

9 m-CHO-C6H4O–H m-CHO—C6H4O� 4.7 0.0 4.7 5.6
m-CHO-C6H4O—CH3 6.6 0.0 6.6

10 o-CH5CH2-C6H4O—H o-CH5CH2–C6H4O� 210.9 2.6 28.3 28.3
o-CH5CH2-C6H4O—CH3 211.0 2.6 28.4

11 p-CH5CH2-C6H4O—H p-CH5CH2–C6H4O� 216.2 0.0 216.2 216.0
p-CH5CH2-C6H4O—CH3 215.8 0.0 215.8

12 o-CH3-C6H4O—H o-CH3/CH2CH3–C6H4O� 29.5 0.0 29.5 29.6
o-CH3-C6H4O—CH3 28.9 0.0 28.9
o-CH2CH3-C6H4O—H 210.3 0.0 210.3
o-CH2CH3-C6H4O—CH3 29.6 0.0 29.6

13 p-CH3-C6H4O—H p-CH3/CH2CH3–C6H4O� 28.8 0.0 28.8 29.0
p-CH3-C6H4O—CH3 28.5 0.0 28.5
p-CH2CH3-C6H4O—H 29.5 0.0 29.5
p-CH2CH3-C6H4O—CH3 29.3 0.0 29.3

Benzoyl (Z-C6H4C�(5O)g)
14 o-OH-C6H4C(5O) —H o-OH–C6H4C�5O 13.6 227.4 213.8 213.8
15 p-OH-C6H4C(5O)–H p-OH/OCH3–C6H4C�5O 23.6 24.6 28.2 27.9

p-OCH3-C6H4C(5O)–H 23.0 24.6 27.6
16 o-OCH3-C6H4C(5O)–H o-OCH3–C6H4C�5O 0.2 7.9 8.1 8.1
17 m-CHO-C6H4C(5O)–H m-CHO–C6H4C�5O 21.5 4.8 3.3 3.3
18 p-CHO-C6H4C(5O)–H p-CHO–C6H4C�5O 21.6 9.9 8.3 8.3
19 o-CH5CH2-C6H4C(5O)–H o-CH5CH2–C6H4C�5O 24.8 11.9 7.1 7.1
Styryl (Z-C6H4CH5CH�g)
20 o-OH-C6H4CH5CH–H

(cis C-H bond)

o-OH–trans-C6H4CH5CH� 217.5 2.6 214.9 214.9

21 o-CHO-C6H4CH5CH–H
(cis C-H bond)

o-CHO–trans/cis-C6H4CH5CH� 20.8 11.9 11.1 12.7

o-CHO-C6H4CH5CH–H
(trans C-H bond)

2.3 11.9 14.2

22 o-CH5CH2-C6H4CH5CH–H
(cis C-H bond)

o-CH5CH2–trans/cis-C6H4CH5CH� 21.5 8.1 6.6 6.6

o-CH5CH2-C6H4CH5CH–H
(trans C-H bond)

21.4 8.1 6.7

23 o-CH3-C6H4CH5CH–H
(cis C-H bond)

o-CH3/CH2CH3–trans/cis-C6H4CH5CH� 22.8 4.6 1.8 2.6

o-CH3-C6H4CH5CH–H
(trans C-H bond)

21.2 4.6 3.4

Benzyl (Z-C6H4CH2�g)/1-Phenylethyl (Z-C6H4C�HCH3
g)

25 p-CH5CH2-C6H4CH2–H p-CH5CH2–C6H4CH2�/C6H4C�HCH3 26.1 0.0 26.1 26.0
p-CH5CH2-C6H4C(–H)HCH3 25.8 0.0 25.8
p-CH5CH2-C6H4CH2–CH3 26.1 0.0 26.1

26 o-CH5CH2-C6H4CH2–H o-CH5CH2–C6H4CH2�/C6H4C�HCH3 21.2 4.6 3.4 4.2
o-CH5CH2-C6H4C(–H)HCH3 0.8 4.6 5.4
o-CH5CH2-C6H4CH2–CH3 20.9 4.6 3.7

27 p-CHO-C6H4CH2–H p-CHO–C6H4CH2�/C6H4C�HCH3 24.1 0.0 24.1 23.4
p-CHO-C6H4C(–H)HCH3 21.8 0.0 21.8
p-CHO-C6H4CH2–CH3 24.3 0.0 24.3

28 o-CHO-C6H4CH2–H o-CHO–C6H4CH2�/C6H4C�HCH3 22.9 8.1 5.2 5.4
o-CHO-C6H4C(–H)HCH3 23.4 8.1 5.7
o-CHO-C6H4CH2–CH3 23.1 8.1 5.4

akJ mol–1.
bTwenty-seven NNIs identified from BDE analysis. Refer to text for the two missing NNIs in this list (NNI24 and NNI29).
cThe interaction for which the NNI parameter is derived. For instance, in NNI4, o-OHAC6H4O� refers to the interaction between the phenoxy radical site
(C6H4O�) and a OH group in ortho position.
dDBDE denotes the difference between the bond dissociation energy of a substituted MAH and that of its unsubstituted counterpart (see Eq. 9).
eThe NNIs (substituent effects) in the parent MAHs are taken from Ref. 30.
fThis value is obtained through Eq. 12 (NNIRadical 5 DBDE 1 NNIParent).
gZ is one of the following six substituent groups: AOH, AOCH3, ACHO, ACH@CH2, ACH3, AC2H5 in ortho, meta, or para position to the radical substituent.

2098 DOI 10.1002/aic Published on behalf of the AIChE June 2017 Vol. 63, No. 6 AIChE Journal



the methoxy groups of the o-OCH3 and p-OCH3 substituted
anisoles are significantly lower than that of the same bond in

anisole whereas for the Z 5 m-OCH3 case, the DBDE of this
bond has a less negative value. Considering the known substit-
uent effects in the parent molecules,30 it can be inferred that

the aforementioned observations on the radical stability of
methoxyphenoxy radicals are in line with the conclusions of

this work. The DFT calculations by Beste and Buchanan,85

Klein and Lukes,86 and Chandra and Uchimaru87 also agree
qualitatively with these findings.

Figures 1d and 1e show that the DBDE values for o-hydroxy

benzaldehyde and ortho methoxy benzaldehyde differ signifi-
cantly (33.8 kJ mol21 and 1.0 kJ mol21, respectively). This

again is mainly caused by interactions in the parent molecules:
o-hydroxy benzaldehyde is stabilized by a H bond, which is
not present in the o-methoxy benzaldehyde molecule. After

taking the NNIs in the parent molecules into account, a desta-
bilization of 7.7 kJ mol21 is found for o-formylphenoxy radi-

cal. It can be explained with two additive effects: destabilizing
mesomeric effect between the p-electron donating (-M effect)
o-CHO group and the electron accepting (-M effect) phenoxy

radical, and steric repulsion. For Z 5 m-CHO substituted phe-
nol and anisole, positive DBDE values are found which aver-

age to 5.6 kJ mol21. Since the parent molecules have no
known NNIs, this DBDE value can be equated to destabilizing
substituent effects in the m-formylphenoxy radical (see Table

3). Although the DBDE values in Figures 1d and 1e for p-
CHO substituted phenols and anisoles are similar to that of the

corresponding m-CHO substituted MAHs, there is no entry in
Table 3 for the NNIs of the p-formyl substituted phenoxy radi-
cal. This is caused by the stabilizing substituent effect of 24.6

kJ mol21 in the parent molecules (p-formylphenol and p-for-
mylanisole)30 being solely responsible for these DBDE values
while the substituent effects in the p-formyl substituted phe-

noxy radical are insignificant.
All non-nearest neighbor effects discussed so far for phe-

noxy radicals are related to oxygenated substituents. Table 3

shows that pure hydrocarbon substituent groups have stabiliz-
ing effects. This is particularly true for vinyl and alkyl sub-
stituents in ortho and para position. For Z 5 o-CH@CH2 a

stabilization of 28.3 kJ mol21 is found upon the BDE analy-
sis. For Z 5 p-CH@CH2 the stabilization is with 216.0

kJ mol21 almost twice as large and caused by resonance stabi-
lization. An additional destabilizing effect, steric repulsion, is
active in ortho-vinyl phenoxy radical.30 Alkyl groups in ortho
or para positions are found to stabilize phenoxy radicals by
approximately 6–8 kJ mol21. Similar to alkyl radicals, which

become more stable with increased alkyl substitution, a similar
hyperconjugative stabilization can be assumed for alkyl sub-
stituents attached to those aryl carbon atoms that carry a par-

tial spin.
Benzoyl Radicals. C6H5C(@O)AH bond scission in benz-

aldehyde yields the benzoyl radical. The heat of reaction for

this reaction is 374 kJ mol21 (see Table 2), hence the BDE is
similar to that of the phenolic OAH bond. DBDE values for
substituted benzoyl radical forming reactions are given in Fig-

ure 1f.
The radical formed through C6H5C(@O)AH scission may

exist in two substantially different geometries: (1) in the aro-

matic benzoyl form with a sp2 carbonyl carbon configuration,
or (2) as a ketene cyclohexadienyl structure with the typical
linear C@C@O arrangement. Bennett et al.88 measured the

electronic spin resonance (ESR) spectrum for the benzoyl

radical and showed that the angle between the C@O and the

CAC bonds is close to that of a sp2 hybridized carbon. This

agrees with the geometry for benzoyl radical obtained in this

study. The DBDE value for o-formylbenzaldehyde (Z 5 o-
CHO) shown in Figure 1f differs obviously from all other data

(DBDE 5 2106.5 kJ mol21). This is explained with the fact

that the initial o-formyl benzoyl radical is not stable but under-

goes ring closure to form the 1(3H)-Isobenzofuranonyl radical

(see Scheme 1). Mendenhall et al.89 observed the same rear-

rangement. Given the unusual structure of this radical it is

excluded from the thermochemical dataset used to develop the

group additivity parameters.
In most cases investigated, the BDE of the C6H5C(@O)AH

bond decreases upon substitution, since the DBDEs values are

negative for all but three cases (see Figure 1f). The BDE anal-

yses show that six important substituent interactions exist.

These are listed in Table 3. While most absolute DBDE values

are small, of the large values, the Z 5 o-OH case stands out. In

this case, the formyl bond appears stronger than usual. For the

o-hydroxy benzaldehyde parent molecule, a strong stabilizing
interaction (227.4 kJ mol21) between the hydroxyl and for-

myl group was observed.30 Were this stabilization completely

missing in the radical, the DBDE would have been 27.4

kJ mol21, but the observed value is only 13.6 kJ mol21. Thus,

a stabilizing interaction (213.8 kJ mol21) must exist in the

radical: resonance between the electron donating OH (1M

effect) and the electron withdrawing (-M effect) benzoyl group

on one hand and formation of a hydrogen bond on the other.

The mesomeric effects are also active for Z 5 p-OH and

Z 5 p-OCH3 and hence these radicals are also stabilized,

although by a lower amount.
The DBDE value for o-OCH3 substitution of the benzoyl

radical is almost zero, however, since a destabilizing substitu-

ent effect of 7.9 kJ mol21 is seen in the parent molecule, a

NNI of similar value is identified for the o-methoxybenzoyl

radical (see Table 3).
Similar NNIs in parents and radicals are also found for

Z 5 m-CHO and Z 5 p-CHO. The substituent effect in m-for-

mylbenzaldehyde is explained by Ince et al.30 with inductive

electron withdrawing effects (-I effect) of both substituents.

This destabilizing effect is somewhat smaller in the radical

than in the parent as Table 3 shows. In p-formylbenzalde-

hyde, the electron withdrawing mesomeric effects (-M effect)

of both formyl groups destabilize the molecule by 9.9

kJ mol21. Since the DBDE for Z 5 p-CHO is 1.6 kJ mol21,

the substituent effect in p-formylbenzoyl is found to be 8.3

kJ mol21.
In ortho-vinyl benzaldehyde strong destabilization (11.9

kJ mol21) was observed due to steric interactions and a result-

ing out-of-plane configuration of the vinyl group.30 The

DBDE value of 24.8 kJ mol21 for the Z 5 o-CH@CH2

substituted benzoyl radical shows that this interaction is also

Scheme 1. (a) o-Formyl benzoyl radical and (b) the sta-
ble 1(3H)-Isobenzofuranonyl.
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present in the radical, albeit in a reduced way, and a NNI to
account for this needs to be defined.

Relatively large DBDE values are found for Z 5 o-CH3 and

Z 5 o-CH2CH3. These DBDE values can be traced back to ste-
ric interactions between the alkyl and formyl groups in the

parent molecules.30 In the corresponding radicals no signifi-
cant steric repulsion is observed and thus no NNIs are needed.

Styryl Radicals. The vinyl group (ACH@CH2) in styrene
(vinylbenzene) contains three hydrogen atoms which give rise

to three different MARs. The prototypical reactions that yield
these three radicals are given in Supporting Information Figure

S23. The optimized geometries of the G4 calculations show
that trans-b-styryl and cis-b-styryl radicals prefer structures,

which preserve the aromatic phenyl ring. However, unsubsti-
tuted and substituted a-styryl radicals were found to prefer

allenic structures (ethenylidenecyclohexadienyl) without any
exceptions. The expected a-styryl (C5H5C•@CH2) and the
actually observed optimized structures of these radicals are

provided in Supporting Information Figure S23. ESR spectros-
copy studies by Bennett et al.90 and Bonazzola et al.91 support

the preference of the allenic conformation. The thermochemi-
cal data and related BDE for these radicals are also provided

in Supporting Information Table S2 and Table S5, respective-
ly. Since the thermochemistry of nonaromatic radicals is
beyond the scope of this work, only the BDEs for b-styryl rad-

icals are discussed.
In Figure 1g, the DBDEs are given for the scission of the

cis-b-CAH bonds in substituted styrenes leading to formation

of trans-b-styryl radicals. The features in Figure 1g are gener-
ally similar to those for the trans-b-CAH bonds except for the

Z 5 o-OH case discussed below, hence the DBDEs for the
trans-b-CAH bonds are only provided in Supporting Informa-

tion Figure S24. These bonds are strong, comparable to the
aryl-CAH bonds discussed previously (see Table 2). The
entries in Table 2 also make clear that the two vinylic CAH

bonds are not equal. Note that breaking the trans-b-CAH bond
in styrene leads to the cis-b-styryl radical and vice versa. The

formation of trans-b-styryl radicals (the phenyl group of the
C6H5CH@ moiety and the CAH bond of the @CH• moiety

point in opposite directions) is found to be on average 4.5
kJ mol21 lower in energy than the formation of the cis-b-
styryl radical. A NNI is needed to account for this difference.

The largest DBDE value is calculated for Z 5 o-OH in

trans-b-styryl radical (Figure 1g). The parent molecule o-
hydroxystyrene is slightly destabilized, by 2.6 kJ mol21,

according to Ince et al.30 Therefore, a strong stabilizing inter-
action of 214.9 kJ mol21 must be present in o-hydroxy-trans-

b-styryl. This strong interaction involving the hydrogen of
AOH group and the carbon radical site is shown in a three-

dimensional molecular orbital representation (Figure S25) in
the Supporting Information. This interaction might be identi-
fied as a weak 3-center 3-electron bond (OAHAC•). For geo-

metric reasons, such as 3-center 3-electron bond is not
possible in cis-b-styryl radical, which explains the significant

differences in BDE for the two CAH bonds in o-hydroxy sty-
rene (the DBDE for o-OH substituted cis-b-styryl is 0.7

kJ mol21, see Supporting Information Figure S24).
The destabilizing substituent interactions in o-formyl, o-

vinyl, and o-alkyl (methyl and ethyl) substituted styrenes are
explained with repulsive steric effects.30 It can be noted from

Table 3 that the DBDE values for the b-CAH bonds in these
molecules are small. Therefore, the substituent effects in the

corresponding b-styryl radicals must be close to those of the

parents. For all these radicals, the destabilizing interactions
are related to steric effects. These three NNIs are applied

regardless of whether it is a trans- or cis-styryl radical.
Benzyl and 1-Phenylethyl Radicals. Table 2 lists two pro-

totypical reactions that yield benzyl radical: the scission of the
CaAH bond of the methyl group in toluene and the CaACb

bond scission of the ethyl group in ethylbenzene. Secondary
benzyl radicals (1-phenylethyl) are formed by scission of the

CaAH bond in ethylbenzene. The BDE analyses of these three
bonds and the substituent effects in the resulting substituted
benzyl and 1-phenylethyl radicals are discussed in this section.

The BDE of the CAH bond in toluene is 377 kJ mol21 only

about 10 kJ mol21 higher than the BDE for the OAH bond in
phenol (See Table 2) whereas the BDE of the CaAH bond in

ethylbenzene (364 kJ mol21) is similar to that in phenol. The
approximately 10 kJ mol21 change in bond strength is
expected for the formation of a primary versus a secondary

radical. The BDE of the CaACb bond in ethylbenzene is much
lower (324.7 kJ mol21) than the CaAH bonds in toluene and

ethylbenzene. The DBDE values for the CaAH bonds in
substituted toluenes and ethyl benzenes are shown Figures 1h
and 1i, respectively, whereas the DBDE values for the CaACb

bonds in substituted ethylbenzenes are provided in Supporting
Information Figure S26. For these three bonds, it is found that

the absolute values of most DBDEs are small and that most
values are negative, indicating the tendency that substitution
stabilizes benzyl and 1-phenylethyl radicals. Comparison

between Figures 1h and 1i shows that the DBDEs of these
bonds generally follow very similar trends. Since the substitu-

ent effects in the parent molecules are similar,30 the same
must be true for the radicals. Consequently, any NNI devel-
oped for substituted benzyl radicals is also applicable to

substituted 1-phenylethyl radicals and hence, they are grouped
together in Table 3. As mentioned above, the initial approxi-

mate values for the substituent effects in substituted benzyl
radicals can be calculated based on either the CaAH bonds in
substituted toluenes or the CaACb bond in substituted ethyl-

benzenes. In the following, the discussion will mainly focus
on CaAH bonds in substituted toluenes, nonetheless it should
be kept in mind that it is possible to obtain the same initial

approximates from the BDE analysis of CaACb bonds in
substituted ethyl benzenes (see Table 3).

The largest absolute DBDE value is calculated for

Z 5 p-CH@CH2 in both toluene and ethylbenzene. Since no
substituent interaction is found in these parent molecules,30 a
radical specific substituent interaction must exist which is sta-

bilizing by roughly 26.0 kJ mol21. It is easily explained by
resonance between the CH2•/C•HCH3 radical sites (1M

effect) and the substituent ACH@CH2 group (-M effect). The
mesomeric effect is not operative when the ACH@CH2 group
is in ortho position as steric repulsion pushes the vinyl group

out of the plane of the phenyl ring and thereby prevents reso-
nance. Using DBDE of 21.2 kJ mol21 for Z 5 o-CH@CH2

and the known substituent effect in the parent molecules (4.6
kJ mol21), one calculates the overall NNI in o-vinyl benzyl
radical as 3.4 kJ mol21. In addition to the CaAH bond in tolu-

ene, the BDE analyses of two more bonds are also considered
(CaAH and CaACb bonds of o-vinylethylbenzene, see Table 3)

to obtain the average approximate value of 4.2 kJ mol21 for this
NNI.

Based on the discussion of vinyl substituted benzyl and 1-
phenylethyl radicals, one would expect similar interactions in

formyl substituted benzyl radicals. This is indeed the case.
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Analysis of the CAH bond in p-CHO substituted toluene

yields the value of 24.1 kJ mol21 for the substituent effect in

p-formylbenzyl radical. Taking the other two similar bonds

into consideration (see Table 3), the preliminary NNI value

for this interaction is calculated as 23.4 kJ mol21 since the

parent molecules have no substituent interactions (see Table 3).

The mesomeric interaction between the CH2•/C•HCH3 radical

sites (1M effect) and the substituent ACHO group (2M effect)

leads to this stabilization. For Z 5 o-CHO, steric hindrances

exist in the substituted toluene and ethylbenzene (8.1 kJ mol21)

and this repulsive effect causes the destabilization that is

observed for the corresponding radicals. The magnitude of this

destabilization, that is, the preliminary NNI value of this inter-

action is determined as 5.4 kJ mol21.
A rather large DBDE value is also found for the CaAH

bond in p-OCH3 substituted toluene (24.6 kJ mol21). No NNI

is present in the parent p-methoxy toluene, which implies that

a sizable stabilizing effect should be present in the radical.

However, no NNI entry is listed in Table 3 for this interaction.

This can be explained in the following way: the deviation

between the GA and the G4/BAC results for the parent mole-

cule (p-methoxy toluene) is approximately 2.3 kJ mol21,

hence a small substituent effect exists even though no NNI

was derived.30 If this substituent effect is taken into account,

the BDE analysis yields a value of 22.3 kJ mol21 for the sub-

stituent interaction in the corresponding radical which is also

considered as too small to warrant a NNI correction term. This

assessment is confirmed by the full optimization of all GAV/

NNI parameters as will be discussed later.
Several previous studies addressed the change of BDEs of

the CaAH bond in toluene upon the presence of para substitu-

ents.92–96 It was found that the benzyl radical is stabilized

upon introduction of a substituent group, irrespective of

whether the Z group is an electron donor or acceptor. The pre-

sent findings confirm these conclusions since all para-Z-

C6H4CH2AH bonds are weaker than that in toluene.

Development of GAV and NNI parameters for

monocyclic aromatic radicals

The six GAVs needed for the GA calculation of the MARs

studied in this work have been described in the Methodology

section. The discussion of BDEs in the previous paragraphs

indicated that significant NNIs exist in MARs, which must be

accounted for. In Supporting Information Table S6, all NNIs

defined in this study are listed and the types of interactions

associated with the NNIs are briefly explained. Among these

29 NNIs, 28 provide, among others, corrections for the enthal-

py of formation, while the remaining NNI is mainly defined to

improve the entropy and heat capacity calculations in o-meth-

yl benzyl and o-ethyl benzyl radicals. The initial estimates for

the NNIs are deduced from the stability analyses of the radi-

cals (BDE analyses) as described in the paragraphs above (see

Table 3).
The optimal values for the GAV/NNI parameters are deter-

mined in three steps. First, the differences between G4/BAC

and GA calculated thermochemical properties for a training

set of 316 MARs (see Supporting Information Table S1) are

minimized through the simultaneous linear regression of all

new GAVs and NNIs. Second, transferability of these parame-

ters is tested with a set of 53 MARs, which contains radicals

not used in the regression (See Supporting Information Table

S11). Third, the two data sets are combined and the final

GAV/NNI parameters are determined by regression against
this combined set.

Determination of Preliminary GAV/NNI Values. The training

set encompasses single and double substituted MARs, along
with a large number of triple substituted MARs. The latter are
needed to improve the statistical significance of the regression

results by making sure that each NNI appears in at least three
radicals. In triple substituted MARs two of the three substituent

groups have non-radical character. Their interaction is taken
into account by applying the corresponding NNIs for the
closed-shell molecules as reported in the study of Ince et al.30

(see Supporting Information Table S7 for a full list of these
NNIs).

The preliminary GAVs and NNIs obtained from simulta-

neous linear regression analysis applied to the training set are
given in Supporting Information Tables S8 and S9, and the
statistics of the linear regression can be found in Supporting

Information Table S10. The deviations between G4/BAC and
GA results are within 4 kJ mol21 for DfH

0 for 286 radicals out

of the 316 MARs in the training set. For S0 at 298 K and heat
capacities (Cp) at 300 K, the data for 11 and 12 MARs, respec-
tively, deviate by more than 4 J mol21 K21. Despite the large

size of the training set, the MAD values are low for all three
thermochemical properties. This indicates that the identified

set of NNIs is capable of describing all important substituent
interactions in the MARs.

Validation of the GAV/NNI Parameters. The set of pre-
liminary GAV/NNI parameters obtained through the above-

described training set are tested against thermodynamic prop-
erties of 53 radicals that are not a part of the training set. A list

of the MARs in the validation set is available in Supporting
Information Figures S8–S13 and their thermochemical data
calculated at the level of G4/BAC can be found in Supporting

Information Table S11. The test molecules contain exclusively
highly (triple and quadruple) substituted MARs, because all

single and double substituted species have been used to identi-
fy and define the preliminary GAV/NNI values. Thus, this val-
idation test mainly probes the applicability of additive NNI

corrections toward multiple substituted aromatic radicals. For
example, in 2,3,4-trihydroxyphenoxy radical, three hydroxyl

groups in o-, m-, and p-position to the phenoxy group may
interact with the radical site. In addition, the interactions
among these hydroxyl groups need to be accounted for. Appli-

cation of all appropriate NNI corrections lead to GA calculat-
ed heat of formation for this radical that differs by only 3.3
kJ mol21 from the G4/BAC DfH

0 value.
Comparisons between the GA calculations and the G4/BAC

test set before and after the application of NNIs are available
in Supporting Information Table S12 for DfH

0 and S0 at 298 K

and Cp at 300 K. The predicted 53 DfH
0 values using the pre-

liminary GAV/NNI parameters agree satisfactorily with the

G4/BAC data as the MAD of 2.7 kJ mol21 and the MAX value
of 7.4 kJ mol21 show. Among these 53 MARs, 8 deviate by
more than 4 kJ mol21 and the MAX value is slightly higher

than that of the training set (6.66 kJ mol21). In these multiple
substituted MARs, the small errors in the predictions of indi-
vidual substituent effects add up and lead to relatively higher

deviations, nonetheless, given the complexity of the substitut-
ed MARs, they can be considered as satisfactory. Besides, in

the following section, it is shown that these deviations
decrease upon the final optimization of the GAV/NNI parame-
ters. The statistics reported in Supporting Information Table

S12 also indicate that these parameters are similarly successful
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in reducing the deviations between G4/BAC and GA calculat-

ed entropies and heat capacities (Cp) for the MARs in the vali-
dation set.

Based on the comparisons with the validation set it can be

concluded that the GAV/NNI set developed in this work can

successfully be used for highly substituted MARs.
Final Set of GAV/NNI Parameters. As described above,

the training and validation sets are combined to the final set of
369 MARs. With this data set the optimal group additive

parameters are determined via the unweighted linear regres-

sion procedure. The final GAV and NNI values together with

their 97.5% confidence intervals are given in Tables 4 and 5,
respectively. Only the confidence intervals for heat capacities

(Cp) at 300 K are provided—those for the other Cp data have

similar or lower value (see Supporting Information Tables S13

and S14 for the confidence intervals for GAVs and NNIs of
heat capacities at higher temperatures, respectively). These

confidence intervals represent uncertainties due to statistical
errors. Several sources of uncertainty exist, for example the
uncertainties due to the spread of the available experimental

data used to derive BAC values by Ince et al.,30 errors related
with the use of temperature independent frequency scaling fac-
tors within the harmonic oscillator rigid rotor approximation

or errors originating from the methodology followed during
the hindered rotor treatment. Since quantification of these
errors is beyond the scope of this work, only statistical uncer-

tainties are reported. In Table 5, along with the regression
results, the numbers of occurrences of the NNIs are provided.

Every NNI parameter is derived from at least three different
MARs to ensure statistical significance.

Table 5. NNI Values
a

Derived from the Full G4/BAC Radical Set for Standard Enthalpies of Formation Df H
0

� �
and Standard

Entropies S0
� �

at 298 K and Heat Capacities Cp

� �
at Various Temperatures

NNI #
Description of

interactionb

Df H
0 S0 Cp[J mol21 K21]

#c[kJ mol21] [J mol21 K21] 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K

NNI1 p-OH/OCH3-C6H4OCH2� 6 6 2.3 3.8 6 2.0 0.4 6 1.7 20.8 21.8 22.4 22.7 22.5 21.4 6
NNI2 o-CHO-C6H4OCH2� 7 6 2.8 24.8 6 2.4 2.2 6 2.0 5.0 6.0 5.8 4.2 2.6 0.5 4
NNI3 o-OCH3-C6H4OCH2� 11.5 6 2.2 1.2 6 1.9 3.9 6 1.6 0.9 20.9 21.5 21.4 21.2 20.6 7
NNI4 o-OH-C6H4O� 237.1 6 1.5 210.6 6 1.3 28.6 6 1.1 27.7 26.6 25.3 23.1 21.3 1.6 18
NNI5 o-OCH3-C6H4O� 26.4 6 1.5 0.4 6 1.3 22.5 6 1.1 22.6 22.2 21.4 20.3 0.2 0.5 17
NNI6 m-OCH3-C6H4O� 26.9 6 2.2 24.2 6 1.9 0.9 6 1.6 3.2 4.1 4.3 3.4 2.3 0.9 7
NNI7 p-OH/OCH3-C6H4O� 215.8 6 1.7 22.8 6 1.5 22.8 6 1.3 22.5 21.9 21.2 20.1 0.7 1.6 12
NNI8 o-CHO-C6H4O� 5.7 6 1.4 20.4 6 1.3 20.9 6 1.1 20.1 0.8 1.7 2.9 2.9 1.7 21
NNI9 m-CHO-C6H4O� 4.7 6 1.9 3.6 6 1.6 1.6 6 1.4 1.6 1.6 1.6 1.2 0.9 0.5 10
NNI10 o-CH5CH2-C6H4O� 26.4 6 2.2 23.7 6 1.9 0 6 1.6 0.0 0.1 0.4 1.0 1.3 1.5 7
NNI11 p-CH5CH2-C6H4O� 212.9 6 3.2 23 6 2.7 0.3 6 2.3 0.2 0.2 0.5 0.9 1.2 1.1 3
NNI12 o-CH3/CH2CH3-C6H4O� 28.6 6 1.5 1.1 6 1.3 20.6 6 1.1 20.5 20.4 20.2 20.2 20.1 20.2 13
NNI13 p-CH3/CH2CH3-C6H4O� 25.8 6 2.3 0.3 6 2.0 20.7 6 1.7 20.5 20.4 20.4 20.3 20.2 20.2 6
NNI14 o-OH-C6H4C�(5O) 216.8 6 1.8 219.1 6 1.6 26.4 6 1.3 24.5 22.9 21.0 2.3 4.7 6.9 12
NNI15 p-OH/OCH3-C6H4C�(5O) 28.6 6 1.9 23.7 6 1.6 23.3 6 1.3 22.7 22.0 21.0 0.2 0.8 1.5 11
NNI16 o-OCH3-C6H4C�(5O) 7.4 6 2.3 2.4 6 1.9 2.5 6 1.6 1.4 0.4 0.0 20.6 20.8 20.7 7
NNI17 m-CHO-C6H4C�(5O) 4.6 6 2.3 3.4 6 2.0 0.3 6 1.7 0.7 0.7 0.5 0.0 20.3 0.1 6
NNI18 p-CHO-C6H4C�(5O) 5.4 6 3.3 13.6 6 2.8 21 6 2.3 22.4 23.5 24.1 24.5 24.3 23.2 3
NNI19 o-CH5CH2-C6H4C�(5O) 4 6 2.4 25.8 6 2.1 3.2 6 1.7 3.5 3.2 2.6 1.5 0.6 0.1 6
NNI20 o-OH-trans/cis-C6H4CH5CH� 214.2 6 1.8 217.6 6 1.6 25.5 6 1.3 22.9 0.6 4.6 10.1 12.0 9.4 11
NNI21 o-CHO-trans/cis-C6H4CH5CH� 14.6 6 1.6 25.4 6 1.4 2.2 6 1.2 3.4 3.6 3.3 2.4 1.8 1.0 11
NNI22 o-CH5CH2-trans/cis-C6H4CH5CH� 7.6 6 1.6 25.5 6 1.4 2 6 1.8 2.5 2.2 1.8 1.1 0.7 0.3 11
NNI23 o-CH3/CH2CH3-trans/cis-C6H4CH5CH� 4.2 6 1.3 23.8 6 1.1 2.9 6 0.9 2.7 2.1 1.5 0.6 0.3 20.1 19
NNI24 C6H4CH5CH�Cis Correction 24.2 6 1.0 23.6 6 0.8 1.4 6 0.7 1.6 2.2 2.4 2.4 2.2 1.7 45
NNI25 p-CH5CH2-C6H4CH2�/C6H4C�HCH3 25.8 6 2.1 23.7 6 1.8 0.9 6 1.5 1.1 1.2 1.4 1.6 1.6 1.3 7
NNI26 o-CH5CH2-C6H4CH2�/C6H4C�HCH3 6.7 6 2.1 20.5 6 1.8 1.8 6 1.5 1.2 0.6 0.1 20.5 20.7 20.7 7
NNI27 p-CHO-C6H4CH2�/C6H4C�HCH3 25.2 6 2.2 0.6 6 1.9 21.2 6 1.6 20.9 20.6 20.4 20.3 20.1 0.3 6
NNI28 o-CHO-C6H4CH2�/C6H4C�HCH3 5.5 6 1.7 1.9 6 1.5 1.8 6 1.3 2.1 1.8 1.2 0.4 20.2 20.5 8
NNI29 o-CH3/CH2CH3-C6H4CH2�/C6H4C�HCH3 2.7 6 1.4 23.6 6 1.2 3.4 6 1.0 2.6 1.8 1.2 0.5 0.3 0.0 20

a97.5% confidence intervals for DfH
0 (298 K), S0 (98 K), and Cp (300 K) are provided.

bInteraction between a nonradical Z group and the radical substituent on a phenyl fragment, for example, o-OHAC6H4O� corresponds to the substituent interac-
tion between the OH group and the O� group.
cThe number of radicals in which the NNI appears.

Table 4. GAVs for Standard Enthalpy of Formation Df H
0

� �
and Entropy S0

� �
at 298 K, and Heat Capacity (Cp) at Various

Temperatures for the MARs of the Final Database
a

GAVs DfH
0 [ kJ mol21] S0 [J mol21 K21]

Cp [J mol21 K21]

300 K 400 K 500 K 600 K 800 K 1000 K 1500 K

Ċb 270.6 6 1.0 52.7 6 0.9 12 6 0.8 14.6 16.5 17.8 19.5 20.6 21.7
Cb-( _O) 216.5 6 1.4 73.3 6 1.2 28 6 1 32.8 36.4 38.9 42.2 44.2 45.7
O-(Ċ)(Cb) 2130.1 6 1.1 28.3 6 0.9 15.5 6 0.8 19.8 21.1 21.4 21.0 20.9 20.4
Cb-(ĊO) 48.3 6 1.3 102.5 6 1.1 43 6 0.9 48.9 53.6 57.0 61.4 63.9 65.9
Ċ-(Cb)(H)2 113 6 0.9 111.7 6 0.8 27.2 6 0.7 33.6 38.7 42.5 48.0 52.1 58.5
Ċ-(Cb)(C)(H) 124.8 6 1.2 32.4 6 1.1 21.7 6 0.9 26.0 30.1 33.0 37.0 40.1 44.0

aThe standard deviations are for 97.5% confidence intervals.
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The deviations between G4/BAC and GA calculated DfH
0,

S0 at 298 K, and Cp at various temperatures for all MARs of
the full database are reported in Supporting Information Table
S15. In Table 6, the statistics for the final optimization of the
GAV/NNI parameter set are given. The MAD between the GA
and G4/BAC calculated DfH

0 values is 1.99 kJ mol21 and the
maximum deviation is 6.30 kJ mol21. For the majority of the
MARs (327 MARs out of 369), the deviations are smaller than
4 kJ mol21. The deviations are approximately normally dis-
tributed (Supporting Information Figure S29) which indicates
that there is no obvious bias in the GA calculations toward cer-
tain substituent combinations. The agreements between GA
and G4/BAC calculated S0 and Cp values, respectively, are
also very good. The MAD values for these two thermochemi-
cal properties are 1.75 J mol21 K21 and< 1.33 J mol21 K21

(for all temperatures), respectively. For only 17 out of 369
species the entropy and the Cp 300 Kð Þ values deviate by more
than 4 J mol21 K21. Histograms showing the distributions of
the S0 and Cp differences are provided in Supporting Informa-
tion Figures S30 and S31, respectively. Again, these distribu-
tions are Gaussian-like shaped.

The statistical results indicate that the GA method provides
reliable thermochemical data for multiple substituted monocy-
clic aromatic radicals within or close to “chemical accuracy,”
and that a rather small number of NNIs is required to achieve
this level of accuracy.

Application of GAV/NNI Parameters. To demonstrate the
use of the GAVs (see Table 4) and the NNIs (see Table 5)
reported in this study, the calculation of DfH

0 and S0 for 2-
hydroxy-4-methoxy-6-formylphenoxy radical is presented in
the following. The structure of this radical is shown in Scheme
2. Ten GAVs and 3 NNIs are required to describe this radical.
All the necessary information for the GA calculation of this
MAR can be found in Table 7. The group assignments follow
the numbering in Scheme 2. Only one radical-specific GAV is
needed, which is the radical-adjacent Cb-( _O) group typical for
phenoxy radicals. All other nine GAVs are nonradical aromat-
ic groups which are taken from Ince et al.30 The summation of
the GAVs for DfH

0 and S0 yields the values of 2403.0
kJ mol21 and 461.3 J mol21 K21, respectively. Considering
that the G4/BAC values for DfH

0 and Sint
0 are 2453.2

kJ mol21 and 447.5 J mol21 K21, respectively, there are sig-
nificant differences (50.2 kJ mol21 and 13.8 J mol21 K21,
respectively) between the results from the GA calculations
and G4/BAC method.

This points to significant substituent interactions in the 2-
hydroxy-4-methoxy-6-formylphenoxy radical. The sum of all
applicable NNIs amounts to corrections of 247.2 kJ mol21 for
the enthalpy and 213.8 J mol21 K21 for the entropy. All
NNIs of this example are related to interactions between the
radical site and the three nonradical substituent groups, while
no NNIs exist among the non-radical groups themselves. The

appropriate NNIs are NNI4, NNI7, and NNI8 to account for
the interactions of the oxygen radical moiety (O•) with o-OH,
p-OCH3, and o-CHO groups, respectively.

By adding the NNI contributions to the sum of GAVs, the
final values for DfH

0 and S0 are obtained as 2450.2 kJ mol21

and 447.5 J mol21 K21, respectively. They are in good agree-
ment with the G4/BAC data. The deviations are 23.0
kJ mol21 and 1.9 J mol21 K21 for DfH

0 and S0, respectively,
for this quadruple substituted MAR.

Summary and Conclusions

The thermodynamic properties of 369 MAH radicals (phe-
nyl, phenoxy, anisyl, benzoyl, styryl, and benzyl) with six dif-
ferent substituents (AOH, AOCH3, ACHO, ACH@CH2,
ACH3, and ACH2CH3) have been calculated with the bond
additivity corrected G4 level of theory. The obtained heats of
formation are combined with the previously calculated values
for multiply substituted MAHs to calculate BDEs. Deviations
in the BDEs forming substituted MARs from that for the un-
substituted radical are used to identify NNIs within the MAH
radicals.

To extend the application of Benson’s Group Additivity
(GA) method to the monocyclic aromatic radicals, six new
GAVs and 29 NNIs are determined. The thermodynamic data
obtained with the optimized GAV and NNI parameters agree
very well with the reference data set. The MAD are 1.99
kJ mol21 for DfH

0, 1.75 J mol21 K21 for S0 at 298 K and less
than 1.32 J mol21 K21 for Cp values at all studied tempera-
tures. Group additivity-based enthalpies are mostly within 4
kJ mol21 for the ab initio values. Similarly, the entropies and
the heat capacities for the majority of the radicals are repro-
duced to within 4 J mol21 K21, which demonstrates the high
accuracy obtained with the GAV/NNI set calculated in this
study. Further validation using triple-substituted and
quadruple-substituted monocyclic aromatic radicals under-
score the predictive capability. Combined with previously
published set of GAVs for the MAHs, an internally consistent
set of group additivity parameters is now available for MAH
radicals. Furthermore, being consistent with and complemen-
tary to other GAV sets developed in this laboratory for a

Table 6. Statistics for the Linear Regression Analysis of the Final Set of GAVs and NNIs for the Standard Enthalpies

of Formation (Df H
0) and Entropies (S0) at 298 K and Heat Capacities (Cp) at Various Temperatures

a

DfH
0 [ kJ mol21] S0 [J mol21 K21]

Cp [J mol21 K21]

300 K 400 K 500 K 600 K 800 K 1000 K 1500 K

MAD 1.99 1.75 1.32 1.16 1.10 1.11 1.13 1.03 0.79
RMS 2.48 2.13 1.78 1.60 1.52 1.52 1.57 1.44 1.12
MAX 6.30 6.18 5.99 5.54 4.94 5.18 5.88 5.52 5.13
F 15,778 10,025 1743 3059 4222 4934 5667 7543 14,067

aF: Significance; MAD: mean average deviation; RMS: root mean square; MAX: maximum deviation.

Scheme 2. 2-Hydroxy-4-methoxy-6-formylphenoxy.
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variety of functionalized hydrocarbons, this data will help to
extend the capability to create fundamentally based reliable
kinetic models using state-of-the-art automated reaction mech-
anism generating tools.
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