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ABSTRACT: By combining a surfactant, an organic pore ex- mesostructure®, elucidation of early formation and structural

pander, a silane, and poly(ethylene glycol) (PB@&), have ob-
served the formation of a previously unknown seilohsmall sil-
ica structures in aqueous solutions. At appropiiatecentrations
of reagents, ~2nm primary silica clusters arrarrgarad surfactant
micelles to form ultrasmall silica rings, which camther evolve
into cage-like structures. With increasing concatitin, these rings
line up into segmented worm-like one-dimensionl)(&tructures,
an effect that can be dramatically enhanced by B&f#ion. PEG
adsorbed 1D striped cylinders further arrange lmgber order as-
semblies in the form of two-dimensional (2D) shemtshree-di-
mensional (3D) helical structures. Results provitghts into
synergies between deformable noncovalent organiecule as-
semblies and covalent inorganic network formatismwaell as early
transformation pathways from spherical soft mateiigo 1D, 2D,
and 3D silica solution structures, hallmarks of apesous silica
materials formation. The ultrasmall silica ring acaje structures
may prove useful in nanomedicine and other nanatgolyy based
applications.

Ultrasmall inorganic particles with sizes in thegle-nanometer
regime have recently attracted significant reseattgntion due to
their unique size-dependent propertes in optics, catalysis, and

medicinet® Recent advances in electron microscopy have pro-

vided new mechanistic insights into their formati&mabling un-
precedented synthesis conttél.UItrasmall inorganic particles
have therefore become one of the most promisiniglibgi blocks
for bottom-up fabrication of novel nanomateriflsand superlat-
tices1-12 For crystalline nanomaterials, geometrical anggmyris
an important driver of structure control in selsasbly'3-4Amor-
phous inorganic particles are lacking this conparameter and or-
ganic templates or scaffolds are typically emplog@edirect struc-
turel>16 Examples include surfactant self-assembly direstich
formation, which since first discoveries were reépdr-'¢has seen
steady progress in morphological contfi?

Despite growing appreciation that clusters abaunZn size are
the primary building blocks of various templatelicai nano- and

transformation pathways and their complexity hanaieed lim-
ited. This is due in part to the dynamic naturénglfrid materials
formation, which simultaneously involves noncovalassembly,
e.g. of surfactants into micelles and their arrangenaotlattices,
as well as covalent linking of structural uniésy. the condensation
of primary silica particles via Si-O-Si bond fornust. While pro-
gress has recently been made on the organic/palymexterials
side?>?4detailed understanding of the pathway complexitsim-
ultaneously occurring noncovalent and covalent rabye pro-
cesses that synergistically influence each othfer iess developed
in organic-inorganic hybrid materials. In partiayiaterest in early
formation pathways of nanoscopic sificdas recently been re-
newed with the discovery of surfactant micelle clieel ultrasmall
silica cages with highly symmetric dodecahedroacstire?®

Here, we report on transmission electron micros¢®gM) and
cryo-state TEM (cryo-EM) investigations of earlyuagus solution
structures of a surfactant (cetrimonium bromideABY, a pore
expander (mesitylene, TMB), a silane (tetra me#thi/l orthosili-
cate, TMOS/TEOS), and poly(ethylene glycol) (PEG)iferent
concentrations (Fig. 1a). When adding TMOS intoezaqs solu-
tions of TMB-swollen CTAB micelles at pH aroundFd. 1b and
¢), negatively-charged primary silica clusters ~2innsize were
observed (inset Fig. 1e) that associate with paiticharged mi-
celle surfaces into ring-like geometries (Fig. bd &). Ring struc-
tures were corroborated by analysis of a TEM éHhes (Fig. S1).
Cryo-EM images prepared using the native reactiolution
showed projections of rings oriented randomly ireédimen-
sional space with ~10nm sized stripes represenitrggtop views
(Fig. 1d and Fig. S2a). In comparison, TEM imadeswsed the
side view of the rings, where individual primarjicsi clusters in
the ring-like assemblies could be identified (Hig.and Fig. S2b).
These clusters were further corroborated in expamtmwith as-
semblies covalently PEGylated using silane-functiaed PEGs
(PEG-silane) based protocdfsAfter surfactant template removal
from PEGylated assemblies, TEM showed ultrasmalby&ted
silica particles with average hydrodynamic sizerfidynamic light
scattering (DLS) around 4nm (Fig. S2, d and q)jdating a re-
versible assembly mechanism.
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Fig. 1. Synthesisand characterization of silicarings. a, Chemical structureb, Molecular graphic of the formation of silica ring, Cryo-

EM image of TMB swollen CTAB micellesl ande, Cryo-EM () and TEM €) images of silica rings assembling on micelle acef Insets

in cto edisplay the zoomed-in Cryo-EM and TEM images, wttbe black arrow in the inset@fndicates the ~2nm primary silica clusters
on micelle surface. In the molecular renderind&ai, oxygen, carbon, and hydrogen are coloreglirple, red, gray, and white, respec-
tively. Different gray scales are applied to theboa atoms of TMB and of heads and tails of CTABHetter visualization. Scale bar in the

insetind is 10 nm.

Considering that no approach for symmetry breakérg,elec-
trostatic or magnetic field$;2° was applied in the synthesis, the
fact that the primary silica clusters self-assenibte a ring-like
geometry on the micelle surface is surprising. Bsisembly-based
symmetry breaking is different from previously reggd mesopo-
rous silica particles with similar si2@where pore expanding mol-

ecules ¢.g. TMB) were absent. Therefore, we speculate that the

ring formation is due to increased deformabilityTéfiB swollen
micelles as compared to TMB-free micelles (Fig.. 1b)

Upon association of primary particles, the micslieface is ex-
pected to deform, partially wrapping around thestdts due to
electrostatic attraction between silica and CTABcgroups (Fig.
2a). However, this micelle surface deformation ri$anorable in
terms of the Gibbs free energy of a spherical ngcélining up
clusters in the form of a ring is expected to mizienthe overall
assembly Gibbs free energy relative to arbitranster positions
(Fig. 2a) by sharing dented micelle surfaces angoxéng defor-
mations along the ring direction. This hypothesicarroborated
by a simple model calculation described in the Sutipg Infor-
mation (Fig. S3).

This proposed mechanism is also consistent witlytiamtitative
analysis of the silica rings (Fig. 2b). The thicks®f the rings is
about 1.6 nm, consistent with the size of the prynsdlica clusters.
The inner and outer diameters of the rings are @6@inm and
10.2 nm, respectively, with relatively wide sizstdbutions, con-
sistent with the size of TMB swollen CTAB micelfés.

Upon the formation of rings at the micelle equator,increase
in curvature of micelle poles can be expected (&a. This change
in turn may favor micelle fusion via the poles,dea to 1D as-
semblies (Fig. 2a). To facilitate this effect, wereased the con-

centration of ring-micelle assemblies by doublihg toncentra-

tions of TMOS, CTAB, and TMB(green column in Fig. S2q). As
a result, elongated worm-like structures were olEkronsisting

of several silica rings with well-defined spacirg. 3a and d).
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Fig. 2. Proposed Mechanism of silica ring formation. a, Com-
parison of different assembly approaches of siicaters on mi-
celle surface. The silica clusters could randonigyridbute on the
micelle surface (left), but rather assemble intong sharing the
dented micelle surface (righth, Dimensional analysis of silica
rings.
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Fig. 3. 1D assembly of silica rings and different ring-like structures. a to ¢, Cryo-EM @ andb) and TEM ¢€) images of silica rings
produced at the higher reaction concentraii@nthe reaction conduction indicated in the greenmmol in Fig. S2qd, A molecular graphic
of the worm-like 1D assembly of silica rings lllustration of micelle surface wrapping arounsileca cluster preventing attachment to other
micelles (transparent top) due the strong electiostepulsionf, Different structures of silica rings with morengplex geometries, includ-
ing nanoring with one additional arm (top raw) @etlahedral cage (bottom raw).

After covalent PEGylation and removal of CTAB ani¥B,
structures now disassembled into narrowly dispeREGylated
silica rings rather than ultrasmall silica part&(€ig. S2h) with av-
erage hydrodynamic size around 7nm (Fig. S2q).

This 1D growth is very different from the convemt# radial
growth of mesoporous silica particles, where addél micelles
attach to the growing primary particles therebtfirading to
multi-arm star type structures and finally to npltre particles
with spherical shap®:32In the formation of the silica rings, indent-
ing the micelle surface seems to make approachahef micelles
to the opposite silica cluster side less likelydese of increased
electrostatic repulsion thereby suppressing tereglegdial particle
growth, as illustrated in Fig. 3e.

It is interesting to note that in addition to sdliings, some cage-
like assemblies with more complex structures wéaseoved (Fig.
3ato c). For example, some rings exhibited antemtdil arm (Fig.
3f, top), while symmetrical tetrahedral ultrasnsilica cages were
also sometimes observed (Fig. 3f bottom). Theséddnigrder
structures point to a connection between the ramgkthe recently
reported dodecahedral ultrasmall silica c&§eshere the ring
likely is the simplest in the family of assemblgustures of primary
silica clusters on the surface of deformable mésell

The dimensions of the silica rings and their 1Deasdies can
be tuned by dosing additional TEOS after primang formation?>
As compared to TMOS, TEOS has a slower hydrolyais sup-
pressing secondary nucleation and facilitatingafioendensation
onto the existing silica rings. Starting with a small amount of
TEOS (orange column in Fig. S2q), the thickneghesilica rings
remained almost unchanged (Fig. S2K and Fig. S#)TEM im-
ages of covalently PEGylated and cleaned samplesesh nar-
rowly size dispersed silica rings with reduced casit variations
(Fig. S2I) as compared to those formed solely fpoimmary clusters
(Fig. 1d and e). This was likely the result of dibdial silane mon-

omers primarily condensing into the interstitiahsp left by aggre-
gation of primary silica clusters (Fig. 1d andWhen the amount
of dosed TEOS was further increased (purple colimfifig. S2q),

silica rings grew thicker and the ring-to-ring diste in 1D assem-
blies increased (Fig. S4). In contrast, the int#gabtspacing be-

tween adjacent rings, obtained by subtracting the thickness

from the ring-to-ring distance (Fig. S4), remainetthanged at
around 3.3nm. These data revealed that the irtatstpacing in

the 1D structures was independent from the silicaedsions,

likely the result of electrostatic repulsion betwehbe silica rings
(Fig. 3a and d).

Adding unfunctionalized PEG.¢€. without silane functionaliza-
tion) into the reaction solution (black column iigFS2q) dramat-
ically facilitated 1D ring assembly. Upon PEG aitfif isolated
rings (Fig. 1d and e) lined up into extended woike-and striped
1D structures (Fig. 4a). Each of the 1D assembli&s composed
of tens of silica rings. Similar elongated wormeliktriped cylin-
ders were observed when PEGs with decreased atragthl and
different end-groups were added (Fig. S5). These $tEG mole-
cules had minor effects on solution viscosity, ware they long
enough to directly bridge between two adjacentailiings in
thelD assemblies. Rather, the formation of thegdted 1D as-
semblies from PEG addition was likely due to theréased stabil-
ity of ring assemblies caused by hydrogen bondetaveéen PEGs
and silica as well as among PEGs on different ringsliated by
hydrogen bonding with water (Fig. S5d).

The adherence of PEGs to silica also facilitatdéidassembly of
the 1D striped cylinders into more complex 2D aBdsBructures.
Through drying the reaction solution on a TEM stdtst, 2D hier-
archical arrays of silica rings were generatedthi@side-by-side
packing of PEG adsorbed worm-like 1D assemblieg. @d). Fur-
thermore, 3D structures consisting of assembliesvofor more
worm-like 1D structures into what appeared to Heake
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Fig. 4. 1D, 2D, and 3D ring assembliesfacilitated by PEGs. a, Cryo-EM images of elongated and segmented 1Dagsgmblies obtained
upon PEG addition. Reaction conditions are indit&te the black column in Fig. S2q. TEM images afresponding assemblies without
PEG addition are shown in Fig. 1d andeTEM images of 2D hierarchical arrays of silicags obtained through drying of solutions of

PEG-addition based 1D ring assemblies on a plaBM Jubstratec, Cryo-EM images of 3D assemblies of 1D ring asdmslfacilitated

by PEGs.

configurations were observed in cryo-state TEM (Bi©). Most of

the silica rings aligned next to each other in ¢S and 3D struc-
tures (Fig. 4b and c). This is consistent with PB@dging the sil-

ica rings of different striped cylinders therebpmoting complex
assembly.
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