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We report the formation of cross-linked polysiloxane particles having rodlike and sheetlike morphologies
by condensation of monomers in organized liquid crystalline mesophases of nonionic surfactants. The
characteristic diffraction pattern obtained from the liquid crystalline surfactant assembly is preserved
during polymer synthesis. The polymer colloids are rodlike when synthesized in a hexagonal mesophase
and are sheetlike when synthesized in a lamellar mesophase. Interestingly, the size of the polymer particles
is on the order of micrometers, viz. 3 orders of magnitude larger than the characteristic size of the surfactant
mesophase. Thus, the polymers phase separate from the liquid crystalline phase during polymerization,
and organize to resemble the mesophase geometry. The polymer particles are organized so as to minimize
the elastic distortion of the surfactant mesophase after they phase separate. We speculate that the observed
particle morphologies are formed due to the slow kinetics of polycondensation under our experimental
conditions.

Introduction tric, metallic, or semiconducting solids. Since surfactants can
assemble into hexagonal, lamellar, or spongelike liquid
crystalline mesophases depending on the chosen molecule
and the conditions of assembly, it is especially interesting
to examine the possibility of using such mesophases as
templates. Such template-directed synthesis might also be
relevant for biomimetic schemes as phospholipid surfactant
phases are commonly observed in nature and might be used
{or localization in biotransformationd.
Although replication of surfactant templates by metallic

Surfactants self-assemble into a variety of nanostructured
“soft” organic phasésthat can be exploited as structural
motifs for spatial templating. Synthesis in the presence of
surfactants can result in either a mesoporous material with
a pore structure templated by the surfactant assembly, or in
surfactant-directed formation of nanofibers or nanosheets.
For example, the use of surfactants as structure-directing
agents in the synthesis of zeolites has led to the developmen

of inorganic matrixes with precisely engineered pore struc- or inoraanic solids has been demonstrated by several arouns
tures that are defined by the surfactaBuring the synthesis inorgan : y SeV groups,

of these zeolites, silicate species condense around surfactar{ﬁ?.“c?g'og b.y polyr|1jert§ rerr}atltr:s cthaII:angm%. Thfe {‘naltn
micelles and co-assemble to form surfactanbrganic mcully during replication ot the structure of surfactan

hybrids. Surfactant solutions have also been shown to direct"’lss’embIIes Is to preserve the. organization Of. the surfactant
the formation of silvet or gold*® nanorods by reduction of molecules. The ragjlug of gyration of polymers is comparable
their salt solutions. Recently, there have been reports ofto the characteristic dimension of the surfactant mesophase,

concentrated microemulsiofsy liquid crystalline gel phases _typlcally on the order of +10 nm. Therefqre, as monomer

of surfactants™ or block copolymer&-23 (high molecular is converted to polymer, surfactant ordering is disrupted or

weight analogues of surfactants) being replicated by dielec-the polymer separates _from the surfactant mesqphase_to avoid
the loss of conformational entropy from confineniénin
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synthesis and these gels did not replicate the structure ofor lamellar mesophases. While most researéfiéfs* have

the template. In some cas€s?the gels comprised sheets attempted free radical polymerizations in surfactant meso-
formed from cross-linked polymer particles that were phases, the group of Schnii#t® has reported the formation
organized by the hexagonal surfactant mesophase. Severayf monodisperse organosilicon nanoparticles or micronet-
groupg* % have also attempted to polymerize monomers works of such nanoparticles using base-catalyzed polycon-
within bilayers of surfactant vesicles. Except in the case when densation of alkoxysilane monomers in microemulsions of

equilibrium catanionic vesicles were usgds templates, this

benzethonium chloride. Hydrolysis and condensation of

synthetic scheme leads to phase separation of the polymeglkoxy silanes to form polysiloxanes can be catalyzed by

as was reported in one detailed investigatibRecently,
Huang et aP® and Hulvat and Stugp have reported

either acid or basé32® and the rate of condensation is
strongly pH-dependent. Here, we examine the synthesis

electropolymerization of conductive monomers localized in products obtained fromacid-catalyzed condensationf
surfactant hexagonal liquid crystalline phases to form gimethyldimethoxysilane, DMS (cross-linked by co-conden-

polymeric nanowires. The nanowire diameter in these is sation with methyltrimethoxysilane, TMS) in hexagonal and
around 100 nr#f suggesting that the template is not directly |3 mellar phases of (En surfactants.

replicated, but this aspect was not examined in detail.
Moriguchi et al*® has reported the polymerization of a
phenot-formaldehyde thermoset in the continuous phase of
a surfactant hexagonal liquid crystalline phase, where the  nonaethylene glycol monododecyl ether &) was obtained
polymer precisely replicated the surfactant template. In from Sigma. Polyoxyethylene(2) oleyl ether,¢E,) and polyoxy-
another instance, Faul et al. have claimed some degree oOkthylene(10) oley! ether (GE.c) were obtained from Aldrich and
success in replicating the template structure when polymer-mixed?in equal parts by weight to preparggEs. C,En surfactants
izing monomers in mechanically stable ordered phasesare prepared by ethoxylating fatty alcoheldPLC (see Supporting
formed by precipitation of polyelectrolytesurfactant com- Information) reveals that these materials comprise mixtures, viz.
plexes! These reporf83L are remarkable as the polymers the *n” and “m” specified are averages. Dimethoxydimethylsilane
form exact replicas of the templates and preserve the orde{DMS, purity 99.5%) and methyltrimethoxysilane (TMS, purity
in the liquid crystalline matrix phase. 98%) were_o_bta_ined frpm Aldrich. AII chemicals were _u;ed without
Here, we report an unusual example of synthesis in further purification. |-DI.StI||ed d(_al_onlzed water (resistivity 18.2
surfactant liquid crystalline phases where the polymer MQ'C_m) from a Millipore Mill-Q system was used for all
particles are formed with the geometry of the mesophaseeXpe”ments' _
but are micrometers in size (rather than nanometers, char- e prepared the hexagonal phase by using a 50 wt % concentra-
acteristic of the template). We chose nonioniEgsurfac- tion of CioEg in wgter, while the Ia_me!lar phase_ was prepared with
tants for our templatesthese are readily available and well 70 Wt % of QSEG In water. These l.'qu'd CryStf”‘"'ne phases are gels
characterized systerthat form hexagonal, lamellar, cubic, that show a high viscosity and yield behavior.
and the corresponding reverse phases in water, by appropriate Polymerization in thg liquid crystalline gel phases was effected
choice of surfactant concentration and block lengtiysiy. py adding the app_ropnate quantity of _monomer§ to the surfactant
Further, mixtures of (En surfactants give phase behavior ina cl_ean glass vial, fqllowed by addition of acidified water ar?d
that is characteristic of the molecular volume averaged * vortexing for about a minute. In all our experiments, condensation

Y, . . . was acid catalyzed using sulfuric acid (concentration from 0.01 to
and ‘nt,*thus, the desired phase can be obtained by SU|tabIeo'5 M, having a pH of around 0.4 to 2). For example, polysiloxane

mixtures of avallablf-:‘ Surfacta_nts, . rods were prepared in the hexagonal phase by addinglL3@af
We have synthesized polysiloxanes by polycondensation pys and 8uL of TMS using a micropipet to 23@L of Cy.Eq

of alkoxysilane monomers loaded into surfactant hexagonal (sta| volume fraction of silane= 8%). This was vortexed for a
minute after which 23@L of acidified water (0.2 M sulfuric acid)
was added to the mixture and vortexed until it was homogenized.
The whole mass became transparent and highly viscous with few
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Figure 1. Small-angle X-ray scattering from the hexagonal phase; gL
loaded with 4:1 DMS/TMS monomer as a function of time. The neat
hexagonal phase is shown for reference (squares), and spectra are recorded
15 min (diamonds)6 h (triangles), and 5 days (dark line) after monomer
addition. All the scattering curves show a second-order peaki apacing

that is 14/3 times the primary peak, characteristic of hexagonal ordering
in the system. The small peak & 2 1.7 for the neat hexagonal phase
might be attributed to the presence of a small fraction of impurities in the
surfactant; we are unable to identify the origin of this peak unambiguously.
The inset shows the variation with spacing as a function of time on a
linear-log scale.

Cu Ka radiation). Samples were prepared for SEM (Leica-S-440,
accelerating voltage of 20 kV) by separating the polysiloxane
particles from the surfactant gel by dispersing in ethanol. For TEM,
the gel was dispersed in ethanol, and further cross-linking was
terminated by addition of a large excess of trimethylmethoxy silane.
This solution was used to spot the TEM grids. We used a
JEOL1200-EX at an accelerating voltage of 80 kV.

FTIR measurements were made using a Perkin-Elmer 16-PC FT-
IR. For the model experiments described in this paper, 1 mL of
dodecane was mixed with 1 mL of acidified water (0.2 M sulfuric
acid) in a vial and 15@L of DMS was added to this. Samples (20
uL) of the top (dodecane) layer were withdrawn as a function of

time for IR measurements made using standard KBr cells. Figure 2. Polarized optical micrographs of (a) the neat hexagonal phase
showing the characteristic liquid crystalline texture and (b) polysiloxane

rods formed in the hexagonal phase. The liquid crystalline texture is apparent
Results and Discussion in the gel phase in the background in (b). The scale bars on the optical
micrographs correspond to 50n. The last micrograph (c) shows an SEM

Addition of a mixture of DMS and TMS in a ratio of 4:1  image of polysiloxane rods synthesized in the hexagonal phase, formed
after about 5 days from monomer addition. The scale bar corresponds to 6
_by VOlum_e to the he?(agc_mal phase OIZ_B’ Iegds to an um. The white arrows indicate particles that are not rodlike.
increase in thel spacing in the X-ray diffraction pattern

(Figure 1). Up to 8% (by volume) of the monomers can be monomers condense to form polysiloxanes, thspacing
added before the hexagonal phase becomes unstable anfkst increases over a period of several hours, and then
transforms into the oily micellar phase (see Supporting decreases over the next few days. The fidadpacing is
Information). As the aqueous phase in the surfactant mixture sjightly higher than that immediately after monomer addition
contains 0.2 M sulfuric acid, the monomers rapidly undergo (Figure 1, inset). However, the XRD pattern always remains
acid-catalyzed hydrolysis. During hydrolysis, the surfactant- characteristic of a hexagonal phase and there is no significant
to-water ratio changes as water is “consumed” and methanoldecrease in the intensity of the scattering peak (Figure 1).
is formed. The swelling of the hexagonal mesophase After 4-5 days, observation of the gel under an optical
observed by XRD is due to partitioning of the hydrolyzed mjcroscope reveals the presence of large rodlike polymer
monomers and methanol between the hydrophobic andparticles dispersed in the liquid crystalline surfactant phase
hydrophilic regions of the assembhand due to the change  (Figure 2b). The characteristic liquid crystalline textraf

in surfactant/water ratio. With time, as the hydrolyzed ihe hexagonal phase is preserved and can be observed in
the background, around the polymer particles (Figure 2a and

(40) The partitioning of methanol, DMS, and TMS between the hydrophobic b), On heating this sample above the clearing temperature
core and the surrounding hydrophilic region of the surfactant assembly
is one of the factors determining tdespacing. After hydrolysis, DMS
and TMS partition differently. As the fraction of TMS to DMS inthe  (41) The liquid crystalline mesophases formed in our experiments are high

added monomer is increased, thepacing immediately after monomer viscosity gels. Under the conditions of preparation, kinetic constraints

addition is decreased. When only TMS is added, thepacing prevent the formation of well-defined fan shaped textures characteristic
decreases below that for the neat hexagonal phase. We will discuss of the hexagonal phase. However, the grainy textures observed in our
this in detail in a subsequent publication; Wadekar, M.; Kumaraswamy, micrographs compare well with literature repertsr example, Figure

G.; et al. (in preparation). 2 in ref 22.
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Figure 3. SEM of polysiloxane sheets synthesized in the lamellar phase 0
of the GgEg surfactant system. The scale bar correspondsgm5 _F control
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of the hexagonal phase (around“4®), the liquid crystalline 2 gw\fvmﬁ \"\ﬁmfwv
texture disappears and only the rodlike particles are visible & -
under the microscope (see Supporting Information). We are &
unable to comment on the orientation of the rods in the gel
as this might have been disturbed while transferring the , 1262, 1090
sample from the vial to the microscope slide. The rodlike 1600 1400 1200 1000 800 600

particles can be separated from the surfactant phase by
repeated cycles of washing. FTIR ‘?f these particles Confl,rm Figure 4. FTIR of the dodecane “oil” phase at various times after addition
that they are composed of polysiloxane (see Supporting of (a) DMS and (b) TMS monomer. Spectra are shifted vertically for clarity
Information). The rods preserve their shape even after and the dark control at the top is neat dodecane. Spectra from the top down
separation due to the cross-linking of the poly(dimethylsil- 2r€ taken atintervals of 1 min, 30 min, 210 min, and 2 days in (), and 1
min, 30 min, 120 min, and 2 days in (b).

oxane) by the TMS.

It is worth noting that rodlike particles are observed even
when we condense neat DMS (with no TMS to cross-link)

in the hexagonal phase (data not shown). Here too, the XRDIi uid crystalline mesophase during hydrolysis and condensa-
d spacing shows the same behavior with tirfiest increas- q A nt/h' is diffi Itf ) " tg ; yth Y tactant matri

ing when the monomer is added and then decreasing ont'on' S this 1S dificult to investigate in the surtactant matnix,
condensation. However, addition of the cross-linker (TMS) we used a model system and examined the hydrolysis and

is essential for the rods to retain their shape after separationcondens"Jltlon of DMS (and of TMS in a separate experiment)

from the gel. The rodlike particles formed by condensation |nha dode(;ape/%c;dll\l;;ed l}/va_ter s%sfmt,hwhglr? thehaqueous
of neat DMS collapse and lose their shape when they argPnase contains . suliuric acid. AS ater phases
transferred to a microscope slide after washing away the are immiscible, We'sample the oil phase at re@.’“"”?r intervals
surfactant with methanol. Only when TMS is added do the and use the FTIR signal from the asymmetrie 6-Si bond

particles retain their shape after the surfactant mesophase i%tretCh ata wavenu_njber of 1099 chio track the DMS or
washed away. he TMS. Upon addition to the oflwater system, the DMS

SEM shows that these rods are polydisperse with diametersiS initially confined to the oil phase (Figure 4a). As the DMS

. ets hydrolyzed and condensed, a broad doublet with peaks
up to 25um (the lowest diameter that we observed was 0.8 9 ] -
«m) and with lengths of up to 20@m (Figure 2¢). We also at 1090 and 1020 cm grows. This corresponds to-SD

observe a few particles that are not rodlike (arrows in Figure SII stretch|n.?§2|r1rhmoleculest wt|rt]htrtnhore tlhan 2f0 coudplt()ad
2c). The formation of irregularly shaped particles is a sfioxane units” This suggests that the polymer formed by

function of the ratio of DMS to TMS-with an increase in condensation remains in the oil phase (Figure 4a). TMS too

the fraction of TMS there is a higher incidence of irregular |sdc|jr'n't|ally Cﬁnfmﬁd to the ol pr;gse wzgne?_:ately aftgr
particles. At a DMS/TMS ratio of 100:1, the particles formed 6;1. ftion to the 0 Wlfter system %r:?ure ) owev;rl, n
are almost exclusively rodlike, while for DMS/TMS ratios this ‘case the peaks at 1090 . and at 1262 c :
less than 1:4, we observe only irregular shapes in the Optical(correspond|ng 0 _the _sym_metrlca_l r_net_hyl deformation)
micrographs rather than rods. decrease in intensity with time. This indicates that as the

When we attempted synthesis of cross-linked polysiloxanesT'vIS .hydrolyz_es and condenses. to form a cross-linked
in a lamellar phase of GEs, we observed behavior that is polysiloxane, it moves out of the oil phase (Figure 4b). We

similar to that in the hexagonal phase: the lamellar phase isc"’.‘tr;1 \Q_sually O;)]SGI::_/S' éh?]t ghelwater phase petcor[?]es clczudy
stable when swollen with up to 5% (by volume) of the 4:1 with time as the ydrolyzes, moves Into the water

DMS/TMS monomer, and preserves the liquid crystalline itf'\tase, and Istharts cotﬂde_lrj'\s;llgg (see I'Sukpptorpng Infglrm?::op).
phase while showing a decrease in tbespacing as er several hours, the cross-iinks to form a fiim tha

ndensation pr . SEM of th rticles form r

condensatio P Oce.Eds S of the pa tces' ormed aﬁe. 5(42) Angelotti, N. C.; Becker, M. A.; Durall, R. L.; Fillmore, D. K;
days shows polymeric sheets that are a few micrometers thick' * fianingam, 0. L; Freeman, H. A.; Gaul, M. D’; Kiimisch, H. M.;
(Figure 3). Thus, the cross-linked polymer particles formed Iﬁang:]ey, I\IIB. _RF;; Lll(pp, E. B.g IF-)ytle, N. WD.; I\Rllqore,_JH /k; E)\_Nen._M. 3,
in both the hexagonal and lamellar matrixes have the same ~ £areneo: B.; Parker, R. D.; Peterson, D. R.; Smith, A. L .; Steinmeyer,

R. D.; Taylor R. B.Chemical Analysis, Vol 112, The Analytical
geometry as that of the parent mesophase. Chemistry of Siliconeslohn Wiley & Sons: New York, 1991; Ch.11.

Wave number (cm")

The mechanism for the formation of the polymer particles
is influenced by the localization of DMS and TMS in the
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Figure 5. TEM of the polysiloxane patrticles extracted from the hexagonal
gel phase 5 days after addition of 4:1 DMS/TMS monomer: (a) and (b)
are images taken from different areas of the TEM grid and at different
magnifications; the scale bars represent 500 nm in (a) and i (b). We
observe geometrically regular particles that are polydisperse in size in (a).
The arrows indicate a few elongated objects. Two large elongated objects
that appear to be formed by linking several elongated polysiloxane rods to
form bundles are shown in (b).

is localized at the interface of water and dodecane. Although
we cannot do FTIR in the aqueous phase, we can isolate th
cross-linked TMS film and examine it. The film shows IR
absorbances at 1035 cfand 1118 cm! indicating the
formation of an open chain siloxane network structtifeee
Supporting Information). It is not possible to use FTIR to
track DMS and TMS individually in similar experiments on
monomer mixtures. For 4:1 DMS/TMS mixtures, FTIR of
the oil phase shows a signature for polysiloxane (data not
shown). However, in comparison to the experiment with neat
DMS where only low molecular weight oligomeric products
are formed, the polysiloxane formed with a mixture of DMS/
TMS monomers is cross-linked and precipitates on addition
of a small amount of nonsolvent acetone. This indicates that
TMS is incorporated with DMS during condensation.
Further insight into the mechanism of formation of the
polymer particles comes from TEM images of samples taken
from the hexagonal gel 3 days after the addition of DMS/

Wadekar et al.
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Figure 6. Schematic of our proposed scheme for the formation of cross-
linked polysiloxane particles that replicate the liquid crystalline gel
templates. The filled circles represent DMS or hydrolyzed DMS, and the
open triangles represent TMS or hydrolyzed TMS. The shaded area indicates
the hydrophobic domains in the surfactant assembly that are separated by
surfactants (not indicated) from the hydrophilic domains (in white). The
arrows indicate progression with time. The spatial size of the cross-linked
polysiloxane at the final stage extends beyond the figure to a size scale
that is much larger than that of the surfactant mesophase.

the elongated structures shows no crystalline ordering, as is
expected. We are unable to probe low enough diffraction
angles using this technique to determine whether the original
ordering in the liquid crystalline surfactant template is
preserved in these structures, but feel that this is unlikely.
The postulated mechanism for formation of the polysil-
oxane particles is summarized in Figure 6. The monomers
are hydrolyzed as soon as they are added to the hexagonal/
lamellar phase, and there is an increase indlspacing of
the surfactant assembly as it swells (Figure 6a). The
monomers then condense over a period of several hours:
during condensation, the DMS is cross-linked by the TMS
and forms oligo- and polysiloxanes that are localized in the
hydrophobic regions of the surfactant assembly (Figure 6b).

eThus, thed spacing is further increased (Figure 6b).

Gradually, as the molecular weight increases, the polymers
phase separate from the surfactant mesophase (Figure 6c).
As a function of time, the particles increase in size (and
molecular weight) by cross-linking via the TMS units with
other monomers and small particles (“accretion”). During
condensation of the DMS/TMS mixtures, the polysiloxanes
formed are not linear molecules, but might comprise cross-
linked cyclics or other nonlinear architectur@g&ventually,

the particles grow to a size that leads to significant elastic
distortion of the liquid crystalline phase (Figure 6d). Further
growth of the particles by accretion is directed by the liquid
crystalline field and the particles grow anisotropically as
suggested by the TEM images. In the case of the hexagonal
phase they form rodlike objects, whereas in the case of the
lamellar phase they form sheets.

TMS monomer. While this sample already shows micrometer-
sized rods in optical micrographs, TEM reveals the presence
at the same time of particles that are tens of nanometers in
size (Figure 5a). The particles observed in the TEM are
geometrically regular and very polydisperse in size. We do
not understand the reasons for this geometrical regularity.
We also observe elongated structures (arrow in Figure 5a)

and aggregates of these elongated structures (Figure 5b). It

is possible (Figure 5b) that the elongated structures form by
linking-up the smaller geometrically regular units. Electron
diffraction from either the geometrically regular units or from

(43) Condensation of neat DMS (with no added TMS) under the conditions
adopted in our study does not lead to the formation of high molecular
weight polymers, unlike the case reported by Schmidt €¢-&f In
control experiments where we condensed the DMS in acidic aqueous
solution, the oily product obtained comprised low molecular weight
oligomers and did not show the presence of high molecular weight
polymers in gel permeation chromatography. Further, extraction of
the product from condensation of neat DMS in a hexagonal surfactant
mesophase did not show the formation of high molecular weight
polymers. This accords with the literatéfé’ on acid-catalyzsed
condensation of alkoxysilane monomers and indicates that condensa-
tion of DMS leads to the formation of oligomeric or low molecular
weight cyclic products. However, cross-linked products that readily
precipitate in nonsolvent acetone are formed when a mixture of DMS
and TMS are co-condensed.
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When colloidal particles are dispersed in nematics, they Conclusions
are arranged so as to minimize the elastic penalty for
distortion of the liquid crystalline phase. The elastic fields ~We have synthesized cross-linked polysiloxane particles
around the colloidal inclusions interact and align the particles by condensing dimethyldimethoxysilane and cross-linker
into rows#45For free-radical polymerization in a hexagonal trimethoxymethylsilane in lyotropic surfactant mesophases
mesophase, these rows have been observed to cross-link t8f nonionic GEy surfactants. Under conditions that allow
form sheetlike structures with a grainy, particulate texfdre. ~slow condensation of the polysiloxanes, the polymer particles
In lamellar or smectic phases, theory preditt§ that formed have a geometry similar to that of the surfactant
dispersed colloidal particles would gel into disordered mesophase, viz. rodlike particles are formed in a hexagonal
networks, and this has been observed for the particles formedmesophase while sheetlike particles are formed in a lamellar
by free-radical polymerization in lamellar mesopha@es. phase. This has not been previously observed in investiga-
However, in our investigations, we observe that the particles tions where free radical polymerization was used to prepare
are organized into geometries typical of the parent liquid polymer colloids in surfactant mesophases. The polymer
crystalline phase. particles formed in our experiments are several micrometers

What is the reason that the particles in our investigation in size, orders of magnitude larger than the characteristic
organize into the same geometry as that of the surfactantrepeat spacing in a surfactant mesophase. Rodlike or sheetlike
mesophases while previous studfe® using free radical morphologies are formed as the polymer particles phase
polymerizations did not? We speculate that this might be separate from the mesophase, are organized by the liquid
due to the following reasons. First, we empjaglyconden- crystalline mesophase and cross-linked. We speculate that
sationto synthesize polymers in our experiments. In poly- slow condensation and cross-linking kinetics, gradual
condensation, the molecular weight builds up slowly in the build-up of molecular weight, and the nonlinear architecture
initial stages of the reaction, and high molecular weight of the polysiloxane molecules might allow the dynamic
species are formed only at high conversions. Further, in our organization of the particles by the liquid crystalline meso-
experiments, the siloxane species condense at a pH that ighase, leading to the formation of the observed particle
near the isoelectric point of silica where the condensation geometries.
kinetics of alkoxy silanes is slowektTherefore, the large
polymer colloids observed in our experiments form by slow
accretion of smaller particles over a period of days. Polymer ~ Acknowledgment. We acknowledge helpful discussions
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