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ABSTRACT: A novel bottom-up approach to obtain polymer nanocomposites using cubic silsesquioxanes
(POSS) nanoparticles as building blocks is reported. The design is based on associative interaction between
particles to form ordered nanostructure and limited crystal growth to render anisotropic shapes.
Specifically, the affinity between POSS units causes these particles to aggregate and closely pack into a
crystalline lattice. The organic polymer, covalently connected to each POSS unit, limits the crystallization
into a two-dimensional lattice as demonstrated in random copolymers of polybutadiene and cubic
silsesquioxanes. The copolymers were synthesized by ring-opening metathesis copolymerization of
cyclooctadiene and POSS bearing a polymerizable norbornene group. The polymers were characterized
using NMR, DSC, TEM, WAXD, and SAXS. The data from TEM and X-ray diffraction clearly show the
formation of two-dimensional lamellar-like nanostructures of assembled cubic silsesquioxanes.

Introduction

Background. The formation of ordered structures at
the nanometer length scale requires strategies that are
able to harness the fundamental forces of self-assembly
to direct the generation of higher ordered motifs from
the basic building block constitutents.!=2 Utilization of
noncovalent interactions, both intra- and intermolecu-
lar, remains one of the principal scaffolds upon which
nanoscale aggregates are constructed. For polymers,
success has been achieved using organic block copoly-
mers to generate a range of differing nanometer length
scale morphologies in the solid state. The generation of
these structures is driven by reducing surface energy
between chemically linked, yet incompatible, blocks.*?
A limitation remains, however, in that long annealing
times are needed to approach thermodynamically favor-
able structures in block copolymer morphologies. Com-
parable nanoscale morphological structures have been
obtained for inorganic—polymeric structures using sol—
gel preparative methods utilizing amphiphilic surfac-
tants as templates.f~8 There is, however, the associated
problem of maintaining the desired structure upon
removal of the surfactants. A considerable challenge
remains how to construct robust nanostructured mate-
rials directly using suitable building blocks from the
bottom-up. Controlling associative interactions of scaf-
fold components is certainly an attractive route. How-
ever, implicit in this approach is developing an under-
standing of the interplay of noncovalent interactions to
the extent that there is then the ability to manipulate
polymeric structures. Ultimately, with a tailored pri-
mary chemical sequence, desired ordering of the sec-
ondary structure at length scales considerably longer
than those of the individual polymer chain could be
achieved.
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Figure 1. Structure of cubic silsesquioxanes (POSS). Cubic
silsesquioxane is a well-defined molecule having an inorganic
core comprised of SigO12 surrounded by eight tunable substitu-
tion groups. Each unit can be treated as a sphere represented
by a gray ball in all the following figures.

Polyhedral oligomeric silsesquioxanes (POSS) are a
family of molecularly precise nearly isotropic molecules
with diameters ranging between 1 and 3 nm, depending
on the number of silicon atoms in the central cage and
the peripheral substitution groups surrounding this
core.? A cubic Ts silsesquioxane unit has an inorganic
cubic core comprised of SigOi2 surrounded by eight
tunable substitution groups, i.e., cycloaliphatic groups
(Figure 1). It has an approximate spherical diameter of
1.5 nm when R is a cyclopentyl group. POSS has been
recognized as well-defined building blocks for nano-
structured materials.1°713 Efficient synthetic methods
have also been developed whereby one, or more, of the
corner groups are substituted by a functional group X
capable of undergoing polymerization. This has provided
the possibility to incorporate inorganic POSS cages into
organic polymer chains.?~11:13-33 The cubic silsesquiox-
ane unit can be viewed as a nanoparticle for both its
size and filler function or a well-defined macromonomer
for its ability to undergo polymerization. In this paper,
we also demonstrate its use as a scaffold to generate
lateral ordering as a consequence of polymer—POSS
interactions.

Design Rationale. A body of work has shown that
octaalkyl-substituted cubic silsesquioxane nanoparticles
RgSigO12 form hexagonal (or equivalently rhombohedral)
crystal structures.3*3% On the basis of X-ray studies
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Self-Assembly

Figure 2. Synthesis of polymer nanocomposites through
controlled self-assembly of cubic silsesquioxane (POSS) nano-
particles. POSS preferentially aggregate and crystallize into
an ordered lattice within the polymer matrix. The covalently
bonded polymer chains serve as the source of confinement to
limit POSS growth in a two-dimensional lattice.

from Larsson35 and recent work from this laboratory,*°
each cubic silsesquioxane unit can be regarded as being
nearly spherical. The three-dimensional crystal struc-
ture of POSS can be viewed by arranging each POSS
sphere in a plane on a hexagonal array and stacking
these planes in ABCA sequence. When POSS spheres
are attached along polymer chains, the crystal packing
of the cubic silsesquioxane units is constrained by their
covalent attachment to the polymer chain. As a result,
a bilayer or lamella-like structure is formed where
POSS spheres are packed hexagonally within planes
and two planes are stacked together. In other words,
the covalently connected chains serve as the source of
crystallization confinement, preventing the development
of spherical packing in three dimensions, and therefore
results in a two-dimensional raftlike structure. A sche-
matic drawing is shown in Figure 2. The specific
interactions between particles originate from intermo-
lecular van der Waals forces, resulting in the stable
construction of a nanolayered structure. In our previous
study of polyethylene—POSS copolymers, X-ray diffrac-
tion data supported this proposed structure.384! How-
ever, the competing cocrystallization of polyethylene
frustrates the POSS assembly, and no large-scale POSS
nanostructures were observed in real-space imaging
techniques. In this study, a low glass transition tem-
perature amorphous polymer, polybutadiene, was se-
lected as the backbone polymers, thus providing a
rubbery liquidlike matrix to allow the pendant POSS
units to assemble in the absence of competing polymer
crystallization.

Experimental Section

Materials. Cyclopentyl-POSS-norbornene macromono-
mer 1-[2-(5-norbornen-2-yl)ethyl]-3,5,7,9,11,13,15-heptacyclo-
pentylpentacyclo[9.5.1.1.31.5151713]octasiloxane (POSS-nor-
bornene, 1) was provided by Hybrid Plastics. The catalyst
RuCly(=CHPh)(PCys): was purchased from Strem Chemical.
Other reagents were obtained from Aldrich. Cyclooctadiene
and methylene chloride were vacuum-transferred from CaHs
prior to use.

Polymerization Procedures for Polybutadiene-POSS
Copolymers. 9.74 mg (12 umol) of RuCly(=CHPh)(PCys), was
dissolved in 1 mL of CH3Cl; and added to a solution of 0.65 g
of cyclooctadiene (6 mmol, 500 equiv) and 0.072 g of POSS-
norbornene 1 (0.070 mmol, 10 wt %) in 4 mL of CHsCl; in the
glovebox. The reaction mixture was stirred for 24 h under
nitrogen at room temperature. The solutions remained homo-
geneous throughout the entire reaction. The reaction was
stopped by injection of 1 mL of CH3Cl; with a trace amount of
ethyl vinyl ether and 2,6-di-tert-butyl-4-methylphenol. The
copolymers were precipitated in 100 mL of methanol, recovered
by decanting the solvent, and dried overnight under vacuum
at room temperature. The polymerizations were repeated using
varying amounts of 1, 0, 10, 20, 30, 40, and 50 wt %, to prepare
a range of copolymers. The isolated yields were generally above
80%.
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Figure 3. Synthesis of PBD—POSS copolymers. The copoly-
mers were synthesized by ring-opening metathesis copolym-
erization of 1,5-cyclooctadiene and POSS bearing a polymer-
izable norbornene group.

Polymer Characterization. 'H spectra were obtained in
chloroform-d at 300 MHz using a Bruker DPX-300 FT-NMR
spectrometer. 1*C NMR spectra were recorded in chloroform-d
with a Bruker DPX-300 FT-NMR spectrometer operating at
75 MHz. High-temperature NMR were recorded in tetra-
chloroethane-d; with a Bruker AMX-500 FT NMR spectrom-
eter operating at 125 MHz. Gel permeation chromatography
was performed using a Polymer Lab 1L.C1120 HPLC pump
equipped with a Waters differential refractometer detector.
The mobile phase was THF with a flow rate of 1 mL/min.
Separations were performed using 10°, 104, and 10% A Polymer
Lab columns. Molecular weights were calibrated versus narrow
molecular weight polystyrene standards.

DSC. Differential scanning calorimetry was performed
under a continuous nitrogen purge on a Mettler-Toledo DSC
822¢. Octane (Aldrich, 99%+), pentane (Aldrich, 99%+), deion-
ized water, indium, and zinc were used to perform the
calibration. Samples having a mass between 2.5 and 11 mg
were used. Data were gathered using a scan rate of 10 °C/min
on the first scan.

TEM. Specimens for TEM, WAXD, and SAXS were cast
from 5 wt % toluene or methylene chloride solutions overnight
in the hood. Bulk film samples for electron microscopy were
microtomed in a Leica Ultracut cryoultramicrotome. Sections
approximately 50—100 nm thick were cut with a Diatome
diamond knife at a sample temperature of —110 °C, a knife
temperature of —100 °C, and a cryogenic sample chamber of
—120 °C. The only exception was the sample PBD-POSS-1
because of the difficulty in handling a viscous liquid at room
temperature. This sample was deposited onto the TEM grids
directly from a dilute methylene chloride solution (~0.1 wt %),
and the solvent was evaporated within minutes. TEM studies
were performed using a JEOL 100 CX transmission electron
microscope operated at 100 kV.

WAXD. Wide-angle X-ray diffraction was carried out on a
Siemens D500 instrument in normal/transmission mode (0.3
incident slit beam divergence) with Ni-filtered Cu Ko radiation
(1.54 A wavelength). Data were obtained with the incident
beam normal to the plane of the film.

SAXS. Small-angle X-ray scattering was performed using
Ni-filtered Cu Ko radiation (1.54 A wavelength) from a Rigaku
rotating anode (operated at 40 kV, 200 mA). The X-ray was
collimated by a set of three pinholes. A CCD detector (Siemens
Hi-Star), located at a camera length of 875.2 mm, was used to
record scattering patterns.

Results and Discussion

Polymerization. To demonstrate the concept of
controlled self-assembly of cubic silsesquioxane scaf-
folds, a series of random copolymers comprising poly-
butadiene (PBD) and POSS spheres were designed. The
copolymers were synthesized utilizing ring-opening
metathesis copolymerization (ROMP) of 1,5-cycloocta-
diene and cubic silsesquioxane bearing a polymerizable
norbornene group 1 using the catalyst RuClo(=CHPh)-
(PCys)e (Figure 3).#2 ROMP of cyclooctadiene provides
exclusively 1,4-polybutadiene as the polymer backbone.
The mole ratio of cyclooctadiene to catalyst was fixed
at 500:1 to yield moderately high molecular weight
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Table 1. Summary of Molecular Weight Data of PBD—POSS Copolymers

POSS in copolymer®
entry sample POSS (wt %) in feed wt % mol % M, (kg/mol) PDI® trans/cis®
1 PBD 0 0 0 68 1.7 61:39
2 PBD—-POSS-1 10 12 1.4 67 1.7 56:44
3 PBD—-POSS-2 20 23 3.0 71 1.8 53:47
4 PBD—-POSS-3 30 33 5.0 74 1.8 57:43
5 PBD—-POSS-4 40 43 7.5 79 1.9 55:45
6 PBD—-POSS-5 50 53 10.8 88 2.0 51:49

@ As determined by 'H NMR in CDCls. ® Weight-average molecular weight as determined by GPC in THF, vs narrow molecular weight
polystyrene standards. ¢ Trans/cis ratio of backbone unsaturations as determined by 3C NMR of olefin region in CDCls.

polybutadiene. Increasing concentrations of POSS were
used in the reaction feeds to afford a series of random
copolymers. The molecular weight characterization data
of the PBD—POSS copolymers are listed in Table 1. All
of these copolymers have My, values between 67 and 88
kg/mol, and the corresponding polydispersities are in
the range 1.7—2.0.

Using 'H NMR to determine the level of incorporation
of POSS macromonomer in the copolymers revealed a
steady increase as the amount of POSS in the feed was
increased. Samples with different incorporation of POSS
(12—53 wt %) were obtained simply by changing the
feeding ratio between cyclooctadiene and POSS. The
physical appearance of the isolated products changes
drastically from viscous liquid at 0 wt % POSS to
elastomeric materials with 23 wt % or greater POSS
loadings. The TH NMR also reveals no residual POSS-
norbornene macromonomer in the copolymers. However,
the conversion of cyclooctadiene to polybutadiene was
not complete under the relatively dilute solution po-
lymerization conditions (0.65 g of cyclooctadiene in 5 mL
of CHoCly). The thermodynamic equilibrium among
copolymer, cyclic oligomer, and residual monomer re-
sulted in the maximum conversion being roughly 80%.
Dilute solution polymerization was used instead of neat
bulk polymerization, or concentrated conditions, simply
due to the limited solubility of POSS macromonomer
(~100 mg/mL). The wt % and mol % of POSS in the
copolymers obtained from 'H NMR agree with the feed
ratio if the overall conversion of cyclooctadiene is
considered. We believe that the backbone sequences of
these copolymers are random, not blocky, on the basis
of the efficient cross-metathesis mechanism between
polymer chains as described previously.2? Although the
POSS-norbornene has much higher ROMP activity than
cyclooctadiene, sufficiently long reaction times (24 h)
were chosen to allow significant interchain cross-me-
tathesis to occur to ultimately afford random copoly-
mers. The evidence for the random microstructures
comes from 'H NMR studies of the final copolymers; the
copolymer with 53 wt % POSS in C2D2Cl4 at 100 °C does
not show any characteristic olefinic peaks from ho-
mopolymer of POSS-norbornene (Figure 4). Therefore,
no significant amount of POSS-norbornene block seg-
ments is present in the copolymers.

DSC. The DSC data of PBD-POSS were collected and
are shown in Figure 5. The lowest trace is a polybuta-
diene control. Each successive trace moving upward in
the graph is increasing POSS wt %. Two clear transi-
tions can be observed on all the curves in this graph. A
glass transition temperature is shown around —95 °C,
corresponding to Ty of 1,4-polybutadiene. A slight
increase of T, is observed in all of the PBD—POSS
samples. The second peak around —10 °C comes from
the melting transition of ¢{rans-1,4-polybutadiene. Be-

5.7

5.6

ppm

Figure 4. Olefinic region 'H NMR spectra of poly(butadiene-
POSS-53 wt %) copolymer (entry 6, Table 1, solid line) and
poly(POSS-norbornene) (dashed line) at 100 °C in CsDoCls.

<
g L
et '3
©
o
T .
F —onenene PBD-POSS-4
Sl PBD-POSS-3
o PBD-POSS-2
il CEEEE PBD-POSS-1
7 [ n PBID 1 " 1 " 1
"A150 -100 .50 0 50 100

Temperature (°C)
Figure 5. DSC traces of PBD and PBD—POSS copolymers.

cause of the lack of 1,2-units and relatively high trans
content in PBD, a regular packing and crystallization
of the chains becomes possible. With increasing POSS
content in copolymers, the melting temperatures de-
crease from 5 to —20 °C from PBD-POSS-1 to PBD-
POSS-5. This observation can be explained by the
existence of POSS units in the copolymers, which
disrupt the crystallization of PBD. A similar behavior
was observed in PE— and PP—POSS copolymers, though
at a much higher temperature range.3? No significant
transition is noticed from room temperature up to 400
°C, where the copolymers begin to degrade.

WAXD. Wide-angle X-ray diffraction, which provides
information about crystalline structure, was used to
examine these PBD—POSS samples for POSS aggrega-
tion and precise information on the crystalline lattice.
Shown in Figure 6 are the diffraction profiles of PBD—
POSS-1 to PBD—POSS-5. For comparison, traces of
PBD and POSS are also drawn, respectively. The pure
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Figure 6. WAXD of PBD—POSS. The sharp diffraction peaks
at 8.3° (10.6 A) and 11.1° (7.96 A) indicate crystalline aggrega-
tion of POSS nanoparticles in PBD—POSS random copolymers.

PBD shows a broad peak at 26’s of 19.5° (4.55 A),
corresponding to an amorphous halo. The pure POSS
shows strong reflections at 20’s of 8.2° (10.8 A) 11.0°
(8.03 A), 12.1° (7.31 A), and 19.0° (4.66 A). These
reflections are associated with the hexagonal crystalline
structure of POSS from 101, 110, 012, and 300/113/330
diffraction planes with a hexagonal unlt cell of a = 16.06
A and ¢ = 17.14 A 40 It is clear that the copolymers show
features that are characteristic of the structures of the
two separate components. For PBD—POSS-1, the sample
with the lowest POSS content in this series, the WAXD
is dominated by the PBD amorphous halo. However, an
additional peak at 8.3° (10.6 A) also appears. The next
sample PBD—POSS-2 exhibits a third peak at 11.1°
(7.96 A). These peaks clearly correspond to the POSS
reflections. As the POSS content increases, the reflec-
tions from the POSS component increase in intensity
compared with the halo from PBD. At the highest POSS
content, 53 wt % (10.8 mol %), the sample shows only a
weak PBD amorphous halo and strong 101, 110 diffrac-
tions from POSS, leading to the conclusion that more
and more POSS particles aggregate together to form a
crystalline raftlike structure with increasing POSS
concentration. The strong diffraction from POSS 300/
113/330 diffraction planes observed at 19° is a broad
peak overlapping with the halo from PBD due to close
peak positions. In contrast to the sharp diffraction in
POSS, the broadening at 19° is attributed to the
anisotropic shape of the crystals.?® In a constrained
crystal lattice, the diffraction planes associated with the
two long dimensions (length and width in a lamellar
structure) show sharp diffraction, while diffractions
associated with the one short dimension (thickness)
show the broadest peaks.

TEM. Although the WAXD data indicate anisotropic
crystalline aggregation of POSS nanoparticles in PBD—
POSS random copolymers, this does not unambiguously
prove the nanoscale morphology formed by POSS par-
ticles. As a result, transmission electron microscopy
studies were carried out. The contrast in a TEM
micrograph originates from diffraction and mass thick-
ness contrast between dissimilar domains. POSS, due
to its silicon content, has higher mass contrast than
PBD chains which are comprised solely of carbon and
hydrogen. In addition, the crystalline POSS domains as
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observed by WAXD diffract electrons more effectively
than amorphous PBD. Both of these effects render
POSS darker in TEM imaging without the need to resort
to a staining agent. Shown in Figure 7 are two natural
contrast TEM micrographs of PBD—POSS random
copolymers with 12 and 43 wt % POSS incorporation.
In Figure 7A, POSS aggregates are directly observed
as short randomly oriented lamellae with the lateral
dimensions of approximately 50 nm. The thickness of
the lamellae is found to be approximately 3—5 nm and
corresponds to roughly twice the diameter of a POSS
nanoparticle. The morphology observed here is compa-
rable to that of fully exfoliated nylon-6/clay nanocom-
posites.*3 A notable feature of this sample is that this
particular morphology was formed within 1 min, the
time required for solvent evaporation. Increasing the
incorporation ratio of POSS to 43 wt % results in
continuous lamellae with lateral lengths on the order
of microns (Figure 7C). The irregular lamellar spacing
observed in the image is possibly a combination of both
POSS lamella twisting and the random nature of the
copolymers. The morphology bears similarity to the
lamellar morphology formed by precise diblock copoly-
mers. Interestingly, our experimental morphological
results agree well with the computational result from
Glotzer et al. on oligomeric tethered nanoparticles.*
They predicted a similar nanostructure formation (Fig-
ure 3a,b in ref 44) using a system of oligomers tethered
to specific locations on nanoparticles. The difference is
that the simulation was carried out in a solvent, and
the nanostructure was based on thermodynamically
driven immiscibility of tethers and nanoparticles. The
favorable particle—particle interaction to form the crys-
talline packing of POSS was not considered.

SAXS. The lamellar morphology formed via controlled
self-assembly of POSS particles is further supported by
the data of small-angle X-ray scattering (Figure 8),
where broad maxima are observed. The peak positions
correspond to the spacing d between lamellae. The value
can be simply calculated using the equation d = 2x/q,
where ¢ = 4s/1 sin(6/2) is the scattering vector. For
example, the average distance between POSS layers is
~12 nm in the PBD—POSS-4 sample. The lack of higher
order reflections is a result of the random nature of the
copolymers. The shift of broad maxima indicates that
the spacing changes on the basis of the POSS concen-
trations. In a higher POSS concentration sample, such
as PBD—POSS-5, the interlamellar distance is much
smaller due to the relatively low PBD content between
layers.

Conclusions

A series of random copolymers of PBD and POSS
bearing a polymerizable norbornene group were de-
signed and successfully synthesized using ROMP copo-
lymerization. The POSS loading in copolymers varies
from O to 53 wt %, and molecular weights are in the
range 67—88 kg/mol. The morphology of the copolymers
has been characterized by WAXD, TEM, and SAXS. The
results from WAXD show that the PBD—POSS copoly-
mers have diffraction features of both POSS and PBD.
In all the copolymers, POSS maintains the same crys-
talline structures or hexagonal packing with 20’s of 8.3°
(10.6 A) and 11.1° (7.96 A) associated with (101) and
(110) diffraction planes. TEM results indicate that the
copolymers assemble into small, randomly oriented
lamellae with lateral dimensions of approximately 50
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Figure 7. (A) TEM of PBD—POSS-1. The copolymers of low POSS concentration aggregate into short randomly oriented lamellae
with lateral dimensions of approximately 50 nm. (B) Schematic drawing of PBD—POSS assembly at low POSS concentration. (C)
TEM of PBD—POSS-4. The copolymers of high POSS concentration form continuous lamellar morphology with lateral length on
the order of microns. (D) Schematic drawing of PBD—POSS assembly at high POSS concentration.

nm and thickness of 3—5 nm at low POSS concentration.
These nanostructures extend to longer, continuous
lamellar morphology with increasing POSS concentra-
tion. The spacing between lamellae can be changed by
the relative ratio between POSS and PBD as shown by
SAXS. The periodical spacing varies from 16 nm with
23 wt % POSS to 9.5 nm with 53 wt % POSS. All of
these results clearly show the formation of self-as-
sembled layered nanostructure of POSS aggregates.
This design, based on associative interaction between
POSS and limited crystal growth imposed by covalent
attachment to a polymer backbone, may open the door
to the design of ordered polymer materials at nanometer
length scales that are well beyond the length scales of
the primary sequences.

A second aspect of note is the design strategy. It is
important to point out the difference between PBD—
POSS nanocomposites and polymer clay nanocomposites
in terms of their overall preparation, despite the similar
morphologies observed under certain conditions. Poly-
mer clay nanocomposites are one of the first successful
demonstrations to emerge from the rapidly expanding
field of nanoscale science.434546 They have shown sub-
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Figure 8. SAXS of PBD—POSS. The lamellar morphology
formed via self-assembly of POSS particles is further sup-
ported by the data of small-angle X-ray scattering. The peak
positions correspond to the spacing between lamellae.
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stantial improvements in tensile strength and heat
distortion temperature achieved at relatively low load-
ings of inorganic layered clays within a host polymer
matrix. The attempt to disperse clay layers in a polymer
matrix always encounters the problem of unfavorable
interactions between the hydrophilic surface of clays
and hydrophobic polymers. This results in an incomplete
dispersal or limited exfoliation of clays. As a result, true
polymer clay nanocomposites are successful only in a
limited set of selected systems despite the fact that
numerous attempts have been extended to incorporate
clay filler in a broad range of polymeric materials.
Generally speaking, the approach to obtain polymer clay
nanocomposites involves a top-down strategy with a goal
of separating macroscopic mineral clays into nanometer-
sized individual layers. In contrast, the approach pur-
sued in this work to build inorganic layered nanostruc-
ture using suitable self-assembly building blocks is a
bottom-up approach. By switching the synthetic ap-
proach from top-down to bottom-up, the unfavorable
interactions between the organic and inorganic compo-
nents have been changed into a favorable factor. This
approach can easily lead to a “homogeneous” organic—
inorganic composite with nanometer thick inorganic
layered filler uniformly distributed throughout the
polymer matrix. Several of the novel properties docu-
mented in polymer/clay systems associated with the
anisotropic shape of inorganic fillers are expected to be
observed in assembled POSS systems.

The controlled aggregation of POSS spheres from
single spherical particle to the ordered lamellar struc-
tures will offer a new opportunity for further under-
standing and better design of composite materials. Last,
but not least, this controlled self-assembly process is
also noteworthy considering the random nature of the
copolymers and broad molecular weight distribution
(polydispersity index ~ 2). Other assembly methods,
specifically surfactant and block copolymer approaches,
require the use of well-defined molecules or polymers
with low polydispersities. This work demonstrates that
it is possible to obtain ordered nanostructure from a
random copolymer system.
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