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ABSTRACT

Polyhedral oligomeric silsesquioxane (POSS)/polystyrene nanocomposites with two different POSS
molecules, octaisobutyl POSS (Oib-POSS) and trisilanolphenyl POSS (Tsp-POSS), were prepared via
solution blending in toluene. Solution dynamics analysis indicates random coil conformation of neat PS
and POSS/PS blends. Morphology analysis (AFM/TEM) revealed differences in the preferential dispersion
states of Tsp- and Oib-POSS molecules. Tsp-POSS, with its greater predicted solubility in PS, exhibited
nanoscale dispersion throughout the bulk leading to transparent films. In contrast, Oib-POSS, with its
reduced predicted solubility in PS, exhibited preferential surface segregation, aggregation of POSS
particles and hazy films. Estimated fractional surface coverage for the materials, based on surface energy
measurements, indicated 15% coverage by Tsp-POSS and 78% for Oib-POSS. Solid-state NMR relaxation
studies suggest aggregation of Oib-POSS molecules. Additional NMR studies, including silicon CP/MAS,
2D HETCOR, and WISE, indicate close spatial proximity and interaction of Tsp-POSS molecules with PS

chains, contrasting with poor interaction and immiscibility of Oib-POSS with PS.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

A major challenge in the development of high performance
polymeric nanocomposites is the control of nanoparticle dispersion.
Polyhedral oligomeric silsesquioxane (POSS) nanostructured chem-
icals, with their hybrid organic-inorganic nature and flexible func-
tionalization with a variety of organic substituents, yield possibilities
to control dispersion and tune compatibility in a wide range of
polymer systems [1,2]. POSS molecules are cage-like structures
described by the general chemical structure R(SiO15),, where n =8,
10 or 12. This cage is surrounded by a corona of organic groups and it
may be a fully condensed “closed” or an “open” structure. Depend-
ing on the nature of the substituents, the size of POSS nanoparticles
ranges from 1 to 3 nm [3]. POSS molecules can be incorporated into
a polymer matrix by co-polymerization or physical blending routes.
The majority of the studies reported to date have focused on the
synthesis of POSS copolymers [4-11]. Limited studies have appeared
on the dispersion and bulk thermomechanical characteristics of
physically blended POSS/polymer films prepared via melt [12-14]
and solution [15,16] blending. Although bulk solution characteristics
such as viscosity [17] have been reported recently, detailed under-
standing of chain dynamics and conformations in POSS/polymer
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nanocomposite solutions and films, critical for predicting segrega-
tion and dispersion behavior, is not currently available.

Surface segregation is defined as the preferential enrichment of
one component of a multi-component system at the air-surface
interface. The concept of self-stratification was introduced in 1976
by Funke et al. [18] and is well documented for polymer blends
[19,20], block copolymers [21,22] and polymer solutions [23].
Surface segregation in POSS/polymer blends has been reported
from our laboratories and by other researchers [24-29]. We
demonstrated that surface segregation of selected POSS nano-
particles leads to improved surface hydrophobicity and tribo-
mechanical characteristics of melt blended POSS/polymer
nanocomposites [24,25]. Takahara and coworkers [26] reported
a strong influence of POSS nanofillers on the surface dewetting
characteristics of POSS-filled thin polystyrene films. Similarly, Esker
and coworkers [27,28] studied the phase separation behavior and
morphological evolution in dewetting thin films of POSS/poly(tert-
butyl acrylate) blends as a function of annealing temperature and
time. Fukuda et al. [29] reported a higher concentration of POSS on
the film surface for PMMA/POSS blends, resulting in increased
hydrophobicity. In other nanocomposite studies, Gupta et al. [30]
reported the entropy driven segregation of surface modified
cadmium selenide/zinc sulfide core-shell nanoparticles in multi-
layer composite structures. Similarly, Mackey and coworkers
[31,32] investigated the self-assembly and miscibility behavior of
cross-linked polystyrene nanoparticles and dendritic polyethylene
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blended with high molecular weight polystyrene. The ratio of the
radius of gyration (Rg) of polymer chains to nanoparticle radius was
found to be an important factor in determining compatibility,
diffusion, and the segregation process.

Solid-state nuclear magnetic resonance (NMR) spectroscopy has
emerged as a valuable tool to probe the molecular miscibility,
interactions and chain dynamics in multi-component hybrid
polymer systems [33-35]. Recently, Strachota et al. [36] utilized
solid-state NMR to study the domain selective relaxation behavior
in a variety of POSS reinforced epoxy networks and reported
marked motional heterogeneities.

The current study is an attempt to understand the ability to
control and tailor the dispersion states of POSS in polymeric films
prepared from solution. The effects of POSS structure, molecular
miscibility, and chain dynamics on the dispersion and segregation
behavior of POSS nanoparticles in solution blended POSS/poly-
styrene (PS) nanocomposites are examined. Two POSS molecules,
a closed cage octaisobutyl POSS (Oib-POSS) and an open cage tri-
silanolphenyl POSS (Tsp-POSS), with differing solubility parameters
in relation to that of PS, were chosen for evaluation. Solution
dynamics were probed via static and dynamic light scattering.
Molecular miscibility, chain dynamics and dispersion properties in
films were investigated utilizing multiple solid-state NMR tech-
niques, including '3C CP/MAS, 2D 'H-'3C and 'H-?%Si HETCOR, and
wide-line separation (WISE) spectroscopy, as well as AFM, TEM and
contact angle studies.

2. Experimental
2.1. Materials

Polystyrene (M, 280,000 Da) and HPLC grade toluene were
purchased from Sigma-Aldrich Company (St. Louis, MO). A closed
cage octaisobutyl POSS (MS0825) (0ib-POSS) and an open cage
trisilanolphenyl POSS (SO1458) (Tsp-POSS) were provided by
Hybrid Plastics Inc. (Hattiesburg, MS) as crystalline white powders.
All materials were used as received unless otherwise specified. The
chemical structures of Oib-POSS and Tsp-POSS are shown in
Fig. 1(A) and (B) respectively. Supplier analysis confirms that these
are pure cages with no oligomers present.

2.2. Composite preparation

POSS/PS hybrid polymer composites (HPCs) were prepared at
concentrations of 0, 5, and 10 wt.% of POSS in PS. Both POSS and PS
were solution blended in toluene by stirring blend solutions
(concentration 10 wt.%) for 12 h. Films were prepared using a draw-
down bar on a clean glass slide. The films were dried at room
temperature for 2 days followed by additional drying under
vacuum at 110 °C (above the glass transition temperature of PS) for
another 12 h to remove any residual solvent.

2.3. Refractive index measurements

Refractive index of neat PS and HPC solutions was measured
using a Bausch & Lomb Abbe-3L refractometer. The prism surface
was covered uniformly by placing 2-3 drops of sample using a glass
pipette. To avoid scratching of the prism surface, the tip of glass
pipette should not touch the prism while placing the sample.
Refractive index was measured by placing a crisp demarcation line
between the dark and the bright region at the center of the cross-
hair. In addition, the prism surface was gently cleaned using
ethanol and a soft tissue paper after each measurement.
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Fig. 1. Molecular structure of (A) Octaisobutyl POSS (B) Trisilanolphenyl POSS.

2.4. Multiangle laser-light scattering (MALLS)

Multiangle laser-light scattering experiments were performed
using a DAWN-DSP (Wyatt Technology Corp., Santa Barbara, CA) in
batch mode at 27°C. Vertically polarized He-Ne laser light
(A=690 nm) was utilized as an incident beam. Scintillation vials
were cleaned thoroughly with filtered DI water and dried before
use. POSS/PS blend solutions with concentrations ranging from 1 to
5 mg/ml were prepared using filtered HPLC grade toluene (Sigma-
Aldrich). Blend solutions were filtered using 0.45 um PTEFE filters.
The refractive index increment (dn/dc) for each blend solution was
measured using a Bausch & Lomb Abbe-3L refractometer. Baseline
was established with filtered toluene. Detectors were normalized
using a polystyrene standard (M, =44,000 gm/mol) solution.
Samples were analyzed in batch mode for 5 min. Radius of gyration
(Rg), molecular weight (M,y), and second virial coefficient (A;) were
obtained by analyzing Zimm plots using ASTRA for Windows soft-
ware (version 4.90.07).
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Fig. 2. Schematic representation of T;,(H) relaxation experiment pulse sequence.
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Fig. 3. Schematic representation of T;,(C) relaxation experiment pulse sequence.

2.5. Dynamic light scattering (DLS)

Dynamic light scattering studies were conducted to evaluate the
aggregation behavior of POSS nanoparticles in blend solutions by
measuring hydrodynamic radius (R,). DLS measurements were
performed using a Malvern Zetasizer Nanoseries (Worcestershire,
UK) with a 4 mW He-Ne laser operating at A1=632.8 nm, an
avalanche photodiode detector with high quantum efficiency, and
an ALV/LSE-5003 multiple tau digital correlator electronics system.

2.6. Atomic force microscopy (AFM) surface morphology

Surface morphology studies were conducted on a MultiMode™
scanning probe microscope from Veeco Instruments, Inc. (Santa
Barbara, CA). A silicon probe with a 125 um long silicon cantilever,
nominal force constant of 40 N/m, and resonance frequency of
275 kHz was used for tapping mode surface topography studies.
Surface topographies of film samples were studied on 1 um x 1 um
scan size areas at an image resolution of 512 x 512 pixels and a scan
rate of 1 Hz. Multiple areas were imaged and figures show repre-
sentative morphology.

2.7. Transmission electron microscopy - energy dispersive X-ray
(TEM-EDAX) bulk morphology

An ultra-high-resolution transmission electron microscope
(JOEL-2100, Joel Ltd., Tokyo, Japan), at an accelerating voltage of
200 kV, was utilized to investigate the dispersion of POSS as well as
the resulting microstructure of POSS/PS HPCs. TEM samples were
prepared by putting a drop of diluted HPC solution on a 600 mesh
copper grid and allowing the solvent to evaporate. Elemental
analysis of these samples was acquired using energy dispersive
X-ray in conjunction with TEM using EDAX Genesis software.

2.8. Wide angle X-ray diffraction (WAXD)

X-ray diffraction studies of POSS/PS HPCs were conducted on
the film samples, and neat POSS samples were tested in powder

form. Diffraction patterns were obtained using a Rigaku D/MAX-
Ultima-III Diffractometer in transmission mode at room tempera-
ture using Cu Ko radiation at a tube current of 44 mA and an
acceleration voltage of 40 kV. Scan range was 3°-35° at a step
interval of 0.01° and a scanning rate of 2°/min.

2.9. Surface energy measurements

Surface energy of neat POSS powders was measured according
to the Washburn method [37] utilizing two probe liquids - benzyl
alcohol and diiodomethane (CH;I,). The packed cell method was
used on a Kruss K100 Tensiometer. The cell, a standard Kruss FL12
cell, was packed with 0.50 gm of powder for each experiment.
Hexane was used as the perfect wetting liquid for the material
constant experiments. Additionally, the surface energy of HPC film
surfaces was calculated utilizing the Fowkes [38] and Owens-
Wendt method [39] by measuring the contact angles with deion-
ized water and glycerol. Static contact angles were measured using
the sessile drop technique by a Ramé-Hart goniometer coupled
with DROPimage® data analysis software.

2.10. Solid-state 3C cross-polarization/magic angle spinning NMR
spectroscopy

Solid-state NMR spectra were obtained utilizing a Varian UNITY
INOVA 400 NMR spectrometer (Varian Inc., Palo Alto, CA) equipped
with a standard Chemagnetics 7.5 mm PENCIL™ style probe.
Samples were placed into zirconia rotor sleeves, sealed with
Teflon™ caps, and spun at a rate of 4.0 kHz. Carbon spectra were
obtained using the standard cross-polarization/magic angle spin-
ning (CP/MAS) technique. High-power proton decoupling was
applied during data acquisition to remove 'H-'3C dipolar coupling
and yield high-resolution spectra [40]. Additionally, Total
Suppression of Spinning Side bands (TOSS) technique was imple-
mented to remove spinning side bands [41]. The 'H 90° pulse width
was 4.0 ps, and the cross-polarization contact time was 1 ms. The
dead time delay was 6.4 ps between cross-polarization and proton
dipolar coupling. The data acquisition time was 45 ms, with
a recycle delay of 7.5 s between scans.

Proton rotating-frame spin-lattice relaxation (Ty,) experiments
were performed using a Chemagnetics 4.0 mm or 7.5 mm probes.
Spectra were acquired by applying a 'H RF spin-locking field prior
to cross-polarization. Fig. 2 shows the Ty, (H) pulse sequence; For
the 4.0 mm probe the 'H 90° pulse width was 3.5 pis, the cross-
polarization contact time was 500 us, and the dead time delay
was 6.4 ps. The data acquisition period was 30 ms, with a 'H
decoupling field of 71.4kHz applied to remove 'H-'3C dipolar
coupling. The spin rate was 6 kHz, and the recycle delay between
scans was 7 s. Spectra acquired using the 7.5 mm probe used a 'H
90° pulse width of 5.5us, a cross-polarization contact time of
500 ps, and a dead time delay of 6.4 ps, a data acquisition period
of 30 ms, a spinning rate of 4kHz, and a 'H decoupling field of
67.6 kHz. The strength of the spin-locking field was approximately
the same for both probes (~70 kHz). Carbon rotating-frame spin-
lattice relaxation (Tq, (C)) experiments (Fig. 3) were performed
using the 7.5 mm CP/MAS probe. Spectra were obtained by

Table 1 Table 2

Theoretical solubility parameter values for PS, Oib-POSS, and Tsp-POSS. Refractive index of PS and POSS/PS HPC solutions.

Sample p(gm/cm®) M, (gm/mol)  3G; (kcalcm?/mol)"/> 6 (cal/cm?)!/? Sample RI

PS 1.00 104 0.90 9.2 PS 1.5083
0ib-POSS  0.92 872 743 7.8 Tsp-POSS/PS 1.5054
Tsp-POSS 1.16 930 7.93 9.8 0ib-POSS/PS 1.5041
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Table 3

Dynamic and static light scattering data for PS and POSS/PS solutions (£ values
indicate one standard deviation).

Sample Ry, (nm) Ry (nm) x=(Rg/Rn) Myxe™ Ayxe™
(gm/mol)  (mol ml/gm?)
PS 19.8 £ 1.1 270+2.0 136+0.2 2.8+0.1 51+0.2
Tsp-POSS/PS 168+ 15 235+6.5 139411 29+0.2 5.8+0.5
0Oib-POSS/PS  22.5+21 33.0+75 147 +2.2 29405 8.2+0.7

applying a '3C RF spin-locking field immediately after the cross-
polarization pulse. The length of spin-locking pulse was varied
from 0.25 to 10 ms, and RF-fields of 42.8, 45.5, 50, 55.6, and
63.6 kHz were used.

2.11. Solid-state 2°Si NMR spectroscopy

Solid-state 2?Si NMR spectra were obtained using a 7.5 mm
Chemagnetics standard CP/MAS probe. The standard CP/MAS
technique with high-power proton decoupling applied during data
acquisition was used [40]. For 2°Si spectra, the 'H 90° pulse width
was 4.0 ps, the cross-polarization contact time was 5 ms, and the
dead time delay was 6.4 us. The data acquisition time was 45 ms,
with a recycle delay of 4.5 s utilized between consecutive scans.
Approximately 1500 scans were accumulated per spectrum. For
each spectrum, the free induction decay (FID) was zero-filled to 32k
points and a Gaussian filter was applied prior to Fourier
transformation.

Fig. 4. AFM height (left) and phase (right) images of (A) Neat PS (B) Tsp-POSS/PS (C) Oib-POSS/PS HPCs.
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Table 4

AFM particle size analysis of POSS/PS HPCs.

Dimension Mean Minimum Maximum Sigma
Tsp-POSS/PS

Diameter (nm) 5.7 2.2 389 5.1
Length (nm) 12.4 2.8 87.9 14.8
0ib-POSS/PS

Diameter (nm) 48.9 11.0 436 67.8
Length (nm) 81.8 13.8 851 128
Table 5

AFM surface roughness of PS and POSS/PS HPCs.

Sample RMS roughness (nm) Mean roughness (nm)  Max. height (nm)
PS 0.17 0.13 1.8
Tsp-POSS/PS  0.19 0.16 23
0ib-POSS/PS ~ 4.64 3.88 24.5

2.12. Solid-state "TH-3C and "H-°Si HETCOR 2D NMR spectroscopy

Solid-state "H-'3C HETCOR spectra were obtained using sample
spinning rate of 3.0 kHz. Homonuclear proton decoupling during t;
evolution was achieved via frequency-switched Lee-Goldburg
(FSLG) method [42]. The number of scans accumulated for each t;

A

215

157

1.3 1

Counts

211

1.7

1.3

Counts

091

04

0.0 -

0.25 0.75 1.25 1.75 225 275

point was 192 with t; phase cycling achieved using the time
proportional phase incrementation (TPPI) method. Selective 'H-13C
and t, acquisition times were 500 pus and 20 ms, respectively. In
addition, the TOSS pulse sequence was utilized to suppress the side
bands in the F, dimension [41]. 'H-?°Si HETCOR spectra were
obtained using a spin rate of 2.5 kHz with a cross-polarization and
tp acquisition time of 1 ms and 20 ms, respectively. The number of
scans accumulated for each t; point using TPPI phase cycling was
128 with a 4.5 s recycle delay between them. Both dimensions were
zero-filled to 2k points and a forward linear prediction was applied
to t; prior to 2D Fourier transformation. For the TH dimension the
scale factor was adjusted such that the shift difference between the
aliphatic and aromatic protons was ~6 ppm. Data processing was
performed using Varian 6.1C software.

2.13. Wide-line separation (WISE) NMR spectroscopy

Solid-state wide-line separation (WISE) NMR spectroscopy was
performed using a standard Chemagnetics 7.5 mm PENCIL™ style
probe and sample spinning rate of 3.0 kHz [43,44]. Side bands due
to the aromatic ring carbons were suppressed using TOSS. The 'H
90° pulse width was 4.0 us, the cross-polarization contact time was
500 ps, and the dead time delay was 6.4 us. The data acquisition
time was 45 ms, with a recycle delay of 4 s utilized between the
scans. Sweep widths in 'H and '3C spectra were 1250 and 301 ppm,
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Fig. 5. TEM micrographs and corresponding EDAX elemental analysis of (A) Tsp-POSS/PS (B) Oib-POSS/PS HPCs.
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Fig. 6. Wide angle X-ray diffractograms of POSS/PS HPCs.
Table 6

Surface energy of neat PS, POSS, and POSS/PS HPCs.

Sample Surface energy (mN/m)
Neat PS 34.0
Neat Oib-POSS 213
Neat Tsp-POSS 23.7
Tsp-POSS/PS 35.0
0ib-POSS/PS 240

respectively. The number of t; increments was 128 with 128 scans
per increment. TPPI phase cycling was used to obtain phase-
sensitive data, with an additional 192 points added to the F;
dimension via linear prediction. Both dimensions were zero-filled
to 2048 points with Lorentzian and Gaussian apodization applied to
ty and t, prior to Fourier transformation.

3. Results and discussion

To understand and predict the compatibility and dispersion
characteristics of POSS molecules in a PS matrix, theoretical solu-
bility parameters (6) were estimated via Hoy's method [45,46].
Materials with similar solubility parameters exhibit greater
compatibility and better dispersion characteristics than those with
widely differing solubility parameters. In recent studies of POSS/
nylon [25] and POSS/polysiloxane [47] melt blends, good agree-
ment between the theoretical solubility parameters and observed
microscopic dispersion of POSS particles was reported. Solubility
parameters and group molar-attraction constants (2G;) values for
the materials used in this study are shown in Table 1. As expected
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Fig. 7. '>C CP/MAS spectra of Tsp-POSS (A) before and (B) after TOSS sequence.
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Fig. 8. 13C CP/MAS spectra of (A) neat Tsp-POSS (B) neat PS (C) Tsp-POSS/PS HPC.

based on the chemical structures, calculated solubility parameter
for Tsp-POSS is closer to that of PS (difference in solubility
parameter Adrsp-poss/ps = 0.6 (cal/cm3)1/2), than ¢ for Oib-POSS
(Adoib-poss/ps = 1.4 (cal/cm®)!/?). Thus better compatibility and
dispersion characteristics are expected for Tsp-POSS in PS.

Refractive index values of neat PS and POSS/PS HPC solutions are
shown in Table 2. At 10 wt.% POSS concentration, all solutions
exhibit optical transparency with virtually no change in the
refractive index, indicating the solubility of POSS molecules and PS
chains at the concentrations evaluated. Films formed from Tsp-
POSS/PS solutions were transparent, but the Oib-POSS/PS films
were hazy, attributed to aggregation and segregation of the Oib-
POSS molecules.

Multiangle laser-light scattering and dynamic light scattering
studies were performed to study PS/POSS interactions in solution.
Table 3 shows the hydrodynamic radius (Rp), radius of gyration (Rg),
average molecular weight (M), and second virial coefficient (A;)
for neat polymer and POSS blends in toluene. The A; value and Rg/
Ry ratio determined for PS agree with literature reports for PS in
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Fig. 9. 29Si spectra of (A) Tsp-POSS (B) Tsp-POSS/PS samples.
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toluene [48] and the measured molecular weight matches the
supplier reported value. In general, measured values for the PS-
POSS blends show greater variability than the PS homopolymer
parameters, indicating that there may be associations of varying
sizes in the POSS/PS solutions. These aggregates act as an inde-
pendent scattering source and influence intra- and inter-particle
interference of light waves, contributing to higher variability. In
addition to aggregation, factors including solution concentration,
nature of solvent, mixed solvent systems, and aggregate distribu-
tion have also been reported to contribute to variability in light

Aromatic Protons
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scattering experiments [49-51]. In our studies, average values
determined for Ay, Ry and R are higher for Oib-POSS/PS blends than
those measured for neat PS, indicating more expanded PS chains in
the presence of Oib-POSS. The Tsp-POSS/PS blends, on the other
hand, exhibit values within one standard deviation of those
measured for neat PS. These differences can be explained by the
difference in solubility parameters. Tsp-POSS is predicted to show
greater interaction with the PS chain, and thus a smaller radius is
expected. Oib-POSS, on the other hand, owing to its larger differ-
ence in solubility parameter and structural incompatibility with PS
acts as a defect in the PS chain conformation. This increases the
mass weighted average distance from the center of mass and
results in a higher radius value. Calculated Rg/Ry, ratios indicate that
all three solutions exhibit random coil conformation in toluene
solution, as they fall in the range of values generally considered to
represent random coils (Rg/Ry of 1.27-2.05) [52,53].

Tapping mode AFM height and phase images of the samples are
shown in Fig. 4 (A)—(C). Neat PS exhibits a smooth featureless surface
(root mean square roughness, RMS, of 0.17 nm), while the POSS
samples show raised features attributed to POSS aggregates and
crystallites. Oib-POSS/PS samples exhibit relatively large raised and
elongated surface features (avg. diameter ~50nm) with broad
particle size distribution, while Tsp-POSS/PS samples exhibit surface
features an order of magnitude smaller in size (avg. diameter
~5 nm) with narrow size distribution (Table 4). Oib-POSS samples
exhibit significantly higher roughness values (RMS rough-
ness =4.6 nm), while Tsp-POSS blends yield roughness values
similar to those of the neat PS surface (RMS roughness = 0.19 nm)
(Table 5). Surface morphology analysis indicates preferential segre-
gation of Oib-POSS aggregates to the surface, which is further
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indicated by surface energy and bulk morphology analyses discussed
in later sections. Differences in the dispersion and migration
behavior are linked to the structural differences in the two types of
POSS. The greater solubility of Tsp-POSS in PS, due to its phenyl
substituents, allows greater POSS-PS intermolecular attractions and
results in smaller and more uniform POSS domains. In Oib-POSS
samples, on the other hand, POSS-PS interactions are weaker while
POSS-POSS interactions are stronger, resulting in larger POSS
aggregates.

TEM micrographs and corresponding EDAX elemental analysis
of Tsp-POSS and Oib-POSS/PS blends are shown in Fig. 5(A) and (B),
respectively. In the Tsp-POSS sample, small aggregates (5-10 nm)
are observed distributed evenly through the bulk. The Oib-POSS
sample shows large (>100 nm), widely dispersed aggregates. This
behavior is consistent with the theoretical solubility predictions,
and the enhanced Tsp-POSS dispersion is attributed to its higher
compatibility with PS. EDAX elemental analysis of the aggregates
indicates that they are POSS with the appearance of the signature
peak of silicon at 1.75 KeV. The TEM studies also indicate that Oib-
POSS preferentially migrates to the surface, while Tsp-POSS
remains dispersed throughout the bulk.

WAXD diffraction studies were conducted to explore the crys-
talline structures of POSS in the PS matrix. X-ray diffractograms of
POSS/PS HPCs and comparative diffractograms of neat PS, Oib-POSS
and Tsp-POSS are shown in Fig. 6. Neat Oib-POSS exhibits charac-
teristic crystalline peaks at 26 = 8.0°, 8.9°, and 10.9°, whereas Tsp-
POSS exhibits characteristic crystalline peaks at 26 = 7.2° and 8.7°.
The presence of sharp peaks in the WAXD patterns of neat POSS
samples indicates their highly crystalline nature. Neat PS exhibits
two diffuse amorphous halos at 26 =9.1° and 19.2°. The WAXD
spectrum of the Oib-POSS/PS composite shows crystalline peaks

corresponding to neat Oib-POSS and the amorphous halo of PS. The
Tsp-POSS/PS HPC spectrum, on the other hand, appears very similar
to that of neat PS, with no evident Tsp-POSS crystalline peaks.
While the Oib-POSS aggregates maintain their highly crystalline
structure when blended in the PS matrix, the nano-dispersed Tsp-
POSS molecules show no apparent crystallinity.

Surface segregation of additives is often attributed to the drive
to minimize overall surface energy. Surface energy measurements
provide further indication of Oib-POSS surface segregation. Table 6
shows the surface energy of neat PS, POSS, and POSS/PS HPCs. Oib-
POSS/PS films exhibit a surface energy value of 24 mN/m, similar to
that of neat Oib-POSS, indicating significant surface segregation.
Tsp-POSS/PS films, on the other hand, yield surface energy
measurement of 35 mN/m, similar to that of neat PS (34 mN/m),
indicating minimal surface segregation.

Assuming the surface energy of the composite is proportional to
the fractional surface coverage of POSS (fposs), equation (1) can be
used to estimate fposs. [54]

fross = (Ycomposite — Yps)/(Yposs — Yps) (1)

For Oib-POSS/PS composites, fposs is estimated at 78%, while Tsp-
POSS/PS composites yield an estimate of 15% fposs. (Note that equa-
tion (1) is most appropriately applied to miscible blends. The values
are provided only as a general comparison between the two
systems.)

Thermodynamic driving forces for dispersion and segregation
behavior of the POSS/PS blends can be examined using the Gibbs
free energy of mixing (AGy,) equation (2), written in equation (3)
for mixtures in terms of solubility parameters and volume fraction
of each component.
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Fig. 13. 2°Si{'H} CP/MAS HETCOR 2D contour plot of Tsp-POSS/PS HPC.

AGm = AHp — TASh 2)

AGn =V (5] — 62)2@] b, + RT (nq In ®; +ny In @2) (3)

where V=molar volume, ¢=solubility parameter, ¢ =volume
fraction, n=mole fraction, R=gas constant, and T=absolute
temperature.

Minimization of the positive enthalpy term (AHp,) and minimal
decreases in entropy (ASy,) are necessary to achieve good mixing. If
enthalpic interactions are substantially greater in magnitude than
entropic interactions, the dispersion state is decided primarily by the
difference in the solubility parameters. For Oib-POSS/PS blends, the
relatively large difference in solubility parameters (Adoib-poss/ps =
1.4 (cal/em®)!/?) results in non-favorable enthalpic interactions that
promote surface segregation of the POSS. In the Tsp-POSS case, the
more favorable enthalpic interactions indicated by the similar solu-
bility parameters (Adrsp-poss/ps = 0.6 (cal/cm>)!/2) allow dispersion of
Tsp-POSS throughout the bulk PS matrix.

If entropic forces dominate, the entropic penalty imposed by the
presence of POSS particles on the mobility of the polymer chain
becomes important. The size of POSS aggregates relative to the size
of the polymer chains is critical. Theoretically, if the size of POSS
aggregates is small compared to the radius of gyration (Rg) of the
polymer chains, the entropic penalty for incorporating POSS into
the polymer matrix should be small due to the minimal constraints
placed on the conformation of the chains. In contrast, if the POSS
aggregate size is large relative to Rg, the entropic penalty will be

high due to the retardation of segmental motion of the polymer
chains. In order to offset this high entropic penalty, individual
polymer chains will extend and stretch away from POSS aggregates,
driving surface segregation. Based on combined enthalpic and
entropic considerations, it is therefore expected that in a PS matrix
Tsp-POSS should disperse throughout the bulk, while Oib-POSS
should segregate to the surface. Our TEM, AFM and surface energy
results support this hypothesis.

Molecular miscibility and chain dynamics of the composites
were analyzed through a series of solid-state NMR studies. Carbon
CP/MAS spectra of open cage Tsp-POSS acquired with and without
TOSS sequence are shown in Fig. 7(A) and (B), respectively. Sharp
peaks are observed due to the crystalline nature of modified POSS.
The four different NMR signals correspond to the phenyl carbons at
the para- (a, 132 ppm), meta- (b, 128 ppm), and ortho- (¢, 136 ppm)
positions. The phenyl carbon attached to silicon oxide moiety on
the POSS cage is labeled d (130 ppm). Carbon CP/MAS spectra of all
samples are shown in Fig. 8(A)-(C). The PS spectrum exhibits
resonances corresponding to the backbone methylene carbon
a (39 ppm), the methine carbon b (42 ppm) attached to the phenyl
ring, the quaternary aromatic carbon ¢ (~145ppm) and the
aromatic carbons of phenyl ring at ortho-, meta-, and para-positions
d, e, and f (120-137 ppm), respectively. The POSS/PS HPC spectrum
shows signals corresponding to the aliphatic backbone carbon of
the PS matrix as well as overlapping aromatic carbon peaks due to
the presence of phenyl groups in both Tsp-POSS and PS. The small
shoulders observed in the HPC spectra are probably due to the Tsp-
POSS material. Although the low signal-to-noise ratio prevents any
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Fig. 14. 2°Si{'H} CP/MAS HETCOR 2D contour plot of Oib-POSS/PS HPC.

extensive analysis, the broadness of the resonances suggests the
modified POSS material is not in its original form, which in turn
supports earlier data indicating its dispersion throughout the PS
matrix.

Silicon CP/MAS NMR studies were implemented to obtain addi-
tional structural information regarding the interaction between Tsp-
POSS and the PS matrix. The neat Tsp-POSS spectrum has sharp,
narrow peaks between —64 and —72 ppm and —76 and —82 ppm,
corresponding to T, and Tj sites, respectively (Fig. 9A). Unmodified
closed cage POSS, a Tg structure, has resonances between —65 to
—67 ppm,; thus, the chemical shift values observed for Tsp-POSS, a T,
structure, are consistent [55-57]. However, upon blending Tsp-POSS
with the PS matrix the 2%Si spectra broaden considerably (Fig. 9B).
This is attributed to Tsp-POSS losing its crystalline nature and instead
becoming dispersed on a molecular scale via - interactions. This is
confirmed by comparing the 2°Si spectra of Oib-POSS and its HPC
(Fig. 10(A) and (B)). Both samples show only a single, sharp resonance
at —66 ppm. This indicates that the crystalline nature of Oib-POSS
remains unchanged when blended into the PS matrix, and thus the
POSS is not dispersed at the nanoscopic level. These findings
complement the WAXD results. This hypothesis was further verified
by two dimensional heteronuclear correlation experiments ('H-'3C
and 'H-%°Si 2D HETCOR).

In solid-state 2D heteronuclear correlation NMR experiments
chemical shifts from dipole coupled species are separated into
different frequency dimensions. Recent studies have successfully
utilized this technique in elucidating phase structure and chemical
interactions in polymer blends [58,59]. Figs. 11 and 12 show the 2D

contour plot of the >C{'H} HETCOR spectrum of Tsp-POSS/PS and
0ib-POSS/PS HPCs respectively, with the 'H projection and a sepa-
rately acquired >C CP/MAS spectra plotted along the horizontal and
vertical axis, respectively. The 'H projection shows two broad
proton resonances attributed to aromatic protons (downfield) and
aliphatic protons (upfield). In Tsp-POSS/PS HPCs (Fig. 11) the
aromatic and aliphatic carbons for PS are strongly correlated to
both proton analogs. This is expected, since all the carbon and
proton sites are in close proximity. In addition, however, there is
a small but observable correlation between the downfield shoulder
of the aromatic ring carbon and the aromatic ring proton, due to the
phenyl groups of Tsp-POSS. In addition, the 2D plot for Oib-POSS/PS
HPC (Fig. 12) shows the expected C-H correlations for PS and Oib-
POSS. No crosspeaks are observed between Oib-POSS carbons and
PS protons. This is consistent with the relatively poor compatibility
and dispersion of Oib-POSS in PS.

The 2°Si{'H} CP/MAS HETCOR 2D contour plot for Tsp-POSS/PS
HPC is shown in Fig. 13, with a separate 2°Si CP/MAS spectrum and
the 'H projection shown along the vertical and horizontal axis,
respectively. The contour plot clearly shows the two 2°Si peaks (T
and Ts) correlate only to the aromatic 'H moiety. This supports Tsp-
POSS being in close spatial proximity with nearby PS chains. Similar
spectra were also acquired for Oib-POSS/PS HPCs (Fig. 14). The plot
shows only a correlation between the isobutyl aliphatic protons
(assignment based on the small width of the 'H projection) with
the T3 silicon site. This indicates that Oib-POSS molecules are
located spatially far from PS chains, and is in line with the light
scattering observations discussed earlier.
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Furthermore, solid-state rotating-frame proton spin-lattice
relaxation (Tq, (H)) experiments, which are sensitive to the
molecular motions occurring in the 10-100 kHz range, were per-
formed to gain additional insight about the miscibility and homo-
geneity of POSS/PS HPCs. The numerical values of relaxation time
constant are associated with the number of phases in a mixture,
which in turn provides information about the miscibility and
homogeneity in a multi-component polymer system at the
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Fig. 16. Change in T;,(C) relaxation time of aromatic region of PS, Tsp-POSS/PS, and
0ib-POSS/PS HPCs as a function of spin-locking fields.

nanometer scale. Fig. 15(A) shows the plot of C resonance inten-
sity versus spin-locking time for the protonated aromatic carbon
for Tsp-POSS, neat PS, and the HPC. Within the experimental error,
the Ty, (H) relaxation decay of Tsp-POSS/PS HPCs follows a mono-
exponential trend which mirrors the relaxation decay of neat PS.
This contrasts the relaxation decay behavior of Tsp-POSS, which
exhibits a slower decay rate typical for crystalline solids. This result
indicates that for the Tsp-POSS/PS HPC a homogeneous distribution
of Tsp-POSS exists within the polystyrene matrix. Fig. 15(B) shows
the 'H T1, data for the aliphatic protons of Oib-POSS and Oib-POSS/
PS HPC, as well as the styrene methylene/methine protons of the
Oib-POSS/PS HPC. Here the Oib-POSS sites have nearly identical
relaxation behavior. If the POSS material had been dispersed
throughout the PS matrix at a molecular level, the relaxation
behavior would have mirrored the PS methylene decay. These
observations suggest that Oib-POSS is not distributed homoge-
neously, but instead forms aggregates.

It should be noted that Ty, (H) measurements are dominated by
spin diffusion and provide information about the relaxation of the
whole system rather than the dynamics of chain segments. In order
to understand factors favoring the better miscibility in the Tsp-
POSS/PS system, carbon rotating-frame spin-lattice relaxation
times (T, (C)) were measured. Carbon Tl§’ relaxation is not influ-
enced by spin diffusion, due to small *C-13C dipolar coupling
arising from the low natural abundance and large separation of the
nuclei. It should be noted that the decay of >C magnetization under
spin-locking conditions is the sum of 1>C T1p and cross-relaxation
between carbons and protons (TP;cn). For carbons in semi-crys-
talline polymers, the TP;cy term dominates, whereas for carbons in
glassy polymers the main term is 13C T1p spin-lattice relaxation.

To understand the relaxation processes contributing to Tq,(C)
and to probe the effect of POSS molecules on the chain dynamics
of the PS matrix, T1p(C) relaxation times of the aromatic region for
the Tsp-POSS cage, aromatic region of the PS chain and backbone
aliphatic region of PS were measured at various spin-locking
fields. Here an exponential dependence on the RF spin-locking
field indicates the domination of the cross-relaxation mechanism,
while a quadratic dependence means molecular motion is domi-
nant. Figs. 16 and 17 show the RF-dependence of the Tq,(C)
relaxation times for the aromatic and aliphatic sites, respectively.
There is no clear trend observed for the aromatic carbons for PS
and Tsp-POSS, and the Oib-POSS/PS material shows little variation
with RF spin-locking strength. The complexity in the relaxation
behavior for the phenyl rings is probably due to the large chem-
ical shift anisotropy of these moieties, which provide an addi-
tional relaxation mechanism. Fig. 17, however, clearly shows the
presence of Tsp-POSS affects Tq,(C) relaxation times for the
aliphatic carbon positions. This is expected, since the motional
behavior of the polymer backbone would be affected by Tsp-POSS
segregating close to the PS chains (via w—n interactions between
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240 4 —— PS/Aliphatic 40.6 ppm
7 —— Ob-POSSPS/Alphatic 42 ppm
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14.0
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Fig. 17. Change in T;,(C) relaxation times of aliphatic region of PS, Tsp-POSS/PS, and
0ib-POSS/PS HPCs as a function of spin-locking fields.
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Fig. 18. Change in 'H line-widths of 0ib-POSS/PS HPC as a function of mixing time.

phenyl rings). The presence of Oib-POSS, while slightly increasing
T1(C) relaxation times, does not perturb the overall RF-field
dependence. This behavior is consistent with Oib-POSS acting
simply as a filler material.

The 'H line-shape can also be used to investigate the molecular
dynamics of polymers. However, line-widths are difficult to
measure directly from the spectrum due to the low 'H resolution as
compared to the chemical shift. The WISE experiment is a pertinent
tool to measure the dipolar line-widths in which carbon chemical
shifts appear in the detected (F,) dimension and its corresponding
proton line-width appears in the indirect (F;) dimension. Infor-
mation about the molecular dynamics and miscibility of polymer
blends is obtained from this method. For miscible polymer blends,
the 'H line-width will become equal for all carbon sites as the
mixing time is increased via spin diffusion, while in immiscible
systems this will not occur. Fig. 18 shows the change of proton line-
widths versus various mixing times for the aromatic and aliphatic
regions of Oib-POSS/PS. No significant change in proton line-widths
was observed with increasing mixing time, indicating lack of
interaction and immiscibility between Oib-POSS and the PS matrix
in all regions.

4. Conclusions

These studies show that POSS solubility and dispersion in
a polystyrene matrix can be tailored by varying the substituent
organic groups. Calculated solubility parameter proved to be
a useful tool for predicting dispersion and segregation of POSS
molecules in the polystyrene matrix, and should be applicable to
other POSS/polymer systems. Solution and solid-state studies
demonstrated POSS/polymer chain interactions and their rela-
tionship to POSS structure and chemical composition. The results
from these studies help to explain surface modification behavior
observed in these and previous reports of POSS/polymer compos-
ites prepared via melt and solution processes, and suggest possi-
bilities for tailoring surface and bulk properties of POSS/polymer
nanocomposites through control of the POSS structure. Surface

modification of thin films through control of nanostructure is of
particular interest for applications such as micro/nanoelectronics
and biomedical devices where the ability to alter surface energy
and enhance hardness, modulus and tribological properties is
important. Maintaining transparency in such films through nano-
dispersion enables further opportunities. Bulk modification
through molecular level dispersion of POSS enables synergistic
enhancement of thermomechanical properties of composites and
nanocomposites.

In the solution and solid-state studies performed, Tsp-POSS,
with similar solubility parameter to that of PS, consistently
demonstrated enhanced dispersion and miscibility with the PS
matrix in comparison to Oib-POSS/PS blends, which posses
a significantly larger solubility parameter difference. Solution
dynamics, investigated via dynamic and multiangle laser-light
scattering, indicated enhanced interaction between PS chains and
Tsp-POSS, while Oib-POSS/PS solutions showed Oib-POSS aggre-
gates and limited POSS/PS interaction. Films produced from the
solutions were transparent for Tsp-POSS blends but hazy for Oib-
POSS blends. Microscopy (AFM/TEM) and surface energy
measurements indicated miscible Tsp-POSS/PS blends with nano-
level Tsp-POSS dispersion, while Oib-POSS blends demonstrated
preferential surface segregation and Oib-POSS aggregation. Surface
segregation of Oib-POSS is attributed to the non-favorable
enthalpic interactions and high entropic penalty imposed on PS
chains through incorporation of large POSS aggregates.

WAXD and solid-state NMR studies demonstrated that Tsp-
POSS molecules lose crystallinity on incorporation in the PS
matrix, while Oib-POSS crystallinity levels remain constant.
Silicon CP/MAS NMR spectra of neat Tsp-POSS exhibit sharp peaks
attributed to the crystalline nature of POSS. Similar spectra of Tsp-
POSS/PS blends show two broad peaks, indicating reduction in
crystallinity and suggesting that Tsp-POSS disperses on a molec-
ular level when blended with PS. Furthermore, 2D HETCOR
studies show strong correlation between the two Si peaks of Tsp-
POSS (T, and T3) with the aromatic proton from PS. This is
attributed to the close spatial proximity of Tsp-POSS molecules
and PS chains driven by w—m attractions between the phenyl rings.
In contrast, Oib-POSS/PS samples exhibit weak resonance corre-
lation between the silicon peak from POSS and the aliphatic
protons from PS. Significant differences in the relaxation behavior
for the blends were observed in proton spin-lattice relaxation
studies. Neat PS and Tsp-POSS/PS blends exhibit overlapping
mono-exponential decay behavior, indicating molecular level
dispersion of Tsp-POSS. Entirely different decay curves were
obtained for Oib-POSS/PS blends, indicating inhomogeneity in
0ib-POSS dispersion. Furthermore, proton line-widths measure-
ments at various mixing times (WISE studies), indicate lack of
interaction and immiscibility of Oib-POSS with PS.
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