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ABSTRACT: Surface interactions between a polymer and filler
dictate the properties of polymer nanocomposites, yet molecular-
level understanding remains a challenge. Here, we show that the
glass transition temperature (Tg) of a polymer nanocomposite
composed of poly(2-vinylpyridine) and polyhedral oligomeric
silsesquioxanes (POSSs) with a variable number of hydrogen bond-
donating amines is well explained by the product of the number of
interaction sites (namine) and the POSS volume fraction (ϕPOSS).
The glass transition temperature of the nanocomposites found by
coarse-grained simulations agrees reasonably well with experimen-
tal results of differential scanning calorimetry, indicating that the
excess interaction energy from hydrogen bonds is responsible for
the change in Tg in the system. All-atom molecular dynamics simulations reveal that the number of hydrogen bonds is approximately
proportional to namine, though the amines on POSSs with lower namine are able to form slightly more hydrogen bonds than POSSs
with higher namine due to geometric frustrations of polymers bonding to two adjacent bond donors. Expanding this atomic
perspective to other polymer nanocomposites could lead to advancements in materials development.

■ INTRODUCTION

Polymer nanocomposites, a soft polymer material loaded with
a hard nanoscopic filler, are interesting for their ability to
access properties otherwise unattainable in either soft or hard
materials alone.1 However, rationalizing and understanding
this property enhancement remains challenging, though it is
clear that factors such as surface interactions,2−12 the nanofiller
size,13−18 polymer chain stiffness,2 and even processing
conditions1,3,19 are of critical importance for developing design
rules and fundamental models for these materials. In particular,
when nanofillers are small enough to be considered dispersed
on the molecular scale, the effects of the filler can differ
dramatically from those of larger (∼10 nm) fillers.12,14−16

Polyhedral oligomeric silsesquioxanes (POSSs), well-defined
silicone structures with the general chemical formula (R-
SiO1.5)n, are particularly useful fillers for achieving massive
property enhancements due to higher polymer−filler interfacial
areas. The precise hybrid organic−inorganic structure of
POSSs allows for atomic-level precision in chemistry and
formulation, thus allowing atomic-level insights otherwise
unattainable in systems with larger, less well-defined fillers.
These molecularly dispersed nanocomposites typically remain
processable due to the lack of rheological jamming in the
terminal flow regime7,14,15,20,21 and can exhibit substantial
enhancement in gas barrier properties20 and glass transition
temperature (Tg).

7,14,15

The glass transition temperature is among the most
important physical properties of polymers as the difference
between the operating temperature and Tg determines the
suitability of polymers and their composites in applications.
Though the effects of POSS loading on polymer Tg are
extensively studied, a general understanding of this behavior
which accounts for the composition of the polymer and POSS
has only recently begun to emerge.7,22 Polymer/POSS
nanocomposites have shown a variety of effects on Tg,
including the broadening of the transition region14 and either
enhancement or suppression of Tg, depending on the chemical
structure of the polymer and POSS.7,22 In strongly interacting
systems, polymer−POSS interactions can increase Tg up to 35
K,7,14 while some POSS fillers can also greatly reduce Tg as
much as ∼100 K by increasing the free volume, despite the
presence of strong polymer−POSS interactions.23,24 Our
recent work has suggested that this effect can be fitted with
the Fox equation25 by considering fractions of “bonded” and
“unbonded” monomers, but the effect of POSS composition
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on glass transition temperatures remains relatively unexplored.7

Previous experiments and simulations of analogous systems
(nanocomposites and thin films) showed Tg enhancement in
nanoconfined polymers, with an approximately linear increase
in Tg with interaction strength.26−31 This can be treated
quantitatively with various theories of glass formation, with
interaction strength being modeled as a cohesive energy
density,32 work of adhesion,31 or sticker fraction in neat linear
polymers with attractive endgroups.33

However, not all nanocomposites display this strong
dependence of interaction strength on Tg as many polymer
nanocomposite systems will form an interfacial layer of
relatively immobile polymer chains which do not participate
in the glass formation of the free chains.34 In one example, a
poly(2-vinylpyridine) (P2VP)/silica composite with fillers on
the order of ∼10 nm was modified by capping some of the
siloxane groups to vary the polymer−filler interaction strength,
but no strong trend of Tg with interaction strength was
observed.6 Thus, nanocomposites created with POSS fillers
offer a unique perspective as high interfacial attraction can be
achieved with a nearly uniform distribution of the interfacial
surface area in the polymer matrix.
In this work, we conduct simulations and experiments to

study the effect of POSS surface chemistry on Tg of P2VP
composites by precisely tuning namine, the number of amines
(hydrogen bond donors), present on POSS, that is, variably
aminated octa(phenyl) silsesquioxane (NH2-OPS) (Figure 1).
Coarse-grained simulations demonstrate that the Tg enhance-
ment is primarily caused by excess energy of interaction
between the filler and matrix. In these simulations, we abstract
POSS by a core−shell model, effectively decorated with six or
eight amine sites on the surface in the P2VP matrix. The Tg of
the nanocomposite and the excess hydrogen bond energy are

found to be linear with the total number of amine groups on
NH2-OPS. To create nanocomposites for differential scanning
calorimetry (DSC) experiments, NH2-OPS is synthesized
according to literature procedures and loaded into P2VP
(Figure 1a).35 Our results from coarse-grained simulations and
DSC show that Tg increases with the number of interaction
pairs present in the system.
To provide a molecular picture of the polymer−POSS

interactions, the number of hydrogen bonds present in the
system is studied by all-atom molecular dynamics simulations
(Figure 1b).12 We observe a strong temperature dependence of
hydrogen bonding in the nanocomposites and also that NH2-
OPS with fewer hydrogen bond-donating amines will form
slightly more hydrogen bonds per amine than a fully
functionalized NH2-OPS. This demonstrates that the assump-
tion of random mixing of monomers and nanofillers is an
approximation. Overall, our results suggest that the number of
interactions is a robust framework for understanding the Tg of
a polymer/POSS nanocomposite and highlight the importance
of molecular-scale geometry and size effects.

■ RESULTS AND DISCUSSION
Coarse-grained simulations of Tg of P2VP/NH2-OPS nano-
composites indicated that the Tg enhancement depends on
namine and the volume fraction of POSS, ϕPOSS. In the
simulation, we cooled down our systems with a constant
cooling rate of 10−4kBT/τ from 1.1 kBT to 0.1 kBT, which
yields density−temperature curves (Figure S1). The Tg value
was measured as the intersection of straight-line extrapolations
from the glassy and liquid sections of the curve. Figure 2a
shows the composition dependence of Tg on both ϕPOSS and
namine. In line with previous works, an increasing number of
interacting sites between the polymer and POSS increases Tg
of the composite.7

The Tg of P2VP/NH2-OPS nanocomposites was also
studied experimentally as a function of namine and ϕPOSS, in
good agreement with the trends observed in coarse-grained
simulations. NH2-OPS with a variable number of amines per
POSS (namine) was synthesized according to a literature
procedure.35 Weakly entangled/unentangled P2VP (Mn = 30
kDa relative to polystyrene standards, D̵ = 1.16, Me = 27
kDa36) was synthesized by reversible addition−fragmentation
chain-transfer (RAFT) polymerization and loaded with NH2-
OPS via cocasting from tetrahydrofuran (THF) and
subsequent annealing at 180 °C for 3 days under vacuum.7,14,15

The effect of entanglements and molecular weight on the
structure and dynamics of P2VP/POSS composites warrant
future study but seem to be categorically different from the
molecular weight effects on nanocomposites with larger
fillers.15,37,38 The experimentally achievable range of the
average number of amines (⟨namine⟩) was 5.7 to 7.3, as
measured by electrospray ionization mass spectrometry (ESI-
MS) (Table S1, Figure S2). The lower limit of namine was
determined by the limited solubility, while the higher limit was
determined by the highest conversion accessible in the
reaction. ESI-MS revealed the exact distribution of molecular
POSS species with different numbers of amines from which the
average number in each sample was calculated (Figure 3). This
distribution was sharpest for samples with high ⟨namine⟩ and
considerably broadened as ⟨namine⟩ decreased across samples.
The values of ⟨namine⟩ obtained from ESI-MS agreed well with
those from proton nuclear magnetic resonance (1H NMR)
(Figure S5). Nanocomposite samples were prepared with

Figure 1. (a) General chemical structures of NH2-OPS and P2VP. (b)
Illustration of a hydrogen bond formed between NH2-OPS and
pyridine on the P2VP matrix from all-atom molecular dynamics
simulations. For clarity, only one NH2-OPS side group and one 2-
vinyl pyridine unit are shown. The hydrogen bond N···−H−N is
formed between a N atom (labeled as ND, proton donor) in the
amine group and a N atom (labeled as NA, proton acceptor) in P2VP.
(c) Illustration of coarse-grained POSS with six amine groups and (d)
eight amine groups; the blue sphere represents the POSS core and
orange sites represent amine groups.
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⟨namine⟩ = 5.7, 6.2, 6.3, 6.7, and 7.3 and ϕPOSS = 0 (neat
polymer), 0.16, 0.26, 0.35, and 0.45. After annealing, the
dispersion of NH2-OPS in the composite was checked by
visual inspection and small-angle X-ray scattering (SAXS)
(Figure S6).7 All samples were found to have NH2-OPS well
dispersed in the polymer matrix, with the exception of the
⟨namine⟩ = 5.7, ϕPOSS = 0.45 sample (the lowest number of
amines and the highest NH2-OPS loading), which was thus
excluded from the analysis.
The glass transition temperature of each nanocomposite was

measured by DSC (full data set in Figure S7). As expected, Tg
increased monotonically with NH2-OPS loading (ϕPOSS), as
shown in Figure 2b, and does not saturate at high loadings,
suggesting that the polymer is essentially “all-interfacial”

without a distinct interfacial layer surrounding the nano-
particle.34 We note that the trend of Tg with ⟨namine⟩ is less
apparent compared to the results from coarse-grained
simulations. This difference is rationalized by the high
experimental uncertainty of the DSC Tg measurement, the
distribution of namine in samples used for DSC, and the
complexity of bond directionality not captured in the coarse-
grained model. Nevertheless, both results are consistent with
the hypothesis that Tg increases with the increasing number of
interactions, that is, increasing namine (Figure 2c) and increasing
ϕPOSS.
Coarse-grained simulation and experimental measurements

of Tg collapse when plotted against the product of ϕPOSS and
⟨namine⟩, which is assumed to be proportional to the mole
fraction of hydrogen bonding ( f bonded) according to our recent
work (Figure 4 solid line).7 This argument can naturally be
extended to the P2VP/NH2-OPS composite by assuming that
the number of interactions is proportional to the number of
amines.

f nbonded POSS amineϕ∝ · (1)

f bonded is then used as a component in the Fox equation with
the glass transition temperature Tg,bonded, a fitting parameter
conceptually equal to the Tg of a monomer that is hydrogen-
bonded to POSS, and Tg,neat is the Tg of the unloaded polymer.

T

f

T

f

T
1 1

g,composite

bonded

g,bonded

bonded

g,neat
= +

−

(2)

The data presented in Figure 4 are fitted to eqs 1 and 2 as
illustrated in Figure S8. This result is also in qualitative
agreement with theories which predict an approximately linear
increase in Tg with the number of interactions in a
homogeneous melt (Figure 4, dashed lines).31−33

In order to quantitively characterize the influence of H-
bonds in coarse-grained simulations, we defined the second
excessive entropy39 Sex with reference to the ideal gas

S n r g r

g r g r r

2 d ( ( )

ln ( ) ( ) 1)

ex matrix POSS amine
0 POSS matrix

POSS matrix POSS matrix
2

∫πρ ϕ= −

− +

∞

‐

‐ ‐ (3)

System entropy is defined as S ≃ Sid + Sex, where Sex = 0
represents the entropy of the ideal gas. In eq 3, ρmatrix is the
number density of POSS nanoparticles and gposs‑matrix(r)
represents the radial distribution function between the POSS
center and matrix monomers. The results are plotted in Figure

Figure 2. Plots of Tg vs the composition in P2VP/NH2-OPS
composites from (a) coarse-grained simulations and (b) DSC, with
error bars corresponding to experimental uncertainty. Both results
show a strong increase in Tg with OAPS loading, matching literature
results. Tg also increases with namine, seen clearly in the simulation
results, while the trend in the experimental result is less apparent due
to instrumental uncertainty. Unloaded polymer is plotted at
ϕPOSS·⟨namine⟩ = 0. Data replotted to show the trend of Tg with
⟨namine⟩ are shown with linear fits to guide the eye for each value of
ϕPOSS (c).

Figure 3. Distribution of the number of amines (namine) in the
different NH2-OPS products measured by ESI-MS.
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5. For both namine = 6 and namine = 8 systems, the excessive
entropy Sex decreases linearly with respect to ϕPOSS × namine.
This demonstrates that entropy of matrix monomers decreases
linearly with the increasing number of H-bonds; this result is
intuitive that the total number of influenced monomers is
proportional to the total number of H-bonds. Since the
number of H-bonds is proportional to the number of donors
and acceptors when the number of H-bonds is constant, that is,
the same ϕPOSS × namine value in our simulations, the same Sex
can be expected.
However, POSS with eight NH2 groups has stronger

attractive hydrogen bonding interactions in total than that
with six NH2 groups. Therefore, matrix chains are more
severely adsorbed in the vicinity of POSS in the system with
eight NH2 groups. In order to quantitatively characterize such
differences in the adsorbed chain conformation, we calculated
the radius of gyration tensors of chain segments which are 10
monomers long along the radial and tangential directions of
the POSS surface

R
s

r
r r r

r r r
:

1 ( )

i j i
ij

ij i j

ij i j
g
2

2

2

∑ ∑⟨ ⟩ =
· +

| || + |
⊥

> (4)

R
s

r R:
1
2

1

i j i
ijg

2
2

2
g
2

i

k

jjjjjjjj

y

{

zzzzzzzz∑ ∑⟨ ⟩ = | − ⟨ ⟩
>

⊥

(5)

In eqs 4 and 5, ri represents the position of ith monomer of
the segment with a length of s and rij ≔ rj − ri. Figure 5b shows
the ratios between these two components with respect to the

distance to the POSS center. Small values of this ratio at short
distances (r < 4) to the POSS surface demonstrate a
tangentially oriented chain conformation along the POSS
surface. This value converges to 1 at positions far away from
POSS, where the influence of POSS on chain conformation
vanishes, and there are no differences in the radial and
tangential components of the radius of gyration tensors. In
addition, we see that for POSS with eight NH2 groups, the
ratio between the radial and tangential Rg components is
noticeably smaller than that in the system with six NH2 groups,
demonstrating a stronger chain orientation surrounding POSS
with eight NH2 groups. Such a stronger chain orientation will
cause a denser monomer packing in this interface region (r <
4), which is responsible for the lower entropy loss in Sex with
namine = 8 observed in Figure 5a.
In coarse-grained simulations, we simply modeled H-bonds

as pairwise potentials; therefore, each amine group has the
same probability to form H-bonds. However, the presence of
neighboring bonding sites may influence the bonding
probability due to configurational limitations.40,41 In all-atom
simulations, we had one POSS molecule presented in the
system, and we analyzed the number of H-bonds per POSS
molecule (NH‑bond) as a function of namine and temperature in a
P2VP matrix (Figure 6a). NH‑bond decreases substantially with
temperature, decreasing by almost a factor of 2 in the
temperature range studied (400 to 530 K) for both values of
namine. Also, in line with assumptions used to construct the Fox
equation fitting in Figure 4, the probability of hydrogen bond
formation increases with the number of interaction sites in the
nanocomposite (i.e., NH‑bond increases with namine).

Figure 4. Tg of P2VP/NH2-OPS composites from (a) coarse-grained
simulations and (b) DSC, plotted vs the product of POSS loading and
polymer/POSS bond site fractions with a fitting line according to eq 2
(Fox equation, solid lines) or a linear fit (dashed lines). The coarse-
grained results collapse when plotted this way, and the experimental
results agree reasonably well.

Figure 5. (a) Excess entropy in the composite via simulations also
displays a collapse when plotted according to the product of filler
loading and filler functionality. (b) Ratio of radial/tangent
components of the squared radius of the gyration profile with respect
to the POSS center at ϕPOSS × namine = 1.75, the last point in (a).
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However, the increase in NH‑bond is less than proportional to
the increase in namine (Figure 6b). In other words, when the
number of amines on each POSS is lower, each individual
amine has a higher probability of participating in a hydrogen
bond, likely due to the chain frustration associated with
bonding to neighboring amines. The nonlinearity between
namine and NH‑bond shows that our assumption of a uniform
spatial distribution of monomers and POSS was not entirely
accurate when the number of amines on NH2-POSS changes,
which justifies the weaker than expected trend observed in the
experimentally observed trends in Tg versus ϕPOSS times namine
in Figure 3b. In other words, f bonded has a more complex
composition dependence than previously assumed. This effect
is not observed in the coarse-grained model because the
direction-specific nature of hydrogen bonding is not
considered in our coarse-grained model.40 As a whole, our
results show that approximating f bonded to be proportional to
the number of polymer−POSS interactions is generally
sufficient to match experimental observations; however, this
assumption slightly overestimates the number of hydrogen
bonding sites observed in simulations due to the greater
configurational freedom present in nanocomposites with fewer
interaction sites.

■ CONCLUSIONS
Through a combination of coarse-grained/all-atom simulations
and experiments, we showed that the Tg enhancement effect of
NH2-OPS loaded in P2VP increases with the average number
of amines present on POSS. Coarse-grained simulations
suggested that the Tg enhancement can be explained by the

excess interaction energy relative to the ideal gas state, which
corresponds to the hydrogen bonding energy. Experimentally
measured Tg−ϕPOSS relationships of the composites with well-
dispersed NH2-POSS were consistent with those from the
coarse-grained simulation, while they revealed a weaker
increase in Tg with respect to the number of amines compared
to the coarse-grained simulation results. These simulation and
experimental results agreed with previous observations that Tg
enhancement in polymer−POSS composites can be explained
by the number of interactions between the two components.7

These results are in agreement with prior simulations,
experiments, and theories which show an approximately linear
increase in Tg with interaction strength in nanocomposites and
thin films,26−31,42 provided that the polymer does not strongly
adsorb to the surface to form a bound layer physically distinct
from the free polymer matrix. This highlights an opportunity
for future simulations to probe strongly interacting composite
systems as the particle size increases from small, molecularly
dispersed nanofillers to larger fillers with a distinct adsorbed
layer.6,34 All-atom molecular dynamics simulations provided
detailed insights into the hydrogen bond interactions between
NH2-OPS and P2VP, which revealed that the number of
interactions between the polymer and POSS did not exactly
follow the previously assumed linear trend. The number of
hydrogen bonds per POSS decreased with decreasing amine
loading, but this decrease was not proportional to the number
of amines, illustrating that the monomers are not in a perfect
random distribution. Furthermore, these simulations revealed a
strong temperature dependence on the number of hydrogen
bonds in the system, decreasing by almost a factor of 2 over a
100 K increase in temperature. Our findings show that the
number of interactions between the polymer and nanofiller,
determined by the composition and temperature, can be a
useful metric to describe effects such as Tg enhancement in
polymer nanocomposites, particularly those with small fillers.

■ METHODS
Coarse-Grained Simulations. In coarse-grained simulations, a

bead-spring model is adopted to describe polymer chains with a
length of 200 type C beads, with nonbond 12−6 Lennard-Jones
potentials
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where σ is the bead length unit in our simulations and

: 1,
d d

2
i jΔ = −
+

where di and dj represent the diameters of particles
i and j, respectively, and rc is the cutoff distance of the nonbond
potentials. The detailed parameters are shown in Table 1. Harmonic
bonded potentials are adapted for bonded potentials, Ubond = 0.5k(r −
r0)

2 with k = 1111 and r0 = 1σ.43 The POSS nanoparticle is abstracted
into a single sphere of type N with a diameter 4 times that of a

Figure 6. (a) Number of hydrogen bonds as a function of
temperature and namine revealed by all-atom molecular dynamics
simulations. There is a strong temperature dependence. (b) Fewer
amines lead to fewer hydrogen bonds, but this decrease is less than
linearly proportional to namine, indicating that the number of
interactions between the polymer and filler is more complex than
would be assumed by the random mixing argument.

Table 1. Lennard-Jones Potential Table

pair ϵ rc Δij

AA 1.0 21/6σ 0.0σ
AN 1.0 21/6σ 2.5σ
NN 1.0 21/6σ 3.0σ
AC 1.0 21/6σ 0.0σ
NC 1.0 21/6σ 2.5σ
CC 1.0 3.0σ 0.0σ
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polymer bead with six or eight beads of type A representing NH2
groups distributed evenly on the surface. Morse potentials
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are adapted for hydrogen bonds where the cutoff rc = 3.0σ is applied
for all Morse pairs. Detailed parameters are shown in Table 2. We first

perform NPT equilibration runs using Martyna−Tobias−Klein
(MTK)44 equations at reduced temperature T = 1.0 and pressure p
= 1.0 after generating the systems; the equilibration runs stop when
the mean-square-displacements of the center of mass of the polymer
chains exceed 4Rg

2 of the chains. After equilibration, all systems are
annealed; the systems are first heated from T = 1.0 to T = 1.5 by
10−4/τ and then cooled from T = 1.5 to T = 1.1 by 10−4/τ; after
5000τ equilibration at T = 1.1, the systems are finally cooled to T =
0.1 by 10−4/τ. All simulations are performed using HOOMD-blue.45

All-Atom Simulations. Figure 1b shows one NH2-OPS side
group from all-atom molecular dynamics simulations. The hydrogen
bond N···H−N is formed between nitrogen atoms (proton donor,
labeled as ND) on OPS and nitrogen atoms (proton acceptor, labeled
as NA) on P2VP. Octa(aminophenyl)silsesquinoxanes (OAPS)
experiences strong attractive interactions due to hydrogen bonding
with P2VP. The initial simulated system is constructed as follows: (1)
first, the composite consisting of one OAPS and 120 P2VP with
polymerization degree N = 20 is prepared at 530 K from our previous
modeling work.12 (2) To investigate how the number of amine groups
on OAPS affects the formation of hydrogen bonds, we switch off the
atomic charges of two “C−NH2” (N, H, and C atoms labeled ND,
HD, and CD, respectively) among the eight side groups in OAPS.
Note that these two zero-charged “C−NH2” are on the diagonal line
of the OAPS Si−O cage, and the simulated system with this kind of
OAPS is indicated as “Z6” otherwise “Z8”, respectively. (3) Then, a
stepwise cooling process with a cooling rate of −0.5 K ns−1 is applied
from 530 to 400 K. (4) Finally, starting from the above discrete
temperatures, a 200 ns NPT run is carried out to further equilibrate
the systems. The trajectory of the last 100 ns is saved every 20 ps for
data analysis. The number of hydrogen bonds is calculated and
averaged from the trajectory. A hydrogen bond should meet the two
following geometric criteria:46 (1) the distance between HD and NA
atoms should be less than 0.3 nm and (2) the ND−HD−HA angle
should be larger than 130°. The Nosé−Hoover thermostat47,48 is
applied with a coupling time of 0.2 ps. The pressure is controlled by a
Parrinello−Rahman barostat49 with a coupling time of 1 ps. We use
an OPLS-AA force field to describe the interactions in our simulated
system, which is proven to be accurate and effective.12,50 All the force
field parameters can be found in our previous work.12 A cutoff of 1.0
nm is used for calculating the van der Waals interactions, and the
particle-mesh Ewald method is used to treat the electrostatic
interactions. The energy and pressure calculations are corrected by
the long-range dispersion. The integration of Newton’s equations of
motion is calculated by a leapfrog algorithm with a time step of 1 fs.
All the atomistic simulations are carried out with GROMACS 5.1
software package.51

Materials. Octaphenyl silsesquioxane was purchased from Hybrid
Plastics (Hattiesburg, MS, USA). Hexane, methanol, ethyl acetate,

petroleum ether, fuming nitric acid, magnesium sulfate, ferric chloride,
palladium on carbon (10%), and Celite 545 were purchased from
Fisher Scientific (Waltham, MA, USA). Azobisisobutyronitrile
(AIBN) and THF were purchased from Alfa Aesar (Haverhill, MA,
USA). 2-Vinyl pyridine, basic alumina, calcium hydride, and hydrazine
hydrate were purchased from Acros Organics (Fair Lawn, NJ, USA).
Ethyl 2-(phenylcarbonothioylthio)-2-phenylacetate was purchased
from Sigma-Aldrich (St. Louis, MO, USA). AIBN was recrystallized
in methanol. 2-Vinyl pyridine was purified by passing through a
column of basic alumina to remove the inhibitor. Anisole was dried
over calcium hydride. All other materials were used as received.

NH2-OPS Synthesis. NH2-OPS was synthesized with slight
modifications according to a recent literature procedure.35,52−54

Nitric acid and acetic anhydride were added from separate addition
funnels dropwise to a dispersion of OPS in dichloromethane, with a 5
g basis of OPS. The reaction flask was kept at 25 °C for times ranging
from 15 to 180 min after addition of reagents over 5 min. The
different reaction times correspond to the extent of nitration of OPS
(Figure S3). The resultant NO2-OPS was precipitated from the
reaction solution in cold water before rotovapping to remove
dichloromethane. The product was filtered to remove NO2-OPS
and rinsed thoroughly with concentrated sodium bicarbonate solution
and water. The product was then dissolved in THF and precipitated
into methanol before drying. NO2-OPS was reduced to NH2-OPS
with hydrazine hydrate as an in situ hydrogen source with a ferric
chloride catalyst, 5% Pd/C catalyst, and THF solvent reflux at 60 °C
according to literature procedures (Figure S4).52

P2VP Synthesis. P2VP was synthesized via RAFT polymerization
(Figures S9 and S10).55 20 g of 2 vinyl-pyridine was added to a 250
mL round-bottom flask with 15 mL of anisole. Ethyl 2-(phenyl-
carbonothioylthio)-2-phenylacetate was used as the RAFT chain-
transfer agent (CTA), with AIBN as the initiator. Reagents were
added at a 300:4:1 molar ratio of monomers to CTA to AIBN. The
reaction was degassed with nitrogen for 30 min and then heated to 70
°C for 18 h before quenching at 0 °C for 30 min and precipitating in
hexane three times.

Gel Permeation Chromatography. The molecular weight and
dispersity of P2VP was characterized by gel permeation chromatog-
raphy (GPC) using a mobile phase of dimethylformamide with a 0.01
M lithium chloride salt at 50 °C relative to a polystyrene standard.
The GPC instrument consisted of an Agilent Technologies 1260
Infinity, fitted with a Gel 5 μm guard column, a PL Gel 5 μm mix D
1° column, and a PL Gel 5 μm Mix C 1° column. Samples were run at
a flow rate of 1 mL/min using toluene as the flow rate marker.

Nuclear Magnetic Resonance. NMR measurements were taken
on a Bruker 500 500MHz NMR instrument with cryoprobe
attachments in solutions of acetone-d6 at concentrations of 50 mg/
mL.

Electrospray Ionization Mass Spectrometry. ESI time-of-flight
MS was performed on a Bruker MicrOTOF ESI-TOF mass
spectrometer at the University of Massachusetts Mass Spectrometry
Core Facility. POSS samples were diluted to ∼10 μM with 1 mM
formic acid in an acetonitrile/water (80:20 by weight) solution before
injection.

Nanocomposite Sample Preparation. Nanocomposites were
prepared by cocasting following modified literature procedures.7,14,15

A total of 200 mg of P2VP and OPS-NH2 was dissolved in 10 mL of
THF at different weight ratios. The solvent was allowed to evaporate
overnight at room temperature and atmospheric pressure before being
placed in a vacuum oven <100 mTorr at 120 °C for 36 h to remove all
remaining solvent. The samples were then melt-cast in polytetra-
fluoroethylene vials in a vacuum oven at ∼10−6 Torr at 180 °C for 3
days.

Small-Angle X-ray Scattering. Scattering measurements were
performed on a SAXSLAB GANESHA small-/wide-angle X-ray
scattering instrument. The source was Cu Kα 0.154 nm with a
beam area of approximately 0.1 mm2. All measurements were
performed in transmission geometry on a nanocomposite powder
sample 1 mm thick between layers of polyimide tape. Results are

Table 2. Morse Potential Parameter Table

pair D0 α r0

AA 0.0 6.0 1.0σ
AN 0.0 6.0 1.0σ
NN 0.0 6.0 1.0σ
AC 3.0 6.0 1.5σ
NC 0.0 6.0 1.0σ
CC 0.0 6.0 1.0σ
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reported as relative intensities on an arbitrary scale. SAXS
measurements were acquired over 10 min.
Differential Scanning Calorimetry. Heat capacity versus

temperature measurements were taken on a TA Instruments Q20
differential scanning calorimeter at a heating/cooling rate of 10 °C/
min under nitrogen after annealing at 200 °C for 5 min. Tg is reported
as the midpoint of the heat capacity inflection point upon second
heating. Typical sample weights were ∼2 mg.
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