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ABSTRACT: In broadband dielectric spectroscopy experiments, we
find that introducing an air gap between the top electrode and the
polymer sample reduces DC conductivity substantially, allowing the
study of low-frequency relaxations, whose signal would otherwise be
hidden by the DC conductivity signal. An extra process slower than the
a-relaxation process is observed in poly(2-vinylpyridine) (P2VP),
consistent with some earlier reports. This “slower process” was studied
in two heterogeneous systems to examine the interaction between the
2VP and other species to elucidate the mechanism behind the slower
process signal. In a random copolymer of styrene and 2VP, the
relaxation strength of the slower process relative to the a-process
increases substantially at low 2VP mole fractions. Additionally, in a
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composite of P2VP and octa(aminophenyl) silsesquioxane (OAPS), the presence of OAPS increases both the strength and timescale
of the slower process, leaving the a-relaxation process relatively unchanged. This suggests that the slower process could be caused by
cooperative polymer relaxation coupled to the transport of heterogeneous components and impurities. Further studies are needed to
probe the molecular-level mechanism of this slower process and its effect on interfacial properties.

B INTRODUCTION

The physical behavior of a polymer material is fundamentally the
polymer chains’ ability to respond to an applied field as a function
of time and length scale. On most experimentally relevant time—
temperature scales, polymer dynamics are well modeled by the a-
relaxation process at short times, Rouse dynamics at moderate
times, and entanglement relaxations at long times." Dielectric
relaxation spectroscopy (DRS) has proven to be an invaluable
tool to study these polymer relaxation behaviors by applying an
oscillating electric field to an insulating material between two
electrode plates acting as a capacitor.” The rearrangement of
polymer molecules generates a capacitance that varies with the
frequency of the applied electric field, according to the mobility of
the rearranging component. The segmental a-relaxation process
in polymers, which is crucial to understanding the glass
transition, is a representative example where DRS is the most
widespread observation method. In addition to the relaxation
processes general to all polymers, system-specific relaxation
processes have been observed by DRS and mechanical
spectroscopy.’ Some well-studied examples of such anomalous
behaviors include methyl group spin in poly(n-alkyl methacry-
lates)”” and relaxations in the deeply supercooled regime in
polycarbonate, which contribute to mechanical toughness in the
glassy regime.é_m

One atypical polymer relaxation process that remains poorly
understood is the “slower process” in poly(2-vinylpyridine)
(P2VP), which appears on timescales longer than the a-
relaxation time in DRS measurements, and is of uncertain
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dynamic origin.'" Studying the slower process of P2VP is a
critical research thrust because a large portion of fundamental
studies of nanocomposite dynamics use P2VP as a model
polymer matrix, leveraging its ability to form hydrogen bonds
with fillers."”™'® For example, across multiple polymers,
including P2VP, observations of dynamic slowdown in nano-
particle—polymer interphases via DRS have distinguished the
“bound polymer layer” (polymer extending ~2R, from the
nanoparticle surface, which exhibits very slow diffusion but
unperturbed segmental relaxation) from the “interfacial layer”
(polymer segments extending several nanometers from the
nanoparticle surface with severely hindered segmental relaxation
kinetics).'’~*' Understanding the relaxation behavior of
polymer chains confined by nanoparticles remains a challenge
in developing a first-principles model of polymer nanocomposite
properties. This is key to building advanced hybrid materials with
mechanical, electrical, thermal, and transport properties that are
superior to an unmodified polymer material.”*

Herein, we use DRS to observe the slower process in P2VP asa
function of temperature and frequency in heterogeneous systems
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and assign the origin of the slower process to conformational
isotropization (i.e., rotation of the pyridine ring pendant to the
polymer backbone) and charge carrier motions on the length
scale of monomers. The slower process can be observed clearly by
introducing an air gap between the polymer film and the upper
electrode, which suppresses DC conductivity. The effect of the
local environment on the slower process is first studied in
statistical copolymers of styrene and 2-vinylpyridine (2VP).
These monomers are similar in their molecular shape and glass
transition temperature, with the primary difference being the
high polarity of the 2VP monomer compared to styrene. The
motion of polar groups such as the pyridine ring in 2VP tends to
dominate the dielectric response, so the addition of less polar
styrene units was hypothesized to weaken the slower process
response. We find that the slower process increases in
characteristic timescale as styrene content increases in a
copolymer, yet the strength of the slower process remains strong
relative to the strength of the a-process across all compositions.
Interestingly, the a-relaxation time we measure has a weaker
dependence on OAPS loading relative to previous reports.' '
This suggests that the mechanism of the slower process may be
coupled to the transport of impurities. To test the hypothesis, a
model nanocomposite was studied, with the nanofiller, octa-
(aminophenyl) silsesquioxane (OAPS), acting as a hypothetical
impurity. We observe that the addition of OAPS to the system
substantially increases the slow process time, in line with the
hypothesis that the slow process is coupled to transport within
the polymer matrix.

B RESULTS AND DISCUSSION

By introducing an air gap between the upper electrode and the
model polymer poly(2-vinyl pyridine) (P2VP) film in DRS
measurements (Figure 1), we were able to observe slower
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Figure 1. Schematic picture of the sample film of P2VP with a Kapton
spacer between two electrodes (side view).

processes that are typically buried underneath the strong signal
originating from DC conductivity.'' ~'° DC conductivity occurs
at low frequencies in DRS measurements of insulating materials
such as polymers when charge-carrying impurities have sufficient
time to travel between electrodes, resulting in current flow.” This
is observed as a characteristic signal with scaling C” ~f ', where
C" is the imaginary part of the complex electric capacitance of the
dielectric setup and f is the measurement frequency of applied
electric field. With an air gap, the DC conductivity is reduced,
which allows us to observe relaxation processes in a much lower
frequency region compared to previous works."'~'® In other
words, charge carriers present in the sample are partially
prevented from moving between electrodes because the air acts
as an electrical insulator. Notably, air gaps between the upper
electrode and polymer film in DRS measurements have been
used to study the free surface of polymer thin films, with minimal
contributions from Maxwell-Wagner—Sillars (MWS) polar-
ization due to the relatively low conductivity of the polymer.”***

The influence of the air gap thickness on DC conductivity is
studied in the model polymer poly(2-vinylpyridine) (P2VP).
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The frequency dependence of the imaginary part of the complex
electric capacitance C” at 408 K for ~5 ym P2VP drop-cast films
with electrodes separated by Kapton spacers of variable thickness
is given in Figure 2. Because the effective area of the electrode is
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Figure 2. Spacer thickness dependence of the imaginary part of electric
capacitance of P2VP thin films at 408 K. At a large spacer thickness (37.5
um), the slower process becomes apparent due to the suppression of DC
conductivity between electrodes.

kept constant across all measurements, the measured capacitance
decreases as increasing spacer thickness, reducing the total
measurement signal. When the Kapton spacer is 12.5 um thick,
there is a dielectric loss peak due to the a-process just above 10*
Hz and a large contribution from the DC conductivity below 10°
Hz at 408 K, which is described by the loss component
proportional to f'. At a spacer thickness of 25.0 ym, a small
shoulder appears around 10> Hz. When the thickness of the
spaceris 37.5 ym and the contribution from the DC conductivity
is substantially reduced, a clear peak emerges at 10> Hz. This peak
occurs in addition to the loss peak corresponding to the a-
process, which remains present in all samples. This extra process
around 10* Hz corresponds well to the slower process inferred
previously in P2VP, though this was previously only observed in
the derivative of the real part of complex dielectric permittivity.'"
The physical origin is possibly caused by the conformational
isotropization proposed by Spiess et al. for poly(n-alkylmetha-
crylates).”

A good agreement between the measured complex capacitance
and calculations from an equivalent circuit model indicates that
the air gap between the samples and the electrode is responsible
for the suppression of the DC conductivity. As the thickness of
the Kapton spacer increases, the thickness of the air gap between
the upper electrode and the surface of the P2VP film also
increases (Figure 1). Assuming a parallel circuit of the condenser
of the Kapton spacer and the condenser composed of the air gap
and P2VP film in series, the observed total complex electric
capacitance C* can be described by

e
C*'=C{ + &S -
C,+C

a S

(1)

where Cff, C,, and C¥ are the electric capacitances of the Kapton
spacer, the air gap, and the P2VP film, respectively. The three
capacitances are given by

S
CF =gk, C = gy—2—
k Okdk’ a Odk_d’
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where g, is the permittivity of the vacuum, & and & are the
complex permittivities of the Kapton and the P2VP, S, and S, are
the areas of the Kapton spacer and the air gap layer, and d and d,
are the thicknesses of the Kapton spacer and the P2VP film,
respectively. If the imaginary part of the dielectric permittivity is
much smaller than the real part of the dielectric permittivity, the
imaginary part of the total electric capacitance C” is
approximately given by

" Ca
x| —

C, + C 3)
where C; and C{ are the real and imaginary parts of the complex
electric capacitance of the P2VP film, and C is the imaginary part
of the complex electric capacitance of the Kapton spacer. The
values of the imaginary part of the complex electric capacitance at

the peak frequency of the a-process at 408 K are shown in Table
1, obtained using eq 3. The dielectric permittivity of P2VP is

2
] x C/+ C/

Table 1. Imaginary Part of the Complex Electric Capacitance
at the Peak Frequency of the a-Process at 408 K: Measured
Versus Calculated

di (um) C” 4, max (PF) (calculated) C” 4, max (PF) (observed)
12.5 8.2 8.3
25.0 1.4 1.2
37.5 0.5 0.2

taken to be £/~ 4 and &/~ 1 at the a-peak position.""** Though
the thicknesses of real films were not completely uniform, the
effective thickness of the P2VP thin film is approximated to be 5
um, which is used to convert the measured capacitance to
dielectric permittivity using eq 2. These values are compared to
the values found experimentally in Figure 2. The reasonable
agreement between calculated and observed values as a function
of spacer thickness (Table 1) validates our equivalent circuit
model to explain the influences of the air gap. The existence of the
air gap between the upper electrode and the surface of the P2VP
thin film can suppress DC conductivity in the imaginary part of
the electric capacitance, revealing the hidden extra relaxation
process. Hereafter, ¢/ evaluated by eqs 2 and 3 is denoted as &”.

To further understand the possible mechanism of the slower
process and to determine if it could be related to conformational
isotropizations observed previously by Spiess and coworkers,”
random copolymers of styrene and 2-vinyl pyridine (P(S-2VP))
were synthesized via reversible addition-fragmentation chain-
transfer (RAFT) polymerization™® and studied using the air gap
method in DRS. The RAFT copolymers of styrene and 2VP can
be considered random with no substantial blocks of either
monomer or a gradient of monomer composition.”® This was
shown previously through the study of the reactivity ratios of the
two monomers during polymerization and the C NMR
spectrum of the resultant copolymer. There was no observable
monomer drift during polymerization, and the measured
incorporation of 2VP was close to the target value, implying no
composition gradient. In the *C NMR spectrum of a P2VP
homopolymer, peaks are observed, which correspond to the
tacticity of neighboring 2VP monomers, but these peaks were not
observed in P(S-2VP), indicating qualitatively a lack of blocky
repeat units in the copolymers. In Table 2, the fraction of 2VP,
favp, the number-averaged molecular weight, M, , the dispersity of
the molecular weight, D, the glass transition temperature, T, and
the thickness of each sample measured by atomic force
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Table 2. Polymer Compositions and Characterizations of P(S-
2VP) Copolymers

fave M, (kDa) D T, (K)* dy (um)
1.00° s 1.04 347.1+2.6 6+1
0.82 15 1.10 366.8 + 1.0 5+1
0.78 15 111 369.4 + 1.0 8+1
0.77 15 1.15 367.5+ 1.0 441
0.71 16 1.08 368.1 +0.7 6+1
0.64 10 1.14 365.5 + 0.4 4+1
0.55 12 1.16 369.6 + 0.2 6+1
0.27 10 1.10 368.9 +0.3 4+1
0.10 13 1.10 362.6 + 0.9 441
0.00 5 1.15 356.1+0.8 4+1

“Tg determined from dielectric measurements using T,,,(Tg) =107 s,
where 7, is the relaxation time of the a-process. bpavp homopolymer
is purchased from Polymer Source, Co., Ltd.

microscopy (AFM) and capacitance measurements are listed
for P(S-2VP) copolymers. The styrene comonomer was chosen
because it is known to have a similar T, and molar volume as
P2VP while having a far weaker dielectric response due to its
much lower dipole strength.””**

Leveraging the choice of comonomers, we hypothesized that
the strength of the slower process would decrease according to
the fraction of styrene in the copolymer, which could be used to
determine an effective length scale over which the slower process
stops occurring due to too many non-interacting styrene
monomers. Representative dielectric loss data of copolymer as
a function of frequency and temperature are shown in Figure 3,
with the full data set in Figure S4. Surprisingly, slower processes
were observed even for polystyrene homopolymers but at much
lower frequencies. This effect persisted for polymers regardless of
whether the dithioester RAFT endgroup was cleaved and
removed, indicating that there were no significant effects caused
by the endgroup or any possible contamination by dithioesters
that may have cleaved to form a small molecule during the DRS
measurements at high temperatures (Figure S4j,k).

The complete set of copolymers studied is shown in Figure 4a,
with their dielectric loss &” plotted versus frequency at 403 K.
Two clear trends emerge, first, that the timescale of the a-process
is mostly independent of f,yp, and second, that the timescale of
the slower process increases by approximately 3 orders of
magnitude between the P2VP and PS homopolymers. We note
that PS homopolymer (f,yp = 0.00) and P2VP homopolymer
(favp = 1.00) have lower molecular weight than other
copolymers, leading to low T, and higher frequency for a-
process. The frequency dependence of ¢” at a given temperature
can be well reproduced using the following equation for the
complex dielectric permittivity £ of P(S-2VP) copolymers:

Ae,
e (w, T) = g, + Z : d

S B
i=a,s (1+ (iwfi)ax)ﬂ' Eow

(4)
where w = 2xf, €, is the dielectric permittivity at very high
frequency, Ag, 7, @;, and f; are the dielectric relaxation strength,
the relaxation time, the distribution parameter of the relaxation
time, and the asymmetry parameter of the i-process,
respectively” (Table S1). Here, i corresponds to the a-process
or the slower process. The term on the right end is present to
account for the presence of DC conductivity at low frequencies,
where o is the steady-state conductivity of the polymer. The
relaxation rate f; ... and the dielectric loss maximum &” of

i, max
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Figure 3. Frequency dependence of ¢” at various temperatures from 473 K (red) to 293 K (blue) atintervals of S K for P(S-2VP) copolymers with various

fractions of 2VP, f,yp = 1.00 to 0.00. (a) f,yp = 1.00, P2VP homopolymer, (b) f,yp = 0.71, (c) foyp = 0.10, (d) foyp = 0.00. Kapton spacer with the
thickness of 37.5 ym was used. The position of the slower process shifts to lower frequency for lower f,yp polymers.
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Figure 4. (a) Imaginary part of dielectric permittivity of P(S-2VP) films with variable 2VP content measured with a Kapton spacer thickness of 37.5 ym.
Curves are shifted vertically for clarity. The shift amounts are —0.4, 0.14, 1.15, 1.45, 1.95, 3.35, and 4.20 for f,,p= 0.00, 0.10, 0.27, 0.55, 0.64, 0.71, and
1.00, respectively. The relaxation time of the a-process is essentially independent of f,yp, while the relaxation time of the slower process decreases
substantially with increasing f,yp. (b) Arrhenius plot of the slower process and the a-process, demonstrating the validity of VFT law for each process.

Fitting parameters are shown in Table S2.

the i-process can be evaluated from the fitting parameters using
the equations

The relaxation rates f; ., of the slower and a-processes are
plotted versus the inverse of temperature in Figure 4b, which
shows that the relaxation times of both processes have a Vogel—

1/q
in ©_% “ Fulcher—Tammann (VFT) temperature dependence as fol-
1| B 30-33
7 _ 2ph+1 lows:
imax 27[,[.1_ sin * af, )
2+t o(T) U
f+1
) 0 T—-Ty, (6)
sin
” 2(1+4)
€ max = A o\ where 7,y and U; are positive constants, and T, is the Vogel
(sin z“,-) () temperature for the i-process, either the a-process or slower
process. This VFT is characteristic of the a-process in polymers
In the case of §; = 1, the relation 2zf; ., - 7; = 1 holds. but is not well studied for the slower process beyond its initial
6593 https://doi.org/10.1021/acs.macromol.2c00789
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discovery by Papadopoulos et al.'' It is intriguing that the
composition dependence of T, and fragility of the a-process and
slower process are quite dlﬁcerent (Table S2).

By comparing the strength of the slower and the a-relaxation
processes, the slower process is shown to contribute significantly
to the dielectric response of the polymer even at low f,yp. From
dielectricloss spectra, the values of &” at the peak frequency of the
a- and slower processes are compared for each value of f,yp.
Assuming that the width of the loss peaks is the same for the two
processes, this corresponds to the relaxation strength due to the
slower process relative to that of the @-process. To avoid possible
uncertainty induced by the variation in thickness, we adopt the
dielectric strength of the slower process relative to the strength of

€ max

the a-process. This is expressed as the ratio , shown in Figure

Fa,max

S as a function of f,yp. The relative relaxation strength of the
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Figure S. Ratio of the slower process relaxation strength to that of the a-
process as a function of 2VP fraction. Relative to the a-process, the
slower process is much stronger at low f,yp.

slower process to that of the a-process increases with the
decrease of f,yp and holds across three different temperatures. In
particular, the relaxation strength of the slower process for 2VP
fractions of f,yp = 0.00 and 0.10 is several tens of times as large as
that of the a-process. We hypothesize that this trend might be
rationalized by the assumption that the slower process is strongly
coupled to the movement of charge-carrying groups. Consider-
ing that DC conductivity is routinely observed across all polymer
materials studied by DRS and requires the presence of mobile
charge carriers even at very low amounts,” it is reasonable to
assume that any polymer sample used in a DRS measurement has
impurities capable of carrying charge. However, the overall level
of charge carriers must be low; otherwise, MWS polarization
would be evident due to charge accumulation at the air—polymer
interface. An evaluation of the peak position and relaxation
strength of dielectric loss peak from a possible MWS process in
our study shows that the expected location and strength are
different from those observed for the slower process, as detailed
in the Supporting Information.

Recently, Song et al. reported slower processes in PS and other
polymers above their glass transition temperatures.”* The
authorsrelated the slow process to the time scale for spontaneous
rearrangements and equilibration in liquids, while the molecular-
level mechanism is still unclear. This observation is consistent
with Lupagcu et al’s former work that also observed slow
relaxation processes in PS.*> In this paper, the process was
assigned to a helix defect mechanism related to T2G2 helix
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conformations. Notably, both relaxation processes can be
described by Arrhenius scaling with a reasonable match in time
scales, while our result suggests that the temperature dependence
is rather VFT-like (Figure SS). We also note that the a-relaxation
time between Song et al.’s and ours agree very well, unlike the
slower process. The difference in the temperature dependence of
the slower process could be associated with uncertainty
originating from the separation procedures of the slower process
from the DC conductivity contribution above the glass transition
temperature. Although further measurements are required to
elucidate the physical mechanism of the slower process, such
previous works highlight the importance of the slower process to
understand a wider range of physical phenomena in polymer thin
films.

To further understand the interaction between the slower
process of P2VP and chemically distinct fillers, octa-
(aminophenyl) silsesquioxane (OAPS) was loaded into P2VP
at various weight fractions by solution-casting from tetrahy-
drofuran and annealing above T under vacuum for 2 days to
create a model nanocomposite.' " To confirm that the OAPS,
which is an amine-functionalized polyoctahedral silsesquioxane
(POSS), was well dispersed in the P2VP matrix in the bulk states,
X-ray scattering measurements were performed. 11926 1
addition to the measurements of the bulk, the X-ray measure-
ments on thin films of P2VP and OAPS nanocomposites were
performed using the GISAXS (gra21ng—1nc1dence small-angle X-
ray scattering) technique.**™>* As seen in Figure 6, there are no
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Figure 6. X-ray scattering intensity I of P2VP/OAPS nanocomposites as
a function of the modulus of the scattering vector q. The intensity I for
bulk P2VP/OAPS (main figure) and for thin films of P2VP/OAPS
(inset).

peaks in intensity as a function of g for any OAPS fraction
investigated here. This suggests that there is no observable
periodic structure induced by the possible segregation of OAPS;
if there were large OAPS aggregates present in the samples, broad
peaks at low g would be expected to appear.”® The scattering
pattern obtained by GISAXS also showed similar g-dependence
of the intensity, which supports that even in the thin film
geometry, there is no segregation of OAPS. Therefore, it was
confirmed that the OAPS is not segregated but well dispersed in
the P2VP matrix in all compositions and geometries.

The complex permittivity of these materials was then studied
as a function of frequency and OAPS weight fraction (Poaps) at a
given temperature as shown in Figure 7a. The OAPS molecules
form hydrogen bonds with the lone pair present on the 2VP
monomers, which increases T, due to the slowdown of segmental
mobility.”® Interestingly and seemingly contrary to previous
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Figure 7. (a) Imaginary permittivity £” of P2VP/OAPS as a function of ¢ sps. Curves are shifted vertically for clarity. The shift amounts are 3.0,2.1, 1.3,
0.7, and 0 for ¢poaps =0, 0.1, 0.2, 0.3, and 0.4, respectively. The slower process increases in strength and relaxation time with ¢ops, while the a-process
remains largely unchanged. (b) Arrhenius plot of the slower process and the a-process, highlighting the large effect that ¢ ,p has on the slower process.
A Kapton spacer with a thickness of 12.5 ym was used. Thickness of P2VP/OAPS films ranges between 2.5 and 6 ym. Fitting parameters are shown in

Table S3.

reports,' "> the a-relaxation time was not substantially affected

by the presence of OAPS fillers. Instead, the slower process
relaxation time of P2VP increased with increased OAPS loading.
Furthermore, both the a- and slower processes behave according
to VFT across all oops (Figure 7b). This may suggest that the
OAPS interacts with the P2VP matrix similarly to the
hypothesized impurities observed previously, where the OAPS
motion is highly coupled to the slower process. Because OAPS
itself shows two dielectric relaxation processes (Figure S6), it is
expected that OAPS motion should be associated with the slow
process at higher OAPS fractions larger than 40 to 100%. Further
studies should identify the physical process by which the
structural isotropization of a polymer segment is coupled to the
transport of impurities/nanofillers in a matrix of the polymer.

The temperature dependence of the relaxation times of the
slower process and the a-process can be described by the VFT
law for all P(S-2VP) copolymers and P2VP/OAPS nano-
composites investigated here, as shown in Figures 4b and 7b.
At lower temperatures, near glass transitions, the curves of both
processes are approaching to each other so that both processes
seem to be frozen at the same temperatures, except the low 2VP
fraction of P(S-2VP) copolymers. This results suggest that there
is a strong coupling between the slower process and the a-
process. The strength of the coupling is influenced by
copolymerization with styrene monomers or loading of OAPS.
As shown the above, the loading of OAPS seems to enhance the
coupling of the slower process with the a-process, and as a result,
the slower process can be used as a convenient monitor for
measuring the effect of OAPS loading on the glassy dynamics in
P2VP systems.

B CONCLUSIONS

By introducing an air gap between the sample and the electrode in
dielectric spectroscopy, we successfully observed an extra process
(slower process) in addition to the a-process. The slower process
occurs at much longer timescales than the a-process in P2VP and
its random copolymers with styrene. In copolymers with high
favp, the slower process is well separated from the DC
conductivity and is thus assigned to a conformational
isotropization. In copolymers with lower f,yp, the relaxation
strength of the slower process dominates the a-process. This is
reasonable if the slower process conformational isotropization is
somehow coupled to charge carrying impurities, while the a-
process is weak due to the very low polarity of styrene monomers.
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To test the influences of additives within the polymer matrix, we
collected datain a P2VP-OAPS nanocomposite, showing that the
slower process was coupled to nanofiller polymer interactions.
Intriguingly, the loading of OAPS influenced more on the slower
process relaxation strength and relaxation time, rather than the a-
relaxation time as expected. This could be explained by the OAPS
behaving similarly to a charged impurity suggested by the neat
copolymer data. Proper observation and understanding of the
slower process are essential to understand the unconventional
dynamics of nanocomposites containing P2VP. Ultimately, this
report would inspire future experimental and computational
research to understand this apparent relationship between the
structural isotropization of polymer segments and mass transport
of impurities/nanofillers through a polymer matrix, potentially
with high-throughput dielectric spectroscopy.*

B METHODS

Materials. For spacer thickness-dependent dielectric spectroscopy
measurements, poly(2-vinylpyridine) (M,, = $kDa, M,,/M, = 1.04, T, =
338.0 + 2.0 K) was purchased from Polymer Source (Dorval, QC,
Canada). Tetrahydrofuran (THF) used for DRS measurements was
purchased from FUJIFILM Wako Chemicals (Osaka, Japan). Hexanes,
methanol, ethyl acetate, petroleum ether, fuming nitric acid, magnesium
sulfate, ferric chloride, and Celite 545 were purchased from Fisher
Scientific (Waltham, MA, USA). Azobisisobutyronitrile (AIBN) and
tetrahydrofuran (THF) were purchased from Alfa Aesar (Haverhill,
MA, USA). Styrene, 2-vinylpyridine, basic alumina, calcium hydride,
and hydrazine hydrate were purchased from Acros Organics (Fair Lawn,
NJ, USA). Octaphenyl silsesquioxane was purchased from Hybrid
Plastics (Hattiesburg, MS, USA). Ethyl 2-(phenylcarbonothioylthio)-2-
phenylacetate and ethylamine solution (2 M in THF) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). AIBN was recrystallized in
methanol. Styrene and 2-vinylpyridine were purified by passing through
a column of basic alumina to remove inhibitor. Anisole was dried over
calcium hydride. All other materials were used as received.

Octa(aminophenyl) Silsesquioxane Synthesis. OAPS was
synthesized in-house from octaphenyl silsesquioxane (OPS) following
literature procedures from Haibo et al.*>*' Fifty grams of OPS was
converted to octa(nitrophenyl) silsesquioxane (ONPS) via nitration
reaction with nitric acid for 20 h at room temperature. This reaction
produced an off-white powder at 81.0% yield. OPNS was converted to
OAPS via a reduction step, with hydrazine hydrate as an in situ hydrogen
source with ferric chloride catalyst, 5% Pd/C, and THF solvent reflux at
60 °C. The OAPS produced was alight brown powder at 78.2% yield for
a total yield of 63.3%.

Poly(styrene-stat-2-vinylpyridine) Synthesis. Statistical co-
polymers of styrene and 2-vinyl pyridine were synthesized via reversible
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addition fragmentation chain-transfer (RAFT) polymerization.*® A total
of 20 g of styrene and 2-vinylpyridine were added to a 250 mL round-
bottom flask at different molar ratios with 1S mL of anisole. Ethyl 2-
(phenylcarbonothioylthio)-2-phenylacetate was used as the RAFT
chain transfer agent (CTA), with azobisisobutyronitrile (AIBN) as the
initiator. Reagents were added at a 600:4:1 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 hexanes two times. Polystyrene homopolymers were
precipitated in methanol instead of hexanes. If applicable, RAFT
endgroups were then cleaved by stirring the polymer in 0.5 M
ethylamine solution in THF at room temperature for 30 min before
precipitating two extra times in methanol. The pink powder was dried
under reduced pressure at 80 °C for 24 h and characterized by NMR and
gel permeation chromatography.

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

Gel Permeation Chromatography. The molecular weight and
dispersity of the P(S-2VP) copolymers synthesized were characterized
via GPC in a mobile phase of dimethyl formamide (DMF) with 0.01 M
lithium chloride salt at SO °C relative to a polystyrene standard. The
GPC instrument consisted of an Agilent Technologies 1260 Infinity,
fitted with a Gel 5 ym guard column, a PL Gel 5 ym mix D 1° column,
and a PL Gel S gm Mix C 1° column. Samples were run at a flow rate of 1
mL/min using toluene as the flow rate marker.

X-ray Scattering. The X-ray scattering measurements were
performed at BL40B2 of SPring-8, Nishiharima, Japan. Simultaneous
small-angle X-ray scattering and wide-angle X-ray scattering (SAXS/
WAXS) techniques were used for bulk measurements, with an X-ray
wavelength of 0.09 nm. The X-ray cameras for SAXS and WAXS were
Pilatus3S 2 M (Dectris) and a flat panel detector (Hamamatsu
Photonics), respectively. The camera lengths were 89.0 mm for WAXS
and 2287 mm for SAXS. For thin films measurements, grazing-incidence
SAXS/WAXS (GISAXS/WAXS) techniques were used with an X-ray
wavelength of 0.1 nm. Thin films for GISAXS/WAXS were prepared on
Si substrate by the solution-casting method in the same way used for the
preparation of samples for DRS measurements.

Dielectric Relaxation Spectroscopy. For DRS measurements, an
impedance analyzer, an Alpha-A-high-performance frequency analyzer,
was used together with a cooling unit, a Quatro cryosystem, from
Novocontrol Technologies GmbH & Co. KG (Montabaur, Germany).
Films for DRS measurements were prepared by drop-casting on the
lower electrode from a THF solution of P2VP/OAPS with a
concentration of 2 wt %, yielding a ~5 ym coating. After annealing at
RT for 24 h, the sample on the electrode was further annealed at 180 °C
for 24 h under vacuum. To avoid any electrical short between upper and
lower electrodes and to control the thickness of the air gap, a Kapton film
with a small area with various thicknesses between 12.5 and 37.5 ym was
inserted between the upper and lower electrodes. DRS measurements
were performed for the temperature range between 293 and 473 K and
for the frequency range between 23 mHz and 1 MHz. The thickness of
the polymer films was evaluated by performing capacitance measure-
ments together with AFM measurements. The former gives us a relative
but effective averaged thickness, while the latter does alocal but absolute
thickness. Combining the two methods enables us to evaluate the
effective averaged thickness for all samples. Thickness evaluated in this
way ranges between 4 and 8 yim for P(S-2VP) copolymers and between 3
and 6 um for P2VP/OAPS nanocomposites.

Atomic Force Microscopy. For AFM measurements, a scanning
probe microscopy SPM-9800 by Shimadzu Co. Ltd. in Japan was used
together with dynamic mode cantilever NCHR by NanoWorld Co. Ltd.
in Switzerland. Polymer films were prepared on glass substrates by the
same procedure as for dielectric measurements. After making a step by
scratching, the step height was measured as the absolute thickness of the
polymer films. Using this absolute thickness, dielectric permittivity can
be determined at a standard temperature and frequency.
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