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ABSTRACT: The dynamics of polymer nanocomposites (PNCs) are dictated
by two intertwining components, the polymer matrix and the nanoparticle
network, whose characteristics have not been elucidated. Here, we unravel the
salient features of the polymer matrix dynamics and the nanoparticle network
dynamics through dielectric spectroscopy and rheology. Dielectric measurements
show that the dynamics of the polymer matrix of PNCs are almost identical to
that of the neat polymer. In contrast, rheological measurements exhibit a strong
deviation in the dynamics of PNCs from that of the neat polymer. Detailed
analyses show that the rheology captures both contributions of the polymer
matrix and the nanoparticle network while dielectric measurements are only
sensitive to polymer matrix dynamics. Moreover, the dynamics of the polymer
matrix and the nanoparticle network have very different temperature depend-
ences, leading to a dynamic decoupling phenomenon and the breakdown of the
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time—temperature superposition principle in PNCs.

1. INTRODUCTION

Polymer nanocomposites (PNCs) are widely used as structural
and functional materials due to their light weight, low cost,
high mechanical strength, and good compatibility.l_6 The
design and application of PNCs rely heavily on their dynamic
and mechanical properties."””°™® Master curves of the dynamic
moduli of PNCs have usually been constructed through the
time—temperature superposition principle (TTSP),””"" where
the rheological shift factor, ax, represents the change in
polymer dynamics with temperature. The a} also sets the
foundation for the PNC processing, design, and performance
evaluation. For PNCs at high nanoparticle loadings, the a
typically shows much stronger temperature dependence than
the neat polymer.”'? Alternatively, polymer dynamics of PNCs
measured by selective methods such as the broadband
dielectric spectroscopy (BDS), af (the dielectric shift factor),
usually show identical Williams—Landel—Ferry (WLF) tem-
perature dependence as the neat polymer, regardless of the
loading of nanoparticles.””™"* Thus, it is important to
understand the discrepancies in the polymer dynamics of
PNCs, the af and ab, from different techniques.

The thermomechanical properties of PNCs are known to
correlate with the two intertwining components: the 6polymer
matrix network and the nanoparticle network.”'*'°™>* For
PNCs with well-dispersed nanoparticles, the nanoparticle
network forms through polymer bridging. Quan et al.'®
demonstrated that the linear viscoelastic spectra of PNCs
with well-dispersed nanoparticles could be quantitatively
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described by taking into account the gel dynamics of the
nanoparticle network, emphasizing the critical role of the
nanoparticle network. Baeza et al."’ observed a change in the
a% from a WLF to an Arrhenius temperature dependence for
PNCs at high loadings, which was also attributed to the
nanoparticle network dynamics. Although the critical roles of
the nanoparticle network have been heavily emphasized
recently, the nanoparticle network dynamics remain largely
unexplored.

In this article, we decouple the polymer dynamics and the
nanoparticle network dynamics of PNCs through a combina-
tion of BDS and rheology. Specifically, BDS measurements
demonstrate identical temperature dependence in the dynam-
ics of the PNCs and the neat polymer, as, regardless of the
loading of nanoparticles. In contrast, small amplitude
oscillatory shear (SAOS) and creep measurements of the
same PNCs clearly show difference in the ay between PNCs
and the neat polymer. Moreover, the TTSP is only valid for
PNCs at low loadings in the absence of the nanoparticle
network, and a breakdown of the TTSP takes place at high
nanoparticle loadings when the nanoparticle network emerges.
In addition, we demonstrate that large strain predeformation
followed by linear viscoelastic measurements can be an
effective way of separating the dynamics of the polymer matrix
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and the nanoparticle network. Interestingly, the a} of PNCs
with predeformation deviates significantly from that in the
absence of predeformation and follows identical temperature
dependence with the ab. We conclude that the a% of PNCs
contains the contributions from both the polymer matrix and
the nanoparticle network, while the BDS only measures the
dynamics of the polymer matrix. Furthermore, it is the
dynamics of the nanoparticle network that lead to the
difference between the a and the a2 as well as the failure of
the TTSP of PNCs at high nanoparticle loadings.

2. MATERIALS AND METHODS

2.1. Materials. Two polymers, poly(vinyl acetate) (PVAc) and
polypropylene glycol (PPG), and two types of SiO, nanoparticles with
a radius of Ryp = 7 + 2 nm (Nissan Chemical, MEK-AC2140Z) and
Ryp = 12.5 + 2.5 nm (synthesized by a modified Stober’s method™>**
in ethanol at a concentration of 15 mg/mL), are included in this
study. The PVAc (Spectrum Chemical MFT Corp.) has a molecular
weight (M) of 40 kg/mol and a polydispersity index (PDI) of 1.76.
The PPG with My, = 18.2 kg/mol and PDI = 1.03 is from Bayer Co.
The PVAc/SiO, with different loadings was prepared by solution
casting® in methyl ether ketone (MEK, Sigma-Aldrich). First, a
parent PVAc/MEK solution of 0.01 g/mL was prepared and filtered
by a poly(tetrafluoroethylene) filter with the pore size of 20 yum to
remove impurities and dust. For each sample, 30 mL of the parent
solution was transferred into a 100 mL beaker. Then, different
amounts of the SiO,/MEK suspension were added dropwise into the
beaker to the desired loading of nanoparticles. After 2 h of stirring, the
PVAc/SiO,/MEK mixture was transferred into a Teflon dish and
placed under a fume hood at 293 K for 24 h before drying in a
vacuum oven (1072 torr) at 353 K. The PPG/SiO, nanocomposite
was prepared in a similar manner by replacing the solvent of MEK
with ethanol (200 proof, ACS grade, Sigma-Aldrich). The loading of
nanoparticles, gyp (volume fraction), varies from S to 40% for PVAc/
SiO, and @yp = 38% for PPG/SiO, nanocomposite. For the simplicity
of the presentation, we will, hereafter, use the name of the parent
polymer, the radius of nanoparticle, and the volume fraction of the
nanoparticles to represent the nanocomposites. For example,
PVACR7-5.7% refers to PVAc/SiO, (Ryp = 7 + 2 nm) nano-
composites with the volume fraction @yp = 5.7%. A summary of the
sample list and basic characterizations is presented in Table 1, where
dips is the average interparticle surface-to-surface distance (defined in
a following section), and Ry is the radius of gyration of the matrix
polymer.

Table 1. Basic Characteristics of PNCs

polymer Ry Pnp dips
sample name matrix (nm) (vol %) (nm)  dps/ R,
PVACR7-5.7% PVAc 7 5.7 17 3.0
PVACR7-7.5% PVAc 7 7.5 14 2.5
PVACR7-17% PVAc 7 17 7.5 1.3
PVACR7-26% PVAc 7 26 4.9 0.86
PVACR7-35% PVAc 7 35 3.0 0.53
PVACR7-40% PVAc 7 40 2.3 0.41
PPGR12.5-38% PPG 12.5 38 4.7 1.07

2.2, Transmission Electron Microscopy. The transmission
electron microscopy (TEM) images of PNCs were produced using
JEOL 100CX TEM with an accelerating voltage of 120 kV and a beam
current of 100 pA. Film slices of PNCs with thicknesses varying
between 100 and 150 nm were prepared by microtoming on RMC
Boeckeler PowerTome XL with a glass knife at ambient conditions.

2.3. Thermogravimetric analysis. The weight fraction of the
SiO, nanoparticles of PNCs was identified by thermogravimetric
analysis (TGA) (TA Instruments QS0) from 293 to 1073 K under air
at a heating rate of 20 K/min. The volume fraction of the
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nanoparticles, @yp, was calculated from the mass fraction of the
nanoparticles, myp, the density of the nanoparticles, and the density of
polymers, ppyac = 1.19 g/cm® and pppg = 1.004 g/cm>>® The
characteristic interparticle surface-to-surface distance, djps, was
estimated by assuming random distribution of nanoparticles:*’

6\
dips = (’"/’Np> = 2 [Ryp-

2.4. Broadband Dielectric Spectroscopy. BDS measurements
were carried out on a Novocontrol Concept-40 system with an
Alpha-A impedance analyzer and a Quatro Cryosystem temperature
controller over a frequency range of 107 to 107 Hz. The accuracy of
the temperature controller is +0.1 K. The measurements were
performed on a disk-shaped sample sandwiched by two gold
electrodes. The sample thickness was 0.15 mm, and the diameter
was 14 mm. The BDS tests were performed from T = 393 Kto T =
173 K under cooling every S K and from 173 to 393 K under heating
every 20 K. A thermal annealing of 20 min was performed to assure
the thermal equilibrium of the PNCs before each measurement.

2.5. Rheology. All the rheological measurements of PNCs were
conducted on an Anton Paar MCR302 on a pair of parallel plates with
4 mm in diameter, except for the neat PVAc, the neat PPG, and the
PPGR12.5-38%, where parallel plates with a diameter of 8 mm were
applied. All sample thicknesses were 1 mm. To remove the potential
effect of sample loading, an oscillatory shear at an amplitude of 30%
was applied immediately after the loading.”**’ Strain sweep tests were
conducted at an angular frequency of 1 rad/s at each temperature to
identify the linear response region. The applied strain in SAOS varied
from 0.01 to 1%, depending on the stiffness of the materials and the
measuring temperature. The SAOS measurements were carried out at
the angular frequency 10® to 1072 rad/s between 313 and 393 K for
the PVAc nanocomposites. For the creep compliance measurement, a
constant stress of 6 < 1000 Pa was applied and the creep
measurement lasted for 10° to 10° s.

3. RESULTS AND DISCUSSION

3.1. Transmission Electron Microscopy. TEM has been
widely applied to study the dispersion of the nanoparticles of
PNCs.'7*? Figure la shows the TEM image of the bulk
PVACR7-26% over a field of view of 1.9 ym X 1.5 pum. Such
TEM images with a large field of view should be representative
in characterizing the dispersion state of the nanoparticles.
Clearly, there are no large nanoparticle aggregates and clusters
in the TEM image. To further quantify the dispersion state of
the nanoparticles, we calculate the particle—particle pair
correlation function, C(r), in Image] software by following a
previous protocol’””" with a background noise tolerance of
10% (Figure 1b). The absence of oscillations in C(r) at r > 20
nm indicates a good dispersion of nanoparticles in the polymer
matrix. In addition, we identify the position of each
nanoparticle and count the nanoparticle center-to-center
distance, N(I) (total counts) (Figure 1c) with I the center-
to-center distance of neighboring nanoparticles. The inset of
Figure lc shows a triangle algorithm mapping of the
nanoparticles of Figure la, and the [ is the length of each
triangle side. The N(I) follows normal distribution (the solid
line in Figure 1c). Note that only the region of the red square
box of Figure 1a has been analyzed for Figure 1b,c because of
the influence of the scale bar to the image analysis. The
detailed analyses of the TEM image over a region larger than
the 1.5 ym X 1.5 um and the optical clarity of the
nanocomposites (Figure 1d) are consistent with our previous
TEM and small-angle X-ray scattering (SAXS) measurements
on the same PVAc/SiO, nanocomposites with slightly larger
nanoparticle sizes of Ryp = 12.5 nm.">”** Because of the low
glass transition temperature, Ty of the PPGR12.5-38%, we
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Figure 1. (a) TEM image of PVAcR7-26% over a field of view of 1.9 ym X 1.5 um. The orange scale bar is 200 nm. (b) Particle—particle pair
correlation function, C(r), of the TEM image. (c) Nanoparticle—nanoparticle center-to-center distance distribution, N(I), of the TEM image. The
inset of (c) is the triangle algorithm mapping of the nanoparticles in the TEM image. (d,e) Optical images of the bulk PVAcR7-40% (thickness 0.2
mm) and PPGR12.5-38% (thickness 0.4 mm). Note that only the region of the red square box of (a) has been analyzed for (b,c) because of the
influence of the scale bar. Both the analyses of the C(r) and the N(I) support a random distribution of nanoparticles in the PNCs. The optical
transparency of both samples agrees with the absence of large nanoparticle aggregates of the PNCs.

were not able to microtome the PPG nanocomposite.
However, our previous SAXS measurements of PPG/SiO,
nanocomposite with a lower polymer My, (My, = 4 kg/mol)
and the same nanoparticles'” as well as the optical clarity
(Figure le) of the PPGR12.5-38% favor a good dispersion of
silica nanoparticles in the PPGR12.5-38%.

3.2. Broadband Dielectric Spectroscopy. BDS measures
the dipole reorientation of the polymer and has been widely
applied to study the polymer dynamics of the PNCs.'>'>**~%
Because the silica nanoparticles do not have an active dipole
within the temperature and frequency range of interest, the
dielectric spectra of PNCs mainly measure the polymer
dynamics.'>*® Figure 2a shows the typical dielectric loss
spectra, £’ (), of the neat PVAc and PVAc nanocomposites at
T = 373 K. The loss peak at 10° to 107 rad/s represents the
segmental relaxation. Adding nanoparticles changes the
dielectric spectra of polymer matrix in several ways: ' *>*
(i) the dielectric loss peak shifts to a slightly lower frequency;
(ii) the shape of the dielectric loss peak broadens because of
the presence of the interfacial polymer layer between the
polymer matrix and the nanoparticles; and (iii) an increase in
the dc-conductivity occurs, primarily because of the impurities
introduced along with the nanoparticles. An accurate analysis
on the details of the dielectric spectra of PNCs is generally a
challenging task. Recent progress on this topic has been
summarized in our previous publications.'*”” However,
because the shape of dielectric loss peak of PNCs remains
almost unchanged with temperature (inset Figure 2b), and the
focus of the study is on the temperature variations of the
polymer dynamics, we take the temperature dependence of the
characteristic peak as an indication of the variation of the
polymer dynamics with respect to temperature. Specifically, we
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fit the loss peak into one Havriliak—Negami (HN) equation,
e'(w) = —Im[ — + i] Here, Ae is the dielectric

(1+ (ongy)’y  iog
strength of the segmental relaxation process, 7y is the HN
relaxation time, the exponents f and y describe the asymmetry
of the spectra, g4 is the dc-conductivity of the polymer, and ¢,
is the vacuum permittivity. The relationship between the
structural relaxation time, 7,, and 7yy is

_ . Prn -1 .
T, = TN sm2+2y sin

Figure 2a are the representations of the HN function fit to
the spectra of PVAc PNCs at T = 373 K. Figure 2b summarizes
the segmental dynamics of PNCs with temperature. Interest-
ingly, only a slight difference in 7, has been found between
PNCs and the neat polymer. In the inset of Figure 2b, the
spectra at different temperatures were normalized by their
corresponding peak frequency, ,, and the peak amplitude, &7,
of the segmental relaxation to compare the shape of the
spectra.

In addition to the segmental relaxation, BDS can study the
chain relaxation of polymers, which provides a direct
comparison to rheology.”' Figure 2c offers representative
dielectric spectra of PPGR12.5-38% (blue squares) and the
neat PPG (red circles) at T = 238 K. Both the segmental and
chain relaxations of PPG are clearly identified in the loss
spectra as well as the derivative spectra of the storage

_rol) ** The dashed lines are the
2 dnw

HN function fit of the segmental relaxation (the long-dashed
lines) and the chain relaxation (the short-dashed lines). The
inset of Figure 2d presents the normalized spectra, £”/gj
versus a)/wp, of the PPGR12.5-38% at three temperatures T =

Pym
242y

1/p
] % The dashed lines in

permittivity, &..(@) =
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Figure 2. (a) Dielectric loss permittivity spectra, £”(@), of PVAc nanocomposites and neat PVAc at T = 373 K. (b) Segmental relaxation time, 7,
of PVAc nanocomposites. (c) ¢”(w) of neat PPG and PPGR12.5-38% at T = 238 K. The inset shows their corresponding derivative spectra,
Ejor = —g X m;)%fuw), where the segmental relaxation and the chain relaxation are well-resolved. (d) Segmental relaxation, 7,, and the chain

relaxation, 7., of neat PPG and PPGR12.5-38%. The solid lines in (d) are the 7, and 7, of the same PPG from ref 43. The dashed lines in (a,c) are
the HN function fit to the spectra. The insets of (c,d) are the normalized spectra of the PVAcR7-17% and PPGR12.5-38% at different temperatures,
where the frequency and the dielectric amplitude are normalized by the peak frequency, @,, and the peak amplitude, ¢}, respectively. The spectra of
the T =238 K and T = 308 K of PPGR12.5-38% are compared by matching the peak frequency and peak amplitude of the chain relaxation at T =

308 K with the normalized spectra at T = 238 K.
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Figure 3. (a) log G’ vs log G” of the PVAc PNCs of different loadings of nanoparticles. The inset presents tan § vs log G* of the same PNCs. The
good overlap of the spectra at different temperatures indicates the rheological simplicity of the PNCs. Master curves of linear viscoelastic spectra of
PVAc PNCs (b) and PPG PNC (c) through TTSP. The reference temperature of PVAc PNCs and the PPG PNC is T, = 313 K and T, = 293 K,
respectively. The purple lines of (b) are the calculations based on the Kramers—Kronig relation. Both the rubbery plateau, G,, and the low
frequency plateau, Gy, of PVAcR7-35% can be clearly identified from the spectra. The inset of (c) presents the log G’ vs log G” of the neat PPG
and the PPGR12.5-38%.

208 K (blue squares), 238 K (red circles), and 308 K (olive variation in the dc-conductivity at high temperatures, the
diamonds). At T = 308 K, the segmental relaxation peak is shapes of both segmental and chain relaxations do not change
outside the frequency window of the measurement, and we with temperature. Therefore, the temperature variations of the
match the peak position of chain relaxation at T = 308 Kand T characteristic segmental and chain relaxation times represent

= 238 K to compare their shapes. Clearly, except for a slight the corresponding polymer dynamics of PNCs. Figure 2d
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Figure 4. Shift factors of neat PVAc and PVAc PNCs (a) as well as neat PPG and PPGR12.5-38% (b) from rheology log(a}) and from dielectric
log(a}). The reference temperatures of PVAc PNCs and PPGR12.5-38% are T, = 318 and 293 K, respectively. The inset of (b) shows the
comparison of shift factors of neat PPG and PPG PNC at T, = 238 K. The excellent overlaps among the log(a%), log(a%*), and log(a%°) indicate
identical temperature dependence of them for neat PPG (red symbols) and PPG nanocomposite (blue symbols) over the whole temperature range
of the measurement. Note that the log(a}) of the PPGR12.5-38% has not been presented in the inset (b).

summarizes the segmental relaxation time, 7,, and the chain
relaxation time, 7., of both the PNC and the neat PPG, which
are consistent with previous publication on the neat PPG with
the same My (the solid lines).* Interestingly, although the
chain relaxation peak broadens significantly, the presence of
nanoparticles shows almost no influence on the characteristic
time of the chain relaxation.”” The temperature dependence of
both segmental relaxation and chain relaxation of the polymer
matrix on PNCs remains identical to that of the neat polymer.
Therefore, the BDS measurements clearly demonstrate that the
dynamics of polymer matrix of PNCs share almost identical
temperature dependence with the neat polymer at both the
segmental and the chain level.

3.3. Small Amplitude Oscillatory Shear. Rheology has
been heavily applied to study the dynamics of PNCs through
the TTSP.%”'" However, the validation of the TTSP for PNCs
has not been rigorously examined. Figure 3a and the inset of
Figure 3¢ show log G’ versus log G” of PVAc nanocomposites
and the PPG nanocomposite as well as their neat polymer
matrices. Master curves of the log G’ versus log G” of all PNCs
have been obtained, indicating the rheological simplicity of all
PNCs.** The inset of Figure 3a presents the Van Gurp—
Palmen plot of PVAc nanocomposites with tan ¢ versus log
G*.* Here, G* is the complex modulus of PNCs with

G”? + G"*. A good overlap of tan & versus log G* has
been obtained for all the PNCs as well. Figure 3b,c presents
the linear viscoelastic master curves of the PNCs through the
TTSP at a reference temperature T, = 313 K for PVAc PNCs
and T, = 293 K for PPG PNC. Indeed, master curves of the
PNCs obey the Kramers—Kronig relation®® as evidenced by
the purple lines for the PVAcR7-35% in Figure 3b, where the
storage modulus G'(®) is calculated from the loss modulus
G (w): G(w) = %/000 Z,ZG_(Zz)da)’ + G, with G, being a
modulus constant, corresponding to the glassy shear modulus.

Several features are worth noting. At low nanoparticle
loadings, @np < 7.5%, the PNCs have around 1-2 times higher
plateau modulus than the neat polymer, suggesting a slightly
stronger effect than pure hydrodynamic reinforcement. An
upturn of the G'(®) at the terminal region appears at @yp =
7.5%, which might be from the long relaxation time of the
adsorbed polymers. No sign of polymer bridges and the
nanoparticle network through bridges has been found for
PNCs with ¢ynp < 7.5 vol %. Increasing the nanoparticle
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loading usually leads to an increase in the probabilities for
polymer bridging. According to Guiselin,”’ the height of the
adsorbed polymers is around R, of the polymer matrix.
Therefore, the nanoparticle network of PNCs with strong
polymer bridges shall be anticipated at dipg/R, ~ 1.0. Indeed, a
second modulus plateau, Gy, appears at the frequencies war <
107" rad/s of PVAcR7-17% (dips/R, = 1.3) in addition to the
rubbery plateau, G,, at war = 1077 to 10™* rad/s, indicating the
emergence of a strong nanoparticle network. Further
increasing the loading of nanoparticles to 35 vol % (dIPS/Rg
= 0.53) for PVAc PNCs and 38 vol % for PPG PNC
significantly improves the dynamic moduli of PNCs. All these
features are typical and are consistent with previous literature
reports on the characteristics of PNCs."’

3.4. Shift Factors of PNCs from Rheology and the
Dielectric Measurements. Both rheology and BDS offer the
temperature variations of the polymer dynamics of PNCs,
manifested by the shift factors af and a?. BDS offers two
distinct types of shift factors: ab* = 7,(T)/7,4(T,) of segmental
relaxation and a%¥ = 7.(T)/7(T,) of chain relaxation.
Although the decoupling of a3 and a%° is well-known in
polymers at temperatures close to their Tg,48 previous
experiments showed that the decoupling for PPG took place
at temperature T < 222 K.** At temperatures above T = 222 K,
the shift factors of the a>* and a> of PPG fall onto one master
curve as shown in the inset of Figure 4b, which essentially
represents the shift factor of the segmental relaxation of the
PPG over the entire temperature window. Thus, we assign a7
as ab for PVAc, and the combination of the a5 and a%° as a®
for PPG in the following discussions where the shift factor of
segmental relaxation is relevant.

Figure 4a,b shows the explicit temperature dependence of
the af and a} of PVAc nanocomposites and the PPG
nanocomposite, respectively. For PNCs with inorganic nano-
particles, the temperature variations in the dynamics should be
governed by the polymer matrix. Therefore, one should
anticipate identical aff and a? for PNCs as in the neat polymer.
However, the comparisons for both PVAc nanocomposites and
the PPG nanocomposite show strong deviations between the
a% and a3, especially at high loadings. For instance, at T = 393
K, the 4% of the PVAcR7-40% is around 100 times smaller than
the a} of the neat polymer, implying a ~10> times faster
polymer dynamics from rheology than from dielectric
measurements. A similar observation can be noted for
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helps to identify the critical strain for the nanoparticle network destruction. (c) J(t) of PVAcR7-35% with a different amount of waiting time. A long
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almost identical values for different runs indicate a similar network structure of PNCs after p-OS.

PPGR12.5-38% at T = 353 K, where a ~10° faster polymer
dynamics has been observed from rheology than from the
BDS. More important, if one compares the polymer dynamics
of the PNCs with the neat polymer matrix at the same
conditions, the same fast dynamic of polymer matrix in PNCs
has been observed, which contradicts with the strong attractive
polymer—nanoparticle interaction of PNCs. Therefore, the
large difference in the af and a} must be because of different
origins. In addition, we find that the a} and a} are almost
identical for PVAc PNCs at low loadings with ¢yp = 5.7%, 7.5
vol %, and the neat PVAc. In other words, the difference in the
temperature dependences of the a and a appears only at high
loadings with @yp > 17%. We will discuss the origin of the af
and a} as well as the loading dependence in a later section.
3.5. Creep and the Validation of the TTSP in PNCs.
The different temperature dependences of the ay and a%
impose an important question on the validation of the TTSP
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in the PNCs. One possibility is the limited dynamic window
(107 to 10” rad/s) of the SAOS measurements. Interestingly,
both the log G’ versus log G” and Van Gurp—Palmen plot
(Figure 2a) as well as the causality check from the Kramers—
Kronig relation (Figure 2b) do not find an obvious sign of the
breakdown of the TTSP in PNCs.

Creep is able to access polymer dynamics at the long time
limit, which offers a direct way of examining the validation of
the TTSP in PNCs. Figure Sa shows the master curves of the
creep compliance, J(t), of PNCs for neat PVAc and PVACR7-
7.5%, where the creep compliance across seven decades (107
to 10° s) has been measured at T, = 333 K. The creep
compliance of the PNCs below 7.5% overlaps nicely with each
other at different temperatures in the absence of vertical shifts.
In addition, the shift factors from the creep are identical to
those of the SAOS for both the neat PVAc and the PVACR7-
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polymer-adsorbed nanoparticles before and after predeformation. The chains are colored for presentation purposes and they have identical polymer
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7.5% (the inset of Figure Sa), indicating the validation of the
TTSP for PNCs at gyp < 7.5%.

Figure Sb shows J(t) of PVAcR7-35% at T = 353, 373, and
393 K. Intriguingly, the shape of the creep compliance of
PNCs varies dramatically at different temperatures, especially
at 10” to 10° s outside the accessible time window of the SAOS
measurements. Consequently, the creep compliance at differ-
ent temperatures cannot overlap with each other (the inset of
Figure Sb), regardless of the applied shift factors (a} and a}).
Thus, the TTSP breaks down for PNCs with high loadings @yp
= 35 vol %. It is worth noting that if one only focuses on the
short time dynamics (<107 s), a master curve of J(t = t < 10%s)
can be constructed (the purple line in the inset of Figure Sb),
with shift factors identical to a%.”'" Therefore, the SAOS only
observed an “apparent” validation of the TTSP because of the
limited dynamic window.

3.6. Dynamics of the Polymer Matrix of PNCs.
3.6.1. Decouple the Dynamics of the Polymer Matrix and
the Nanoparticle Network through Predeformation. The
mechanics of the nanoparticle network are highly nonlinear
with deformation, a phenomenon known as Payne effect.”’ In
the Payne effect, a maximum in loss modulus appears at a
critical strain, y, beyond which the nanoparticle network
decomposes.”’ Therefore, applying predeformation y > .
followed by linear viscoelastic measurements could separate
the contribution of the polymer matrix and the nanoparticle
network. Figure 6a shows a sketch of a combination of a
predeformation of oscillatory shear (p-OS) with y; > 7.
followed by a creep test, where t, = t, — t; is the waiting
time, and ¢, and t, are the time associated with the end point of
p-OS and the starting point of the creep at stress 6. The p-OS
runs 10 cycles for all the measurements at an angular frequency
of 1 rad/s. In creep experiments, the ¢ was set as 10 Pa to
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assure a linear response. In the following discussions, we
focused on PVAcR7-35%. The underlying physics should apply
for other PNCs.

Figure 6b shows the effect of the amplitude 7, (y; > 7.) on
the creep tests of PNCs with ¢, = 0 s, where the y, = 1% is
located at the loss peak G”(y) in a strain sweep test (the inset
of Figure 6b). The destruction of the nanoparticle network
takes place at y > y. Consequently, the J(t) softens
significantly upon p-OS. At y; = 1%, there is already three
times increase in the J(tf) of PNCs. The larger the y,, the
greater the softening effect and the stronger the disturbance to
the nanoparticle network. At y; = 30%, the J(t) increases more
than one decade, suggesting a strong destruction of the
nanoparticle network. Note that no softening in J(f) has been
found after p-OS with y, = 30% in both the neat PVAc and the
PVACR7-7.5%, where no nanoparticle networks present. The
softening of PNCs upon deformation has been observed in
filled rubbers, where the origin is explained as the destruction
of the filler—filler physical network.”**** We emphasize that
the observed softening of PNCs with well-dispersed nano-
particles should be from the destruction of the polymer bridge
networks.

To quantify the possible microstructure changes of the
nanoparticle network upon p-OS, we further performed
experiments with different waiting time, f,. To assure the
PNC resides on a similar rheological state before and after the
p-OS, we track the apparent storage modulus, G, os(@), at
each circle (the inset of Figure 6c). The nearly identical
G}’,_Os(w) at each run indicates a similar destruction state of the
nanoparticle network of the PNC before applying different t,,.
The red line in Figure 6¢ presents the J(t) of PVAcR7-35% in
the absence of p-OS, and the symbols in Figure 6c are the J(t)
at t,, = 0—30 000 s with the treatment of p-OS at y; = 20% and
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1 rad/s. As expected, the J(t) decreases with t,, indicating a
healing of the PNC. Remarkably, it takes ~30000 s before
PVACR7-35% at T = 373 K reaches a completely healed state,
which is ~10' 7,. Recent experiments show that adsorbed
polymers take around 10'° to 10" 7,, to reach a conformational
equilibrium state.”>** The coincidence on the time scale
between the PNC healing and the equilibrium time of the
adsorbed polymers may indicate the reconstruction of the
nanoparticle network through a conformation rearrangement
of the adsorbed polymers. Nevertheless, the destruction of the
network upon predeformation is reversible.

3.6.2. Origin of the Breakdown of the TTSP in PNCs. In
this sub-section, we apply a SAOS measurement after the
predeformation to study the dynamics of the polymer matrix of
PNCs alone. As shown in Figure 7a, the y; and y, are the strain
amplitude of the p-OS and the SAOS, respectively. The t, is
the time of the p-OS. Here, we chose the same p-OS
conditions (y; = 20% and @ = 1 rad/s) as in Section 3.6.1.

The empty and filled symbols in Figure 7b are the storage
modulus, G’, of the PVAcR7-35% before and after p-OS at T =
353,373, and 393 K. An around 50% reduction in modulus has
been found for all temperatures. Figure 7c shows the master
curves (symbols) of PVAcR7-35% after p-OS. The shift is
obtained based on the horizontal shift in the loss modulus,
G"(w). In comparison to the master curve of PVAcR7-35% in
the absence of the p-OS (the lines), the PNC with p-OS
treatment exhibits a power-law behavior, G'(w) ~ G"(w) =~
®°3, and the modulus plateau at low frequencies disappears.
The power law of G'(w) ~ G”(w) ~ @*? is reminiscent of the
typical dynamics of dense colloidal systems.>> " It is possible
that the p-OS breaks up the nanoparticle network, leaving a
densely packed polymer adsorbed nanoparticles (the inset
cartoons of Figure 7c). Interestingly, the shift factors of the
PVAcR7-35% after predeformation (the purple hexagons),

a;{ "5 are almost identical to the aX of the neat PVAc (the
orange stars) and are consistent with the dielectric measure-
ment (a?) of the same PNC (the black line), as shown in the
inset of Figure 7c. Therefore, the a} of PNCs contains the
contributions from both the polymer matrix and the
nanoparticle network that exhibits different temperature
variations. Clearly, it is the dynamics of the nanoparticle
network that lead to the large difference between the af and
the a2, and the breakdown of the TTSP in PNCs. Note that
the nanoparticle network emerges at @yp = 17% for the PVAc
nanocomposites under study, below which the TTSP holds
(Figure Sa), which also explains the above-mentioned loading
effect for the deviation of the a% and a (Figure 4a).

3.7. Dynamics and Mechanics of the Nanoparticle
Network of PNCs. In PNCs with well-dispersed nano-
particles, a nanoparticle network forms through polymer
bridges beyond the gelation. The dynamics of the polymer
network is primarily controlled by the polymer desorption,
which is an activation process.””*’ Assuming that the
activation energy for polymer desorption is AE per chain,
the relaxation time of an adsorbed polymer chain is

74(T) ~ Ta(T)eXP(i—i)»SQ where R = 8.314 J/(mol-K) is the
gas constant. Thus, the shift factors of PNCs from rheology, ax,
reflect the temperature dependence of the 7,4(T):

w(Dewp( 51
(RiE) =al p(ﬁ—ﬂ). There-

R _ wT) _
=ag ex

) RT  RTy
fore, the analyses predict an Arrhenius temperature depend-

T 7 Tep)
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ence of the ratio a}f/a} with AE the energy barrier, in excellent
agreement with the experimental observation shown in the
inset of Figure 8a for both the PVAc and PPG PNCs. The
slopes of the log(at/a}) versus 1000/T provide a direct
identification of the activation energy AE.
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Figure 8. (a) Normalized activation energy, AE/E,, with respect to
the normalized interparticle surface-to-surface distance, dips/R;. The
inset of (a) demonstrates that the log(a}/a}) follows an Arrhenius
temperature dependence at high temperatures, whose activation
energy, AE, increases with the nanoparticle loading. The inset cartoon
depicts the different scenarios of polymer bridging. (b) AE/E, in
terms of the number density of polymer bridging, (leS/Rg)_Z. (c)
Scaling of the low-frequency plateau, G, with the djps. Both the linear
relationship between AE/E, and (dpg/ Rg)_2 and the scaling of Gy, &
dps™ confirm the dominating role of the polymer bridges in the
dynamics and mechanics of PNCs at high temperatures.

Figure 8a summarizes the AE/E, = 0.75—4.5 with respect to
the djps/Ry, where the E, = 20 kJ/mol is the strength of an H-
bonding between PVAc and the $i0,.°" The cartoons of Figure
8a illustrate a possible scenario between the djps/R; and the
number density of polymer bridges per chain. Interestingly, the
activation energy AE = 140 kJ/mol of PPGR12.5-38% that is
larger than the PVAc PNCs’. Because the E; of PPG/SiO, and
PVAc/SiO, is comparable,é1 the larger AE of PPGR12.5-38%
could be from a larger population of the train conformation at
the nanoparticle surfaces of the PPG that is more flexible'” and
has a lower polymer M, than the PVAc.>

According to de Gennes, the number density of bridges
between two parallel g)lates is inversely proportional to the
square of the distance.”> Thus, the number density of polymer
bridges of PNCs is n, & djps > Figure 8b plots the number
density of H-bonding, AE/E,, as a function of the number
density of polymer bridges, (dips/R,)™>. Remarkably, a linear
relationship has been found between the AE/E; and (dpps/
Rg)_z, supporting the basic ideas of nanoparticle networking
through polymer bridges and the bridge desorption controlling
the dynamics of nanoparticle network.

For PNCs at high loadings, the desorption energy can be as
large as ~90 kJ/mol, and the polymer bridges dominate the
elastic contribution of the PNC at high temperatures and at the
long-time scale. Therefore, G;, ~ m,G, where Gy, is the
modulus plateau at low frequencies in the linear viscoelastic
spectra (Figure 3b), n, & dipg™” is the number density of the
polymer bridge, and G, & kzT/M, is the modulus of one
polymer bridge with M, & djpg” the My, of a bridge. The elastic
modulus of the nanoparticle network is Gy, & m,G, & dps ™.
Figure 8c plots the Gy, versus dpg for the PVAc nano-
composites. The agreement between experiments and the
simple model for the Gy, indicates the deterministic role of the
polymer bridges for the low-frequency modulus and
encourages further experimental verifications.
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4. CONCLUSIONS

In conclusion, we decoupled the dynamics of polymer matrix
and the nanoparticle network of PNCs with well-dispersed
nanoparticles through a combination of rheology and dielectric
spectroscopy. The dielectric measurements show the polymer
matrix of PNCs exhibit similar temperature dependence as the
neat polymer, regardless of the loading of nanoparticles. The
dynamics of PNCs from rheology are comparable to the neat
polymer only at nanoparticle loadings in the absence of
nanoparticle network, where the shift factors from dielectric
measurement and from rheology are similar, and the TTSP is
valid. At higher loadings, a nanoparticle network forms through
polymer bridging. The shift factors of the PNCs from rheology
and from BDS deviate strongly from each other and the TTSP
breaks down. In addition, we have demonstrated that
predeformation can serve as an effective way to separate the
dynamics of polymer matrix and the nanoparticle network.
Remarkably, the dynamics of the PNCs from rheology after
predeformation exhibit identical shift factors with the dielectric
measurements, which indicates a decoupling in the dynamics
of polymer matrix from the PNCs. Moreover, it is the
emergence of the nanoparticle network that changes the
temperature dependence of the dynamics and leads to the
breakdown of the TTSP of PNCs. Furthermore, the strength of
the nanoparticle network is represented by the strength of
polymer bridging. The activation process of the chain
desorption at the surface of nanoparticles controls the
dynamics of the nanoparticle network. These results provide
a detailed characterization of the dynamics of the polymer
matrix and the nanoparticle network of PNCs, clarify the
decoupling in dynamics of the polymer matrix and the
nanoparticle network, and unravel the origin of the breakdown
of the TTSP in PNCs.
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