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Segmental dynamics and physical aging of

polystyrene/silver nanocomposites

Yu Lin,*® Langping Liu,” Jiaqi Cheng,* Yonggang Shangguan, ® Wenwen Yu,* Biwei

Qiu,” and Qiang Zheng, ®

We report the complicated variation trend of calorimetric 7, and physical aging in
PS/Ag nanocomposites, despite the invariant segmental dynamics with increasing

silver nanoparticle loading.
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Abstract: We investigate the effects of silver (Ag) nanoparticles on segmental and
chain dynamics, physical aging and rheological behavior of polystyrene (PS) via a
combination of broadband dielectric spectroscopy (BDS), calorimetry, and dynamic
rheological measurement. The segmental dynamics of PS is found to be unchanged
with increasing nanoparticle loading. After annealing below the glass transition
temperature (7,) for various time, by means of measuring the recovered enthalpy
values of PS, it is surprising that an acceleration and a suppression of the physical
aging in PS/Ag-3% and 10% nanocomposites can be observed, respectively,
corresponding to the decreased and increased calorimetric 7,, which can be

interpreted by plasticizing and antiplasticizing effects. Furthermore, the filler
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reinforcement in rheological behavior is observed with increasing the weight fraction
of Ag nanoparticles. The temperature-dependent horizontal shift factor reveals that the
overall chain dynamics are shown to speed up in the presence of Ag nanoparticles. We
also emphasize recent discrepancies in the literature works of polymer
nanocomposites and polymer thin films by comparing our results.
Key words: Glass transition; Segmental dynamics; Chain dynamics; Physical aging
1. INTRODUCTION

Introduction of nanoparticles into polymers generate polymer nanocomposites
(PNCs) with a combination of outstanding comprehensive properties, given by the
integration of stiffness and stability of nanoparticles with the polymer excellent
properties such as high transparency, mechanical, dielectric and processing properties,
etc. More particularly, due to the unique electrical conductivity and antibacterial
characteristics of silver (Ag) nanoparticles, polymer/Ag hybrid advanced materials
have a vast array of applications in microelectronics devices, sensors and biomedical
application. A fundamental understanding about polymer-nanoparticles interactions
and dynamics will be of great significance to optimize structure and properties of such
materials. Unfortunately, it has been poorly understood until now."*

Glass transition temperature (7,), which is directly related to the segmental
dynamics, is one of the most fundamental parameters for amorphous polymers. In
recent decades, the effects of nanoparticles on the 7, of PNCs have been extensively

investigated. Due to the complexity of interactions including polymer-nanoparticle,

polymer-polymer and nanoparticle-nanoparticle, a diverse range of effects could be
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manifested. Green et al.’ found that the T, «s of polymer-Cgp mixtures increase and
local polymer chain motions in the glassy state are suppressed compared with bulk
polymers. Cabral et al.* and Ding et al.’ also reported the similar deviations of T, ¢ In
other polymer-Cg nanocomposite systems. Schénhals et al.®” found that the T, ¢ 1s by
30 K lower than that of pure polymers in polyethylene (PE) and polypropylene (PP)
based layered double hydroxides (LDH) nanocomposites. Pandis et al.® also reveals
that the glass transition becomes systematically faster in poly(methyl methacrylate)
(PMMA)/Ag nanocomposites. Additionally, Green et al.” observed that PNCs may
exhibit the increased or decreased T, through controlling grafting density and chain
length of nanoparticles. On the other hand, it has been reported that due to the reduced
segmental mobility of bound layer in the vicinity of nanoparticles, PNCs containing
different particles even exhibit two T7gs, corresponding to close bound and bulk

10, 11

chains. However, other investigations claimed no change in the segmental

115 Therefore, it is of great importance to

dynamics associated with 7, for PNCs.
interpret the essence of such discrepancies.

On the other hand, it is well known that amorphous polymers in the glass state are
in a nonequilibrium state, and exist an excess of thermodynamic quantities such as
volume or enthalpy. Note that physical aging refers to structure relaxation toward
equilibrium, and it is generally accompanied by significant changes in physical
properties such as mechanical strength, modulus and viscoelastic properties, efc.'*"®

The investigation of physical aging of PNCs will be of great significance because it is

closely related to their long-term storage stability of PNCs materials. However,
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similar to the above mentioned 7, results, the reported physical aging process of
PNCs in previous literatures are also lack of consistency. Torkelson et al.'”?' found
that the physical aging is suppressed in the presence of nanoparticles. Many other

) . 22-24
studies also show the same reduction trends.

Nevertheless, Boucher et al >
demonstrated that the physical aging was shown to speed up in PMMA/silica and
polystyrene (PS)/gold nanocomposites. Such controversies are generally attributed to
the possible interactions between polymer and nanoparticles in PNCs.”” However, as
of now the mechanisms responsible for physical aging process in PNCs are not well
understood.

In this study, the influences of Ag nanoparticles on the dynamics, physical aging
and rheological behavior of PS are systematically investigated by means of broadband
dielectric spectroscopy (BDS), calorimetry, and dynamic rheological measurement.
The invariant segmental dynamics of PS in the presence of Ag nanoparticles was
discussed through BDS isothermal frequency sweep. Whereas the suppression of
physical aging and the rise of calorimetric 7, in the nanocomposites were studied by
monitoring the recovered enthalpy by using DSC scans. Additionally, the filler
reinforcement and the acceleration of overall chain dynamics in the nanocomposites
were probed by rheological measurement.

2. EXPERIMENTAL SECTION
2.1 Materials and sample preparation

Polystyrene (PS, M,, = 140 kg/mol, M,/M, = 2.1) was purchased from

Sigma-Aldrich. Ag nanoparticles with an average particle size of 50 nm were obtained
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from Beijing DK Nano technology Co. Ltd., China. All materials were used as
received. Solution mixing and rapid precipitation described elsewhere® * were
employed to prepare well dispersed PS/Ag nanocomposites in this study. Ag
nanoparticles were dispersed in tetrahydrofuran (THF) and ultrasonicated for 30 min
in a water bath. Then the PS was dissolved in the THF solution at 3% by weight with
continuous stirring for 2 h, and bath-sonicated again for 30 min. Finally, the solution
was then precipitated in 500 mL methanol, washed with deionized water and filtrated.
The samples were kept at room temperature for 24 h, and then transferred to a vacuum
oven at 403 K (well above the T, of PS) for at least 72 h to remove residual solvent.
Thermogravimetry analysis (TGA) was performed to verify the nanoparticle weight
fraction and the complete evaporation of solvent. PS/Ag nanocomposites at various
nanoparticle concentrations (1, 3, 5, 10 wt%) were prepared by using this method. The
samples were compression-molded at 10 Mpa and 160 °C into approximate 100 pm
thickness films and disc samples with a diameter of 25 mm and a thickness of 1.5 mm
for dielectric and rheological measurements, respectively.
2.2 Characterization of the nanocomposites

Transmission electron microscope (TEM, JEM-1230, JEOL, Japan) at an
acceleration voltage of 100 kV was employed to observe the nanoparticle dispersion
morphology in the nanocomposites. Nanocomposite ultra-thin sections of about 100
nm in thickness were microtomed at room temperature from the prepared disc
samples.

Broadband dielectric spectroscopy (BDS) measurements were conducted on a
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Novocontrol Alpha high-resolution dielectric analyzer (Novocontrol GmbH Concept
40, Novocontrol Technology, Germany), and the temperature was controlled by a
Novocool cryogenic system with a precision of £0.1 K during the experiments. The
films of 100 pum in thickness were placed between two parallel gold electrodes of 20
mm diameter. Isothermal frequency sweeps recording the dielectric function every 3
K were carried out over the temperature range from 363 to 433 K in the frequency
range of 10" ~ 10" Hz. Temperature sweeps were performed from 273 to 433 K at the
frequency of 10 Hz and the heating rate of 3 K/min.

Differential scanning calorimetry (DSC) measurements were performed on a
differential scanning calorimeter (Q100, TA, USA) to detect the 7, and physical aging
of PS/Ag nanocomposites. Pure indium was employed for temperature calibration. All
the measurements were carried out under a nitrogen atmosphere. For the T,
measurement, the samples were first heated to 423 K and kept for 5 min to eliminate
thermal history, and then cooled down to 313 K to obtain the 7, determined by the TA
Universal Analysis 2000 software. For the measurement of physical aging, all the
samples were first heated to 423 K and kept for 5 min to eliminate thermal history,
and subsequently cooled down to 313 K at the rate of 20 K/min. Afterward, the
samples were aged in the DSC at the aging temperature (7,) kept for enthalpy
relaxation at various aging time (z,) from 5 to 320 min, prior to being cooled down to
313 K at the cooling rate of 20 K/min, and finally they were reheated to 423 K at 10
K/min for data collection. For longer time physical aging measurements, the

annealing of the samples was carried out in a vacuum oven at 7, for various aging
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time (from 640 to 2560 min), after erasing the thermal history and quenching of the
samples in the DSC. The samples were quenched again after aging and DSC
thermograms were recorded for data collection.

The rheological measurements were carried out on an advance rheometric
expansion system (ARES-G2, TA, USA) with parallel plate geometry of 25 mm in
diameter. Isothermal frequency sweeps recording the viscoelastic properties every 10
K were applied in the frequency range of 10% ~ 10* rad/s from 433 to 473 K. The
strain amplitude was 1%, ensuring that all the measurements were in the linear
viscoelastic region.

3. RESULTS AND DISCUSSION
3.1 Characterization of PS/Ag nanocomposites

Fig. 1 illustrates the quality of Ag dispersion in PS/Ag nanocomposites at the
weight fraction of 3% and 10%. From Fig. 1 one can estimate that the Ag
nanoparticles show an average diameter 50 nm, consistent with the quantitative
measurement results using the TEM images and Nano Measurer software, as shown in
Fig. S1. It can be found that the average diameter of Ag nanoparticles is 52.1 nm with
a relative wide polydispersity according to a large quantity of statistics results.
Generally, the dispersion is reasonably homogeneous across the observed sample area,
despite that a visible aggregation of Ag nanoparticles could be detectable in the PNCs
samples. This indicates that even after sonication treatment the aggregates of
nanoparticles could be notable, though solution mixing and rapid precipitation method

worked well. On the other hand, high temperature (403 K) drying process for long

Page 8 of 29



Page 9 of 29

RSC Advances

time (72 h) during sample preparation could induce the formation of aggregates, as
described in other PNCs system upon annealing.”® Sangoro ef al.> and Boucher et al.”’
also reported the formation of aggregates in poly(2-vinylpyridine) (P2VP)/oxide
nanoparticles and PS/gold nanocomposites, and they investigated that the aggregation
of the nanoparticles do not play a great role in the molecular dynamics and physical
aging of nanocomposites provided the overall well dispersion.
3.2 Segmental dynamics of PS/Ag nanocomposites

Firstly, we investigate the effect of Ag nanoparticles on the segmental dynamics of
PS. Fig. 2 shows the temperature dependences of dielectric loss ¢” for different PS/Ag
nanocomposites. It is noted that the temperature and main relaxation time
corresponding to the maximum of dielectric loss (&, ) is substantially equal for pure
PS and its nanocomposites, indicating that the segmental dynamics of PS is not
obviously altered by introduction of Ag nanoparticles into PS matrix. It is similar to
the results of PS/gold nanocomposites reported by Boucher et al.*” Moreover, Fig. 2
shows that the width of the dielectric loss function is not noticeably changed by the
addition of Ag nanoparticles, in agreement with PMMA/silica nanocomposites,
which can be attributed to the unchanged heterogeneous dynamics. This differs from
the significant broadening of dielectric spectra found in PS/gold nanocomposites.”’ It
is expected that a broader spectral shape of segmental relaxation can be exhibited due

. . .. . . 15. 29
to the increasing heterogeneities in the presence of nanoparticles. ™

However,
neither the main relaxation time nor the width of the spectra is affected by

nanoparticle loading in PS/Ag nanocomposites presented here. The detailed analysis
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of the shape parameters are also discussed in detail in the following.

To further quantitatively study the effect of Ag nanoparticle on the segmental
dynamics of PS, the detailed analysis of relaxation time should be revealed. Fig. 3
shows the frequency dependences of dielectric loss ¢ for pure PS. At the temperature
range investigated, one relaxation peak identified as a-relaxation can be observed,
which is associated with the segmental motion of PS. The similar trend of PS/Ag
nanocomposite results can be found in Fig. S2. In the literature reported previously,””
2931 3 weak second relaxation process (") of PS displays in the high frequency region,
though the mechanism is still ambiguous. Nevertheless, the f -process is not clearly
noted in our study.

In order to extract quantitative information from the isothermal dielectric

measurements, the complex dielectric function was analyzed by using the empirical

Havriliak-Negami (HN) function.

Ag . O

&= +
[1 +(iwTy

: (1)

—1
)aHN :|ﬁHN goa)

in which, o is angular frequency (w = 2xnf), Ae is the dielectric strength, &, is the
unrelaxed value of the dielectric constant, gy is the HN relaxation time, and the
exponents apn and fun are shape parameters describing the symmetric and
asymmetric broadening of the spectra, respectively. An additional conductivity effect
was taken into account by adding a contribution —i(¢/(&®")) to Eq. 1, where o is the
dc conductivity constant, & is the dielectric permittivity of vacuum, and the
coefficient s characterizes the conduction mechanism. As shown in Fig. 3, the HN

function including a conductivity process was used to fit the isothermal dielectric
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spectra in this study. Furthermore, the HN relaxation time ryy is related to the mean
molecular relaxation time zmax corresponding to the maximum of the dielectric loss by

the equation

1oy —1ayy
: aHN:BHN” ; a7
T =T, |sin——— sin————— 2
max HN( 2(ﬂHN+1)j ( 2(ﬂHN+1)J ( )

Fig. 4 shows the temperature dependences of segmental relaxation time for PS and
its nanocomposites. The introduction of Ag nanoparticle has no significant effect on
the segmental dynamics of PS even at high loadings (10%). The results are in
agreement with that of PS/Ag nanocomposites and invariant segmental dynamics in

27, 33

PS thin films with decreasing the thickness. This is also consistent with the

2, 12-15, 25, 26, 34
’ » 2 2> 2% Nevertheless, a

finding in many other PNCs reported previously.
suppression of segmental dynamics of PNCs has been reported in the literature due to
the reduced mobility resulting from strong attractive interactions between polymer

. 15,35, 36
and nanoparticle.” >

Even in the absence of specific polymer-filler interactions,
natural rubber/silica nanocomposites show restricted segmental mobility compared to
bulk polymer.”” However, many other studies reveal that the segmental dynamics
become systematically faster in the presence of nanoparticles due to various
nanoparticle radius and feature, and interactions between polymer and nanoparticle.® "
* In contrast with our result presented here, Cabral et al.* and Schonhals er al.”
demonstrated that the segmental motion was shown to speed up in PS/Ce and
PS/Phenethyl-POSS nanocomposites. In the same way, the accelerated segmental

dynamics of PMMA/Ag nanocomposites are obtained due to the small size of Ag

nanoparticles (5.6 nm).* Additionally, Green et al.’ investigated the dynamics of

10
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PS/gold nanocomposites and proved that the gold nanoparticle may exhibit
plasticization or antiplasticization effects through controlling the grafting density and
chain length of gold nanoparticles. Such difference between our result and the above
mentioned literatures could be mainly ascribed to the absence of strong
polymer-nanoparticle interactions because the Ag nanoparticle is not treated by
grafting polymerization or surface treatment in this study, as indicated by the FTIR
spectra results shown in Fig. S3. Looking at the spectra of pure PS and its
nanocomposites, the identical peaks can be observed and no shift or new absorption
band can be observed. The other important reason can be attributed to the fact that the
average particle size (52.1 nm) is much larger herein, while the size of particles are
very small (several nanometers) and can be compared with the radius of gyration of
the polymer chains in the literatures.* *°

Furthermore, the temperature dependences of a-relaxation time can be described by

the Vogel-Fulcher-Tamman (VFT) equation

logz

3)

max = log z-0 +

0

where 7 is the infinite relaxation time, A is related to the fragility of the system, and
Ty is the Vogel temperature. As shown in Fig. 4, the fits can be well described by the
same fitting parameters for all samples. And the values of 79, 4, and Ty is 107"~ s,
5054 K and 336.5 K, respectively, further indicating the invariant segmental
dynamics by Ag nanoparticle loading. On the other hand, Fig. S4 represents the shape
parameters of the a-relaxation at 393 K for PS/Ag nanocomposites with various Ag

nanoparticle concentrations. It can be seen that the ayn and fun values are almost

11
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unchanged with increasing Ag nanoparticle loading, indicating that the width and
symmetry of the a-relaxation spectra are hardly affected, which is consistent with the
temperature sweep results shown in Fig. 2. Hence, we can conclude that neither the
dynamics nor the distribution width of the segmental motion in PS/Ag
nanocomposites is affected by the Ag nanopartilces.
3.3 Physical aging of PS/Ag nanocomposites

In this section, we further investigate the physical aging of PS and PS/Ag
nanocomposites by monitoring their enthalpy relaxation by using DSC. In order to
ensure that the segmental mobility is identical for all samples, the physical aging has
been studied at the same aging temperature due to the fact that the segmental
dynamics is not altered by Ag nanoparticle loading as discussed above. Fig. 5 shows
the typical thermograms obtained from DSC for PS and its nanocomposites after
physical aging at 363 K for various aging time. From the DSC traces in Fig. 5, it is
obvious that the enthalpy relaxation peaks appear and the intensity increases with
increasing aging time. Moreover, longer annealing time should be needed in oder to
achieve the plateau value of recovered enthalpy.

Furthermore, the amount of recovered enthalpy of amorphous polymers annealed at
a given aging temperature 7, for various time #, can be calculated by integration of the
difference between the measured heat capacity of the aged and unaged samples,

27,39
expressed as:”"

AH (Tt,) = [ (Go ()= G (T)aT @

in which, C;(T)and C,(T)are the heat capacity of the aged and unaged samples,

12
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respectively. 7 and 7, represent the reference temperatures (77 < Ty < T>).

In order to quantitatively analyze the effect of Ag nanoparticle on the enthalpy
relaxation of PS, a comparison of recovered enthalpy A H(#,) as a function of aging
time for PS and its nanocomposites is shown in Fig. 6. Surprisingly, totally different
physical aging behavior can be observed for PS/Ag-3% and 10% nanocomposites,
respectively. For PS/Ag-3% nanocomposites, it can be noted that the values of A H(#,)
are higher than that of pure PS, suggesting an acceleration of physical aging. These
findings agree well with the results of PMMA/silica and PS/gold nanocomposites

1.7 and polymer thin or ultrathin films.*** However, the

reported by Boucher ef a
physical aging is shown to slow down in PS/Ag-10% nanocomposites. The
suppression of physical aging appears to be consistent with the tendency observed in
the literature works dealing with other types of polymer nanocomposite systems.'*>*
From Fig. 6, we can also observed that the equilibrium values of AH(#,) can be
achieved in a shorter time for PS/Ag-3% nanocomposites compared with pure PS,
while the situation is just the opposite for PS/Ag-10% nanocomposites, which further
verifing the acceleration and suppression of physical aging above mentioned.

It is generally accepted that a model based on diffusion of free volume holes toward
the polymer-nanoparticle interfaces can be used to quantitatively describe the physical
aging and calorimetric 7, in PNCs samples.”>*’ Hence, the calorimetric 7, ¢ defined as
the mid-point of glass transition from DSC curve is investigated, as shown Fig. 7. For

PS/Ag-3% samples, the value of 7, is 376.5 K, which is lower than that of pure PS

(377.6 K). The results agree well with the decrease tendency in 7, observed in other

13
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6-8.2327 holymer thin or ultrathin films.**** But the

studies dealing with PNCs system,
increased calorimetric 7, can be detected in PS/Ag-10% nanocomposites. Such
discrepancies in previous works are mainly due to different preparation methods
(residual solvent, annealing time, thermal history, efc.) or various experimental
conditions (measurement apparatus, atmosphere, rate, ambient humidity, ezc.).* **
These factors can be ignored in this study because all of the experimental conditions
are uniform. The difference between PS/Ag-3% and 10% can be interpreted as
follows: For PS/Ag nanocomposites with low Ag nanoparticle loading, the
plasticization of the PS matrix plays a dominant role due to constraints imposed to
packing of the chains by the Ag nanoparticles, and, at the same time, the absence of
strong polymer-nanoparticle interactions because Ag nanoparticles are not treated by
surface modification in this study, which is consistent with the finding reported by
Pandis e al.™® However, for PS/Ag nanocomposites with high concentration of Ag
nanoparticle, the antiplasticization effects can be observed due to an increase of the
fragility of glass formation and the increased chain barrier between nanoparticles.
Therefore, the calorimetric 7, increases and physical aging is shown to slow down
with further increasing Ag nanoparticle loading.

On the other hand, the variation trend of 7 is seemingly anomalous compared with
the invariant segmental dynamics discussed above. It is worthy noted that the 7, of
amorphous polymers probed by DSC corresponds to its transition from equilibrium

27, 45

liquid-like to non-equilibrium glassy state, whereas BDS tests measure the

25-27, 33
1770

segmental dynamics at equilibrium. Boucher ef a reported the 7, depression

14
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and invariant segmental dynamics in PS thin films, PMMA/silica and PS/gold
nanocomposites. In contrast, we observe the decreased and increased 7, and
unchanged segmental dynamics in this study. Based on these observations mentioned
above, we can conclude that the variation trend of calorimetric 7, and physical aging
in PS/Ag nanocomposites further verify the fact that the physical aging is driven by
the diffusion toward the polymer-nanoparticle interfaces.”™’
3.4 Rheological behavior of PS/Ag nanocomposites

As discussed above, the invariant segmental dynamics by Ag nanoparticle loading
can be observed. Furthermore, the dynamic rheological measurement has been carried
out in order to investigate the dynamics on a larger scale (chain dynamics) of PS with
increasing Ag nanoparticle loading. Fig. 8 shows the linear viscoelastic properties of
pure PS and PS/Ag nanocomposites during isothermal frequency sweep at 473 K. It
can be observed that the dynamic storage modulus (G'), loss modulus (G") and
complex viscosity (1) increases with increasing the Ag nanoparticle loading,
indicating that common filler reinforcement takes place. The same tendency appears
at other temperatures. Additionally, the influences of Ag nanoparticle on the chain
dynamics of PS can be well discussed using time-temperature superposition (TTS)
curves of rheological measurements. Fig. 9 shows the master curves for G' and G” of
pure PS and PS/Ag nanocomposites. One can see that the TTS principle constructed
by using the horizontal shift factor ar holds well for both neat PS and its

nanocomposites. However, a suppression of the terminal behavior at low frequencies

is not observed, indicating the absence of the formation of large-scale nanoparticle

15
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network, as shown in Fig. 1. These observations appear to be in disagreement with
works finding a second plateau in the terminal region of PNCs with high nanoparticle
loading due to the formation of particle network.” ***’ Furthermore, the temperature
dependences of horizontal shift factor ar is analyzed in detail, as shown in Fig. 10. It
can be found that the value of ar increases with increasing the weight percentage of
Ag nanoparticle, implying that the overall chain dynamics is shown to speed up in
PS/Ag nanocomposites, though Ag nanoparticles do not significantly influence the
segmental dynamics and terminal rheological behaviors at low frequencies. However,
Sangoro et al.” reported that neither the segmental dynamics nor the chain dynamics is
altered by the oxide nanoparticles in P2VP/TiO, nanocomposites. These observed
differences mainly result from different interactions, preparation methods or
experimental conditions.” ** The faster chain dynamics can be attributed to the fact
that the packing of the PS chains are constrained by Ag nanoparticles due to the
absence of strong polymer-nanoparticle interactions.®
4. SUMMARY

The influences of Ag nanoparticles on segmental dynamics, physical aging and
rheological behaviors were investigated by using BDS, calorimetry and rheology. The
BDS measurements reveal that the segmental dynamics of PS is not altered in the
presence of Ag nanoparticles. However, totally different physical aging behavior can
be observed for PS/Ag-3% and 10% nanocomposites. It can be seen that the
calorimetric 7, decreases and physical aging shows to speed up in PS/Ag-3%

nanocomposites, whereas the increased calorimetric 7, and a suppresion of physical

16
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aging can be noted. These results can be attributed to plasticizing and antiplasticizing
effects for nanocomposites with low and high nanoparticle loading, respectively.
Moreover, filler reinforcement takes place with increasing Ag nanoparticle loading by
using rheological measurements. We also report an acceleration of overall chain
dynamics due to the constrained chain packing by the Ag nanoparticles, despite the

invariant segmental dynamics and terminal rheological behavior.
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Figure captions

Fig. 1 TEM images of nanoparticle distributions in (a) PS/Ag-3% and (b) PS/Ag-10%
nanocomposites.

Fig. 2 Temperature dependences of dielectric loss at a frequency of 10 Hz for pure PS
and PS/Ag nanocomposties.

Fig. 3 Dielectric loss as a function of frequency for pure PS at various temperatures.
The solid lines are fits to the data using the HN function including the
conductivity and interfacial process contributions. The dash dot lines represent
the o-relaxation process. The dashed lines are the contribution of the
conductivity.

Fig. 4 Segmental relaxation time as a function of temperature for pure PS and PS/Ag
nanocomposties. The solid curve represents VFT fit to the data.

Fig. 5 DSC heating curves of (a) pure PS, (b) PS/Ag-3% and (c) PS/Ag-10%
nanocomposites after physical aging at 363 K for various aging time.

Fig. 6 Aging time dependences of recovered enthalpy A H(t,) for pure PS and PS/Ag
nanocomposites at the aging temperature of 363 K.

Fig. 7 DSC curves of pure PS and its nanocomposites at the cooling rate of 10 K/min.
The solid lines show the position of 7.

Fig. 8 Frequency dependences of (a) dynamic storage modulus (open symbols) and
loss modulus (filled symbols) and (b) complex viscosity for pure PS and
PS/Ag nanocomposites at 473 K.

Fig. 9 Master curves of dynamic storage modulus (open symbols) and loss modulus
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(filled symbols) for (a) pure PS, (b) PS/Ag-3% and (c) PS/Ag-10%
nanocomposites at the reference temperature of 433 K. (o, m) 433 K, (o, @)
443 K, (A, A)453 K, (V, ¥)463 K and (O, €)473 K.

Fig. 10 Temperature dependences of horizontal shift factors for pure PS and PS/Ag

nanocomposites at the reference temperature of 433 K.
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Fig. 1 TEM images of nanoparticle distributions in (a) PS/Ag-3% and (b) PS/Ag-10%
nanocomposites.
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Fig. 2 Temperature dependences of dielectric loss at a frequency of 10 Hz for pure PS
and PS/Ag nanocomposties.
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Fig. 3 Dielectric loss as a function of frequency for pure PS at various temperatures.
The solid lines are fits to the data using the HN function including the conductivity
and interfacial process contributions. The dash dot lines represent the a-relaxation
process. The dashed lines are the contribution of the conductivity.
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Fig. 4 Segmental relaxation time as a function of temperature for pure PS and PS/Ag
nanocomposties. The solid curve represents VFT fit to the data.
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Fig. 5 DSC heating curves of (a) pure PS, (b) PS/Ag-3% and (c) PS/Ag-10%
nanocomposites after physical aging at 363 K for various aging time.
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Fig. 6 Aging time dependences of recovered enthalpy A H(t,) for pure PS and PS/Ag
nanocomposites at the aging temperature of 363 K.
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Fig. 7 DSC curves of pure PS and its nanocomposites at the cooling rate of 10 K/min.
The solid lines show the position of 7.
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Fig. 8 Frequency dependences of (a) dynamic storage modulus (open symbols) and
loss modulus (filled symbols) and (b) complex viscosity for pure PS and PS/Ag
nanocomposites at 473 K.
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Fig. 9 Master curves of dynamic storage modulus (open symbols) and loss modulus
(filled symbols) for (a) pure PS, (b) PS/Ag-3% and (c) PS/Ag-10% nanocomposites at
the reference temperature of 433 K. (0, m) 433 K, (o, @) 443 K, (A, A)453K, (V,
¥)463 K and (<, €)473 K.
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Fig. 10 Temperature dependences of horizontal shift factors for pure PS and PS/Ag
nanocomposites at the reference temperature of 433 K.
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Segmental dynamics and physical aging of

polystyrene/silver nanocomposites

Yu Lin,*® Langping Liu,® Jiaqi Cheng,® Yonggang Shangguan,™ Wenwen Yu,* Biwei

Qiu,” and Qiang Zheng, ®

We report the complicated variation trend of calorimetric 7, and physical aging in
PS/Ag nanocomposites, despite the invariant segmental dynamics with increasing

silver nanoparticle loading.
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