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influence various properties of the resultant polymer nanocomposites (PNC). For athermal PNCs,
consisting of grafted nanoparticles embedded in chemically identical polymers, the role and extent

of the interface layer (IL) interactions in determining the properties of the nanocomposites is not
very clear. Here, we demonstrate the influence of the interfacial layer dynamics on the fragility
and dynamical heterogeneity (DH) of athermal and glassy PNCs. The IL properties are altered
by changing the grafted to matrix polymer size ratio, f , which in turn changes the extent of matrix
chain penetration into the grafted layer, A. The fragility of PNCs is found to increase monotonically
with increasing entropic compatibility, characterised by increasing A. Contrary to observations in
most polymers and glass formers, we observe an anti-correlation between the dependence on
IL dynamics of fragility and DH, quantified by the experimentally estimated Kohlrausch-Watts-
Williams parameter and the non-Gaussian parameter obtained from simulations.

1 Introduction

The nature of nanoparticle (NP)-polymer interface plays a crucial
role in determining flow, thermal, mechanical, optical and elec-
trical properties of polymer nanocomposites (PNC). Almost a
decade back we had shown, for the first time, how glass tran-
sition temperature, T,, can be tuned by controlling the nature
of NP-polymer interfacial layer (IL) and confinement of polymer
chains due to NPs in athermal PNCs®. Recently, there has been re-
newed interest in correlating several other properties of PNCs in
terms of the structure and dynamics of IL especially for enthalpic
PNCsZH9 A fundamental difference between the IL in enthalpic
and entropic PNCs, often based on polymer grafted nanoparti-
cles (PGNP), used by us and others 12 is in their nature and
formation. While the width and structure of the IL for enthalpic
PNCs® is largely determined by the strength of the NP-polymer
segmental interactions and the molecular weight of the matrix
polymerZ8 for PGNP based entropic PNCs this is dependent on
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the ratio of the grafted and matrix polymer molecular weight,
f, grafting density and NP size among other parameters111207,
More importantly, f, also determines the effective entropic in-
teraction between the PGNPs turning from attractive at low f to
repulsive at larger f, which also allows control over the state of
dispersion of PNCs ultimately determining the efficacy of these
materials. At a more fundamental level the matrix chain pene-
tration depth, A, is directly proportional to f and can be defined
as the microscopic parameter, which controls the extent of en-
tropic interaction8. The concept of fragility, m, has proven to be
useful in understanding the diversity of dynamics seen in various
glass formers, including polymers1220, Some understanding has
emerged to explain the differences in the fragilities and its rela-
tion with various thermodynamic properties, physical aging, and
mechanical behavior2!22] while for soft colloidal glass formers it
has been shown that fragility can be tuned by varying the strength
of the inter-particle interactions3.

In enthalpy dominated PNCs the fragility was shown to increase
with the inclusion of particles with attractive interactions with the
matrix polymers, while the particles with repulsive interactions
show a decrease in the fragility?#, It has been shown recently,
that apart from 7, and viscosity, fragility in enthalpic PNCs can
be tuned by changing the structure of the ILZ81024125 However,
for entropic PNCs it was suggested that fragility remains largely
unaltered due to inclusion of NPs20,

Another key dynamical parameter, which has been widely used
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Table 1 Sample details

Sample W, W, f 2% Rpenp R
kDa kDa nm nm
PS50k 50 - 0.0 5.9
3k50k 50 3 0.06 6
20k50k 50 20 0.4 8.5
PS100k 100 - 0.0 8.45
3k100k 100 3 0.03 6

20k100k 100 20 0.2 8.5
W, and W, are the molecular weight of matrix and grafted chains,

respectively; R,g,, is the radius of nanoparticle determined from
small angle X-ray scattering (Fig. S1°2); R, is the radius of gy-
ration of matrix chains. Grafting densities of 3k and 20k grafted
nano particles are 1.7 and 1.3 chains/nm?, respectively.

to describe glasses and supercooled liquids, including polymers
and PNCs, is dynamic heterogeneity (DH)22%22, In the case of en-
thalpic PNCs, m seems to correlate with DH (increases for attrac-
tive and decreases for repulsive interactions) quantified in terms
of a temperature dependent dynamical length scale, &, which
seems to grow moderately on approaching the glass transition
temperature 22429530 Op the other hand some studies suggest
that DH decreases with increasing fragility>!/ in amorphous poly-
mers. Surprisingly, very little is known in terms of fragility, DH or
their correlations for entropic PNCs©20128,

In this report, we study the temperature dependent relax-
ation dynamics of typical entropic PNCs consisting of polystyrene
grafted gold nanoparticles dispersed in polystyrene (PS) films.
Using X-ray photon correlation spectroscopy (XPCS), we extract
temperature dependent viscosity, 1, of various PNC films as a
function of f and estimate their respective fragilities, m. We
find that in these PNCs m increases with increasing f, which is
also corroborated, qualitatively, by coarse grained molecular dy-
namics (MD) simulations on similar systems. The experimentally
extracted Kohlrausch-Watts-Williams (KWW) parameter, 3, is a
typical parameter used to quantify DH. § (DH) was found to in-
crease (decrease) with increasing f. Coupled with this, the non-
Gaussian parameter (NGP) and interface chain diffusivity was
found to decrease with increasing f suggesting a correlation be-
tween DH and IL dynamics. However, the variation of m and T,
with f showed an anti-correlation compared with the variation
of DH with f, contrary to several earlier studies on glasses and
PNCs.

2 Experimental details

The results presented in this letter are based on thin films (thick-
ness, h ~ 65-70 nm; Table $252) of PS of two different molecu-
lar weights (100 kDa and 50 kDa), embedded with PGNPs having
two different grafted chain molecular weights (3 kDa and 20 kDa)
synthesized using methods discussed earlier®3"3>. These PGNPs
were dispersed in linear PS at 0.5% volume fraction of the gold
core. Details of samples are provided in the supplemental infor-
mation (SD)2 as well as in our earlier studies®>3% and summa-
rized in Table 1.

X-ray photon correlation spectroscopy measurements=-38
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were performed on the annealed PNC films in grazing incidence
geometry at PETRA III (beamline P10), DESY, Hamburg, Ger-
many. The measurements were done with an X-ray beam of en-
ergy 8 keV and beam size 25x25 um?. The beam was incident on
the sample at an angle 6, chosen to be smaller than the critical
angle of the films® for that particular X-ray energy. The crit-
ical angle was estimated as the position of first minima of the
X-ray reflectivity profile which appears before the substrate crit-
ical angle®?. Typically, the PNC films critical angle was found
to be around ~ 0.16°. The scattered intensity from the samples
were collected by a CCD detector (Lambda, area 1536x512 px>
(84.5%28.2 mm?), pixel size of 55x55 um?) as a reciprocal im-
age. A typical CCD image of such scattering is shown in Fig. S62.
The measurements were performed at the temperatures varying
from 403K to 463K. To obtain the intensity autocorrelation func-
tion, g2(qx,t), typically, 2000 images were collected with an inter-
val of 0.4 sec at each temperature for all the samples. From these
image series, we have extracted g»(gx,?) and modeled them by a
function of the following form49-2

82(qx,t) = 1+b|F (qx,1)]%, (1)

where, the intermediate scattering function (ISF) is given by

F(gut) =T, @
where b is an instrumental factor called the speckle contrast, ¢
is delay time, I' = 1/7 is the relaxation rate, 7 is the relaxation
time and B, the Kohlrausch exponent, is a canonical gauge for
quantifying the deviation in the relaxation behavior from simple
exponential.

We can see from Fig. 2 that I" follows the power law of ¢, with an
exponent 4 but not 2 which suggests the validation of hydrody-
namic continuum theory (HCT)42744, Therefore, the wave vector
dependence of relaxation rate is modeled using HCT and relax-

ation rate is given by124>
1 Y qu(sinh(gch)cosh(qxh) — (g:h))
PN ®)
() T(qx) 271 cosh?(qh) + (qch)?

Here, n and y denotes the viscosity and surface tension of the
film, / and g, are thickness of the film and in-plane wave vector
respectively.

The viscosity of the films show temperature dependence which

is modeled using the well known Vogel-Fulcher-Tammann (VFT)

equation®,

BT,
ninoeXP(T7T0)7 (4)

where 7, and B are the fit parameters, T is absolute temperature
and Ty is VFT temperature32,

Using the temperature dependence of viscosity as obtained
from eqn. 4, the fragility, m, can be estimated=247 ysing the defi-
nition,

_ dlogn
= —=~
(%)

where T, is the glass transition temperature of the films.

©)

T
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Fig. 1 Representative ISF (a) for pure PS50k and corresponding com-
posites with f = 0.06 and f = 0.4 samples and (b) for pure PS100k, f
=0.03 and f = 0.2 as indicated in respective panels. All the correlation
functions were obtained at temperature 433 K and the lateral wave-vector
g« =7x10"* A=1. The solid red lines are the fit to the eqn 2.

3 Results

Figure 1(a) shows representative ISFs, F(gy,t), collected from
XPCS measurements for PS50k based PNCs at 433 K (Fig. S832)
In comparison with neat polymer, a faster dynamics can be ob-
served for 3k50k (f = 0.06) sample, while 20k50k (f = 0.4) sam-
ple shows a slower dynamics. Similar behavior can be observed
for PS100k based samples as shown in Fig. 1(b). To quantify
the observed variations, we have extracted relaxation rate from
the ISF (described in SI®2) by modeling the ISF with eqn. 2 with
relaxation time, T and Kohlrausch exponent, f as fit parameters.
The relaxation rate (I') as obtained for PS50k based samples is
summarized in Fig. 2. Data for PS100k based samples is shown
in Fig. S9. Figure 2(a) shows the wave vector dependent relax-
ation rate for neat PS films (PS50k) for different temperatures. As
expected for a normal viscous melt, the dynamics becomes faster
with increasing temperature242, The wave vector dependence is
suggestive of capillary wave dynamics and we have used the well
established formalism“42*44 to extract viscosity from such data us-
ing the eqn. 3. At this point we woulk like to mention that we
did not observe significant difference between the dynamics in
the surface and bulk of the films (Fig. SI10), unlike some earlier
reports48, Hence we have only presented the surface dynamics
data. It is possible that this difference with some earlier reports
is related to the thickness of the interface adsorbed layer which is
estimated to be ~ 2 — 3 nm in our case (Fig. S10c) while it is ~ 7
nm in the work by Koga et.al“®.

Using the well known temperature dependent y values for
PSSl we have extracted the viscosity, 1, for all samples at the
corresponding temperatures. Extracted values of viscosity for PS

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Wave vector (¢,) dependent relaxation rate I" as a function of ¢.h

for (a) f = 0, (b) 0.06 and (c) 0.4 at different temperatures (c). The red

lines are the fits to the egn 3. The dashed line represents the power law
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Fig. 3 (a) The comparison of the viscosity estimated for PS100k films
and literature values of PS94k bulk viscosity®?. The Comparison of ex-
tracted viscosity, n, from capillary wave fit (eqn. 3) for PS50k matrix
based (b) and PS100k matrix based PNCs (c) as a function of T for vari-
ous values of f. The reduction in 1 is evident for smaller f and compar-
atively larger viscosity for higher f.
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Fig. 4 The viscosity as a function of 7 /T, for PS50k (a) and PS100k (b)
based samples are shown along with the VFT fits (solid red lines) and, (c)
a typical extrapolation of the VFT fit from which the slope near 7, (T /T, =
1) is calculated to determine the fragility, m.

films agrees well with the literature values of corresponding bulk
PS viscosity as a function of temperature as can be seen in Fig. 3
(a)®Z. The validation of this technique of estimating film viscos-
ity has been well established by several groups#2>3. The viscosity
obtained from XPCS has been found to be in good agreement with
the bulk PS viscosity up to a very high molecular weight##, In ad-
dition, XPCS provides information about dynamic heterogeneity,
length scale dependent dynamics and structural variations under-
lying the dynamics in an integrated manner. Therefore, XPCS is a
technique of choice at this stage to acquire all related film infor-
mation.

Figure 3(b-c) summarize the temperature dependent viscosity
behavior for all the samples. For both PS50k (Fig. 3(b)) and
PS100k (Fig. 3(c)) based mixtures, it can be observed that the 1
of PNCs with smaller f is comparably lower than the neat poly-
mers, while the samples with higher f show a slight increase in 1.
Such reduction in the viscosity of PNC was observed earlier2:247>7
and alluded to the presence of thin interface layer surrounding
the nanoparticles with reduced surface viscosity®2# Our earlier
observations=? also indicated the presence of an IL with reduced
viscosity compared to the bulk. To quantify the temperature de-
pendence of the observed viscosity, we have modeled the viscosity
plots with VFT equation as given in eqn. 4 . The fragility, m, is
calculated using eqn. 5. T of the films used for the fragility es-
timation is estimated from AFM force-distance spectroscopy (Fig.
S13). Since normal calorimetric methods like differential scan-
ning calorimetry (DSC) can not be used for this films, we have
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Fig. 5 (a) Estimated fragility, m normalized by mps, fragility of pure PS
films as a function of entropic compatibility, f, from the temperature de-
pendent viscosity is summarized, (b) Fragility, estimated from MD simu-
lation, normalized with that of pure polymer system (m) as a function of
f showing a clear reduction in m for smaller f, (c) Kohlrausch exponent
as a function of f (at g, =7 x 10~* A-!and averaged over all the temper-
atures) showing a trend similar to that of m and (d) Diffusivity of polymer
chains near the nanoparticle surface, D, normalized to chain diffusivity
far away from this interface, Dy, as obtained from MD simulation.

employed this technique which has been well established earlier
by ourselves and others2328760 and found reliable to estimate T,
for this type of ultra-thin films. A comparison of T,s estimated
from AFM and that from differential scanning calorimetry (DSC)
on several films are shown in table S4 in SI®2. This suggest that
the 7, obtained from AFM is quite reliable.

4 Discussion

Figure 4(a-b) shows the viscosity of all PS50k and PS100k based
samples as a function of T'/7, with corresponding VFT fits. In or-
der to obtain the fragility, we have extrapolated this fit till 7 /T, =
1 and taken the slope at that point which is demonstrated in Fig.
4(c) for pure PS50k data. Figure 5(a) summarizes the observed
variation of m, normalized with that of corresponding pristine
polymers (mps), with f. The fragility (within the error bars2)
shows an overall trend of lower values at lower f, which rises to
values comparable to or even higher than the pristine PS at larger
I

Corroborating most reports, our experiments (Fig. S13) sug-
gest a direct correlation between the changes in 7, and m22/61,
However, it must be highlighted that the extent of fragility change
is much more significant than that of corresponding change in 7.
This signifies that there could be an additional effect of the en-
tropic interaction parameter f on the fragility.

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 (a) The peak value of Non-Gaussian Parameter, o (max) as a
function of f. (b) Penetration depth as a function of f

In order to obtain microscopic insight on the effect of f on m,
we have estimated 7 of a system with linear polymer chains em-
bedded with grafted nanoparticles, which is similar to the exper-
imental system using MD simulation following established meth-
0ds®Z, Here grafted chain length was varied keeping matrix same
to get a range of f values®®2, The temperature dependent viscosity
obtained from these simulations (Fig. S16) has been used for cal-
culating fragility as shown in Fig. 5(b). Interestingly, m/mg shows
a significant reduction at small f as observed experimentally for
our systems (Fig. 5(a)). At larger f, m increases similar to our
experimental observations although it does not exceed the value
of pure PS. Thus a fairly good qualitative correlation between the
experimental and simulation results for fragility is observed.

Thus our observation suggest that entropic PNC32 with PGNP
can show a reduction as well as enhanced fragility by just chang-
ing the entropic interaction parameter, f, without changing any
direct nanoparticle-polymer or nanoparticle-nanoparticle interac-
tion. In addition, Fig. 5(c) shows the variation of the average,
B for various values of f. The variation in § with f looks very
similar to that of m. Usually, the smaller the value of 8 larger is
the heterogeneity in dynamics and in such cases, conventionally,
the glass former has been identified as also being more fragile.
However, in our case, we find that there is an intriguing anti-
correlation.

Since the dynamics or viscosity in polymer nanocomposites is
essentially determined by the PGNP-matrix IL, we explored the
diffusivity of matrix chains in this region for various values of f
from MD simulations (Table S5). To do so, we setup a system
consisting of a single PGNP, with varied graft length for differ-
ent f, fixed at the center of simulation box and surrounded by
polymer chains. The interface and bulk region is demarcated us-

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 (a) Master curve showing fragility estimated from experiment
(m/mps) as well as simulation (m/mp), and (b) (1-8) and ax(max) as a
function of A and normalized IL diffusivity (D/Dpy).

ing the matrix and graft monomer radial density profiles (Fig.
S19). As we see from Fig 5(d), normalized (to bulk) IL diffusiv-
ity is enhanced at smaller f and progressively reduces at larger
f. This indicates that the interfacial diffusivity and fragility are
inversely correlated. It is widely believed that for such entropic
PNCs, smaller f corresponds to a dewetting nanoparticle polymer

interface 11118163

with attractive entropic interactions. As the in-
terface becomes wetting (repulsive entropic interactions) by in-
creasing f, the interface diffusivity reduces. Interestingly, the
smaller value of 8 corresponds to larger diffusivity (smaller IL
width) and vice versa suggesting that, larger interfacial chain dif-
fusivity could be related to a larger DH (i.e. smaller ). There-
fore, these results suggests that the modified IL dynamics at the
PGNP-PS interface is crucial in determining various dynamical pa-
rameters in these PNCs. To obtain further insight into the DH of
the system and its relation with interfacial diffusivity as well as
fragility, we have calculated non-gaussian parameter (NGP), o,
from MD simulation. The peak value of the NGP, o (max) (Fig.
S23), for several values of f, are summarized in Fig. 6(a). It is
quite evident that, op(max) decreases with increasing f. Exist-
ing reports have established a direct correlation between oy (max)
and DH of the liquid®X®4, Therefore, the reduction in oy (max)
indicates a decrease in DH in the system with increasing f.

Since f is not a microscopic parameter, we calculated the pen-
etration depth, A (eqn. 7 of SI) of the matrix chains into grafted
brush as function of f which is shown in Fig. 6(b) 63 ¢ clearly
shows a proportionality between A and f. We use this propor-
tionality of A and f to depict in Fig. 7 (a,b) the microscopic
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correlation of m, B and a;(max) with A and D/Dy;,. While A
and D/Dy;; has been obtained from MD simulation, and is diffi-
cult to extract in experiments, systematic trends are obtained for
m and DH in both simulations and experiments. While fragility,
increases with A and D/Dy, DH represented by 1 — f3, in ex-
periments and o, (max) in simulations decreases correspondingly.
Hence, it is reasonable to conclude that IL microscopic param-
eters (quantified by A and D/D;y;) plays a considerable role in
tuning the m and DH of the PNC system. Importantly, our results
suggest an anti-correlation between fragility and dynamical het-
erogeneity, which is contrary to most recent reports in other types
of glasses or PNCsZ30, These results also points to the predomi-
nance of kinetic fragility in our entropic PNC systems which was
alluded to occur in some amorphous polymers earlier®! but has
not been observed in most other PNC systems.

5 Conclusion

In conclusion, we have studied the influence of nanoparticle-
polymer interfacial layer dynamics on the fragility and DH of
athermal PNC melts. The fragility of PNCs was found to increase
with increasing entropic compatibility both in experiments and
simulations. The DH on the other hand seemed to decrease with
increasing f suggesting an anti-correlation between fragility and
DH, contrary to most earlier observations on glasses and poly-
mers. A larger diffusivity of polymer chains was observed at the
IL for smaller f, from simulations, which reduces with increasing
f and seems to drive the observed dynamical behavior. Finally,
the extent of entropic interactions, as determined by A, tunes the
variation of both m and DH. Our work illustrates the subtle corre-
lations between interfacial layer dynamics and dynamical param-
eters of PNCs, which are critical in determining their flow and
mechanical properties.
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