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We investigate the impact of fullerene C60 on the thermal properties and glass formation of polystyrene
(PS) by differential scanning calorimetry (DSC) and dielectric spectroscopy (DS), for C60 concentrations
up to 30% mass fraction. The miscibility and dispersibility thresholds of PS/C60 nanocomposites are first
estimated by a combination of microscopy, small angle neutron scattering (SANS) and wide-angle X-ray
scattering (WAXS) experiments, and these thresholds were found to be x1 mass% and x4 mass% C60,
respectively. The addition of C60 increases the glass-transition temperature (Tg) of rapidly precipitated PS
composites, up to a ‘threshold’ C60 concentration (x4 wt%, in agreement with the dispersibility esti-
mate). Beyond this concentration, the Tg reverts gradually towards the neat PS value. We present a
comprehensive study for composites based on PS of molecular mass 270 kg/mol, and demonstrate the
generality of the impact of C60 on Tg for PS matrices of 2 and 20 kg/mol. Thermal annealing or slowly
evaporated composites largely reverse these effects, as the dispersion quality decreases. The dynamic
fragility m of the composite is found to increase in the presence of C60, but the scaling of mwith Tg for PS
is retained. Similarly, physical ageing experiments show a reduction of relaxation enthalpy in the glass
regime, which is largely accounted for by the increase of Tg with C60. The slowing down of the PS a-
relaxation with C60 contrasts with the local ‘softening’ indicated by former Debye-Waller measurements
and increase in fragility m. This effect is opposite to that of antiplasticizer additives, which both stiffen
the material in the glassy state and reduce Tg, and simulations suggest this could be due to an increase in
packing frustration. Finally, we review observations on the effect of nanoparticles on the Tg of PS and
discuss the non-universal nature of Tg shifts by various types of nanoparticles.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The introduction of nanoparticles to glass-forming polymers can
lead to large property changes that are difficult to comprehend by
extension of macroscopic filler effects and continuum theories of
composite materials. Well-dispersed nanoparticles can dramati-
cally enhance the stiffness (modulus, yield strength, toughness,
scratch resistance), optical, thermal, electrical, fire-retardant and
gas-transport properties [1e3]. These unique properties are usually
rationalized in terms of the nanoparticle's inherently large surface-
area-to-volume ratios and the comparable length scales between
).
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the particle size, inter-particle distance and radius of gyration Rg of
macromolecules (z10 nm).

Nanoparticles have been shown to increase or decrease the glass
transition temperatures Tg of polymers in a series of experiments
[4e8] and empirical correlations involving polymereparticle in-
teractions, particleeparticle distances and total surface area have
been suggested. Measurements and simulations [9] suggest that
‘attractive’ polymereparticle interaction may increase host poly-
mer Tg, while nanoparticles with ‘non-attractive’ interactions tend
to depress the Tg of polymers.

Analogies with polymer thin films are pertinent, as both are
characterized by high interfacial areas and specific polymeresur-
face interactions [6]. In general, substantial reductions of Tg with
decreasing film thickness L (when L becomes comparable to a
monomer dependent packing length of the order of 100 nm) have
been reported in both supported and free-standing films of poly-
styrene (PS) [10e12] and other relatively ‘fragile’ glass-forming
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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polymers [13]. However, supported polymer films on highly
attractive surfaces often show positive Tg shifts when the thickness
decreases, while the reverse has been observed for non-attractive
substrates and free standing polymer thin films. Here too, the re-
lief of packing frustration in thin films is expected to lower Tg, while
the presence of attractive boundary interactions can increase
segmental densities and increase Tg.

Given the nanoscale dynamic heterogeneity of glass-forming
liquids, nanoparticles can be expected to influence such heteroge-
neity [9], and effectively the nature of the glass-formation process,
including the strength of the temperature dependence rather than
just the location of Tg. Understanding the impact of nanoparticles in
polymer glass formation seems thus essential for the full exploi-
tation of nanocomposites in practical applications.

The presentwork builds upon our previously published study by
incoherent neutron scattering and calorimetry of PS/C60 compos-
ites [14,15]. We select this system as both the fullerene and polymer
are well-defined, high purity, molecular species, and the ‘nano-
particle’ has an unambiguous surface chemistry and geometry.
Further, fullerenes and derivatives find wide applications in thin
film composites and organic photovoltaics [16,17].

We previously measured the effect of C60 on the high frequency
dynamics of these polymer nanocomposite, and quantified how the
addition of C60 altered the amplitude of atomic motions, estimated
from the mean square amplitude 〈u2〉 femtosecond delocalizations
expressed in the Debye-Waller factor, in the low temperature glassy
state of the polymer nanocomposite [14]. We found that 〈u2〉 in-
creases, albeit modestly, with the addition of C60 to PS (� 1% mass
fraction), indicating a reduction of the local ‘stiffness’ of the ma-
terial in the glassy state. Recent molecular dynamics (MD) simu-
lations [18] corroborate slower segmental dynamics and,
interestingly, find a slight increase in dynamic heterogeneity of the
composites. The authors report a restriction of local polymer mo-
tion, at variance with our neutron backscattering study [14] from
(2e450) K (but in agreement with another study [19] which is,
however, restricted to T � 50 K, known to be dominated by side-
group motion [20]). Other studies [2] have indicated that the
addition of nanoparticles to polymeric materials can increase the
local free volume, as measured by positron annihilation measure-
ments, along with corresponding increases in the permeability of
the polymer material. Evidently, nanoparticles can disrupt the
molecular packing of the neat polymer material, leading to more
‘open’ fluid structure at a nm scale or smaller. This is a finding with
important ramifications.

We now consider explicitly the nanocomposite dispersion, and
evaluate the impact of C60 on the glass formation of PS, in terms of
Tg, physical ageing and dynamic fragility, measured by calorimetry
and dielectric spectroscopy.

This paper is organised as follows. We first characterise
dispersion by small angle neutron scattering (SANS), and wide
angle X-ray scattering (WAXS), and evaluate fullerene cluster for-
mation directly in polymer nanocomposite films by microscopy
upon thermal annealing above Tg. We then systematically examine
the variation of Tg with fullerene content as well as heat capacity
change at the glass transition. Next we characterise the structural
relaxation of the nanocomposite by dielectric spectroscopy which
allows for the quantification of the nanocomposite fragility and
independently estimate Tg from relaxation data. Once we charac-
terised the quasi-equilibrium relaxation properties of the com-
posite, we quantify the impact of dispersion upon thermal
annealing and then the impact of physical ageing through specific
heat measurements. We then discuss the combined implications of
the present observations with our past neutron scattering mea-
surements and finally we compare our res ults for PS-C60 to other
PS nanocomposites where we seek an understanding of common
trends.

2. Experimental

2.1. Nanocomposite preparation

A range of polystyrene-fullerene composites were prepared
varying polymer molar MW from 2.2 kg/mol to 270 kg/mol,
fullerene C60 loading from 0 % to 30 % wt, and preparation method,
namely by rapid precipitation (RP) and solution casting (SC). PS (BP
Chemicals) was reprecipitated into a five-fold excess of methanol
(99.5þ%, GLC, Fisher Scientific) to remove impurities and charac-
terized by Gel Permeation Chromatography (GPC) to have a mo-
lecular mass MW ¼ 270 kg/mol and polydispersity index PDI ¼ 2.3.
PS standards with MW ¼ 2.2 kg/mol, PDI ¼ 1.06 (Pressure Chem-
icals), andMW ¼ 22 kg/mol, PDI ¼ 1.05 (Polymer Source) were used
as received [21]. C60 fullerenes (MER Corp., 99þ% purity) were
dissolved in a 0.2% mass fraction toluene solution (99.8þ%, GLC,
Fisher Scientific) and sonicated (CAMLAB Transsonic T570/H) for
30 min.

For the preparation of ‘rapid precipitation’ (RP) specimens [7],
PS-C60/toluene (10% mass fraction) solutions were sonicated for
30 min and stirred for 2 days at room temperature and finally
precipitated in a 5-fold volume excess of methanol. Varying soni-
cation conditions (0e150) min had no effect in thermal properties
as measured by DSC for composites up to 2% C60. Light purple fiber-
composites are generally obtained upon precipitation, except for
the highest C60 content solutions, which yield a yellow/brown
powder. Samples were dried under vacuum (Binder VD23 with
Edwards RV5 pump) at 100 �C, 10�2 mbar, for 3 days until no mass
changes were detected.

‘Solution cast’ (SC) samples were prepared by casting from at
(1e5)mass % solids mass fraction toluene solutions onto quartz and
evaporating at ambient conditions, followed by vacuum drying as
described above. Blends were prepared according to the measured
solution phase behavior of PS/C60/toluene reported previously
[22,23], to avoid inadvertent fullerene precipitation induced by
polymer addition.

Selected specimens were melt-pressed into films or micro-
extruded. Hot pressing (2e30 min, 100e205 �C) into
(100e200) mm films was carried out in a mould between Kapton
sheets, gradually up 50 kN, and rapidly quenching to bellow Tg. A
DSM micro-extruder TS/I-03 with recirculation was operated at
170 �Ce180 �C, 150 rpm, for residence times of 10 min for extruded
composites.

2.2. Microscopy

Blend morphology of spun cast films was probed by reflection
optical microscopy (Olympus BX 41M), equipped with a CCD
camera (AVT Marlin) and tapping-mode atomic force microscopy
(Innova, Bruker AXS) using super sharp TESP-SS tips.

2.3. Small angle neutron scattering

Small-angle neutron scattering (SANS) measurements were
carried out at time-of-flight diffractometer LOQ (ISIS, Oxfordshire)
with a polychromatic l ¼ 2 Åe10 Å incident beam and fixed
sample-to-detector distance of 4 m, covering a wavenumber
window of 0.009 < q < 0.25 Å�1. Samples of PS-C60 were pressed
into 14 mm disks of 1 mm thickness and mounted on a motorized
sample rack for SANS measurements. In order to investigate the
structural stability of the composites, identical samples were
annealed for 12 h above Tg (130 �Ce170 �C). Spectra were
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acquired for approximately 20 min, corrected for sample trans-
mission and background, and then radially averaged and cali-
brated to absolute intensity (cm�1). The neutron scattering length
densities of hydrogenous PS and C60 are, respectively,
r(PS) ¼ 1.41 � 10�6 Å�2 and r(C60) ¼ 5.6 � 10�6 Å�2. Well
dispersed composites are expected to scatter isotropically in this q
range, while fractal (power law) scattering is expected for
agglomerated specimens.
2.4. Wide angle X-ray scattering

Wide angle X-ray scattering (WAXS) measurements were car-
ried out using a PANalytical XPert PRO diffractometer equipped
with an X-Celerator detector and Cu anode source (Ka l ¼ 1.54 Å).
Nanocomposite specimens in the fiber form were packed into a
2 cm diameter � 1 mm thick disk sample holder. Both fresh and
thermally annealed composites, subject to various annealing tem-
peratures and times, were studied to evaluate C60 agglomeration
and ensuing crystallization.
2.5. Differential scanning calorimetry

Differential scanning calorimetry (DSC) experiments were
carried out using a TA Instruments Q2000, nitrogen-cooled,
TzeroTM, autosampler system. DSC measurements were per-
formed under helium environment and temperature and heat
capacity were calibrated using a sapphire standard. Thermal his-
tory was eliminated by ramping from 30 �C to 160 �C at 10 �C/
min, isothermal annealing at 160 �C for 1 min, then cooling at
40 �C/mine30 �C. The glass transition temperature Tg and heat
capacity step DCp were computed from a second heating run at
10 �C/min, following the onset/mid-point criterion (intersection
between the glass and midpoint tangents). Error bars in Tg and
DCp are estimated by the maximum deviation of three indepen-
dent measurements, typically ±1 �C and (0.001e0.02) J/g �C
(discussed below).

To probe the effect of fullerenes on physical ageing, after
removal of thermal history (as above), nanocomposites were
annealed at various ageing temperatures Ta for ageing times ta,
then cooled at 60 �C/mine30 �C, and finally measured at 10 �C/
min. Physical ageing is manifested in calorimetry by the
appearance of an enthalpy peak superimposed to the heat ca-
pacity step associated to the liquid to glass transition. The area
underneath the excess structural relaxation peak is the relaxa-
tion enthalpy H and depends on the proximity to the glass
transition (DT¼ Ta�Tg) [24,25]. The change in relaxation
enthalpy during physical ageing (DH) is computed by finding
the integral difference between the aged and unaged
thermograms.
2.6. Dielectric spectroscopy

Specimens for dielectric spectroscopy were melt pressed to
80 mm films, sputtered with gold, mounted between circular gold
electrodes (2 cm diameter and 200 mm thickness) and measured
using a Novocontrol broad-band dielectric system with integrated
ALPHA interface. Dielectric loss measurements ε

00 ¼ Im(ε*), where ε*

is the complex dielectric permittivity, were performed over a broad
frequency window, 0.1 s�1 < f < 106 s�1 in a temperature range of
223 K < T < 473 K. The temperature is controlled by a nitrogen jet
(QUATRO from Novocontrol) with 0.1 K precision during frequency
sweeps. Both fresh and (in-situ) annealed composites were
investigated.
3. Results and discussion

3.1. Structure and dispersion of polystyrene-fullerene mixtures

The dispersion quality of PS-C60 nanocomposites was first
investigated by optical microscopy, shown in Fig. 1, and AFM (data
not shown). Spun cast films on silicon were found to be uniform
and homogenous at concentrations up to 4 %e5 % mass C60. Upon
annealing at 180 �C (>Tg(PS)), fullerene cluster nucleation is
observed within minutes for films of >1 mass% C60 [26]. At suffi-
ciently high loadings (�4e5 mass%), spinodal-like patterns emerge
[27], due to the correlated nucleation of C60, and yield well-defined
undulating topographies whose wavelength (l) and amplitude (dh)
are controlled by the processing parameters [27,26]. By contrast,
films <1e2 mass% C60 remain uniform (until eventual dewetting
after x10 h, as expected for 270k MW PS films on silicon).

SANS evaluated fullerene aggregation in bulk RP samples, at
lengthscales <100 nm, benefitting from the strong scattering
contrast between C60 and the hydrogenous polymer matrix. These
results are shown in Fig. 1: excess low-q scattering is attributed to
fullerene clusters and lines indicate a characteristic q�4 power law,
corresponding to Porod scattering, arising from sharp interfaces.
Upon annealing above Tg, the scattering intensity of PS-C60 4% in-
creases as agglomeration proceeds, while PS-C60 1% scattering
which remains unchanged upon annealing, indicating polymer-
fullerene miscibility up to x1% C60.

In order to elucidate the nature of the observed clusters and
extend our measurements to molecular lengthscales, WAXS
measured of various RP nanocomposites were carried out, shown in
Fig. 2. A spectrum for pure, solid C60, with characteristic crystalline
fingerprint, is provided for reference. Prior to annealing, ‘fresh’ RP
nanocomposites only display crystalline C60 peaks at concentra-
tions �5%, indicating the presence of C60 crystalline clusters, in
agreement with the results above. We refer to this concentration as
a dispersibility limit [7,28,15], below which fullerenes remain
largely dispersed in the matrix, prior to thermal annealing.

Upon annealing above Tg, WAXS from PS-1% C60 remains un-
changed (Fig. 2b), while crystalline peaks grow within a few (2e5)
min in PS-5% C60 annealed at 180 �C (Fig. 2c). Combined real and
reciprocal space measurements indicate that ‘dispersed’ compos-
ites with up to 5% C60 are obtained by RP or spin coating, but
thermally stable composites form only up to (1e2)mass % C60 in PS-
270k. We next examine the impact of fullerenes, in various states of
dispersion, on the glass formation of PS using a combination of DSC
and DS experiments.

3.2. Glass transition of fresh and aggregated PS-fullerene
nanocomposites

Fig. 3 compiles the DSC thermograms of fresh PS270k-C60
nanocomposite glasses, prepared by rapid precipitation, as a
function of C60 loading. The estimated Tg (onset-midpoint method)
is indicated with a vertical tick on the DSC traces and plotted in
Fig. 4a. The data shows an unequivocal increase of the Tg with C60
content up to 4% mass fraction loading, beyond which a decrease
toward the values of the neat PS is observed. The larger error bars of
Tg for particle loadings 10%e30% are believed to be caused by
composition heterogeneity in the sample, accompanied by large-
scale agglomeration (visible by microscopy), and corresponding
larger variability of results. The maximum increase of Tg observed is
approximately 4 �C. Measurements of Tg for PS20k and PS2k
corroborate the increase of Tg with C60, shown in Fig. 4c) and d), but
the magnitude of the Tg increase of PS2k exceeds 10 �C for fine ly
precipitated RP specimens and is, however, minimal in aggregated
drop cast samples (Fig. 4d). Given the similar behavior observed for



Fig. 1. Left: Small angle neutron scattering of PS270k-C60 bulk nanocomposites (-,,) 1% and (:,△) 4% C60 by mass before and after annealing above Tg for 12 h (closed and open
symbols respectively). The background (incoherent) scattering of hydrogenous polystyrene (B) is shown for comparison. Right: Optical micrographs of PS and PS-C60 thin films
after annealing at 180 �C. The inset shows the FFT of the demixed morphology, which occurs between 1 and 2 wt% C60.
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the three MW investigated in terms of the Tg dependence with
fullerene content, we will focus henceforth on the PS270k-C60 se-
ries of samples.

Within the temperature range of these measurements, the heat
capacity of neat C60 varies slowly [29,30], namely within
(650e700) J/ �C mol or (0.90e0.97) J/ �C g over 90 �Ce120 �C. At
sufficiently low temperatures, a first-order transition from a simple
cubic to face-centered-cubic structure, is expected at around �15 C
in neat C60, from DSC [29e31] and WAXS [31]. We can therefore
rule out any non-trivial contribution of heat capacity of fullerenes
in this range.

Above approximately 4%e5%, corresponding to the ‘dis-
persibility’ limit of our RP composites, the neat Tg of PS is slowly
recovered. The increment in the heat capacity DCp (half-width
method) associated to the glass transition is represented as a
function of the C60 content in Fig. 4b. For comparison purposes, DCp
has been normalized by the mass of the polymer matrix alone, but
the behavior remains qualitatively unchanged if Cp (J/ �C) is
normalized by total sample mass (PSeC60). The DCp is unchanged
within experimental uncertainty up to 4% C60, showing an
measurable increase from 10% onwards. Molecular dynamics sim-
ulations of nanoparticles in polymer melts [32,33] have predicted a
specific heat increase at the crossover between dispersed and
clustered nanoparticle states, obtained from potential energy esti-
mates of the particle configurations. We interpret this jump in DCp
Fig. 2. (a) WAXS data of unannealed PS270k RP nanocomposites and (b) 1% C60 and (c) 5%
pattern of pure C60. Crystalline C60 peaks (at q ¼ 0.77, 1.26 and 1.48 Å�1) appear in fresh com
scaled vertically for clarity. (For interpretation of the references to color in this figure legen
as due to substantial clustering above 4 wt% C60 in the fresh
composites.

Nanocomposite dispersion evidently affects the impact of any Tg
shifts in the polymer matrix [7,34]. Fig. 5a and b shows the effect on
the Tg of thermal annealing temperature and time for PS270k com-
posites. The Tg of lower content C60 composites (<1%) remains un-
changed for the temperature range investigated (up to 205 �C), at
constant pressing time of 6 min. By contrast, the Tg of mixtures with
higher C60 content 4% and 10% decreases with temperature, after
z160 �Cwhendiffusion is expected to be appreciable [35]. Annealing
time does not appear to influence the Tg of PS270k-C60 0.4%, as shown
by the constancy of results obtained at 175 �C up to 30 min, and
corroborated by SANS, WAXS and microscopy. Microextrusion was
found to generally decrease Tg by approximately 1 �Ce2 �C with
respect to RP specimens, and GPC analysis reveals no chain scission
takes place under our operating conditions. Solution cast films,
shownto exhibitminimalTg changes (Fig. 4d), exhibit clear C60 crystal
transition endotherm around �15 �C (Fig. 5c), as expected for pure
C60 [29e31] domains. The robustness of the experimentally deter-
mined Tg of PS-C60 nanocomposites to changes processing conditions
corroborate the reproducibility of our experimental results and set
requirements for ‘nanocomposite’ preparation.

Dielectric spectroscopy provides further insight into the influ-
ence of C60 fullerenes on the segmental dynamics of PS. Fig. 6 shows
the dielectric loss measurements for (a) neat PS; (b) 1% and (c) 2%
C60 as a function of annealing time at 180 �C. The red data are the WAXS diffraction
posites with high �5% C60 loading and thermally annealed composites >�1% C60. Data
d, the reader is referred to the web version of this article.)



PS

Fig. 3. DSC thermograms of fresh PS270k-C60 nanocomposites obtained at a temper-
ature scanning rate of 10 �C/min, as a function of C60 content (0%e30% mass fraction).
Vertical markers indicate the glass transition temperature Tg, defined by the onset/
mid-point method (see text). Lines shifted for clarity.

Fig. 5. (a) Glass transition temperature of Tg of PS270k composites with (-) 0.4%, (B)
4% and (:) 10% C60 bulk films with melt press temperature (all 6 min) and (b) melt
press time (175 �C). The lines serve as guide to the eye. (c) DSC thermograms of PS2k-
C60 solvent cast composites showing, at sufficiently high concentration ((5% C60), the
crystal transition of C60 at �15 �C visible in pure C60.
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C60, respectively. PS has a rather low dipole moment and the b

relaxation is thus not readily observed. Our analysis will, therefore,
focus on the effect of C60 on the a relaxation of PS. The maximum
observed in the dielectric loss data as a function of frequency cor-
responds to the a relaxation. In glass forming polymers, the a

relaxation is a signature of the inter-chain correlation decay that
takes place above Tg. The experimental dielectric relaxation curves
were fitted to the empirical Havriliak-Negami equation (Eq. (1)),
Fig. 4. Glass transition temperature of PS-C60 nanocomposites as a function of C60 concentra
with C60 for rapidly precipitated (RP) samples, which is (partly) reversed for drop cast samp
increase ranges from z4 �C (a,c) to 12 �C (d). Neat Tg values are gradually recovered beyond
cast samples (d) PS2k. (b) Dependence of the heat capacity jump DCp at the glass transition
threshold associated with particle dispersibility in ‘fresh’ RP samples.
defined by a characteristic relaxation time tHN, angular frequencyu,
the dielectric strength Dε and the broadening parameters b and c.

ε

0 0 ¼
�

s

ε0u

�s

þ Im

 
Dεh

1þ ðiutHNÞb
ic
!

(1)

The vertical lines indicate the location in frequency of the
maximum peak for the neat PS relaxation curves, showing a shift
towards lower frequencies of the a process in the presence of C60.
This slowing down of the PS segmental motions, most obvious in
the low temperature range, agrees well with the increase of the Tg
observed by calorimetric measurements.

In order to investigate the effect of the C60 aggregation on the
dielectric response, in situ thermal annealing of the nano-
composites was carried out at 175 �C for 60 min. The effect of
annealing on the a relaxation is shown in Fig. 7 for the PS270k-2%
system, at selected measurement temperatures of 115 and 125 �C,
prior and after annealing. Themain observation is the displacement
of the maximum loss to higher frequencies, recovering
tion for (a) PS270k, (c) PS20k and (d) PS2k. The results generally show an increase in Tg
les, thermally annealed samples, or highly loaded composites. The magnitude of the Tg
a mass fraction threshold of z4% C60, shown for (a) PS270k, or (poorly dispersed) drop
on the C60 mass fraction for PS270k-C60 composites. Dashed line indicates an apparent



Fig. 6. Dielectric loss spectra of neat PS270k, PS-C60 1% and 2% as a function of tem-
perature showing the a relaxation.

Fig. 8. (a) The relaxation map for neat PS270k (�), PS-1% C60 (,), PS-2% C60 (B) and
annealed PS-2% C60 (◊)nanocomposites (175 �C, 60 min). The lines include best fit to
the experimental data using Vogel-Fulcher-Tammann equation; (b) Dielectric Tg and (c)
dynamic fragility as a function of C60 loading for ‘fresh’ (�) and annealed (,) (175 �C,
60 min) samples. Dielectric Tg is defined as the temperature at which ta ¼ 100 s; (d)
Correlation between Tg and fragility (m) of PS270k-C60 composites (normalized by neat
PS values) ‘fresh’ (�) and annealed (,) specimens. (e) Compilation of Tg and m liter-
ature data for PS of various MW ((△) [36], (�) [37], and ◊ [38]) and current PS270k
composites (red �). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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approximately the characteristic values for neat PS sample. The
dielectric curves at 115 �C and 125 �C for the PS matrix are included
for comparison. The agglomeration of the C60 fullerenes obviously
reduces the effective nanoparticle surface-to-volume ratio and
therefore, reduces the restrictions to the PS chain segmental dy-
namics, making the PS-C60 dynamics essentially similar to neat PS.

Fig. 8a shows the evolution of the relaxation times, obtained
from the maximum of the dielectric spectra (Fig. 6, as a function of
the reciprocal temperature for PS270k and PS-C60 1 and 2%. All
samples show characteristic non-Arrhenius behavior, commonly
observed for a relaxations, and the lines are best fits to the Vogel-
Fulcher-Tamman (VFT) equation:

ta ¼ t0exp
DT0

T � T0
(2)

where D is a strength parameter related to the dynamic fragility m
through the following expresion: m ¼ 16 þ 590/D; T0 is the Vogel
temperature (T0 < Tg) and t0 is a pre-exponential factor related to
phonon-like time scales at the high temperature limit. In order to
control the fitting procedure, values of T0 were a priori estimated to
be around Tg e 50 K and fixed, while D and t0 were adjustable
parameters.
Fig. 7. Selected dielectric loss spectra obtained via isothermal frequency sweep
(T ¼ 115 �C (,) and 125 �C (B)) for PS270k (black) and PS-C60 4% before (red) and
after (blue) thermal annealing (175 �C, 60 min). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
This relaxation map indicates slower relaxation times for the
fresh PS-C60 1% and 2% composites in comparison to the neat PS,
while the thermally annealed composites effectively revert back to
pure PS response. The extrapolation of the VFT line to values of
ta ¼ 100 s gives the so called dielectric Tg (Tg100s) that is shown as
function of C60 loading in Fig. 8b. As expected, Tg100s follows a
similar trend to the calorimetric Tg, and the data also corroborate
the return to neat PS behavior upon thermal annealing.

Further, a distinct temperature dependence is visible for both
systems, which is quantified through the fragility index m,
computed from the apparent activation energy around Tg,
commonly used to classify glass forming materials [36e38]. Fig. 8c
shows that m becomes larger with C60 content, indicating that
fullerenes increase the dynamic fragility of PS. This finding is
consistent with MD simulations [18] of this system. Upon thermal
annealing, above the miscibility limit, these effects are again
reversed as the fullerenes agglomerate. The relationship between Tg
andm for our PS-C60 composites is plotted in Fig. 8d and found to be
linear, within measurement uncertainty, as previously found in
neat polymers [36] and predicted to hold for nanocomposites of
various interactions [39].

For a given polymer matrix of varying MW, well defined corre-
lations between Tg and fragility m have been found experimentally,
and are plotted for PS [36e38] in Fig. 8e. We find that our PS-C60
composites fall remarkable well with the correlation for neat PS,
suggesting that the role of C60 is to simultaneously tune Tg andm of
the polymer matrix, in an analogous fashion to changing MW.
3.3. Physical ageing of polystyrene-fullerene mixtures

The influence of the C60 on the physical ageing of PS270k is
further examined by calorimetry. A series of experiments probe the
effect of ageing temperature Ta < Tg, ageing time ta and fullerene
composition. The final heating scans are shown in Fig. 9 for neat PS
and nanocomposites at 90 �C for ta up to 24 h. As expected, the



Fig. 9. DSC thermograms depicting the physical ageing of PS and PS-C60 nano-
composites at constant temperature (90 �C) for ageing times ta ¼ (0, 60, 180,
1440) min.
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relaxation enthalpy H increases with ageing time and depends on
the proximity of ageing temperature to Tg where DT ≡ Ta�Tg. DH
(Haged�Hunaged) at a given ta is expected to be small deep in the
glassy state, goes through amaximum and then vanishes close to Tg.
We find that the magnitude of relaxation enthalpy excess decreases
with C60 content up to 4% (mass), with a slight reversal at 10% C60
additive.

The structural recovery rate can be modeled by taking into ac-
count the nonexponentiality of the structural recovery process
[40e42]. The recovery rate depends nonlinearly on temperature
and has been accurately determined experimentally for PS [43,44].
Fig. 10a depicts the extracted relaxation enthalpy DH(ta) of
isothermally aged PS and nanocomposites as a function of ageing
time. For simplicity, we fit our data with a semi-empirical function
by Cowie and Ferguson [42]: DH(ta) ¼ DH∞[1�exp(ta/tc)b], where
DH∞ is the asymptotic value for DH after an infinite ageing time (ta)
while tc is the average relaxation time and b is related to the width
of the distribution of relaxation times.

Fig. 10a quantifies the decrease in relaxation enthalpy at con-
stant temperature in the presence of fullerenes. This ‘apparent’
ageing suppression can be attributed to either a trivial difference in
DT, since Tg of nanocomposites increases with C60 due to attractive
polymer-filler interfacial interactions, or to a polymer confinement
effect induced by the nanoparticle network. To test this hypothesis,
we compare the ageing of the PS and nanocomposites at the same
Fig. 10. (a) Relaxation enthalpy DH for (�) neat PS270k and composites with (,) 2%,
(:) 4% and (A) 10% C60, isothermally aged at 90 �C as a function of ageing time. Lines
are fits based on the Cowie and Ferguson relaxation model [42] (b) Dependence of the
relaxation enthalpy with ageing temperature Ta for (�) neat PS and (:) PS-C60 4%
(ta ¼ 180 min), rescaled by their respective Tg.
DT (Ta�Tg). Fig.10b shows the dependence of DHwith Ta at constant
ageing time ta ¼ 180 min for PS and PS-C60 4%. These results show
that both curves largely superimpose after rescalling the ageing
temperatures by their respective Tg. The changes in physical ageing
at a given ta, due to the presence of the fullerenes appear to be, at
least in part, attributable to their respective Tg changes (see Fig. 4a).
These results suggest that the ageing ‘suppression’ largely reflects
the Tg increase caused by the incorporation of C60. A detailed study
separating the asymptotic DH∞ and ageing rates, over longer
experimental times, is necessary to accurately elucidate the process
and this task is currently underway.

Physical ageing of polymer-nanocomposites, confined polymers,
and thin films, exhibiting Tg shifts of various signs, remains
controversial [45] in part due to the complex interpretation of
structural relaxation. Physical ageing of nanocomposites involving
sub 100-nm nanoparticle with attractive polymer-filler in-
teractions, and thus increased Tg (e.g. PMMA/silica and P2VP-silica
[4,46]), have been found to exhibit reduced or suppressed physical
ageing. Our combined DS and DSC study indicates that PS-C60 falls
in this trend of nanocomposites with attractive interactions,
increased Tg and slower segmental relaxation, and thus suppressed
physical ageing. As discussed above, our results can be rationalized,
within measurement uncertainty, by the Tg shift imparted by the
presence of the fillers.

3.4. Fullerenes and molecular packing

We have previously shown by inelastic incoherent neutron
scattering that C60 fullerenes increase, albeit modestly, the mean-
square proton displacement (msd), as measured by the Debye-
Waller factor, of glassy polystyrene [14]. At the same tempera-
ture, the msd of PS increases in the presence of C60, corresponding
to a larger amplitude of atomic scale motion (of the order of xÅ,
and high frequency, 10�15 s�1), interpreted as a softening of the
local vibrational potential in the glassy state. The high frequency
softening, for modest C60 concentrations (0.7e4) mass %, evidently
occurs simultaneously with a slowing down of segmental relaxa-
tion leading to an increase of the Tg. This process, as measured by
dielectric spectroscopy over typical frequencies of 10�2e106 s�1,
probes lengthscales of 2e3 repeat units and 100 s timescale at Tg.
Fullerenes thus impact PS dynamics in a non-trivial manner.
Indeed, this effect is exactly opposite to antiplasticizer additives
that are characterized by enhancing stiffness in the glassy state,
while simultaneously decreasing the Tg [47,48]. By contrast, com-
mon ‘plasticizers’ speed up both the fast dynamics and rate of the a
structural relaxation.

Recent simulations [49] suggest that antiplasticization can be
understood as arising from an enhancement of molecular packing
(reduction of packing frustration) and corresponding reduction in
the fragility of glass-formation (a measure of how much the
relaxation deviates from an Arrhenius temperature dependence,
systems exhibiting a stronger deviation being more ‘fragile’ in the
usual jargon). A disruption of molecular packing at a nanoscale can
then be expected to enhance fragility and packing frustration and
an increase in Tg can naturally be expected in some systems where
this effect is large. Indeed, we find that fullerene in PS appear to be
‘fragility enhancing’ [50] and can thus be expected to also enhance
gas permeability in the glass state, an effect observed with other
nanoparticles [2] (and opposite to antiplasticizers that enhance the
efficiency of molecular packing), and possibly also ductility,
extension at break and other properties correlated with relatively
high ‘free volume’.

Simulations of the effect of nanoparticles with different in-
teractions on the dynamic fragility m of glass forming polymers
[48], relate such increases of fragility to attractive
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polymerenanoparticle interactions that increase the cooperativity
of atomicmotion in the polymermelt. The strong piepi interactions
between the fullerene and the aromatic groups of the polystyrene
probably account for this attractive interaction. The attractive
interaction should thus lead to a local stiffening of the polymer
matrix about the nanoparticle (which should in turn affects the
nanoparticle dynamics more globally). Presumably from the dis-
cussion above, the polymer segments near the nanoparticle exhibit
a higher packing efficiency near the particle, but the segments
further from the particle are in a more frustrated packing state. It is
emphasized that the variations in the local density accessible in
these simulations is rather subtle so that it has not yet been
possible to directly confirm the packing frustration explanation of
the observed fragility changes for nanoparticles exhibiting an
attractive polymerenanoparticle interaction [48].

Fullerenes (and antiplasticizers) evidently have a non-trivial
influence on molecular packing and the nature of glass-
formation, demonstrating that considerable control can be exer-
ted on the properties of glassy materials through the judicious
choice of additive. Clearly, the term plasticizer or antiplasticizer
does not capture the complexity of the phenomenon since the high
frequency dynamics can changewith the additive in a different way
from the low frequency a-relaxation dynamics associated with the
glass-transition itself. Indeed, recent experimental studies [51,47]
have shown that additives can act as both plasticizers below Tg
and antiplasticizers above Tg, or vice versa.
3.5. Comparative observations for PS nanocomposites

Nanoparticles have the ability to both increase or decrease Tg of
polymers and in Fig. 11 we compile observations on various
polystyrene-nanoparticle composites where Tg shifts of both signs
are apparent. These trends in Tg do not capture the whole story,
since these can be largely independent of changes in the high fre-
quency dynamics, as our discussion in the previous section dem-
onstrates. Unfortunately, limited data considers the high and low
frequency dynamics for the same nanocomposite making it hard to
conclude much more than a common trend in Tg shifts with poly-
merenanofiller interaction.
Fig. 11. Glass transition temperature shift of PS upon addition of nanofillers: (8) PS-
grafted gold nanoparticles [52], (�) crosslinked PS nanoparticles [53], (▽) surface
modified CdSe [54], (-)SiO2 [6], (,) SiO2 [4], (9) MMT clay [55], (+) SWNT [56], (4)
4-(10-hydroxydecyl) benzoate-SWNT [56],⊠ solvent cast C60 [57], (:) solvent cast C60

[34], (B) directly mixed C60 [34], (△) butylated C60 [34], (A) dodecylated C60 [34], (�)
[red] rapid precipitation C60 of 2-270k PS (present work). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
These observations lead us to ask what physical characteristics
of an additive are able to tune the ‘nature’ of glass-formation.
Previous work on antiplasticizers suggest that such additives
must be smaller than the polymer statistical segment size and
should have a strong cohesive interaction with the polymer to
inhibit phase separation [58]. What then makes a nanoparticle
additive exhibit the contrary effects seen in the present PS-C60
measurements?

It is known from studies of thin polymer films [13,11] that the
cohesive interaction between the polymer and the substrate can
influence the sign of the shift of Tg and the corresponding inter-
action between the particle and the polymer matrix can be ex-
pected to give rise to a similar effect. Polymer nanocomposites are
similarly characterized by large interfacial areas and polymer-
eparticle interactions can be somewhat tuned by surface grafting
(cf. Fig. 11). For example, Weng et al. [34] demonstrated that
substituted and unsubstituted C60 could induce, respectively, pos-
itive and negative Tg shifts in PS. Overall, the observations confirm
the expectation that stronger cohesive interaction tends to give
larger upwards shifts of Tg [34,56,55,19,59,4,8], but negative shifts
are also observed [54,6,60,8] when the interactions are presumably
less favorable, as in crosslinked PS particles and CdSe nanoparticles.
This behavior is generally observed in simulations [9] where the
particles are comparable in size to the Rg of the polymer, i.e., larger
than the statistical segment size (~ 1 nm) in amorphous polymers.
Particle dispersion has also an evident impact on Tg (and misci-
bility), as indicated by the varying magnitude (and even sign) of
shifts depending on sample preparation and processing method for
PS-C60 [7,34]. Upon phase separation, large aggregates are expected
to act like macroscopic fillers in which little change in the nature of
glass-formation arises, as seen in our high fullerene concentration
and aggregated measurements.

Particle shape must also be important in these additive induced
changes in molecular packing, and highly extended and irregularly
shaped attractive particles should be much more effective at dis-
rupting molecular packing and in shifting the Tg upwards through
an enhancement of packing frustration. This might rationalize the
large upwards shift of Tg seen in the low concentration clay solu-
tions and in the presence of C60 clusters up to below the dis-
persibility threshold. Apart from the many experimental
uncertainties in the surface properties of nanoparticles, and the
common geometrical polydispersity in size and shape, the general
tendency of nanoparticles to cluster, impurity effects and diverse
non-equilibrium effects, the prediction of shifts in Tg is made
difficult by subtle changes in both cohesive interactions and mo-
lecular packing that can be induced by the nanoparticles. This
problem thus requires many further studies to elucidate fully the
impact of nanofillers in glass formation, beyond some trends and
expectations noted above.
4. Conclusions

We have shown that the addition of C60 to PS leads to subtle
effects in glass formation, beyond simply changing the glass tran-
sition temperature. For dispersed nanocomposites, we find that the
glass-transition temperature Tg as well as the dynamic fragility m
increases with C60 content. The relationship between Tg and m for
PS appears to be retained, implying that C60 addition has an anal-
ogous effect to increasing PS MW. The physical ageing of these
nanocomposites is found to be suppressed, an effect that can be
rationalized by the increase in Tg. By contrast, our former inco-
herent neutron scattering measurements indicate that the local
atomic scale ‘stiffness’ of the material slightly decreases in the
glassy state.



A. Sanz et al. / Polymer 68 (2015) 47e56 55
So-called ‘antiplasticizers’ also exhibit opposite dynamic trends
of the fast and slow dynamics, and have been associated to relief of
packing frustration [49] which, in turn, decreases the fragility of
glass formation, effectively changing the nature of glass-formation
[48]. Fullerenes in PS appear to induce the exact opposite effect,
‘fragilifying’ the polymer, also seen for instance with the addition of
Aroclor to polycarbonate [47].

The common term ‘plasticizer’ or antiplasticizer is evidently
fraught with difficulties when applied to glass-forming nano-
composites. Not only can the high frequency and a-relaxation
processes shift in contrary directions with the additive, but the
effect on the high frequency dynamics is often highly temperature
dependent. Antiplasticizing additives in the glassy state are often
most effective at enhancing (i.e., speeding up) the dynamics at
elevated temperatures [58] and around a ‘compensation tempera-
ture’ this behavior changes qualitatively. Evidently, the tempera-
ture range of the measurement, along with nature and timescale of
the relaxation process, must be specified to apply the terms
meaningfully. Indeed a good ‘plasticizer’ such as water for many
polar polymers characteristically leads to sluggish ageing in glassy
commercial materials such as epoxies and biological materials such
as seeds exposed to moisture [61].

A capacity to tune the high frequency dynamics of glassy ma-
terials with additives may also benefit the understanding of the
long-term evolution of glassy materials, including non-linear
deformation properties, since the high frequency dynamics is the
only really active motion in the glassy state. Evidently, nanoparticle
additives have the potential to alter the glassy nature of polymers
with profound practical ramifications for the control of this ubiq-
uitous class of materials.
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