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Abstract
We utilize inelastic incoherent neutron scattering (INS) to quantify how fullerenes affect the
‘fast’ molecular dynamics of a family of polystyrene related macromolecules. In particular, we
prepared bulk nanocomposites of (hydrogenous and ring-deuterated) polystyrene and
poly(4-methyl styrene) using a rapid precipitation method where the C60 relative mass fraction
ranged from 0% to 4%. Elastic window scan measurements, using a high resolution (0.9 μeV)
backscattering spectrometer, are reported over a wide temperature range (2–450 K). Apparent
Debye–Waller (DW) factors 〈u2〉, characterizing the mean-square amplitude of proton
displacements, are determined as a function of temperature, T . We find that the addition of C60

to these polymers leads to a progressive increase in 〈u2〉 relative to the pure polymer value over
the entire temperature range investigated, where the effect is larger for larger nanoparticle
concentration. This general trend seems to indicate that the C60 nanoparticles plasticize the fast
(≈10−15 s) local (≈1 Å) dynamics of these polymer glasses. Generally, we expect nanoparticle
additives to affect polymer dynamics in a similar fashion to thin films in the sense that the high
interfacial area may cause both a speeding up and slowing down of the glass state dynamics
depending on the polymer–surface interaction.

1. Introduction

Numerous recent studies [1] have focused on changes in
the dynamics of nanoscale confined polymers because of
the many technological implications for nanotechnology in
materials design, development, and processing. Further,
such studies have the potential of elucidating fundamental
aspects of glass formation. Most studies of confined polymers
have emphasized the dependence of the glass transition
temperature Tg on thin film thickness L [1, 2], where dramatic
reductions of Tg with decreasing L (when L is less than a
monomer dependent packing scale typically on the order of
O(100 nm)) have been reported in both supported and free-
standing films of polystyrene and other relatively ‘fragile’

3 Author to whom any correspondence should be addressed.

glass-forming polymers [1]. Moreover, studies reporting Tg

as a function of distance from the film surfaces suggest the
existence of mobility gradients in thin polymer films [1–4].
The problem with these estimates, from our standpoint, is
that the physical meaning of Tg is even uncertain from a
fundamental perspective in the bulk, so the significance of
reported Tg ‘shifts’ as means of quantifying the mobility
changes arising from film confinement is unclear. Further,
different experimental methods on the same film seem to
give different apparent Tg shift estimates [5–10], so it is
not even clear whether film Tg determinations are internally
consistent phenomenologically. Given these difficulties, and
the practical importance of the problem, we are concerned
with developing more reliable metrics for describing mobility
changes in confined polymers with nanoparticle additives.
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Inelastic incoherent neutron scattering (INS) provides a
promising approach to this problem because it allows for a
direct measurement of local mobility (proton self-correlation
function) and this method has been recently employed to probe
the dynamics of ultrathin polymer films [5–11] (films having
a thickness comparable to molecular dimensions, where chain
packing becomes modified). Specifically, stacked polymer thin
films were studied in pioneering backscattering measurements,
which allowed for the determination of an apparent Debye–
Waller (DW) factor, 〈u2〉. These measurements indicated
hindered proton motion for supported films upon confinement,
while a reverse trend has been reported for ‘free-standing’
ultrathin films [5–11] (‘free-standing’ films, however, are
inherently under highly non-equilibrium conditions, since they
are not thermally annealed). Inoue and co-workers [12]
have recently investigated glassy supported PS thin films by
quasielastic neutron scattering (QENS), in combination with
INS, where a general suppression in the amplitude of molecular
motion with confinement was indicated by both 〈u2〉 and boson
peak measurements, in good qualitative accord with earlier
observations by Soles and co-workers on polycarbonate and
other polymers [5–10]. A suppression of the average mean-
square particle displacement has also been recently found in
low energy collisional transfer measurements on thin PMMA
films, where helium atoms rather than neutrons are involved in
the scattering measurement [13]. Other authors have observed
a general tendency for the thermal expansion to become
reduced in thin polymer films [5–10, 14–17], and a general
tendency for a broadening of the temperature range over which
the glass transition occurs [18, 19].

The present work extends dynamic neutron scattering
investigation (INS) to polymer nanocomposites, which are
likewise characterized physically by a high interfacial area and
where large changes in polymer dynamics relative to pure bulk
materials have been reported. Indeed, recent experimental
studies have indicated that the changes in the apparent Tg

for dispersions of nanoparticles exhibit similar trends to those
found in ultrathin polymer films [20], and arguments have
been put forth to support this correspondence [20–23]. It
has also been observed that the addition of certain molecular
additives to a polymer matrix can lead to a reduction of the
effects of spatial confinement on the Tg of thin (polystyrene)
films [24]. Simulations [25, 26] have shown that this effect
can be understood to arise from a decrease of the length scale
of cooperative segmental motion that arises from the effect
of ‘anti-plasticizing’ additives on molecular packing. Such
additives characteristically result in an increase of polymer
density and shear modulus in the glass state while, at the
same time, shifting Tg downwards. Simulations suggest that
both film confinement and the addition of anti-plasticizers
make glass formation ‘stronger’ [25, 26], meaning that the
glass transition covers a larger temperature range (becomes
broader) and that deviations from the Arrhenius temperature
dependence, characteristic of simple homogeneous fluids,
becomes weaker. The ‘nature’ of glass formation appears to
be altered by confinement or the presence of anti-plasticizing
additives. It is thus clear that the determination of Tg alone
seems therefore inadequate to characterize mobility changes
arising from geometrical confinement or additives.

Figure 1. Monomer structures of poly(styrene), ring-deuterated
polystyrene and poly(4-methyl styrene) with corresponding glass
transition temperatures Tg.

Here we present an experimental study of the influence of
well dispersed nanoparticles on the glassy dynamics of a family
of PS materials. We selected fullerenes (C60) because of their
well defined chemical nature and monodisperse particle size
and we chose a family of PS polymers in order to elucidate the
interplay between the molecular geometry of the nanoparticle
and the polymer matrix to which it is added. We consider
fixed window elastic scans on a high resolution backscattering
spectrometer and determine the apparent mean-square proton
displacement 〈u2〉, the so-called Debye–Waller factor, for
PS/C60 nanocomposites as a function of temperature.

2. Experimental details

2.1. Sample preparation4

C60 nanocomposites with PS were prepared using a
rapid precipitation method [27, 28]. The fullerene (Mer
Corporation, AZ, exceeding 99% purity) material was used as
received. Polystyrene (PS), ring-deuterated polystyrene (PS-
d5, deuteration in excess of 95%) and poly(4-methyl styrene)
(P4MS) were selected as polymer matrices. PS (BP Chemicals,
molecular mass, Mw = 225 kg mol−1, polydispersity index,
PDI = 2.2) and P4MS (Aldrich, Mw = 73 kg mol−1,
PDI = 1.8) were re-precipitated in fivefold excess of methanol
to remove low molecular weight stabilizers. PS-d5 was
synthesized via hydrogen–deuterium exchange of the phenyl
ring by a catalytic reaction in the presence of ethylaluminium
dichloride (1.0 M solution in hexanes, Aldrich) and traces of
water from hydrogenous PS as starting material [29]. The
chemical structures of the repeat units and the corresponding
Tg values of the polymers are depicted in figure 1.

The C60 nanoparticles were dissolved in toluene and
placed in an ultrasonic bath (Transsonic T570/H, Camlab,
freq = 50/60 Hz; I = 1.5 A, HF-freq = 35 kHz) for 30 min
to facilitate particle dispersion. The corresponding amount of
polymer was then added to the solution to obtain the desired
concentration of C60 in the polymer matrix, keeping a 10%
relative mass fraction of the mixture polymer/C60 in toluene.
The polymer/C60 toluene solution was further sonicated for
30 min. The mixture was stirred for 48 h at room temperature

4 Certain equipment, instruments or materials are identified in this paper in
order to adequately specify the experimental details. Such identification does
not imply recommendation by the NIST nor does it imply the materials are
necessarily the best available for the purpose.
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and then precipitated in a fivefold volume excess of methanol
to produce composite fibres. The precipitated samples were
dried under vacuum at 90 ◦C for 4 days. PS/C60 specimens
were extruded into 1 mm diameter fibres (as suggested by
Mackay et al [27]) using a DSM microextruder operating
at 170–180 ◦C and 150 rpm (1 rpm = 2π rad min−1);
P4MS and PS-d5 specimens were not microextruded due to
limited sample mass. Specimens were then melt pressed
at 150 ◦C for 5 min and subsequently quenched to room
temperature. The film thicknesses were selected to provide
a neutron transmission of 90% to 95%, achieved with 170–
200 μm films. The scattering signal is largely dominated by the
incoherent cross-section of hydrogen and selective deuteration
is employed to elucidate different parts of the monomer unit.

2.2. Inelastic incoherent neutron scattering

Inelastic incoherent neutron scattering experiments were
carried out at the backscattering spectrometer IN16, at the
Institut Laue Langevin, France. The configuration selected
provides 0.9 μeV resolution (FWHH, full width at half height),
energy window −15 � �E � 15 μeV, and wavenumber
range 0.2 � Q � 1.9 Å

−1
, where Q = 4π sin(θ/2)/λ, θ

is the scattering angle and λ the neutron wavelength (6.27 Å).
Both fixed window scans (�E ≈ 0) and inelastic spectra were
measured, although only the former will be discussed in this
report, centred on the Debye–Waller (DW) dynamics. Elastic
(or fixed window) scans covered a typical temperature range
of 2 K < T < 450 K, accessible with a cryofurnace, and
lasted for typically 9–14 h (depending on scattering cross-
section). These measurements monitor the evolution of the
elastic scattering intensity as a function of temperature and
momentum transfer Q, and provide a direct measure of the
DW factor below the onset of side-group or segmental motion
in glassy polymers [30, 31].

The measured elastic scattering intensity Sinc(Q, ω ≈ 0)

is a convolution of the dynamic structure factor Sinc(Q, ω) with
the experimental resolution R(ω):

Selastic(Q) ≡ Sinc(Q, ω ≈ 0)

=
∫ +∞

−∞
Sinc(Q, ω′)R(ω − ω′) dω

∣∣∣∣
ω=0

, (1)

which assumes that no rotational (Srot = 1) or translational
(Strans = 1) motions are present. Equation (1) at constant
temperature T becomes simply the Debye–Waller factor,

Selastic(Q) ≈ exp(−Q2〈u2〉/3) (2)

where 〈u2〉 is the mean-square amplitude of proton vibrations.
The assumption is valid provided that the temperature is
sufficiently low to ‘freeze’ side-group or segmental dynamics
(i.e. appear immobile at given resolution) and that the centre of
mass of the molecule is fixed (below Tg). In practice, during
a window scan experiment, an ‘apparent’ Debye–Waller factor
〈u2〉app(T ) is measured as a function of temperature (2–450 K
in the present work), and proton vibrations 〈u2〉 are estimated
from an extrapolation using the low temperature range. For
harmonic atomic vibrations [30, 32], a linear dependence of
ln(Ielastic) versus Q2 is expected, from which it is possible to

Figure 2. Fixed window scan (at 0.9 μeV resolution) of
poly(styrene) from T equal to 2–470 K, at selected wavenumbers Q
ranging from 0.24 to 1.95 Å

−1
(from top to bottom). The results are

normalized by the elastic intensity extrapolated to 0 K.

estimate the mean proton displacement 〈u2〉. Deviations from
this linearity indicate anharmonic modes, as well as the onset
of other kinds of motion such as librations, rotations, secondary
relaxations, etc. The analysis of the rotational relaxation in this
PS family will be reported in a subsequent publication.

3. Results and discussion

The elastic neutron intensity of neat PS, normalized to the
extrapolated intensity at T = 0 K, as a function of temperature
at different Q values is shown in figure 2. Measurement
uncertainty determined by neutron counting statistics (9–14 h
acquisitions) is ≈2%, which is smaller than the size of
symbols in figures 2–4. At T below ≈75 K, the decrease
in elastic intensity is solely due to the DW factor. In other
words, the dynamics is purely vibrational and the mean-
square displacement can be readily estimated. Beyond this
temperature range, the steeper drop in the elastic intensity
indicates the onset of larger scale motions, such as the
reorientation of the phenyl ring. At higher temperatures,
near 100 ◦C, the onset of the glass transition is indicated
by a dramatic decrease of the elastic intensity. The mean-
square displacement 〈u2〉 at various T was computed according
to equation (2). Figure 3 shows the experimental data of
ln(Ielastic) versus Q2 and the corresponding linear fits, whose
slope is −〈u2〉app/3, for neat PS at different temperatures below
and above Tg. The deviations from linearity, especially at
higher temperatures, can be originated by the anharmonicity
of the motions and onset of larger scale dynamics, as well
as by the contribution of the coherent scattering to the elastic
intensity [30–32].

The goal of this work is to investigate the qualitative
influence of C60 (‘buckyballs’) on the local proton dynamics of
PS and related polymers in the glassy state. Figure 4 presents
fixed window scans of neat PS and PS/C60 nanocomposites
(relative mass fractions: 2.0% and 4.0%) at Q =
1.91 Å

−1
. There are no obvious differences between PS

and nanocomposites in this representation, becoming clearer
when data for all Q are summed in figure 4(b). A more
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Figure 3. Logarithm of the normalized elastic intensity of PS as a
function of Q2 for selected temperatures to extract the apparent
Debye–Waller factor. Identifying the slope −〈u2〉/3 provides an
estimate of the mean-square displacement.

Figure 4. (a) Elastic scan of poly(styrene) with C60 filler
concentrations ranging from 0% to 4% relative mass fraction as a

function of temperature for a fixed wavenumber, Q = 1.95 Å
−1

.
(b) Elastic scan summed at all wavenumbers Q for selected PS
specimens with C60 mass fractions: 0%, 2% and 4%.

direct comparison is obtained by estimating 〈u2〉 as a function
of temperature. Figure 5 indicates small but measurable
differences between the neat PS when compared to the PS/C60

nanocomposites. Below Tg, the proton displacement amplitude

Figure 5. Apparent mean-square displacement 〈u2〉 (Å
2
) as a

function of temperature for neat and filled polystyrene. The inset
shows the low temperature range (below the onset of rotational
relaxation and segmental dynamics) of PS and a PS nanocomposite
with a 4% C60 mass fraction. An enhanced amplitude of motion with
dilution by C60 is evident.

is somewhat larger for PS/C60 composites and we contrast
data for PS and PS/C60 (4% C60 mass fraction) samples in
the low temperature region in the inset of figure 5 (only
4% is shown for clarity). Typical 〈u2〉 uncertainty estimated
from the extrapolation in figure 3 is 4 × 10−3 Å

2
. We

observe that the PS/C60 samples exhibit a steeper slope of
〈u2〉 with temperature, as compared to the neat PS. We
quantify these changes by fitting a linear function of T
over the relevant temperature range (0–80 K) to obtain the
slope m = d〈u2〉/dT , where ‘%’ in the following denotes
the relative C60 mass fraction: m(PS) = (6.0 ± 0.3) ×
10−4 Å

2
K−1, m(PS; 0.7%) = (7.7 ± 0.5) × 10−4 Å

2
K−1,

m(PS; 1.5%) = (6.2 ± 0.5) × 10−4 Å
2

K−1, m(PS; 2%) =
(7.0 ± 0.5) × 10−4 Å

2
K−1, and m(PS; 4%) = (7.8 ±

0.3)× 10−4 Å
2

K−1. The relative uncertainties were computed
by averaging estimates obtained between 0–50 and 0–80 K
and determining the maximum range of m found. We
suggest that the comparatively large value obtained for the
0.7% C60 mass fraction sample (similar to the 4% mass fraction
specimen) could be due to concentration non-uniformities in
the microextruded nanocomposites fibres (due to small sample
mass, ≈1–2 g). Nevertheless, all the samples indicated a
stronger temperature dependence of 〈u2〉 with the addition
of C60.

According to the idealized harmonic solid model, the
slope of the dependence of 〈u2〉 on temperature is related to
the effective local ‘stiffness’ [25, 26, 30, 33] of the material by
means of the relation

κ = 3kBT/〈u2〉, (3)

where kB is Boltzmann’s constant. The application of
equation (3) outside the low temperature regime (T � 80 K) is
clearly heuristic since the harmonic approximation is strictly
not applicable at elevated temperatures [25, 26, 30] and
other activated processes (side-group rotations and backbone

4
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Figure 6. Harmonic force constant κ as a function of C60 additive
concentration; the dashed line serves as a guide to the eye.

motion) dominate the loss of elastic intensity [30, 31]. Figure 6
shows the evolution of the apparent force constant κ versus
C60 content, where we see an overall decrease of κ for PS/C60

nanocomposites in comparison with the neat PS. Uncertainties
in κ are obtained by error propagation of 〈u2〉 according to
equation (3).

In order to discriminate between the dynamics of the
backbone and phenyl ring protons, and how they are modified
by the nanoparticle additives, we also investigated a ring-
deuterated derivative of PS, which we designate as PS-
d5. The apparent DW factor 〈u2〉 for the neat PS-d5 and
the C60 nanocomposite (0.5% C60 mass fraction) polymer
matrix is presented in figure 7(a). P4MS has a methyl
group attached to the 4-phenyl site and is considerably brittle
compared to PS. Figure 7(b) presents DW measurements
for the derivative polymer P4MS, as well as for the C60

nanocomposite (0.5% C60 mass fraction). In both cases,
we observe a clear increase in the apparent DW factor with
the addition of C60. A detailed account of contributions
from localized rotational relaxations (methyl and phenyl
group dynamics, namely mean activation energy EA and
distribution σ ) is beyond the scope of the present paper and
will be discussed in a separate paper [34]. Due to the very
low activation energy of the methyl group rotational relaxation
in P4MS, it is extremely difficult to quantify the DW factor
by low temperature extrapolation. However, the window
scan measurements indicate a larger apparent mean-square
displacement, corresponding to enhanced motion in the glassy
state. The slope m describing the strength of the temperature
dependence of 〈u2〉 in PS-d5/C60 (0.5% C60 mass fraction),
where the scattering is largely dominated by the backbone
protons, appears to increase by almost one order of magnitude
with respect to hydrogenous PS. We obtain m(PS-d5/C60) =
(4.5 ± 0.5) × 10−4 Å

2
K−1 and m(PS-d5) = (6.5 ± 1.5) ×

10−5 Å
2

K−1 (uncertainties estimated as indicated above). We
conclude from all our measurements that the addition of small
amounts of C60 to the PS polymer derivatives (PS, PS-d5
and P4MS) generally enhances the fast glassy dynamics, as
measured by the proton delocalization in the femtosecond time
range [30, 31].

The harmonic solid model provides a qualitative
framework for interpreting these results. Figure 6 suggests

Figure 7. Apparent mean-square displacement 〈u2〉 (Å
2
) as a

function of temperature for neat (a) ring-deuterated PS (PS-d5) and
(b) poly(4-methyl styrene) (P4MS) and filled with 0.5% relative mass
fraction of C60 nanoparticles.

that the C60 nanoparticles induce a softening of the local
potential which reduces the resistance to displacement of
the protons of the polymer segments. This ‘plasticization’
effect is corroborated by plots of figure 7, where a clear
increase of 〈u2〉 for the whole temperature range is observed.
We suggest that the physical origin of this enhancement
of amplitude of molecular motion of PS and its derivatives
in the glassy state is caused by an increased free volume
arising from an enhanced packing frustration obtained by
introducing the marginally soluble C60 nanoparticles into the
melt of this class of polymers. The opposite effect of a
slowing down of the amplitude of molecular motions with
nanoparticles has been previously associated [21–23, 35]
with the development of strong specific associations between
the polymer and particle. The addition of nanoparticles to
polymers is thus expected to have non-universal effects in
polymer dynamics, depending on interactions between the
polymer and the particle, and both plasticization and anti-
plasticization might occur. A recent INS report on C60

dispersed in poly(methyl methacrylate) suggested reduced
mobility of polymer chains in the presence of the additive [36],
attributed to strong interactions between PMMA and C60.
Mean square displacement estimates are not provided, likely
because DW factors cannot be accurately estimated from
elastic window scans above temperatures of 50 K in
the presence of side-group motion. Nevertheless, higher
temperature rotational relaxations appear to be affected by
the presence of particles and a restriction of dynamics (and
greater dynamic heterogeneity) is suggested. Figure 9 from

5
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Kropka et al [36] can be compared directly to our figure 4(b),
where elastic temperature data is summed at all wavenumbers,
and suggests a similar trend for rotational/segmental motion
in PS/C60 and PMMA/C60 systems. These complementary
observations for the PS class of polymers and PMMA suggest
that polymer–particle interactions, as quantified by solvent
quality effects, might be able to inform us about the change in
polymer dynamics with these additives at the various relevant
time- and length scales.

A consideration of how the chain dimensions change
with the addition of additives provides a traditional way
to quantify these polymer–additive interactions. Based on
their small angle neutron scattering measurements on C60

filled PS, Mackay et al [27] have proposed that chains
become expanded in the presence of C60 particles at low
C60 content so that these particles then behave like a ‘good’
solvent. These results corroborate earlier observations by
Nakatani et al [37, 38] on poly(dimethyl siloxane) using
cross-linked PDMS nanoparticle additives of various sizes.
Nakatani et al suggested that sufficiently small particles
(diameter below the polymer’s radius of gyration, Rg) could
cause substantial chain expansion at relatively low particle
concentrations, while particle aggregation seems to become
prevalent at high particle concentrations. A systematic
study of these solvent quality effects might be helpful
in predicting changes in molecular dynamics in polymer–
diluent systems and we plan to investigate this matter in the
future.

Plasticization and anti-plasticization of polymers can
occur with a variety of additives [39–52]. Here we have
centred specifically on fast (≈1015 Hz) proton delocalization
in the glassy state. Based on this work, we conclude that C60

generally increases the amplitude of molecular motion in PS
and related polymers, meaning that C60 plasticizes [39] these
polymers. Our results are thus qualitatively similar to previous
observations on the addition of CaCO3 nanoparticles to poly(4-
methyl-2-pentyne) films [53], where the nanoparticles were
found to give rise to an increase in the free volume of
the polymer melt (as measured in these measurements by
positron annihilation), as well as a corresponding increase
in gas permeability. We likewise attribute the changes we
observe to an increase in molecular ‘free volume’, as quantified
precisely here by 〈u2〉 [21–23], that arises from the disruption
of molecular packing brought about by the addition of the
C60 nanoparticles. This effect is opposite to the case of
anti-plasticizer additives, which reduce the molecular free
volume [25, 26]. Moreover, recent measurements [15, 16, 54]
by a variety of methods (INS, dielectric, mechanical) have
indicated that additives can act as both plasticizers and anti-
plasticizers, depending on the temperature range investigated.
While many additives anti-plasticize at low temperatures well
below Tg and plasticize at temperatures higher than Tg, other
additives exhibit the inversion of this trend [15, 16, 54]. Further
work is required to establish the effect of the addition of
nanoparticles to polymers, with due consideration of specific
interactions and mixture thermodynamics, both in terms of
chain and glass structure and various dynamical processes
present in polymers.

4. Conclusions

We present the first experimental study of mean-square
displacement of protons in a family of model polystyrenes
in the presence of C60 nanoparticles, using high resolution
backscattering. Fixed window scans of filled PS at various
C60 concentrations, covering a wide temperature range, was
presented. Additionally, we vary the contrast (PS-d5) and
monomer architecture (P4MS) and study both the neat and
filled polymers (0.5% C60 relative mass fraction). Our
experimental results generally indicate that the addition of C60

to PS leads to enhanced fast dynamics (as measured by the
mean-square amplitude of proton displacements) consistent
with C60 plasticizing PS much like the addition of a typical
small molecule solvent to the polymer melt. This effect is not
obvious and slowing down of the polymer melt fast dynamics
is also expected by tuning polymer–particle interactions. The
addition of nanoparticles thus provides an attractive approach
for modifying the properties of polymer materials through
a modulation of molecular packing, and elastic neutron
scattering seems to be a powerful tool for quantifying these
changes in molecular dynamics that accompany dilution and
confinement. A detailed study of specific rotational relaxation
motions (methyl and phenyl rotations) in our model filled
polymers is currently underway.
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