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Spherulite Crystallization in Poly(ethylene oxide)–Silica Nanocomposites.
Retardation of Growth Rates through Reduced Molecular Mobility
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ABSTRACT: The spherulitic crystallization of nanocomposites of poly(ethylene oxide) (PEO) and silica nano-sphere
filler particles was investigated using optical microscopy and differential scanning calorimetry (DSC). It was found that
spherulite growth rates were retarded by the presence of the silica nano-particles. This was interpreted in terms of
reduced molecular mobility caused by either geometric constraints in the confined small volumes between particles, or
by an increase of the interfacial surface area at which polymer chains were pinned. There was an indication of lowering
of final crystallinity and increase of amorphous content for heavily filled higher molecular weight polymer. Implications
for conductivities of PEO when used as a solid electrolyte in applications such as batteries are considered.
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In recent years well-defined particles with one or
more dimensions on the scale of nanometers have been
developed using various techniques. There is great in-
terest in using such nano-particles in numerous appli-
cations, for example, optical, magnetic, electronic, and
catalyst supports.1, 2 A number of groups have used
nano-particles in polymer composites in place of con-
ventional fillers with the goals of improving properties,
such as mechanical, barrier and thermal. In particular,
there has been a significant level of interest in the use
of clays as filler materials (e.g., ref 3–9). The incorpo-
ration of such nano-sized particles into host materials
offers the possibility of producing materials justifiably
termed “nanocomposites”.

There are three obvious but important differences
between conventionally filled polymer composites and
polymer nanocomposites. First, for fillers at the nano-
size scale, traditional continuum materials science in
which materials properties scale with volume fraction
is no longer applicable. Second, for materials filled
with even moderate volume fractions of nano-sized par-
ticles, the separation between particles will also be on
the scale of nanometers. In the case of polymer ma-
trices, this may be the same size scale as the pertinent
chain parameters of the host polymer such as, for in-
stance, the r.m.s. end-to-end chain distance or radius of
gyration. At high enough loadings this may be expected
to eventually introduce constraints on the topology of
the chain, affecting chain dynamics and properties de-
pendent on chain dynamics. Third, the incorporation
of nanometer sized particles into a matrix introduces

an enormous interfacial surface area into the system at
which chain segments may be effectively pinned.

There have been a number of studies using changes
in diffusion properties or crystallizability reporting de-
creases in chain mobility when polymers are confined
within thin films. This retardation in chain dynamics
has been explained primarily through increased interfa-
cial effects.10–15 We have also previously observed an
increase in glass transition temperature, Tg, in amor-
phous polyurethanes filled with nanoscopic spheres of
silica.16

In the present work we focus on crystal growth rates,
measured as the radial growth rate of spherulites. For
this purpose we wished to use a readily crystallizable
linear polymer of high crystallinity. Poly(ethylene ox-
ide) (PEO) readily satisfies these criteria. There were
two further reasons for selecting this system. First,
from the point of view of potential applications, PEO
is used as a solid electrolyte in batteries. It is well
accepted that ionic transport in such electrolytes is
through the amorphous phase. However, ionic mobil-
ities in polymers such as PEO are limited by high crys-
tallinities17–22 and therefore techniques for frustrating
crystal growth and limiting crystallinity are of potential
practical importance. Second, narrow molecular weight
fractions of PEO were available, allowing us to remove
the complications of poly-dispersity and to examine the
effect of molecular weight on crystallization in such an
environment. Additionally this is a material a) which
has been used widely as an intercalating material in the
nanocomposite community and b) in which crystalliza-

†To whom correspondence should be addressed (E-mail: A.Waddon@sheffield.ac.uk).
††Present Address: Engineering Materials, University of Sheffield, Robert Hadfield Building, Sheffield, S1 3JD, Great Britain.

876



PEO Spherulite Crystallization in Silica Nanocomposites

Table I. Weight fractions and corresponding estimated volume
fractions of nano-silica in PEO

Wt. fraction Vol. fraction
∼ 10% 5%
∼ 25% 14%
∼ 50% 32%

tion in confined geometries has been examined previ-
ously.15, 19, 23–26

EXPERIMENTAL

Materials
Nano-silica, having an average particle diameter of

about 12 nm, was obtained from Nissan Chemical Co.
as ∼30 wt% dispersion in methylethylketone (MEK).
The distribution of diameters ranged from 10–20 nm.
Two sharp molecular weight fractions of PEOs of 86 K
and 145 K g mol−1 with polydispersities of 1.02 and
1.03, respectively, were supplied by Toyo Soda Man-
ufacturing, Tokyo, Japan. Approximate end-to-end dis-
tances for these polymers were 17 and 22 nm, respec-
tively.

Sample Preparation
Composites were prepared by dissolving PEO in

MEK at ∼55 ◦C to form ∼2 to 5% solutions and adding
the required quantity of warm nano-sphere suspension
to form clear solutions in the desired ratio. Solutions
were cast on microscope slides at ∼55 ◦C and the MEK
evaporated to form films. Weight fractions of silica of
∼10, 25, and 50% were used. At higher concentra-
tions significant aggregation of silica was detected vi-
sually. Using approximate values of 1.0 and 2.3 g cm−3

for the densities of PEO and silica, respectively, the cor-
responding volume fractions can be estimated; these are
listed in Table I. The films were melted at 100 ◦C to re-
move any residual solvent and re-crystallized on cool-
ing.

Methods of Investigation
Polarized Optical Microscopy. Films were exam-

ined with a polarizing optical microscope equipped
with a Mettler Hot Stage. Samples were cooled from
the melt and held at the desired isothermal crystalliza-
tion temperature. Isothermal growth rates of spherulites
were measured in temperature range of ∼45–55 ◦C.

Differential Scanning Calorimetry (DSC). Melting
points and heats of melting of selected materials were
determined using a Thermal Analysis 2100 DSC at
a heating rate of 1 ◦C min−1. Heats of fusion of the
nanocomposites were normalized for PEO content and
expressed as heat per weight of PEO.

（a） 

（b） 

（c） 

Figure 1. Spherulites of 86 K PEO filled with silica nano-
spheres. (a) 0%, Tc = 53 ◦C, (b) 10%, Tc = 51 ◦C, and (c) 25%,
Tc = 49 ◦C. Crossed polars.

RESULTS

Figures 1 and 2 show examples of spherulites grow-
ing in PEO-silica nanocomposites formed with the 86 K
and 145 K PEOs, respectively. Various crystallization
temperatures and silica contents are shown. It was evi-
dent that spherulites became increasingly coarse in tex-
ture with increasing levels of loading. Figure 1c shows
departure from a truly circular geometry for the 86 K
material with 25% silica. At very high loadings there
was significant increase in nucleation density and dete-
rioration in spherulite texture. This is particularly clear
in 145 K with 50% silica specimen, Figure 2c. Plots
of spherulite radius against time at isothermal tempera-
tures are shown in Figures 3 and 4 for filled samples of
PEOs 86 K and 145 K, respectively. It was not possible
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Figure 2. Spherulites of 145 K PEO filled with silica nano-
spheres. (a) 0%, Tc = 55 ◦C, (b) 25%, Tc = 47 ◦C, and (c) 50%,
Tc = 50 ◦C. Crossed polars.

to reliably measure the growth rate of the 145 K/50%
silica material because of the especially severe disrup-
tion to the spherulite texture (Figure 2c). The traces in
Figures 3 and 4 are essentially linear, consistent with
a constant rate of growth at each temperature. While
this may be a trivial observation for the pure, unloaded
polymer, it is not necessarily obvious that this should
also be the case for polymer filled with nano-particles.
The positions where the plots intersect the abscissa on
Figures 3 and 4 correspond to the times of growth initi-
ation. These positions are very variable and are consid-
ered to reflect a “sporadic” rather than “instantaneous”
nucleation process. In some cases the abscissae are
crossed at negative values, consistent with nucleation
during cooling to the isothermal temperature.

Growth rates were calculated from the slopes of lines
in Figures 3 and 4 and are plotted as functions of tem-

Table II. 145 K PEO nano-composite. Melting points and
heats of melting (heats of fusion expressed per gram of PEO)

Silica content / wt% Melting point / ◦C Heat of fusion / J g−1

0 63.6 118
10 61.8 111
25 61.5 96
50 59.4 85

perature in Figures 5 and 6 for PEOs of 86 K and
145 K molecular weights, respectively. Importantly, for
present purposes, it is clear that growth rates decreased
significantly with volume fraction of silica. In gen-
eral, growth rates also increased with increasing under-
cooling (decreasing temperature). However, it is noted
that the recorded growth rate for the higher molecular
weight PEO with the highest loading showed a maxi-
mum and then a decrease with increasing under-cooling
(Figure 6).

Table II shows the melting points and heats of fusion
for the samples prepared with 145 K PEO. It is apparent
that there was a lowering of the heat of fusion with sil-
ica content, indicating lower values of crystallinity. The
melting points, however, were only slightly affected.

DISCUSSION

Polymers usually crystallize from the isotropic melt
as spherulites. This form of crystallization is character-
ized by radial growth of crystals from a central nucleus.
In polymers each individual crystal is a chain-folded
lamella of thickness ∼10–30 nm in which chains lie tan-
gential to the spherulite. The kinetics of spherulitic
growth at constant temperature are characterized by a
constant rate of growth up until near the point where
neighboring spherulites impinge. The uncrystallizable
species in the material are rejected from the develop-
ing crystal, as shown in the classical work of Keith and
Padden (e.g., ref 27). These can segregate to either
a) the lamellar surfaces within the spherulite, or b) to
the circumferential boundary between spherulites. In
the present case one point of interest is how the pres-
ence of nano-spheres, which can be considered as non-
crystallizable “impurities”, affect the kinetics of the
growth process. Our results clearly show that the pres-
ence of silica significantly lowers growth rates. This is
consistent with a retardation of chain mobility. A sec-
ond point of interest is how the nano-spheres, which, of
course, are different from the non-crystallizable com-
ponents of the polymer itself, are accommodated mor-
phologically. In one extreme case particles may be
rejected to spherulite borders, causing an increase in
nano-filler concentration in the uncrystallized melt and,
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Figure 3. Spherulite radius plotted against time for 86 K PEO nanocomposites Wt% of silica: (a) 0%, (b) 10%, (c) 25%, and (d) 50%.

consequently, a gradual decrease in growth rate during
crystallization. In the other extreme, particles may be
incorporated entirely into the body of the spherulite in
the same concentration as in the melt, in which case
there will be no change in concentration during crys-
tallization and therefore no change in growth rate. In
the present case it is evident that growth rates remained
essentially constant with time and that they fell with
increasing silica content over the range of conditions
used. This therefore implies that the concentration of
silica in the uncrystallized melt ahead of the growth
front did not change throughout growth and that silica
particles were accommodated within the body of the
spherulite rather than segregating to the boundaries.

The above conclusion leads to consideration of how
the silica nano-particles are accommodated within the
spherulite. At ∼12 nm diameter, the nano-particles are
enormous compared to the cross-sectional area occu-
pied by the PEO chain in the crystal lattice which is
calculated to be 0.214 nm2 (from data in ref 28). Inclu-
sion of such particles within the crystal is clearly im-
possible. Also, such inclusion would cause appreciable
disruption of the crystal lattice and consequent suppres-
sion of melting points, which was not observed. How-
ever, the reduction in the heat of fusion of PEO with
increasing nano-particle concentration observed with
145 K g mol−1 PEO, indicates a decrease in the fraction

of PEO able to crystallize.
The reduction in growth rates may result from the

two factors introduced earlier. First, purely geometric,
spatial constraints on chains may be introduced by con-
fining them in the restricted space between particles.
This may frustrate their mobility and ability to attach to
a growing crystal face. Second, chains may be effec-
tively pinned at surfaces (external or internal), thereby
providing fixed contact points, which restrict molecular
motion. Such interfacial effects have been proposed on
the basis of diffusivity studies10, 14 and crystallization
studies11–13, 15and the literature suggests that pinning
at interfaces is more likely than purely spatial confine-
ment. There is no doubt that in our system the silica
nano-spheres provide an enormous internal interfacial
area, which, if the latter mechanism is effective, would
provide a ready explanation for the reduction in growth
rates. We also recognize that silica has a tendency to
absorb OH groups on the surface which may provide a
means of hydrogen bonding with the oxygen in PEO,
hence providing a mechanism for such interfacial pin-
ning. It is also noted that such pinning of chains at par-
ticles would prevent large scale segregation of particles
to spherulite boundaries, consistent with our observa-
tions of constant rate of advance of the crystal growth
front and inference that nano-particles are accommo-
dated within the spherulite. However, at this stage, in
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Figure 4. Spherulite radius plotted against time for 145 K PEO
nanocomposites Wt% of silica: (a) 0%, (b) 10%, and (c) 25%.

the absence of supplementary information, the relative
contributions to the reduction in growth rates from spa-
tial confinement of the polymer into small volumes be-
tween nano-spheres or from interfacial pinning, cannot
be unambiguously separated.

The observation of the maximum in growth rates
with decreasing temperature in the higher molecular
weight sample with highest amount of loading is remi-
niscent of the behavior of high Tg, slowly crystallizing,
semi-flexible polymers, such as PET or PEEK. The ap-
pearance of this maximum is consistent with the no-
tion that the presence of nano-spheres limits the abil-
ity of chains to move. It is also evident that the final
degree of crystallinity of PEO can be reduced in the
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Figure 5. Isothermal radial growth rates plotted against tem-
perature of crystallization for nanocomposites with 86 K PEO.
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Figure 6. Isothermal radial growth rates plotted against tem-
perature of crystallization for nanocomposites with 145 K PEO.

case of the higher molecular weight polymer. Similarly,
Rabolt and co-workers13 also found that, as well as re-
ducing growth rates, final degrees of crystallinity could
be lowered in ultra-thin spin coated films of crystalliz-
able polymers.

For the specific case of PEO in battery applications, it
has previously been shown that crystallinities in PEO-
Li electrolytes can be reduced by the addition of mi-
cron sized inorganic particles. Furthermore, this si-
multaneously increased conductivity and mechanical
properties.19 The reduction in crystallinity was con-
sidered to be responsible for the associated increase
in conductivity. It is expected that the introduction
of nano-scale particles would be more efficient than
micron-scale counterparts in these respects, suggesting
that nano-particles may inhibit PEO crystallization and
improve mechanical properties with minimum dilution
effect of filler content. This may possibly lead to im-
proved performance of PEO based solid electrolytes.

CONCLUSIONS

It has been shown that growth rates of spherulites in
nanocomposites of PEO filled with silica nano-spheres
of diameter ∼12 nm are progressively retarded as nano-
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particle content increases. This reduction in growth rate
is attributed to a reduction in chain mobility caused by
the nano-spheres. The mechanism by which molecu-
lar mobility is reduced may be spatial confinement of
chains in the small volumes between nano-particles. It
is reasonable that, at high enough volume fractions in
a well-dispersed system, the size of inter particle dis-
tances will be on the approximate size scale as molec-
ular parameters such as radius of gyration and may
therefore constrain chain topology. However, there is
considerable support from the literature for a second
mechanism of preferential location and effective “pin-
ning” of chains at the silica-polymer interface which,
for filler particles on the nano-size scale, is clearly enor-
mous, and this mechanism is considered more proba-
ble. A reduction in crystallinity for the higher molec-
ular weight PEO with the highest loading of silica was
also observed.
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