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Abstract. We present spectroscopic ellipsometry measurements on thin films of polymer nanocomposites
consisting of gold nanoparticles embedded in poly(styrene). The temperature dependence of thickness
variation is used to estimate the glass transition temperature, Tg. In these thin films we find a significant
dependence of Tg on the nature of dispersion of the embedded nanoparticles. Our work thus highlights
the crucial role played by the particle polymer interface morphology in determining the glass transition in
particular and thermo-mechanical properties of such nanocomposite films.

1 Introduction

Polymer nanocomposites (PNC) are a novel class of ma-
terials usually consisting of inorganic nanoparticles with
tunable electrical, optical and magnetic properties embed-
ded in a polymer matrix which can be readily processed
using solvent or thermal treatments [1–3]. The enormous
technological potential of such materials has also led to
rapid growth in fundamental investigation on the disper-
sion and in correlation with the ultimate physical prop-
erties attainable in such materials [1–10]. Since most of
the polymer used play the role of the passive matrix
and are glassy in the bulk, a large amount of work has
been devoted to understand how the glass transition and
glassy dynamics is affected by incorporation of nanopar-
ticles [4,5,7,10]. This is not only helpful in understanding
and and hence controlling the thermo-mechanical prop-
erties of these PNCs but also obtaining a general under-
standing of the much studied but controversial field of
finite-size and interface effects on glass transition of poly-
mers [5, 8, 10–18]. Although the equivalence of finite-size
effects in bulk PNCs and polymer thin films [5,10] or poly-
mers confined in nanopores [14] has been shown, the role
of dispersion of nanoparticles in PNC films has not been
adequately studied or understood [15, 19]. Here, we show
how the dispersion of 1-octadecanethiol (ODT)-capped
gold nanoparticles (AuNP) at various densities inside thin
poly(styrene) (PS) films of thickness 75 ± 3 nm is related
to the glass transition temperature, Tg, of the thin films.
The Tg’s have been estimated from spectroscopic ellip-
sometry on these thin films prepared with various volume
fractions, φp, of ODT-capped AuNP in PS matrix and
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under different conditions of thermal annealing to control
their dispersion.

2 Experimental details

2.1 Synthesis

The thiol functionalized gold nanoparticles (AuNPs) were
synthesized by reduction of hydrogen tetrachloroaurate
trihydrate (HAuCl4.3H2O) with super hydride (lithium
triehtylborohydride) in Tetrahydrofuran (THF) after stir-
ring for 20 minutes in the presence of ODT as described
earlier [20–23]. All chemicals, unless stated otherwise, were
purchased from Sigma-Aldrich. After stirring the growth
solution for a couple of hours, the growth is stopped by
adding ethanol (Merck). The particles were cleaned for
excess ODT by selective precipitation using the mixture
of THF and ethanol and then centrifuging the mixture.
Finally the ethanol-THF mixture was decanted and the
residue was dried for 12 hours.

2.2 Characterization ODT-capped AuNPs

The size of the synthesised particles were estimated from
Transmission Electron Microscopy (TEM) images, ob-
tained using Technai G20 High Resolution TEM. The
TEM micrograph in fig. 1 shows that reasonably monodis-
perse gold particles were obtained. Thermo gravimetric
analysis (TA Instruments) is used to find the relative frac-
tion of ODT and gold in ODT-capped AuNPs. The ob-
tained fraction along with the size were used to estimate
the grafting density σ (= 5.5 chains/nm2) of ODT on the
nanoparticle surface.
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Fig. 1. Transmission electron microscopic images of ODT-
capped AuNPs. Inset: histogram of the particle diameters and
a Gaussian fit to show the mean particle size 3.79 nm.

Table 1. Sample identification.

Sample Volume Mean interparticle h/Rg

Fraction percentage distance (a)
φp h (nm)

A1 0.1 50.49 6.33
A2 0.3 33.07 4.14
A3 0.5 26.89 3.37
A4 0.55 26.84 3.24
A5 0.75 22.67 2.84
A6 1.22 18.30 2.29

(a) The mean interparticle distance given here is applicable only for

the annealed samples, where the particles are well dispersed in the vol-

ume [5].

2.3 Preparation of nanocomposite thin films

ODT-grafted gold nanoparticles and Poly-(styrene)
(Mw = 97400 g/mol with a calorimetric Tg of 106 ◦C; ra-
dius of gyration, Rg = 8 nm) were dissolved separately in
toluene for 12 hours. Once both were dissolved completely,
they were mixed and then stirred for ∼ 12 hours for en-
suring a homogeneous dispersion. Highly polished silicon
wafers (Vin Karola, USA) with a native silicon dioxide
layer (∼ 2 nm) served as substrates for ellipsometric mea-
surements. The silicon surface is thoroughly cleaned with
acidic piranha, to make the surface hydrophilic before spin
coating. The films as identified in table 1 were then spin
coated at a rate of 3000 rpm (for 100 s). The films were
annealed at two different conditions: (a)∼ 150 ◦C for 12
hours, (b) ∼ 70 ◦C for 4 hours in vacuum better than
∼ 5 × 10−3 mbar. Annealing is done at different temper-
atures one below and another above the Tg of the matrix
to control different dispersions of the particles and still
ensuring the removal of trapped solvent.

2.4 Atomic force ficroscopy

Atomic force microscopy (AFM, NT-MDT, Russia) is used
in contact mode to get the surface morphology of the sam-
ples. Cantilevers (force constant = 0.03–0.2 N/m) with a
radius of curvature 10 nm were used. The images were col-
lected at a scan frequency of 1 Hz and at a minimum set
point as determined from force-distance curves, to ensure
that the tip does not drag on the sample.

2.5 Ellipsometry

Temperature-dependent ellipsometry measurements were
carried out at a fixed angle of incidence of 70 ◦ using
a spectroscopic ellipsometer SE850 (Sentech, Germany)
connected to a home-made vacuum (3 × 10−2 mbar) tem-
perature cell. The measurements were performed in cool-
ing at a rate of 1 ◦C/min starting from 150 ◦C (Tg of
bulk PS from differential scanning calorimetry is 105 ◦C
and that measured in thin film without nanoparticles is
106 ◦C). The Ψ and Δ values were collected from the high-
est to room temperature continuously in the cooling cycle.
An effective medium layer with Maxwell-Garnett type of
dispersion [24] is assumed for the sample (PNC thin film)
layer for finding the complex dielectric function εf and
thereby the thickness d of the film. The Maxwell-Garnett
type dispersion assumes a mixture of two distinct mate-
rials, each possessing the optical properties of the bulk
material, and requires that the particles dispersed in the
host material do not interact with one another. This can
be satisfied by keeping the volume fraction of the dispersed
particles low. The complex dielectric function, εf , of the
film can be written as

εf − εm

εf + 2εm
= F

εp − εm

εp + 2εm
, (1)

where εm, εp are the dielectric constants of the matrix
and the particulate fillers, respectively, and F is the fill
factor of the particles. The thickness d of the films was
obtained by fitting Ψ and Δ with a model as specified. The
obtained thickness is plotted as a function of temperature,
and the respective Tg is obtained from the change in slope,
as shown in fig. 3.

3 Results and discussion

The AFM images in fig. 2 shows the dramatic role of
high temperature (150 ◦C) thermal annealing on disper-
sion of ODT-capped gold nanoparticles in PS thin films.
The changes in morphology of low temperature (70 ◦C
for 4 hours) annealed films (fig. 3) is less significant, in
comparison, but is also dependent on volume fraction. Al-
though it thus seems to indicate the possibility of the pres-
ence of some surface mobility even at this low temperature
(as compared to the bulk Tg) along the lines of [17, 18].
The dispersion of the nanoparticles is complete when an-
nealed above bulk Tg. The height of the nanoparticle do-
mains visible in unannealed and 70 ◦C annealed films are
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Fig. 2. AFM image showing the surface morphology of un-
annealed (a,b,c,d) and annealed at 150 ◦C (e,f,g,h) for samples
A1, A4, A5, A6, respectively.

Fig. 3. AFM image showing the surface morphology of un-
annealed (a,d), annealed at 70 ◦C (for 4 hours) (b,e) and at
150 ◦C (for 12 hours) (c,f) for the samples A1 and A6, respec-
tively.

∼ 3 nm, which seems to indicate that it is a monolayer of
the nanoparticles. The dispersion of nanoparticles in poly-
mers is a great challenge [25] and the nature of dispersion
depends, to a large extent, on the interaction between the
nanoparticles and the host polymer. We (not presented
here) and others [15, 26] have found that gold nanopar-
ticles capped with appropriate polymers can form stable
dispersions in suitable host polymer matrix even without
annealing. We will discuss the role of thermal treatment
and especially of the consequent degree of dispersion of
nanoparticles in the polymer matrices on the glass transi-
tion behaviour of PNC films.

Several authors have reported their investigations of
thermo-mechanical properties in general and glass transi-
tion in particular on polymers confined in pores [12–14]
or in thin films as well as bulk and thin film poly-
mer nanocomposites [8–11, 16, 17]. Widely varying ther-
mal treatment have been used for thin polymer films and
this has resulted in a great controversy about the finite-
size effect on glass transition of such films [11, 16, 18].
The available literature on bulk [5, 7–10] and thin film
PNCs [15, 19, 27, 28] is also controversial in terms of the
conclusions drawn on the role of confinement and sur-
face effects in such systems. For example, some authors

Fig. 4. (a) Δ as a function of temperature, T , at a fixed wave-
length of 350 nm for samples A2 and A4 as indicated in the
panel. (b) Thickness as a function of T . The continuous lines
in (a) and (b) are the linear fits in the respective regions. The
Tg of the respective samples is indicated in the panel.

have observed large changes in Tg of thin film polymer
nanocomposites as a function of φp of nanoparticles in
polymers. However, in most of these cases, it turns out
that the films have either not been annealed or are an-
nealed at temperatures below the Tg of the host poly-
mer [15]. In other cases, some authors have found small
changes or no change with increasing volume fraction
of nanoparticles when the films have been annealed at
temperatures above the host polymer Tg [27, 28]. We
have, hence used a thermal-expansivity–based study of
glass transition of, otherwise identical, thin film polymer
nanocomposites which have been annealed at tempera-
tures below and above the host polymer Tg. In fig. 3, a typ-
ical variation of the spectroscopic ellipsometry parameter,
Δ (at a wavelength of 350 nm) as a function of measured
temperature, T , is shown for two such films which have
been annealed at 150 ◦C. The Tg can be clearly identified.
We have also analyzed the full spectroscopic ellipsometry
data to extract the thickness at each temperature. Within
errors, the Tg obtained from the two analyses are identi-
cal; hence for all other films we have used the variation of
Δ with T to extract the respective, Tg.

The results are summarised in fig. 4 for both the low
temperature and high-temperature annealed films. From
fig. 4(a) we observe that for the low-temperature annealed
films, at the lowest φp, Tg increases with respect to the PS
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Fig. 5. Variation of Tg as a function of volume fraction per-
centage, φp, of the ODT-capped AuNPs after annealing at
70 ◦C (a) and 150 ◦C (b). The dot-dashed line in both pan-
els gives the calorimetric Tg of PS.

film of identical thickness. However, with increasing φp,
we observe significant depression of Tg. This is something
which is quite unusual and, to our knowledge, has not
been observed earlier for similar systems. It seems clear
from the AFM images that there is considerable surface
segregation of the nanoparticles for all the unannealed and
low-temperature annealed films. Such an effect was found
to lead to an enhancement of Tg in an earlier work [15].
However, the depression in Tg is not expected for our films
with higher φp since the nature of the dispersion does not
seem to change significantly with increasing φp. The de-
crease of Tg with increasing φp is due to the possible de-
pletion of polymer chains around the large nanoparticle
domains at the film surface. The variation of Tg changes
quite dramatically with high-temperature annealing of the
films. From fig. 4(b) we find that the Tg values are either
equal to neat PS or depressed compared to it, irrespec-
tive of φp. However, the effect is not as strong as that
observed for the films annealed at lower temperature. For
well-dispersed ODT-capped Au NP particles in PS this
would be expected, since the PS chains are expected to be
depleted from the ODT interface due to unfavorable in-
teractions leading to enhancement in segmental mobility
at the nanoparticle polymer interface and hence a reduc-
tion in Tg. It might be noted here that an increase in φp

corresponds to either a reduction in film thickness or pore

size for bulk polymers confined in pores. At the volume
fractions investigated, the mean interparticle separation
is ∼ 50–100 nm. At such confinement dimensions the re-
duction in Tg has been found to be quite small compared
to the bulk polymers [12–14, 17]. Thus the observed de-
viations in Tg for the PNC thin films at the studied φp

is not unusual. However, our primary finding is that the
extent of such variations as well as the anomalous nature
of such variations, that has been observed earlier [15], is
very sensitive to the nature of dispersion of nanoparticles
and hence only equilibrated films which have been well
annealed give the appropriate nature of variation of Tg in
thin films of PNCs.

4 Conclusion

In conclusion we have shown how thermal treatment of
nanoparticle-embedded polymer films can lead to signif-
icant variation in the morphology and dispersion of the
nanoparticles in the host polymer. We have shown that
as a consequence, the nature of variation of glass transi-
tion in such films changes dramatically due to sensitive
surface and interface effects at the polymer-nanoparticle
interface. Further wok involving the interplay of confine-
ment and surface effects is underway to better understand
the physics of glass transition in such systems.

The authors would like to acknowledge IISc Nanoscience Ini-
tiative for providing access to TEM facility.
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