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ABSTRACT: Recently, there has been significant interest in

measuring the glass transition temperature (Tg) of thin poly-

mer films floated atop liquid substrates. However, such films

still have intrinsically asymmetric interfaces, that is, a free sur-

face and a liquid–polymer interface. In an effort to analyze the

influence of different liquids on the Tg of confined polymers in

which there is no interfacial asymmetry, a colloidal suspension

of polystyrene (PS) nanoparticles (NPs) was employed. The Tgs

of PS NPs suspended in either glycerol or an ionic liquid were

characterized using differential scanning calorimetry. Nanopar-

ticles suspended in an ionic liquid showed an invariance of Tg

with confinement, that is, decreasing diameter. In contrast,

nanoparticles suspended in glycerol showed a slight decrease

in Tg with confinement. The dependence of NP Tg on the

nature of the surrounding liquid exhibited a positive correla-

tion with the interfacial energy of the liquid–PS interface and

no correlation with interfacial softness, as measured by viscos-

ity. A comparison of the results with thin films supported by

liquid or solid substrates revealed a nontrivial interplay

between interfacial softness and interfacial interactions on the

Tg of confined PS. VC 2016 Wiley Periodicals, Inc. J. Polym. Sci.,

Part B: Polym. Phys. 2016, 54, 1776–1783

KEYWORDS: calorimetry; confinement; glass transition; interfa-

cial energy; nanoparticles

INTRODUCTION The glass transition temperature (Tg) is a crit-
ical parameter in the characterization of amorphous polymers
and can be strongly influenced by molecular parameters, for
instance, molecular weight1 and tacticity2 as well as processing
conditions3 due to its kinetic manifestation at laboratory time-
scales. For the past two decades, there has been growing evi-
dence that with physical confinement to the nanometer length
scale, the Tg of polymer thin films can deviate dramatically
from the bulk.4–14 The seminal work of Keddie et al. in 1994
suggested that the size-dependent Tg of spin-coated polymer
thin films was attributed to the presence of interfacial effects
that acted to locally modify glassy dynamics.15 In their initial
investigations, in which ellipsometry was used to measure the
Tg of polystyrene (PS) and poly(methyl methylacrylate)
(PMMA) films supported on silicon wafers, a non-universal
trend was observed, in which PS exhibited a suppressed Tg,
while PMMA showed an enhanced Tg with decreasing film
thickness.16 In supported films, interfacial effects would arise
from the polymer–substrate interface as well as the free sur-
face. There is a growing literature consensus that the depres-
sion in Tg of PS films supported by a non-interacting substrate
(i.e., silicon wafer) originates from the free surface due to a

layer of enhanced mobility, which itself has a reduced Tg.
17–28

In contrast, the Tg enhancement in PMMA films supported on
silicon wafers, in which interfacial interactions exist, originates
from a competition between free surface and substrate effects.
In essence, the substrate that acts to reduce local dynamics
overwhelms free surface effects and results in an overall
increase in the Tg of the film with confinement.29–33

Supported films have intrinsic interfacial asymmetry, that is,
a free surface and a substrate-interface, which adds complex-
ity to understanding confined glassy properties. To overcome
this issue, researchers have undertaken studies on freestand-
ing or doubly supported films. Dutcher et al. reported that in
the absence of a solid interface, that is, the freestanding film
geometry, PS and PMMA exhibited a depression in Tg with
decreasing film thickness.34,35 Conversely, PS films that were
doubly supported by aluminum or silica, that is, those with
no free surface, exhibited a size-independent Tg with confine-
ment.25,36 Combined, these reports provide evidence that
changes in Tg of polymer films with confinement are directly
correlated to the presence or lack of free and solid
interfaces.
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Recently, there has been a growing interest in measuring the
Tg of polymer thin films floated atop liquids. This motivation
stems from the fact that thin films prepared by spin coating
are meta-stable with respect to polymer chain conforma-
tions, and that it is unclear whether high temperature
(T>Tg) annealing of thin films supported on solid substrates
can lead to equilibration.37–40 The idea is that a “soft” liquid
substrate could facilitate a greater extent of chain equilibra-
tion after film casting in comparison to films supported on
solid substrates.

In 2007, Bodiguel and Fretigny reported only a slight reduc-
tion in the Tg of PS films floated atop glycerol by monitoring
the change in the shape of the film due to dewetting. For
instance, a 3 K reduction in the Tg was observed for a 20 nm
thick PS film.39 Subsequently, Lu et al. employed an optical-
based approach to measure the Tg of PS thin films floated
atop four different ionic liquids. They observed a size depend-
ence of the “kink” temperature of thin PS films floated atop
ionic liquids, including 1-butyl-3-methylimidazolium trifluoro-
methanesulfonate ([BMIM][CF3SO3]).

37 They cautioned that
the kink temperature should not be considered as the Tg since
the measurements were not performed at equilibrium condi-
tions. Applying an experimental protocol similar to the Bodi-
guel–Fretigny dewetting method, but allowing for the
measurement of Tg for multiple thicknesses in a single film,
McKenna et al. also observed a reduction in Tg of PS films
floated atop glycerol, albeit to a greater extent than that
reported earlier.40 A slightly more pronounced size-dependent
Tg was observed for PS films floated atop ionic liquids, includ-
ing ([BMIM][CF3SO3]), that is, the same ionic liquid study by
Lu et al.37 Despite the caution by Lu et al.,37 when McKenna
et al.41 equated the size-dependent kink temperature of PS to
Tg, a good agreement was observed between the two studies.

While the above studies were partially designed to minimize
the influence of residual stresses induced during spin coating
on the measurement of the thin film Tg, they also highlighted
the need to further investigate the role liquid media has on the
properties of confined polymers. Unfortunately, thin films have
intrinsically asymmetric interfaces when floated atop of liquids,
that is, a free surface and liquid–polymer interface. Such interfa-
cial asymmetry brings about complexity, reminiscent of
substrate-supported thin films. This is because the two different
interfaces may modify glassy dynamics in a different manner
and make it difficult to characterize substrate-specific effects on
Tg. The ability to perform size-dependent Tg studies in which
only one liquid interface exists would simplify the interactions
that modify Tg. Here, we aim to address this challenge.

Previously, we have demonstrated the ability to measure Tg
of colloidal PS dispersed in an aqueous medium.42 The Tg
was measured via differential scanning calorimetry (DSC). It
was demonstrated that the Tg of PS nanoparticles decreased
when the diameter was less than approximately 400 nm.
Such observation was in quantitative agreement with meas-
urements performed on freestanding films of PS when com-
pared via a characteristic size scale, that is, the volume to

surface area ratio. An advantage of investigating nanopar-
ticles dispersed in a liquid medium is that they have intrinsi-
cally only one interface, thus providing a unique opportunity
to further our understanding of the role of confinement on
the Tg in the presence of different liquids. Another advantage
of performing studies on nanoparticles, as opposed to thin
films, is that the former is processed in a very different man-
ner. Hence, they provide an indirect means to assess the
influence of residual stresses induced during processing on
confined glassy properties. Finally, nanoparticles suspended
in solutions may be annealed above Tg for prolonged periods
of time for equilibration to remove residual stresses to the
greatest extent possible. Reference 43 provides a detailed
review on the current state of confined glassy properties of
polymer nanoparticles.

In this study, we measured the Tg of colloidal PS dispersed
in various liquid media, for example, glycerol and ionic liq-
uid, via DSC. In all cases, the liquids were thermally stable in
the temperature range of interest and did not swell or dis-
solve PS. We observed only a slight decrease in the Tg of PS
nanoparticles with decreasing diameter when dispersed in
glycerol. In contrast, a size-invariant Tg of the PS nanopar-
ticles was observed when dispersed in the ionic liquid. We
discuss both the influence of interfacial softness, as meas-
ured by viscosity, and interfacial interactions, as measured
by surface energy, on the observed trends. Comparisons are
also made with literature studies of thin films floated atop
liquids as well as supported atop chemically treated silicon
wafers. Our findings suggest a complex interplay between
the role of interfacial softness and interfacial interactions on
the Tg of nanoconfined PS.

EXPERIMENTAL

Nanoparticle Synthesis
Uniform bare PS nanoparticles were synthesized from
surfactant-free emulsion polymerization, as described previ-
ously.44–46 In a typical synthesis, 0.037 g of ammonium per-
sulfate (98%, Sigma-Aldrich) was initially added to 100 mL of
deionized (DI) water in a three-neck flask. The solution was
bubbled with nitrogen for approximately 20 min and then
heated to 348 K. Subsequently, 5 g of deinhibited styrene
(�99%, Sigma-Aldrich) was combined with 0.05 g of acrylic
acid (99%, Sigma-Aldrich), and the mixture was injected into
the flask. The solution was then allowed to polymerize under
reflux conditions for 20 h. After polymerization, the resulting
suspension was washed at least three times by centrifugation
and ultimately suspended in DI water. Nanoparticle diameter
(d) was controlled by changing the starting concentrations of
styrene, ammonium persulfate, and acrylic acid. The addition
of a small amount of acrylic acid (<5 wt% with respect to
styrene for all nanoparticle samples) as a co-monomer pro-
vided stability to the colloidal suspension.

Preparation of Dispersions
In order to suspend PS nanoparticles of varying diameters
into glycerol or the ionic liquid, a portion of the surfactant-
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free emulsion polymerized PS nanoparticles originally sus-
pended in water was mixed with either glycerol (�99.5%,
Sigma-Aldrich) or [BMIM][CF3SO3] (�95%, Sigma-Aldrich).
Subsequently, PS nanoparticles suspended in a water/glyc-
erol or water/ionic liquid environment were dried in a vac-
uum oven for at least 3 days. Due to the low vapor
pressures of glycerol and the ionic liquid, vacuum drying the
PS nanoparticles suspended in these mixed liquids resulted
in the removal of only the water. Thus, after 3 days of vac-
uum drying (i.e., water removal), the PS nanoparticles were
suspended in either pure glycerol or [BMIM][CF3SO3]. Par-
ticles suspended in either glycerol or [BMIM][CF3SO3] could
be re-dispersed in an aqueous environment via continued
dilution. We note that bulk polymer was prepared from PS
NPs suspended in water by drying and then annealing at
423 K for 20 h.

Characterization
The sizes of PS nanoparticles suspended in H2O were deter-
mined from dynamic light scattering (DLS) (Malvern Instru-
ments Zetasizer Nano-ZS ZEN 3600). Weight-average
molecular weight (Mw) of each nanoparticle sample in tetra-
hydrofuran was determined from gel permeation chromatog-
raphy (GPC) (Waters 515 HPLC pump, Eppendorf CH-460
column heaters, Waters 410 differential refractometer). The
Tgs of PS nanoparticles suspended in either glycerol or water
were determined using DSC (TA Instruments Q2000, second
heat with a heating rate of 10 K/min) in hermetically sealed
aluminum pans. All reported Tgs are the midpoint value
between the tangents of the glass and liquid line from the
total heat flow. We have previously shown in prior
works,42,47 as well as by others,48,49 that the nanoparticles
do not agglomerate but remain dispersed during the mea-
surement of Tg. X-ray photoelectron spectroscopy (XPS)
measurements were performed in an ultrahigh vacuum
(UHV) system with 2.0 3 10210 torr base pressure. Al Ka X-
rays (1486.6 eV; PHI 04-548 dual anode X-ray source) and a
hemispherical energy analyzer (SPECS PHOIBOS 100-5 MCD)
were used to investigate the surface fluorine concentrations
of PS NPs re-suspended from [BMIM][CF3SO3]. F 1s XPS
spectra were obtained at 20 eV pass energy and the analyzer
normal to the surface.

RESULTS AND DISCUSSION

Tg of Polystyrene Nanoparticles Suspended in Glycerol or
Ionic Liquid
Figure 1(A) shows representative DSC thermograms of PS
nanoparticles of various diameters ranging from 110 to
428 nm dispersed in [BMIM][CF3SO3]. The inset in Figure
1(A) shows the chemical structure of the ionic liquid. As evi-
dent from the curves, the Tg of the PS nanoparticles does not
systematically deviate from the bulk Tg with decreasing
diameter. Figure 1(B) shows representative DSC thermo-
grams of PS nanoparticles of various diameters suspended in
glycerol. The inset shows the chemical structure of glycerol.
In contrast to the size-invariant Tg observed for PS nanopar-
ticles suspended in the ionic liquid, those suspended within

glycerol show a size-dependent Tg. For particles with
d> 600 nm, Tg is approximately 378 K irrespective of the
dispersing media and is identical to bulk Tg. However, for
smaller particles the dispersing medium has a strong influ-
ence on the Tg. We note that the Mw of the polymers, as
measured by GPC, are between approximately 120 and
350 kg/mol, and that there is a tendency for the larger NPs
to have a greater molecular weight due to the mechanism of
emulsion polymerization.

Figure 2(A) shows the diameter dependence of Tg for PS
nanoparticles dispersed in [BMIM][CF3SO3] and glycerol
over the complete size range investigated. The trend
observed for particles suspended in [BMIM][CF3SO3] is an
invariance of Tg with confinement. For particles suspended
in glycerol, a decrease in Tg with increasing confinement is
observed. For PS particles in glycerol, the onset diameter
for the reduction in Tg is approximately 400 nm. We note
that the error bars represent the standard deviation from
three measurements.

FIGURE 1 (a) Calorimetric thermograms of PS NPs of various

sizes suspended in [BMIM][CF3SO3]. Inset, chemical structure

of [BMIM][CF3SO3]. (b) Calorimetric thermograms of PS NPs of

various sizes suspended in glycerol. Inset, chemical structure

of glycerol.

FULL PAPER WWW.POLYMERPHYSICS.ORG
JOURNAL OF

POLYMER SCIENCE

1778 JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2016, 54, 1776–1783



In Figure 2(B), we plot the Tg–Tg,bulk for PS NPs suspended
in [BMIM][CF3SO3] and glycerol. We also plot the Tg devia-
tion of PS NPs suspended in water from our prior study uti-
lizing the same experimental protocol.42 Clearly, for the PS
NPs employed in this investigation, the dispersing medium
has an influence on the deviation of Tg with decreasing
diameter. The NPs exhibited an invariant, weak, and strong
dependence of the Tg shift with confinement when sus-
pended in [BMIM][CF3SO3], glycerol, and water, respectively.
To the best of our knowledge, this is the first observation in
which the dispersing medium has been shown to strongly
influence the Tg of PS NPs.

Role of Interfacial Softness on Tg Deviation of PS
Nanoparticles
In a prior work, we demonstrated that the Tg deviation of PS
NPs agreed quantitatively with those of PS freestanding films
when compared via a characteristic size, that is, the volume
to surface area ratio, despite the difference in the fact that
the Tg for films was measured in an air environment while

that of NPs was measured in an aqueous environment. We
classified both interfaces (water–PS and air–PS) as “soft”
because of their low viscosities in comparison to the poly-
mer. The consistency between the size-dependent Tg of PS
NPs and thin films pointed to a similar influence of the two
interfaces in enhancing the glassy dynamics of confined
polymers.

Here, in the same context, the current findings may be
rationalized in terms of the enhanced mobility of glassy
dynamics at the liquid–polymer interface. It would then fol-
low that the segmental dynamics at the liquid–PS interface
would be enhanced in comparison to the bulk in the follow-
ing order: water> glycerol> [BMIM][CF3SO3], in accordance
with the magnitude of the observed Tg depressions.

One possible origin for the observed trends is due to differ-
ences in the “softness” of the liquids in terms of their viscos-
ities. With respect to PS, a softer interface would facilitate
enhanced interfacial dynamics. Previously, it has been dem-
onstrated that PS NPs capped with a rigid shell exhibited no
size-dependent Tg

42 while those dispersed in a rubbery
matrix exhibited a weak size-dependent Tg.

50 Furthermore,
recent studies on stacked multilayer films, including PS
layers, also revealed a strong influence of the interfacial soft-
ness on the confined Tg via fluorescence.51 For the liquids
employed in this investigation, the order of viscosity is as
follows: glycerol> [BMIM][CF3SO3]>water. The order of the
increase in softness, as measured by viscosity, is different
from the order of the Tg depression of PS NPs dispersed in
the various liquids. Hence, for PS nanoparticles employed in
this investigation, interfacial softness alone cannot be used
to describe the observed trends.

One argument for the lack of correlation between the interfa-
cial softness and the magnitude of the Tg depression
observed for PS NPs is that viscosity is not the appropriate
metric for softness. A priori, there is no reason why this
should not be the case. However, recently Simmons and
coworkers have performed a series of molecular dynamics
simulations on stacked multilayer polymer films. In their
investigation, the Tg of one layer was measured as a function
of the stiffness of two adjacent layers. The stiffness was
quantified by the ratio of each layer’s Debye–Waller factor.
An exponential correlation between the magnitude of the Tg
deviation and stiffness was observed, thus allowing for the
construction of an empirical expression that related Tg devia-
tions to the stiffness of the confining matrix.52 Unfortunately,
reliable values of the Debye–Waller factor for the liquids
employed in the investigation and for the appropriate tem-
perature range are not available. Hence, we are unable to
confirm any correlation (or lack thereof) between the magni-
tude of Tg depression in PS NPs and the matrix stiffness, as
measured by the Debye–Waller factor.

Role of Interfacial Interactions on Tg Deviation of PS
Nanoparticles
The PS NPs were prepared by surfactant free emulsion poly-
merization utilizing a persulfate chain initiator. The surfaces

FIGURE 2 (a) Size dependent Tg of PS NPs suspended in glyc-

erol and [BMIM][CF3SO3]. (b) Size dependent Tg shift (Tg–Tg,

bulk) of PS NPs suspended in glycerol, [BMIM][CF3SO3], and

water from Zhang et al. (ref. 42). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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of the NPs are negatively charged and have a zeta potential of
approximately 240 mV.42 How each liquid interacts with the
interface of PS could strongly influence interfacial glassy
dynamics, and hence the Tg. The importance of the nature of
the PS/liquid interface in determining the Tg of PS NPs has
been demonstrated by the dramatic influence of a small addi-
tion of surfactants on the Tg of PS NPs dispersed in an aque-
ous medium. Zhu and coworkers illustrated that for PS NPs
with d5 54 nm, the Tgs were approximately 330 and 370 K,
respectively, without a surfactant and with a 2 wt % (with
respect to the polymer) addition of sodium dodecylbenzene
sulfonate.49 This observation is in qualitative agreement with
prior literature studies, including those of Zhang.53

We illustrate the importance of interfacial interactions on
the deviation in Tg of PS NPs via a solvent displacement
study in which one liquid interface is displaced by another
liquid interface. Water was used to displace either glycerol
or [BMIM][CF3SO3] by re-suspending the NPs in water, which
were formerly suspended in glycerol or [BMIM][CF3SO3]. The
particles were washed via numerous cycles of centrifugation,
re-suspension with water, and sonication until the suspen-
sion concentration of glycerol or [BMIM][CF3SO3] in water
was approximately 1028 M. Subsequently, the Tg of nanopar-
ticles dispersed in the aqueous environment was measured.
The results are illustrated in Figure 3(A) for the case of PS
particles with d � 428 nm. Recall that Tg–Tg,bulk 5 27 K and
23 K for PS particles with d � 428 nm suspended in glyc-
erol and the ionic liquid, respectively, as presented in Figure
2. Upon re-suspension in an aqueous medium, particles for-
merly dispersed in glycerol exhibited a 210 K deviation in
Tg with respect to Tg,bulk. The nanoparticles, therefore, exhib-
ited a 23 K shift in the particle Tg by changing the dispers-
ing medium. Nanoparticles re-suspended in water from the
ionic liquid exhibited the same 23 K deviation in Tg with
respect to Tg,bulk that was observed for particles suspended
in the ionic liquid.

Hence, we observed a partial recovery of the Tg deviation of
particles suspended in an aqueous environment when re-
suspended from glycerol but no recovery of the Tg deviation
for particles re-suspended from the ionic liquid. We argue
that the partial recovery of Tg in transferring the NPs from
glycerol to water is due to the partial displacement of the
glycerol by water at the NP interface. The absence of any
recovery in the Tg in transferring the NPs from
[BMIM][CF3SO3] to water is due to the lack of displacement
of the ionic liquid from the nanoparticle interface. Indeed,
the presence of [BMIM][CF3SO3] on the surface of PS NPs
after the re-suspension procedure was observed via XPS, as
illustrated by Figure 3(B). These F 1s spectra probe compo-
sition within 9 nm of the surface. An XPS spectrum of par-
ticles re-suspended from glycerol was not collected as the
acrylic acid present in the NPs has the same chemical con-
stituents as glycerol. Our results illustrate that even the pres-
ence of a small amount of an additive that partitions to the
nanoparticle/liquid interface can have a dramatic effect on
the NP Tg, which is in agreement with the results of an ear-

lier work examining the influence of surfactant addition on
the Tg of PS NPs.49

In an attempt to correlate interfacial interactions with the
trend in Tg deviation observed for PS NPs suspended in vari-
ous liquids, we computed the values of interfacial energy.
The interfacial energy at the polymer/substrate interface has
been previously correlated to Tg deviations in PS films sup-
ported on silicon and silicon-treated substrates.54 Here,
interfacial energies were calculated from Young’s equation
using surface tension and contact angle values from the liter-
ature and were found to be 7.25, 17.3, and 27.5 mJ/m2 for
[BMIM][CF3SO3], glycerol, and water, respectively. In order of
increasing interfacial energy, [BMIM][CF3SO3]/PS< glycerol/
PS<water/PS. This trend suggests a positive correlation
between the surface energy and the magnitude of Tg devia-
tions of the suspended PS NPs.

FIGURE 3 (a) Calorimetric thermograms of PS NPs

(d 5 428 nm) formerly suspended in glycerol or

[BMIM][CF3SO3] re-suspended in water via dilution. The

dashed lines represent the midpoint Tgs. The data are shifted

for clarity. (b) XPS spectra obtained from [BMIM][CF3SO3], PS

NPs, and PS NPs 1 [BMIM][CF3SO3] after re-suspension. All

three curves are shown on the same scale. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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In Figure 4, we plot Tg–Tg,bulk (K) as a function of interfacial
energy (mJ/m2) for PS NPs of various characteristic sizes
(h*) defined as the volume to surface area ratio. Irrespective
of NP diameter, no change in Tg is observed for particles dis-
persed in [BMIM][CF3SO3], that is, the low surface energy
fluid. As the interfacial energy is increased between the fluid
and PS, the influence of size on the magnitude of the Tg devi-
ation is enhanced, as evident from the comparison presented
in Figure 4. We also plot results from Fryer et al. on PS thin
films supported on silicon-treated substrates.54 The trend
observed between the Tg deviation and interfacial energy for
thin films is opposite from what is observed for dispersed
PS NPs. However, for several reasons, caution should be
taken when making this comparison. This is because nano-
particles dispersed in a liquid are exposed to only one inter-
face while substrate-supported thin films are inherently
exposed two interfaces, that is, the substrate and air interfa-
ces. Competition between substrate and free surface interfa-
cial effects in thin films, which are not fully understood,
makes a direct comparison to dispersed NPs non-trivial. For
instance, the interfacial energy of the PS/air interface is
approximately 35 mJ/m2 and55 is greater than that of the
polymer–substrate interface. Yet, it is well documented that
Tg is reduced at the air interface of PS.19 In fact, the trend
between Tg depressions with confinement and interfacial
energy is strengthened when free standing films are consid-
ered, as illustrated in Figure 4. Another factor complicating
the comparison, as alluded to in the preceding section, is the
difference in the stiffness of the interfaces. Therefore, this
comparison reveals that both the strength of the interfacial
interactions as well as the rigidity of the interface plays an
important role in determining the magnitude of Tg deviations
in confined polymers. We note that Lang et al. has proposed
an empirical expression aimed at capturing the influence of

these two factors on the Tg of confined polymer, though it
has yet to be tested experimentally.52

Comparison of Tg Changes to Thin Films Floated Atop
Liquid Substrates from Literature
Despite the difference in interfacial symmetry between nano-
particles and thin films, we compare our work to select stud-
ies that have measured Tg of thin films suspended atop
similar liquids. In Figure 5, we plot the results from this
investigation (open symbols) as a function of the characteris-
tic length to allow for a comparison with literature results. In
addition, we show results from McKenna et al.41 for PS thin
films suspended atop [BMIM][CF3SO3] and glycerol and those
of Bodiguel and Fretigny39 for films suspended atop of glyc-
erol. Finally, we also include results from Lu et al.37of the
“kink temperature” of PS thin films floated atop
[BMIM][CF3SO3]. We note that McKenna et al. have reinter-
preted the kink temperature as a devitrification temperature
upon heating. The deviation in Tg as a function of characteris-
tic length for PS NPs dispersed in glycerol is in qualitative
agreement with the results of McKenna et al. and those of
Bodiguel and Fretigny down to a characteristic length of
approximately 20 nm. Below h* � 20 nm, McKenna et al.
observe a dramatic decrease in Tg. Unfortunately, we are
unable to probe Tg at similar length scales with nanoparticles.

In the case of PS NPs suspended in the ionic liquid, we
observe little to no change in Tg as a function of characteris-
tic size down to approximately 20 nm. Comparison with the
work of Wang et al.41 and the kink temperature of Lu
et al.37 shows good qualitative agreement in the Tg at the
length scales of PS NPs that we are able to probe. It is not
until h*< 20 nm that both studies show a significant size-
dependent Tg. The qualitative agreement of our results with
those of the literature, within the characteristic length scales
probed, are interesting in lieu of the differences in the

FIGURE 4 Comparison of the dependence of the Tg shift on

interfacial energy for PS thin films investigated by Fryer et al.,

Forrest et al., and PS NPs suspended in different liquid media.

The characteristic length of the sphere (h*) is defined as the

ratio of the sphere volume to surface area. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]

FIGURE 5 Comparison of literature data on the influence of liq-

uid media and size on Tg of PS thin films or NPs suspended on

or in glycerol and [BMIM][CF3SO3], respectively. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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interfaces, that is, symmetric versus asymmetric. However,
all interfaces may be classified as “soft,” and therefore influ-
ence Tg in a similar manner. Further work in exploring the
relative contributions of interfacial softness and rigidity on
the size-dependent Tg is warranted.

CONCLUSIONS

The influence of diameter on the Tg of PS NPs dispersed in
either glycerol or [BMIM][CF3SO3] was investigated using DSC.
Nanoparticles suspended in glycerol exhibited a weak
diameter-dependence of Tg while those suspended in
[BMIM][CF3SO3] showed no diameter-dependence of Tg. Nano-
particles re-suspended in an aqueous medium from glycerol
exhibited a lower Tg than the former, while those re-suspended
from [BMIM][CF3SO3] exhibited the same Tg in both media. We
did not observe a correlation between the size-dependence of
Tg and viscosity of the dispersing media for PS NPs. In contrast,
a correlation between the size-dependence of Tg and interfacial
energy was observed for the PS NPs. A comparison of our data
with thin films (supported atop a liquid or solid substrate)
revealed a non-trivial interplay between interfacial softness
and interfacial interactions on the Tg of confined PS.
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