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ABSTRACT: When confined to the nanoscale, the glass transition temperature (Tj) of
polymer films can deviate substantially from the bulk, i.e., the T,-confinement effect.
Due to ease of processing most studies have focused on the thickness-dependent T, of
thin films, while few have focused on extending investigations beyond thin films to other
geometries. As polymers confined to higher geometrical dimensionalities become the
enabling material in technologies ranging from drug delivery to plastic electronics to
ultrafiltration, a greater understanding of size effects on the T, is warranted. Here, we
investigate the effects of three-dimensional confinement on the T, of polymer nanopar-
ticles under soft and hard confinement and quantitatively compare our results to those of
thin films to explore commonalities or differences between the Ty-confinement effect for
polymers confined to different geometries. Via modulated differential scanning calorim-

etry, we show that T, decreases with size for polystyrene (PS) nanoparticles suspended in
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an aqueous solution, in agreement with the corresponding freestanding films. Furthermore, capping of PS nanoparticles with a hard
silica shell leads to a size invariant T,. These results suggest that the free surface is a key factor in T, reductions of confined polymer,

irrespective of geometry.

B INTRODUCTION

The properties of polymers confined to the nanoscale are of
considerable scientific and technological interest. Nanoconfined
polymer constitutes the matrix of polymer nanocomposites, and
it is their deviation in properties from the bulk that can result in
the s1gn1ﬁcant enhancement in the properties of such com-
posites.' * Understanding the properties of polymers confined
to the nanometer Iength scale is key in a wide array of fields from
organic electronics® to polymeric membranes® to drug delivery
via polymeric carriers.

The deviation of the glass transition temperature (Tj) from the
bulk with decreasing size to the nano length scale, i.e,, T,-confine-
ment effect, has been predominately investigated for thin polymer
films, the case of one-dimensional confinement. The discoveries that
polystyrene (PS) films supported on silica exhibited a reduction in
T, with decreasing thickness,® whereas poly(methyl methacrylate)
(PMMA) films exhibited a thickness- dependent T, that was
impacted by the type of supporting substrate,” i.e,, an increase in
T, with decreasing size for PMMA on silicon and a decrease in T,
with decreasing size for PMMA on gold, has led to a vast scientific
endeavor spanning greater than a decade and a half to not only
corroborate and understand the effects but also explore the general-
ity of the phenomenon. For example, dielectric relaxation spectros-
copy (DRS),IO’11 fluorescence spectroscopy,12 and viscosity
measurements,”> as well as computational studies,"* have all
revealed a similar reduction in T, for supported PS thin films on
silica. Furthermore, many studies have extended the focus from
the Tg-confinement effect in singly supported polymer thin films
toward that of doubly supported films,'* freestanding films,'®"”
and even to polymer nanocomposites'>'*'? where the polymer,
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i.e,, the matrix, is nanoscopically confined between neighboring
inorganic nanoparticles. In addition to exploring the glass
transition dynamics, other important properties, such as the
creep compliance®® and physical aging,”' have been previously
examined in nanoconfined polymer thin films. While the present
work is focused on polymeric glass-formers, we note that
confinement effects have been observed in organic molecular
glass-formers, as reported in the seminal study in which o-
terphenyl exhlblted areduced T, when confined into controlled
pore glass,” as well as in other studles that probed the molecular
dynamics of organic molecular glass-formers in nanopores.”*>°

When discussing nanoscopically confined polymer, two effects
are generally highlighted: (i) size effects and (ii) interfacial
effects. Size effects are purported to occur when the length scale
of the confining dimension, i.e., thickness in thin films, and the
length scale governing Ty, i.e., a cooperatively rearranging region,
coincide.'®*® Interfacial effects are expected to increase in
significance with an increase in the ratio of interfacial surface
area to volume.*>'>'® 1t is the interplay between size and
interfacial effects that result in a wealth of 1nterest1n% observa-
tions including substantial increases”'® or decreases® ®*” in T,
Factors that influence the deviation in T, with confinement
include geometry,'>'*® strength of interfacial 1nteract10ns,29
sample preparation and measurement environment,”” and che-
mical structure.””!
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There has been growing evidence that the T,-confinement
effect is intimately related to the presence of interfacial effects
perturbing glass transition dynamics.'®'*~ 72373 I the case
of supported films, interfacial effects occur from the free surface
or polymer—substrate interface, with the conventional view
being that free surfaces act to locally enhance segmental dy-
namics leading to a T, decrease while the attractive interactions
between the polymer and substrate act to locallgr reduce seg-
mental dynamics leading to a T, increase.' 1?1231 735 The
importance of interfaces in modifying the T, of polymer films has
been highlighted by the observation of freestanding polymer
films of PS exhibiting an even greater T, reduction with con-
finement than supported PS films,'®"” the ability to suppress the
Tq conﬁnement effect of supported PS films by capping the free

urface, and the finding that doubly silica-supported PMMA
films exhibit a greater T, increase with confinement than singly
supported films." Spat1ally resolved measurements of the local
near free surface T, of PS"* and PMMA®"**** or near
substrate T, of PMMA?*"* reported lower and higher interfacial
Tgs, respectively, a trend in agreement with the size dependence
of T, of the corresponding supported or freestanding polymer
films.

However, it must be stated that the impact of confinement on
T, (and the orlgms of its effect) are still very much a subject
matter of debate.*® An example of the ongoing debate is found in
the T, of supported ultrathin PS films, where depending on the
rate of cooling during the measurement of T, different groups
have concluded that the T, of PS films was reduced with
confinement,®'>**37%® while others argue no change in T, with
confinement.*”*® A recent study has provided a viable resolution
to the contradictory observations, i.e., that the deviation from
bulk T of ultrathin PS films was strongly dependent on cooling
rate.” Yet, there are still studies that observe no change in T,
with confinement of thin polymer films where no resolution to
opposing views currently exist.*'*

Whereas many studies have focused on the size-dependent T,
of thin films, nanotechnology demands the use of confined
polymer of different geometries from nanoparticles to nanocom-
posites to polymer filled nanospheres and cylinders. For example,
polymeric nanoparticles with sub-100 nm diameters can serve as
the delivery vehicle for pharmaceuticals,” and core—shell poly-
mer/inorganic nanoparticles are used as ﬁllers in thin films to
operate as photonic and plasmonic structures.*> While there has
been interest in determining the generality of the T,-confine-
ment effect, only a handful of studies have focused on extending
1nvest1gat10ns b ond the thin film geometry, ie., polymer
nanoparticles,”**** pol}rmers confined in nanopores,** poly-
mer nanocomposites,’ and polymer/layered silicate nano-
structures.”’ >* This study, which uses modulated differential
scanning calorimetry (MDSC) to measure the T}, of suspended
polymer nanoparticles and polymer/silica core—shell nanopar-
ticles, is the first to investigate the size dependence of T, for
3-dimensionally confined polymer under soft (aqueous sus-
pended PS particles) and hard (PS/silica core—shell particles)
confinement and reveals the importance of interfacial effects in
modifying T, of confined polymer irrespective of geometry.

B EXPERIMENTAL SECTION

Materials Synthesis. PS nanoparticles were synthesized from
surfactant-free emulsion polymerization in accordance with procedures
described in details elsewhere.** Desired nanoparticle sizes were
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Figure 1. 400 nm diameter PS nanoparticles before (A) and after (B)
the measurement of Te. The corresponding 400 nm diameter PS/silica
core—shell nanoparticles (with additional shell thickness of ~30 nm)
before (C) and after (D) the measurement of Tj,.

achieved by changing the styrene monomer concentration, initiator
concentration, and/or initiator type (ammonium persulfate or potas-
sium persulfate). After synthesis, the nanoparticles were washed twice
with water through centrifugation and ultimately suspended in water.
Hybrid polymer/silica core—shell nanoparticles were prepared by coat-
ing a ~30 nm thick silica shell around PS nanoparticles using a
procedure adapted from the Stober method, as described in details in
ref 5. Bulk polymer samples were created for each PS nanoparticle
sample by drying the nanoparticles under vacuum and subsequently
annealing at 423 K for 20 h.

Characterization. Sizes of PS nanoparticles suspended in H,O
were determined from dynamic light scattering (DLS) (Malvern Instru-
ments Zetasizer Nano-ZS ZEN 3600). Weight-average molecular weight
(M,,) of each nanoparticle sample in tetrahydrofuran was determined
from gel permeation chromatography (GPC) (Waters 515 HPLC
pump, Eppendorf CH-460 column heaters, Waters 410 differential
refractometer). Images of PS nanoparticles were obtained using scan-
ning electron microscopy (SEM) (FEI XL-30). Nanoparticles were
drop-casted onto carbon tape, allowed to dry, and then coated with a
5 nm thick iridium layer prior to imaging. The Tjs of PS nanoparticles
suspended in water (and dried PS/silica core—shell nanoparticles) were
determined using MDSC (TA Instruments Q2000, second heat with a
modulation rate of £0.200 K/20 s, heating rate of S 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.

B RESULTS AND DISCUSSION

In order to provide a meaningful comparison of nanoscale
confinement effects on the T, of polymer nanoparticles sus-
pended in aqueous solution to those of freestanding films, it must
first be shown that polymer nanoparticles do not coalesce during
the measurement of T, Figure 1 shows SEM images of 400 nm
diameter PS nanoparticles and the corresponding 400 nm
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Figure 2. Calorimetric thermograms of several representative PS
nanoparticles (solid lines) along with thermograms of the corresponding
bulk polymer formed from nanoparticles through thermal annealing
(dashed lines).
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Figure 3. Change in T, with respect to particle diameter for PS (M)
nanoparticles. The solid line is a fit to the PS data using eqs 1—3. Inset
schematically compares a sharp vs gradient interface for alayered model.

diameter PS/silica core—shell nanoparticles (with additional
shell thickness of ~30 nm) before and after MDSC. As shown
from the representative SEM images, smooth, monodisperse PS
nanoparticles could be prepared, and coating of PS nanoparticles
with a thin silica shell via a modified Stober method did not alter
the smoothness or monodispersity of the nanoparticles. Most
importantly, the images showed that the nanoparticles were
neither destroyed nor aggregated during the thermal protocol
employed to measure T,

Figure 2 shows representative MDSC thermograms of sus-
pended PS nanoparticles ranging from 90 to 379 nm. For each
nanoparticle sample, T (dashed lines in Figure 2) was
measured from nanoparticle samples that were dried under
vacuum and subsequently annealed at 423 K for 20 h, which
caused the particles to aggregate and form a bulk sample. SEM
images (not shown) revealed the formation of bulk polymer by

the above annealing protocol. As evident from the thermograms,
the T, of the PS nanoparticles decreased as the size was decreased
from 379 to 90 nm, and thus the magnitude of Ty — Tgpun
increased with decreasing size, providing evidence for a larger
deviation from the bulk T, as the PS nanoparticles were further
confined.

Figure 3 shows the diameter dependence of Ty — T pun for PS
nanoparticles suspended in aqueous solution, i.e., the case of soft
confinement. Decreasing the diameter of PS nanoparticles led to
a reduced T, with respect to Tgpu. For PS nanoparticles, the
onset diameter for T, reductions was ~700 nm. Furthermore,
the magnitude of the deviation in T, with decreasing diameter
was significant; e.g,, for PS nanoparticles with a diameter of
~90 nm, Tg - Tg,bulk =—-S8 K.

The trend observed in Figure 3 agrees qualitatively with the
thickness dependence of T, for freestanding films of PS."” For
polymers that show decreases in T, with confinement, it is now
reasonably well accepted that the effect originates at the polymer
free surface.” '*">7'73173* The thickness dependence of Ty is
often described via two-layer models.'®*® The models assume
the presence of a mobile layer with enhanced dynamics (or lower
T,) atop a bulk layer with bulk dynamics (or bulk Tj). Although
layer models provide successful fits to experimental data, there is
growing experimental'>*"** and computational®’*° evidence
that suggest T, perturbations originating at the free surface lead
to a distribution of T,s away from the interface. In formulating a
model to describe the diameter dependence of T, for polymer
nanoparticles, we assume (1) the effect originated from a
reduction in T, at the free surface, which in this case is the
polymer/water interface, and (2) T, reductions at the free surface
propagated tens of nanometers into the nanoparticle interior. To
describe the propagation of surface effects as a function of
displacement into the interior of a nanoparticle, an enhanced
mobility distribution function (£(r)) was defined based on the
Kohlrausch—Williams—Watts (KWW) equation:

E(r) = Epexp[ — (R—1)/A) (1)

where &p was the magnitude of enhanced surface mobility
relative to the bulk (e.g, a &x value of 2 would indicate that
the surface mobility is enhanced compared to the bulk mobility
by a factor of 2), R — r was the radial distance from the
nanoparticle surface, ie., R was the radius of the nanoparticle
and r was a variable denoting the distance from the center of
the sphere, 4 was the characteristic length (nm), and 3 was the
stretching factor that described the breadth of the distribution.
Thus, &£(r) indicated the increase in mobility relative to the bulk
at a distance r from the spherical center. Assuming a spherical
nanoparticle, the total volume (V) of the nanoparticle would be
givenas V= [[[ r* sin ¢ dr d d6, where ¢ and 0 are the angles
of the integral unit. Therefore, a dynamic shell volume (Vy), i.e.,
the volume that encompasses the region of enhanced mobility,
would be defined as

vy = / / / E(r)r sin gdrdgdd @)

The dynamic shell volume can be visualized as a shell layer of
enhanced dynamics surrounding the core of the nanoparticle
with bulk dynamics. However, we modeled the interface between
the two layers of different mobility as a gradient rather than a
sharp interface. Figure 3 inset schematically shows the difference
of the layer model for a spherical nanoparticle with a sharp and a
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Figure 4. Change in T, with respect to particle diameter for PS (M) and
PS/silica core—shell nanoparticles (®). Inset shows a MDSC thermo-
gram for 285 nm PS/silica core—shell nanoparticles.

gradient interface. Assuming the T, reduction is proportional to
the ratio of V3 to V, the diameter dependence of T, for suspended
polymer nanoparticles could then be described by the following
equation:

Tg‘nanoparticle = g,bulk — (Tg,bulk - Tg,surf)Vd/V (3)

where T, punc was the bulk Ty of the polymer and Tg gy Was the
surface T, of the polymer. The line in Figure 3 is a fit to the data
using eqs 1—3 with the fit parameters for PS being & = 1.91,
A =9.17 nm, and 8 = 0.86. Ty ..t Was taken to be 305 K for PS. 3
The model provided a good fit to the experimental data. As
determined from the optimal fit of the model, the distance to
which free surface effects penetrated into the nanoparticle core
was 33 nm for PS nanoparticles; ie., at 33 nm, the enhanced
mobility distribution, £(r), decayed to 95% of the initial value
(€g). Earlier NMR studies on 100 nm atactic PS emulsions
showed that the polymer surface exhibited a well-defined mobile
layer, in which the thickness of the layer was hypothesized to vary
as a function of temperature.’”®" As the temperature approached
the bulk Ty, it was determined that the thickness of this mobile
layer grew continuously to about 30 nm. From a multilayer/
fluorescence study, it was determined that PS films exhibited a
distribution of Ts within the first ~32 nm of the free surface.'”

We further explored the free surface as the cause of the
reduced T, for nanoconfined polymer by comparing the size

g
dependence of T, for suspended PS nanoparticles and the

corresponding PS)gsilica core—shell nanoparticles. Capping of
the PS nanoparticles with a silica shell should remove the free
surface by confining the polymer within a hard shell, i.e,, the case
of hard confinement. The thickness dependence of T, for PS and
PS/silica core—shell nanoparticles is shown in Figure 4, with the
inset showing a representative MDSC thermogram for a PS/
silica core—shell nanoparticle sample. We observed that PS
nanoparticles confined within a silica shell did not exhibit a size
dependent T, as observed for bare PS nanoparticles. The T,
recovery can be significant for smaller size nanoparticles, e.g,,
Tgps — Tgpsysiica = —42 K for nanoparticles with a diameter of
130 nm. The absence of the T,-confinement effect for PS/silica
core—shell nanoparticles can be partially understood if the free
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Figure 5. Change in T, with respect to characteristic size for PS
nanoparticles (M) and hterature data for PS nanoparticles (O),*® PS
nanoparticles in nanoblend (00),** PS domains in block copolymer
(0),” and freestanding PS films (solid line)."”

surface is considered a major reason for the size dependence of T,
for polymer nanoparticles. Then it follows that if the silica shell
was effective in eliminating the polymer free surface, the T,-
confinement effect, which is a consequence of surface effects, was
eliminated. We note that the key observation from Figure 4, ie.,
the elimination of the T,-confinement effect of PS by the removal
of the polymer/water interface, is qualitatively consistent with an
earlier study performed on PS thin films in which the thickness
dependence of T, for supported PS thin films was ehmmated by
coating the films vnth a gold layer atop the free surface.”
Capping of PS nanoparticles with a thin silica shell, via the
Stober method, was accomplished at ~296 K (room
temperature). Therefore, at room temperature the nanoparticles
should be considered in a stress-free state, and the pressure
within the core—shell nanoparticles should be atmospheric.
Because of the difference in thermal expansion coefficients
between PS and silica, upon heating a positive pressure should
develop inside the core—shell nanoparticles. As the T, of all
PS—silica core—shell nanoparticles was near 376 K| i.e,, T bullo
the pressure generated inside the core—shell nanoparticles at T,
would equal ~60 MPa. For bulk PS, 2 60 MPa increase in
pressure would increase T, by ~15 K.%% Since the pressure
generated during heating can be shown to be independent of
nanoparticle size, any T, enhancement due to pressure would be
constant for all core—shell nanoparticles. As such, the complete
recovery of Ty, for all core—shell nanoparticles, of which the
corresponding aqueous suspended nanoparticles showed a greater
than 1S K suppression in T, with confinement (diameter
<200 nm), cannot be explained by only pressure effects. For
example, Ty — Tgpux = —58 K and Ty — Tgpur ~ 0 K for
aqueous suspended PS nanoparticles and PS—silica core—shell
nanoparticles, respectively, with a diameter of ~90 nm. While
pressure effects could account for an ~15 K recovery in the T, of
90 nm core—shell nanoparticles, the complete recovery can only
be explained by considering the impact of the interface on the T,
A quantitative comparison of confinement effects on T, of
polymer nanoparticles and freestanding films can be made by
defining a characteristic length, #*, which for nanoparticles was
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the volume to surface area ratio and equal to 1/6 of the diameter,
whereas for films was taken to be the thickness. According to
Figure 5, the size dependence of T, for PS nanoparticles (M) and
PS freestanding films (solid line, fit to PS freestanding films data
[M,, = 120—378 kg/mol] taken from ref 17) are in good
agreement, despite the fact that the Tgs of films were measured
in an air environment, while the T,s of nanoparticles were
measured in an aqueous environment. We note that the M,,
range of PS nanoparticles employed in the current study was
within the range of 120—378 kg/mol. The consistency in size-
dependent T, of thin films and nanoparticles, when presented as
a function of ¥, highlights the importance of the free surface in
the T,-confinement effect.

Figure 5 also plots size-dependent T, data of PS nanospheres
blended into a poly(butyl methacrylate) matrix (O),** PS
spherical domains within a poly(styrene-co-butadiene) matrix
(©),* and the only other report (to the best of our knowled%e) of
PS nanoparticles suspended in an aqueous solution (O).”* For
PS nanospheres embedded into a soft polymer matrix, the onset
characteristic size for a thickness-dependent T, is significantly
smaller than that found in the current study for PS nanopar-
ticles and from the literature for PS freestanding films.'”
Nevertheless, beyond the critical onset h*, embedded PS
nanospheres do show a size-dependent T,. Differences in
critical onset h* may be explained by the presence of the soft
matrix interface for embedded PS nanospheres that locally
increase the requirement for cooperativity of dynamics in
comparison to that of an aqueous or free interface as experi-
enced for PS nanoparticles and freestanding films, respec-
tively. For PS spherical domains within a poly(styrene-co-
butadiene) matrix, a significant decrease in T, was observed as
the spherical domains decreased in size in the block copoly-
mer, i.e., Ty — Tg buik = —38 K for 23 nm PS spherical domains.
However, the authors did not attribute the decrease to an
intrinsic size effect, i.e., confinement effect, but rather as a
consequence of diffusive interfaces with some degree of
intermixing between the phases.** This hypothesis was further
supported by the lack of a significant T, deviation for 27 nm PS
spherical domains in a styrene—isobutylene—styrene triblock
copolymer, where a large difference in the solubility para-
meters exist between the phases.

In an earlier study on PS nanoparticles suspended in an
aqueous environment, no size-dependent T, was observed, but
instead a decrease in the AC, across the glass transition with
confinement.”® The observed decrease in the AC, across the
glass transition with confinement was consistent with the results
from a 1980 study by Gaur and Wunderlich on dried PS
nanoparticles.(’3 However, Gaur and Wunderlich did observe a
significant broadening in the T, for the smallest spheres; i.e., the
T, became detectable at approximately T i — 40 K fora 85 nm
PS nanoparticle sample on first heating. As discussed in ref 28,
the size-invariant T, of suspended PS nanoparticles could be
partially due to a large polydispersity in the molecular weights of
the samples, as compared to the nearly monodisperse polymer
thin films. Additionally, the presence of a surfactant could have
played a role in the size invariance of T, with decreasing
nanoparticle size, although the authors in ref 28 did not observe
a T, deviation as a function of surfactant concentration in the
nanoparticle samples. In the current study, PS nanoparticles were
prepared by surfactant-free emulsion polymerization, in which all
samples exhibited an M,,/M,, ratio of ~3. Nevertheless, the size-
dependent AC, was attributed to the presence of a shell layer

with enhanced dynamics surrounding the core with bulk dy-
namics, a picture consistent with the view taken to describe the
current work, previous NMR studies on PS nanoparticles, and
freestanding film data.

Il CONCLUSION

In summary, we investigated the size dependence of T, for PS
nanoparticles under soft and hard confinement. We found a
striking similarity of size-dependent effects on the T for polymer
nanoparticles and freestanding films including the magnitude of
T, suppression at a particular characteristic size as well as the
ability to suppress the Ty-confinement effect by the capping
of the nanoparticle free surface with a hard layer. The observed
size dependence of T, for confined polymer irrespective of
geometry suggests a common origin of the T,-confinement
effect. Furthermore, polymer nanoparticles represent a unique
system to explore the Ty-confinement effect. Studies investigat-
ing the effects of chemical structure, M,,, surfactant type and
content, percent cross-linking, and different dispersing media
(e.g., glycerol and ionic liquids) are currently underway.
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