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ABSTRACT
The glass transition (Tg) behavior and enthalpy recovery of polystyrene nanorods within an anodic aluminum oxide (AAO) template (sup-
ported nanorods) and after removal from AAO (unsupported nanorods) is studied using Flash differential scanning calorimetry. Tg is found
to be depressed relative to the bulk by 20 ± 2 K for 20 nm-diameter unsupported polystyrene (PS) nanorods at the slowest cooling rate and by
9 ± 1 K for 55 nm-diameter rods. On the other hand, bulk-like behavior is observed in the case of unsupported 350 nm-diameter nanorods
and for all supported rods in AAO. The size-dependent Tg behavior of the PS unsupported nanorods compares well with results for ultrathin
films when scaled using the volume/surface ratio. Enthalpy recovery was also studied for the 20 and 350 nm unsupported nanorods with
evolution toward equilibrium found to be linear with logarithmic time. The rate of enthalpy recovery for the 350 nm rods was similar to
that for the bulk, whereas the rate of recovery was enhanced for the 20 nm rods for down-jump sizes larger than 17 K. A relaxation map
summarizes the behavior of the nanorods relative to the bulk and relative to that for the 20 nm-thick ultrathin film. Interestingly, the fragility
of the 20 nm-diameter nanorod and the 20 nm ultrathin film are identical within the error of measurements, and when plotted vs departure
from Tg (i.e., T − Tg), the relaxation maps of the two samples are identical in spite of the fact that the Tg is depressed 8 K more in the nanorod
sample.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0190076

INTRODUCTION

Properties of polymers under nanoconfinement have been of
significant interest due to their role in many practical applications,
including coatings, composites, and membranes, and nano- and
microelectronics. Among the key properties, the glass transition
temperature (Tg) has been well studied and is found to be signifi-
cantly affected at the nanoscale when compared with that at the bulk.
At the nanoscale, Tg can increase, decrease, or remain unchanged
depending on the nanoconfinement geometry, interaction between
the confined material and any substrate present, and molecular
structure and architecture of the glass former.3–8 The influence of
nanoconfinement geometry on Tg is of particular interest because
it may allow unraveling of surface vs intrinsic confinement effects
given the different surface to volume ratios of different geometries.

In the case of polystyrene (PS), the size-dependent Tg of 1D
ultrathin films has been extensively studied using various exper-
imental techniques for supported, freestanding, sandwiched, and
stacked films.1,5,9–32 In general, for polystyrene, Tg is depressed
in ultrathin films on neutral or weakly interacting substrates, and
a nonlinear dependence on film thickness (h), independent of
molecular weight is reported:9,10

Tg(h) = Tbulk
g [1 − (

α
h
)
δ
], (1)

where Tg(h) is the glass transition temperature at film thickness
h, Tbulk

g is the bulk glass transition temperature (373.8 ± 0.7 K
for polystyrene), and α and δ are the fitting parameters whose
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values have been reported to be 1.3 nm and 1.28, respectively.10 The
existence of a Tg depression for ultrathin films has been generally
attributed to an interplay of enhanced mobility at the free surface,
the influence of the substrate, and intrinsic size effects.1,2,5,9–38

Work on the size-dependent Tg of 2D polystyrene nanorods
is considerably more sparse and has been mainly carried out using
anodic aluminum oxide (AAO) nanopores39–42 as a support or
for nanorods in aqueous dispersion. Zhu and co-workers reported
a 3 K increase in Tg for polystyrene (Mw = 280 kg/mol) inside
AAO nanopores irrespective of pore diameter; they also reported
a depression of 24 K for aqueous dispersed 100 nm-diameter PS
wires prepared via electrospinning.39 On the other hand, Torkelson
and co-workers40 reported a Tg depression for polystyrene
supported nanorods when d ≤ 2Rg where d is the diameter of
nanorods and Rg is the radius of gyration—and a depression of 8 K
was reported for 24 nm polystyrene rods with a molecular weight
(Mw) of 1420 kg/mol. On the other hand, Floudas and co-workers
similarly observed a 4 K depression in 25 nm-diameter AAO, but
for polystyrene trimer,41 which is molecularly much smaller than
the pore size; the result was attributed to interfacial interactions.
Moreover, Xue and co-workers42 also studied low molecular weight
(6–60 kg/mol) PS in AAO pores as small as 25 nm and reported
bulk values at the highest rates (120 K/s) but observed 2 Tgs at inter-
mediate cooling rates (10 K/min), which were attributed to thermal
stresses.

In the case of 3D-confined polystyrene nanospheres, the size-
dependent glass transition behavior has been studied by Priestley
and co-workers,43,44 who reported Tg depressions for aqueous
dispersed43 and air exposed44 nanospheres for sphere diameters (d)
less than 400 nm, with a 56 K depression observed for d = 90 nm.
When the nanospheres were capped with silica,43 no Tg depres-
sions were observed. Cangialosi and co-workers45 also reported Tg
depressions of similar order of magnitude for PS nanospheres on
poly(dimethylsiloxane) by Flash differential scanning calorimetry
(DSC), with a depression of 24 K observed for d = 230 nm.

The glass transition temperature is a kinetic phenomenon
and depends on the cooling rate,4 and it is well known that the
changes in Tg of nanoconfined polymers also depend on the cooling
rate.1,2,13,34,45 A process intimately related to Tg is that of struc-
tural recovery, which is the slow evolution of a glass toward its
equilibrium volume or enthalpy by segmental relaxation.4 In our
own laboratory, extensive studies have been performed using both
conventional and Flash differential scanning calorimetry on the
enthalpy recovery of stacked21 and ultrathin PS films,46–50 as well
as bulk PS.51,52 In the case of stacked PS films aged over a nar-
row range of temperatures up to 15 K below Tg, the overall rate of
enthalpy recovery was reported to be accelerated relative to the bulk
at a given aging temperature, but similar when compared at aging
temperatures at the same distance from their nominal (or reference)
Tg values.1 In the case of ultrathin PS films, enthalpy recovery of
single 20 nm ultrathin film was studied on the Flash DSC; the overall
rate of enthalpy recovery in the glassy state for a single 20 nm-thick
ultrathin polystyrene film was found to be faster when compared
with 1.1 μm thick film (bulk) at aging temperatures between 20 and
70K belowTg.2,47,48 Boucher and co-workers also reported enhanced
enthalpy recovery in the case of stacked PS films when compared
with the bulk, but these comparisons were made at same aging
temperatures rather than at same jump size from Tg.53 On the other

hand, reduced structural recovery rates were reported by Pye and
Roth for volume recovery studies on 30 nm ultrathin PS film over a
broad temperature range54 and by Frieberg, Glynos, and Green for
experiments performed as a function of aging temperature on linear
and star-shaped PS thin films.55

The influence of spatial dimensionality and geometry of
nanoconfinement on the structural recovery of polystyrene has
also been examined. Zhu and co-workers studied enthalpy recov-
ery of aqueous dispersed and AAO supported PS nanowires,
where the rate of enthalpy recovery below Tg was found to be
reduced in both systems when compared with the bulk.39 Priestley,
Fytas, and co-workers investigated the enthalpy relaxation of aque-
ous dispersed and silica-capped 3D PS nanospheres, and they
found accelerated enthalpy recovery rates in the case of aqueous
dispersed PS nanospheres and reduced rates in the case of silica-
capped PS nanospheres.56 Cangialosi and co-workers also reported
enhanced enthalpy recovery rates in the case of PS nanospheres on
poly(dimethyl siloxane).45

In this work, we examine the Tg and enthalpy recovery of
polystyrene nanorods, both unsupported rods and those supported
in anodic aluminum oxide (AAO) templates. We choose to study
high molecular polystyrene in order that the chains from adja-
cent nanorods do not have any significant diffusion across the
nanorod boundary in the time scale of the experiments. We exploit
Flash differential scanning calorimetry to make the measurements,
which has advantages including the ability to use nanogram sam-
ples, sensitivity to aging times as short as 0.01 s, and ability to
access aging temperatures of Tg + 15 ○C for the high fictive-
temperature glass created by cooling at very high rates (1000 K/s).
The feasibility of the use of AAO templated nanopores as a
form of nanoconfinement on the Flash DSC has been previously
demonstrated in our group where size-dependent melting behav-
ior of n-alkanes was successfully studied.57 The Tg and structural
recovery results will be compared with results from the literature
for other nanoconfinement geometries in order to ascertain the
importance of surface in dictating the observed behavior.

EXPERIMENTAL
Materials

The high-molecular-weight atactic polystyrene (PS) used in this
study is from Polymer Source Inc. The weight-average molecular
weight (Mw) and the number-average molecular weight (Mn) of the
as-received PS is 2000 ± 110 kg/mol and 1700 ± 150 kg/mol based
on our own measurements using gel permeation chromatography
(Tosoh EcoSEC) with an RI detector; the manufacturer reported
2400 and 2100 kg/mol, respectively. After infiltration of the material
into the AAO templates (as described in the next section), the
molecular weight decreases with Mw = 1000 ± 180 kg/mol and
Mn = 675 ± 80 kg/mol. However, due to the high molecular weights
involved, this change in molecular weight is anticipated to result in
an insignificant change in Tg, i.e., less than 0.1 K.58

AAO templates having pore diameters of 55 ± 2 nm (from
Synkera Technologies, USA) and pores sizes of 20 ± 2 nm and
350 ± 45 nm (from Universidad de Oviedo, Spain) were used to
synthesize PS nanorods. These templates are the same as those
used to study melting of nanoconfined alkanes by Flash DSC in
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FIG. 1. Scanning electron micrographs of unsupported polystyrene nanorods after dissolving the AAO template and before (on left) and after (on right) separation from the
excess PS film substrate. The samples were sputtered with a thin layer of iridium (2–5 nm) before imaging.

previous work,57 and the thickness of the AAO templates is 5 μm in
order to minimize thermal lag effects in the Flash DSC.59–61 Prior to
the synthesis of our nanorods, the AAO templates were rinsed with
methanol several times and then dried for 2 h in vacuo at 150 ○C;
prior to use, templates were stored in a desiccator to minimize
absorption of adventitious moisture.

Polystyrene nanorods were synthesized by vacuum melt infil-
tration of a precursor polystyrene film into an AAO template.62,63

In the case of supported polystyrene nanorods (i.e., those that will
be studied in the AAO template), the thickness of the precursor
film was chosen to exactly fill the pores of the AAO template. After
various trials based on the available volume in the pores, PS films
with thicknesses of 0.45, 0.70, and 1.3 μm were used for infiltration
into 20, 55, and 350 nm-diameter AAO templates, respectively.
The precursor films were produced by spin-coating concentrated
(∼10 wt. %) polystyrene/toluene solutions (using HPLC-grade,
99.99% pure toluene) onto cleaved mica; subsequently, the films
were floated on water, picked up by a tweezer, and dried for 48 h
under vacuum at 50 ○C before they were placed atop the AAO
template for infiltration. The vacuum infiltration process was
performed at 190 ○C for 4 h to yield AAO supported PS nanorods
of a given diameter.

In the case of unsupported PS nanorods, a thicker polystyrene
film (∼50 μm), prepared by compression molding under vacuum in
a hot press at 170 ○C, was chosen to infiltrate into the AAO tem-
plates using the same conditions as for the supported PS nanorods.
After infiltration, the AAO template was removed by dissolving it
in 1 M sodium hydroxide solution; the supernatant and the excess

PS film holding the PS nanorods were vacuum filtered using excess
deionized (DI) water and then dried in vacuo at 50 ○C for 24 h. For
the FlashDSC sample, the PS nanorods are separated from the excess
PS film by delicately cutting them with a scalpel. SEM images of
unsupported PS nanorods are shown in Fig. 1. Images were captured
using a Hitachi S-4300 high resolution SEM after removal of the
AAO template and both before and after the separation of nanorods
from the excess PS film substrate.

Flash differential scanning calorimetry

The glass transition behavior and enthalpy recovery of the
polystyrene nanorods were studied using a Mettler Toledo Flash
DSC 1 with a Freon intercooler and 20 ml/min nitrogen gas purge.
Prior to themeasurements, a temperature calibration was performed
using phenanthrene (Tm = 98.7 ○C) on the reference side of the
chip. In addition, a correction factor for the thermal gradient in
the films during heating scans at 600 K/s is applied to the Tg data
and is equal to the average of the difference between glass transi-
tion temperatures measured on cooling and subsequent heating at
± 600 K/s following the recommendation of Schawe,61 this correc-
tion was in the range of 3–4 K for unsupported PS nanorods and
6–9 K in the case of AAO supported PS nanorods.

In the case of AAO supported nanorods, a small piece
(<0.09 mm2) was cut from the parent template containing
polystyrene nanorods and transferred onto the center of the chip
sensor with the help of a hair. For unsupported PS nanorods, the
rods were first separated from the excess PS film substrate using
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a micro-scalpel and then these nanorods were transferred using a
hair to the center of the Flash DSC chip sensor. A small amount
of [C7C1im] [NTf2] ionic liquid was added for better thermal con-
tact; no plasticization was observed, but a slight increase (∼2 K) in Tg
was observed when compared with bare nanorods due to improved
thermal contact.

For measurement of Tg as a function of cooling rate, a given
sample was heated to 180 ○C at 600 K/s after cooling from 180 to
30 ○C at rates ranging from 0.1 to 1000 K/s. Heating scans for a given
cooling rate were repeated ten times and were averaged to improve
the signal-to-noise ratio. The runsmade after cooling at 600 K/s were
also examined prior to averaging in order to verify that data were
reproducible and that there was no drift in the data.

In addition to the Tg studies, enthalpy recovery experiments
were also performed on the 20 nm and 350 nm-diameter unsup-
ported nanorods. Samples were aged isothermally after cooling at
1000 K/s from 190 ○C at various isothermal aging temperatures for
aging times (ta) ranging from 0.01 to 86 400 s (24 h) at each temper-
ature. Each isothermal aging step was followed by cooling to 30 ○C,
heating of the aged material to 190 ○C, cooling to 30 ○C, and then
heating of the unaged material to 190 ○C. The heating scan of the
aged material is followed immediately by an unaged reference scan
in order to serve as an internal standard; in addition, this unaged
reference scan remains unchanged during the course of the enthalpy
recovery experiments, indicating that no mass loss or degradation
occurs.

We characterize the structure of our glass formed after cooling
at different rates or after isothermal aging by the fictive temperature,
Tf,64 which is defined as the temperature where the extrapolated
glass line from the state of interest intersects the liquid line. Thus, by
definition, if the material is at equilibrium (i.e., on the liquid line),
then Tf = T. On the other hand, after cooling at a given cooling rate
q to the glassy state, if no isothermal aging has occurred, Tf is called
the limiting fictive temperature, Tf

′, and it is equivalent to the Tg
value (within 1–2 K) that would bemeasured on cooling at that same
cooling rate q;65 for this reason, Tf

′ is interchangeably referred to
as Tg in the text. In the case of isothermal aging at aging temper-
ature Ta, Tf will decrease from its initial value of Tfo = Tg(q) to its
equilibrium value on the liquid line, where Tf is expected to reach Ta.
The fictive temperature is determined from the Flash DSC heat flow
data using Moynihan’s method [Eq. (2)]66 or Richardson’s method
[Eq. (3)]:67

∫
T≫Tg

T ′f
(Q̇l − Q̇g)dT = ∫

T≫Tg

T≪Tg

(Q̇ − Q̇g)dT, (2)

∫
T≫Tg

T ′f
(Q̇l − Q̇)dT = 0, (3)

where Q̇l and Q̇g are the heat flows in the liquid and glassy states,
respectively, and Q̇ is the apparent heat flow of the sample. The
simplified Richardson’s method is applicable to and was used only
for aging scans whose onsets of devitrification are greater than
Tf. Although for large enthalpy overshoots, the two equations are
equivalent, we use Richardson’s method because it does not require
extrapolating the glass lines and hence it provides a more accurate
and robust determination of Tf. The glass and liquid state heat flows
in Eq. (2) and the liquid heat flows in Eq. (3) are obtained from

linear fits in these regimes after superposing all heat flow scans in
order to ensure consistency in the determination of Tf.

The sample mass of the unsupported PS nanorods was obtained
by symmetry analysis,57,68 which involves correcting the measured
heat flow of rods for heat losses and the addenda heat capacity of
the empty chip, and then dividing the symmetry-corrected heat flow
with glassy absolute heat capacity of polystyrene at a defined tem-
perature. The sample masses of the 20, 55, and 350 nm-diameter
unsupported polystyrene nanorods are 145, 86, and 350 ng, respec-
tively. On the other hand, the sample mass of the polystyrene in the
AAO supported rods was obtained by dividing the step change in
heat flow observed at Tg by the step change in heat capacity for a
bulk polystyrene; the sample masses are 74, 96, and 111 ng, respec-
tively, for supported rods in 20, 55, and 350 nm AAO templates.
We note that the sample will ideally cover the 0.3 × 0.3 mm2 area
of the chip and be less than a few microns thick, but the actual
mass that is picked up by the practitioner using a hair is variable
and independent of the rod size (leading to the variability of the
sample mass). Furthermore, the supported rod samples contain both
the polystyrene rods and the AAO template and, thus, typically have
a lower mass of polystyrene than the unsupported samples.

RESULTS
Tg of polystyrene nanorods

The change in Tg from the bulk for supported nanorods in
AAO templates is shown in Fig. 2 vs rod diameter (d) for a cooling
rate of 0.1 K/s, along with data from the literature. For our AAO
supported nanorods, Tg is found to be independent of rod size
and approximately 2–3 K higher than the bulk value at all cooling
rates (shown later). The inset in Fig. 2 shows heating scans for the
20 nm rods in AAO after cooling at 1000 K/s and at 0.1 K/s; for the
fastest cooling rates, there is clearly only one step change at Tg, and

FIG. 2. Magnitude of Tg depressions for supported polystyrene nanorods in AAO
nanoporous templates having pore diameter d, from this work (black filled cir-
cles) and the work of Torkelson and co-workers40 (green inverted filled triangles);
Zhu and co-workers39 (red filled squares); and Xue and co-workers42 (ΔTg,hi and
ΔTg,lo: blue half-filled squares). The inset shows the heating scans for the 20 nm
supported rods after cooling at rate q = 0.1 and 1000 K/s; curves are rotated for
ease of viewing.

J. Chem. Phys. 160, 124904 (2024); doi: 10.1063/5.0190076 160, 124904-4

Published under an exclusive license by AIP Publishing

 10 April 2024 13:42:08

https://pubs.aip.org/aip/jcp


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

as the cooling rate decreases, the enthalpy overshoot increases and
moves to higher temperatures, as expected, resulting in a decrease in
limiting fictive temperature. There is no indication of two distinct
Tg transitions although there is a small high temperature shoul-
der that appears in the largest enthalpy overshoots (e.g., for the
0.1 and 0.3 K/s cooling rates); this is not attributable to a second Tg,
and although its origin is not fully understood, such high temper-
ature shoulders in enthalpy recovery peaks at Tg are often present
in nanocalorimetric heating scans of stable, aged, and slowly cooled
glasses, even for bulk materials.1,2,45,50,69,70 The Tg data in Fig. 2 are
compared with results from the literature for supported nanorods.
Our results are in good agreement with those reported by Zhu and
co-workers39 at a cooling rate of 10 K/min (0.17 K/s). The near
absence of a Tg change has also been reported for other geometries
where no free surface is present.12,43 On the other hand, the results
from Torkelson and co-workers40 at a cooling rate of 40 K/min
(0.67 K/s) and Mw = 1260 kg/mol show similar results to ours
except below 50 nm, where a ∼8 K Tg depression is reported for
24 nm-diameter rods. Xue and co-workers42 show two very distinct
Tg transitions, one depressed and one elevated, for AAO supported
PS nanorods of low molecular weight (Mw = 6 kg/mol) at cooling
rates of 10 K/min; their results contrast with our results and the
others shown, perhaps due to low molecular weight used in their
study, although Floudas and co-workers41 reported only a single Tg
with a 4 K depression for polystyrene trimer in AAO.

We also examine the behavior of the polystyrene nanorods after
removal of the AAO template. Representative Flash DSC heating
scans are shown after cooling at various rates in Fig. 3 for the unsup-
ported rods. As expected, the enthalpy overshoots grow and shift
to higher temperatures as the cooling rate decreases, resulting in a
decrease in limiting fictive temperature, as indicated by the arrows.
Interestingly, both the step change in Tg and the overshoot occur
at lower temperatures as the rod size decreases, clearly indicating a
reduction in the glass transition temperature. A similar but smaller
shift in the overshoot at Tg was also observed in the case of stacked
thin films,20 but for 20 nm ultrathin films2 only a slight broadening

FIG. 3. Heat flow in heat capacity units vs temperature for unsupported polystyrene
nanorods (after AAO removal) on heating at 1000 K/s after cooling at rates q of
1000, 100, 10, 1, and 0.1 K/s for rods of 20 (green), 55 (blue), and 350 (red) nm
diameter. Arrows indicate the location of Tg as obtained from the Moynihan method
for the fictive temperature.

FIG. 4. The limiting fictive temperature as function of cooling rate for unsupported
polystyrene nanorods and AAO supported nanorods; the data are compared with
bulk films from previous work.1,21 The solid lines are the WLF fits obtained from
the parameters listed in Table I.

of the overshoot was observed on the low temperature side (rather
than the shift to lower temperatures observed here).

The Tg reductions as a function of cooling rate are summa-
rized in Fig. 4 where the glass transition temperature is plotted for
all of our nanorod data, as well as for bulk polystyrene data from
our previous studies.1,21 As already mentioned, the supported rods
in AAO show a 2–3 K elevation in Tg over bulk for all cooling rates,
whereas the 350 nm unsupported PS rods show bulk-like behavior
with the Tgs comparable to bulk polystyrene within the error of
measurements. On the other hand, Tg depressions are observed for
both 20 and 55 nm unsupported nanorods, with the magnitude
of the depression decreasing with increasing cooling rate. For the
55 nm-diameter rods, ΔTg <2 K at 1000 K/s and 8.8 ± 0.7 K at
0.1 K/s. For the 20 nm-diameter rods, ΔTg = 9.4 ± 1.6 K at 1000 K/s
and of 20.1 ± 2.2 K at 0.1 K/s. The latter’s Tg depression at 1000 K/s
is in contrast to our previous studies on ultrathin polystyrene films
on the Flash DSC, which showed no changes at this high cooling
rate,1,2 but several other materials have shown Tg depressions at
cooling rates greater than 300 K/s, including ultrathin polycarbonate
films34 and polystyrene nanospheres.43

The cooling rate-dependent Tg values shown in Fig. 4 are well
described by the Williams–Landel–Ferry (WLF) equation:71

log (q/q0) =
C1(Tg − Tg0)

C2 + (Tg − Tg0)
, (4)

where q is the cooling rate, q0is the reference cooling rate where
T g = T g0, which is chosen to be the value at 0.1 K/s, and C1 and
C2 are the WLF parameters. The fitting parameters along with the
normalized apparent activation energy for glass formation Ea/R and
the dynamic fragility m are also shown in Table I, where these
parameters are defined as

Ea/R =
−dln q

d( 1
Tg
)
= 2.3C1Tgo

2/C2, (5)

m = −d log q
d( Tg0

Tg
)
= C1Tgo/C2. (6)
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TABLE I. WLF parameters, normalized apparent activation energy Ea/R, and fragility m.

Sample Diameter or thickness (nm) Tgo (K)a C1 C2 (K) Ea/R (kK) m

Unsupported nanorods
350 373.2± 1.6 12.1± 0.6 34.4± 2.4 113± 9 131± 11
55 365.6± 1.2 22.0± 3.4 110.7± 17.2 62± 8 73± 7
20 354.5± 2.0 13.6± 2.1 63.5± 5.0 62± 4 76± 13

AAO supported rods
350 374.9± 1.5 13.80± 0.9 40.2± 3.3 112± 8 129± 9
55 375.3± 1.5 17.8± 4.6 50.5± 8.7 115± 9 134± 14
20 375.2± 1.3 16.8± 3.2 50.1± 6.9 109± 9 126± 11

Thin filmsb
Bulk 374.5± 0.2 19.7± 3.6 61± 13 105± 3 122± 4
71 369.0± 0.3 10.4± 1.2 32± 6 102± 7 120± 9
47 365.2± 0.5 9.0± 1.2 29± 7 95± 10 113± 12
20 362.3± 0.3 10.6± 0.8 45± 5 70± 3 84± 4

aGlass transition value at a reference cooling of 0.1 K/s.
bFrom Ref. 2

We note that the apparent activation energy for glass formation
Ea/R and the dynamic fragility m are measures of the temperature
dependence of the relaxation time (or conversely, measures of the
cooling rate dependence of Tg) and the slope of log τ vs T (or Tg vs
log q) obviously depends on the reference temperature or reference
Tgo, taken here to be the value at a cooling rate of 0.1 K/s.

For the 350 nm-diameter rods, we obtain a normalized acti-
vation energy of 113 ± 9 kK and a fragility of 131 ± 11, very
similar to the bulk values of Ea = 105 ± 4 kK and m = 122 ± 4
obtained earlier in our laboratory2 using Flash DSC over a similar
range of cooling rates. These values are considerably smaller than
those that we and others have obtained from conventional DSC: For
polystyrenes having molecular weight above ∼30 000 g/mol (which
has been shown in the work of Robertson et al.72 to be the molecu-
lar weight above which the fragility of polystyrene is independent of
molecular weight), the value of m has been reported to range from
137 to 180.16,21,65,72–78 As the works of both Dhotel and co-workers78
and Arellano and McKenna79 have pointed out, however, the range
of cooling rates used to obtain the fragility is important. Typically,
that range is limited to one or two decades using conventional DSC,
with the majority of the rates being slower than the typical reference
rate of 10 K/min; since the temperature dependence of the relaxation
time becomes stronger at low temperatures, this results in an over-
estimation of the fragility. On the other hand, Flash DSC can access
many decades of cooling rates (e.g., from 0.1 to 3000 K/s used in this
work), but the majority of these rates are higher than 10 K/min and
this can result in an underestimation of the fragility if the range is
not broad enough to get a good WLF fit. Interestingly, the work of
Dhotel et al.78 showed that combining conventional and Flash DSC
data gave fragility values that were in agreement with those obtained
from broadband spectroscopy, implying that this approach gives
a more accurate value. We similarly used both conventional and
Flash DSC for our bulk data, as shown in Fig. 4, yielding a fragility
of 122 ± 4.2

The normalized activation energy Ea decreases with decreas-
ing nanorod diameter from a value of 113 kK for 350 nm-diameter
unsupported rods, similar to the bulk value of 105 and to 62 kK
for 20 nm-diameter unsupported rods, comparable to the value for

20 nm supported ultrathin films.1,2,21 The dynamic fragilities (m)
follow the same trend, decreasing with decreasing diameter, from
131 to 76 for 350 and 20 nm rods, respectively. The 20 and 55 nm
unsupported PS rods have a reduced fragility compared with the
bulk and also compared with the thickest thin films (71 and 47 nm-
thick), but their fragility is the same as that of the 20 nm ultrathin
film within the error of measurements. However, in spite of the sim-
ilarities of activation energy and dynamic fragility, the Tg depression
of the 20 nm-diameter unsupported polystyrene nanorods is 8 K
larger at a cooling rate of 0.1 K/s than that of a supported 20 nm
ultrathin film.

The heat flow curves and depressed glass transition tempera-
ture of the 20 nm unsupported PS nanorods are stable with respect
to the Flash DSC thermal history, which involves multiple scans with
an isothermal hold at 180 ○C for 6 s after each heating scan. This is
presumably due to the relatively long time for interpenetration of
chains from neighboring nanorods. For example, the estimated time
for the molecules to diffuse one radius of gyration (Rg = 30 nm80)
based on the self-diffusion coefficient (0.8 × 10−15 cm2/s) at 170 ○C
for polystyrene ofMw = 1000 kg/mol is ∼2 h.20,81 In order to further
prove that the Tg depression observed is not an artifact caused by
degradation of the material, we perform a combination of compres-
sion and thermal annealing under an inert environment at 170 ○C
for 5 h in a platen press at 10, 000 psi, which results in reversion of
the rods to bulk behavior, as shown in Fig. 5. We note that simple
annealing (without compression) at 170 ○C for 5 h did not result in
reversion of the film; this was similar to our observation for stacked
thin films (which required pressure to revert to bulk),20 but differed
from single thin films, which dewet and thickened (and thereby,
reverted to the bulk) under simple thermal treatment.1

In order to test the importance of the free surface, we plot
the magnitude of the Tg depression as a function of characteristic
length scale (h∗ = V/S, where V is the volume and S is the surface
area) in Fig. 6 for our unsupported nanorods compared with data
on polystyrene ultrathin films,1,2,5,10 stacked thin films,21 nanowires
from the work of Zhu and co-workers,39 and nanospheres from
Priestley and co-workers43 and from Cangialosi and co-workers.45
The characteristic length is taken to be as follows:
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FIG. 5. Comparison of heat flow scans of 20 nm unsupported PS rods before and
after annealing/compression treatment for 5 h at 170 ○C in the platen press at
10 000 psi.

● h∗ = film thickness (h) for supported ultrathin films in direct
contact with a hard substrate (e.g., those directly spin-coated
onto silica).

● h∗ = h/2 for stacked ultrathin films or films with a soft
interface between the film and substrate.

● h∗ = d/4 for 2D nanorods and nanowires of diameter d.
● h∗ = d/6 for 3D nanospheres.

The Tg depressions observed for our nanorods agree very well
with our single thin film data and stacked thin film data when
plotted vs the characteristic length scale, with all of the data lying
between Roth and Dutcher’s limits (dashed lines)5 and near Keddie

FIG. 6. Magnitude of Tg depressions (ΔTg) at 0.1 K/s for unsupported PS nanorods
(filled black squares) and single ultrathin PS films directly spincast (open circles),
on oil (open right triangles), and on apiezon grease (open left triangles); stacked
thin films from conventional DSC21 with ΔTg obtained at 10 K/min, initially wrinkled
(open squares), with PIB interleaving (open diamonds), initially flat by spin-coating
onto Teflon from cosolvent (inverted triangles) and from toluene (open triangles).
Also shown are data from the literature: PS nanowires in aqueous dispersion
(filled blue circles) from the work of Zhu and co-workers;39 PS nanospheres in
aqueous dispersion (filled red diamonds) from Priestley and co-workers;43 and PS
nanospheres on PDMS from Cangialosi and co-workers45 (filled red left triangle).
The black dashed lines are Roth and Dutcher’s upper and lower limits,5 and the
solid black line is obtained from the work of Keddie et al.9,10

and Jones’ Eq. (1) (solid line),10 noting that we assumed h∗ = h for
both results from Keddie and Jones and from Roth and Dutcher’s
since these fits were obtained for thin films on hard substrates (i.e.,
having one mobile free surface). For our stacked thin films, on the
other hand, we have assumed h∗ = h/2 because the surfaces of
the films do not interpenetrate during the time scale of the exper-
iments due to the high molecular weight used; we used a similar
assumption for the unsupported rods (with h∗ = d/4), assuming
that although they may touch one another, their surfaces are dis-
tinct and chains are confined to an individual rod during the time
scale of the measurements. On the other hand, the ΔTgs values
of 2D polystyrene nanowires in aqueous dispersion from Zhu and
co-workers39 show a stronger Tg depression and sit just below the
lower limit of Roth and Dutcher’s compiled data set from the litera-
ture. Whether the differences between Zhu’s nanowires dispersed in
water and our nanorods having ionic liquid as a thermal conduction
medium (that latter of which gives only a 2 K difference in Tg relative
to rods without ionic liquid) are attributable to the difference in sam-
ple environment and/or method of preparation (Zhu’s nanowires
were prepared by electrospinning) or some other factor is unclear.
However, Priestley’s nanospheres in an aqueous dispersion43 also
show large Tg depressions, near or below Roth and Dutcher’s lower
limit, in good agreement with Zhu’s nanowires and consistent with
Cangiolosi’s nanospheres, where the latter were dried and character-
ized by Flash DSC on polydimethylsiloxane (PDMS).45 Hence, even
though a simple free surface to volume argument may explain the
relationship between our thin film and nanorod data, this scaling
does not fully explain the effect of nanoconfinement on Tg (as shown
by the data in Fig. 4). This result is perhaps not surprising in light
of the work showing the influence of substrate and interfaces on Tg

changes.9,12,15–17,26,27,29,31,32,35–39,42,43

Enthalpy recovery

Enthalpy recovery was studied for the 20 and 350 nm-diameter
unsupported nanorods at temperatures ranging from 4 K above to
87 K below the limiting fictive temperature at 1000 K/s. Represen-
tative data are plotted as the departure from equilibrium, Tf − Ta,
vs logarithm aging time in Fig. 7(a) for the enthalpy recovery of
20 and 350 nm-diameter nanorods, respectively; also shown are
data for bulk polystyrene and for 20 nm polystyrene ultrathin films
from previous work.2,46–49 Since the Tfo values of the four samples
shown differ, the enthalpy recovery comparison is made at similar
jump sizes (Tfo − Ta) rather than similar aging temperatures; hence,
the initial values are similar for all the samples. The time at which
Tfo − Ta starts to evolve toward zero (where Tf = Ta) has been
termed the induction time (tind), and this time scale is considered
to be a measure of the shortest effective segmental relaxation time.
Interestingly, the induction times are similar for all four samples,
with a temperature dependence of ∼20 K/decade.

After the induction period, the departure from equilibrium
(Tfo − Ta) decreases linearly with logarithm of aging time. Struc-
tural recovery is monotonic, which is in contrast to intermediate
plateaus reported by Perez-De-Eulate and Cangialosi for polystyrene
nanospheres at time scales as small as 100 s for 230 nm nanospheres
aged at 353 K (Tfo − Ta = 31 K).82 The time scale to reach
equilibrium, which is a measure of the longest effective seg-
mental relaxation time, increases logarithmically with decreasing
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FIG. 7. (a) Representative change in fictive temperature relative to Ta during enthalpy recovery vs log ta for different jump sizes from T fo for 20 nm-diameter (green triangles)
and 350 nm-diameter (red diamonds) unsupported polystyrene nanorods, as compared with previous data for 20 nm ultrathin PS film (blue squares) and bulk (orange circles)
from previous work.2,44–47 (b) Aging rate as a function of jump size (T fo − Ta).

temperature, and hence, these time scales are obtained only for
the highest aging temperatures studied. The rate of aging (R, in
K/decade) can be obtained from the slope of linear region of Tf-Ta
vs logarithm aging time:

R = −d(T f − Ta)
d log ta

. (7)

Rates are compared in Fig. 7(b) for the 20 and 350 nm unsup-
ported nanorods, the 20 nm ultrathin film and the bulk as a function
of jump sizes. Consistent with Struik’s early work,83 the aging rate
goes to zero for Ta > Tfo, increases with decreasing aging temper-
ature, and goes through a maximum some 40–60 K below Tfo. The
aging rates of the bulk and 350 nm unsupported rods are very similar

at all jump sizes, whereas those of the 20 nm unsupported rods and
20 nm ultrathin film are slightly higher than bulk for jump sizes from
20 to 60 K below Tfo. Within the error of measurement, the 20 nm
unsupported rods and 20 nm ultrathin film have similar aging rates
when compared at a given jump size (or same distance from Tg).

DISCUSSION

The time scales associated with both the cooling rate depen-
dence of Tg and the enthalpy recovery process are plotted on
a relaxation map for the unsupported 20 and 350 nm-diameter
nanorods and compared with results for 20 nm ultrathin films and
bulk polystyrene, as shown in Fig. 8, where the x-axis is taken as
temperature in Fig. 8(a) and as the temperature departure from

FIG. 8. Relaxation time map including induction times (tind; diamonds), average relaxation times (squares), and times to reach equilibrium (t∞, circles) as a function of (a) T
and (b) T fo − T are shown for 20 (solid green symbols) and 350 nm (solid red symbols) supported nanorods along with 20 nm ultrathin PS film2,46 (open blue symbols) and
bulk1,21,47,48 (open orange symbols). The black dashed line is linear fit to all the induction times. The colored solid lines (red, blue and green) are the WLF dependence of
average relaxation times obtained using the cooling rate dependence of Tg. The colored short-dashed lines are the same WLF dependence data shifted by a constant to fit
the data for the time scale required to reach equilibrium.
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the reference Tfo obtained at 1000 K/s in Fig. 8(b). The average
relaxation time (τavg) from the Tg studies is based on the rela-
tionship developed by Hodge84 using the Deborah number (DN),
which can be expressed in terms of the rate of change of effective
time scale during cooling (dτ/dt), leading to the following rela-
tionship between the average relaxation time and the cooling rate
q: τave = RT2

g /Eaq, where Ea/R is the normalized activation energy
reported in Table I. In addition, the induction time (tind) and the
time required to reach equilibrium (t∞) as a function of aging tem-
perature from the enthalpy recovery studies are plotted. The former
values are determined from data such as those shown in Fig. 7 from
the intersection of the initial plateau in Tf − Ta with the linear fit
obtained from the data up to 3 decades after the initial drop in
Tf − Ta. On the other hand, the time required to reach equilib-
rium is obtained from the Tf − Ta data close to equilibrium using
the following equation:

t∞ = τ0[ln(
T f o − Ta

T f∞ − Ta
)]

1/β
, (8)

where relaxation time τ0 and nonexponentiality parameter β are the
KWWparameters, T fo − Ta is the initial departure from equilibrium
temperature, and the time to reach equilibrium is defined as the time
taken to reach T f∞ − Ta = 0.035 K, as reported in other work.51

The average relaxation times follow the sameWLF temperature
dependence as that of Tf

′ vs log q. Hence, the 350 nm unsupported
nanorods behave very similarly to the bulk. Interestingly, the average
relaxation times of 20 nm unsupported PS rods and 20 nm ultrathin
PS film have similar temperature dependence when compared as a
function Tfo − T, in spite of the difference of 8 K in their Tg (or Tfo)
values. The similarity in the temperature dependence of the average
relaxation times of 20 nm unsupported rods and 20 nm ultrathin
film may also be the reason for similar enthalpy recovery behav-
ior irrespective of the difference in magnitude of Tg depression and
spatial dimensionality.

All of the materials have the same induction times in the glassy
state when compared as a function of Tfo − Ta. The implication is
that the shortest effective segmental relaxation times are not sig-
nificantly perturbed by nanoscale confinement. On the other hand,
the times required to reach equilibrium for the 20 nm unsupported
rods and the 20 nm thin films have a different and much weaker
temperature dependence compared with that of the bulk and the
350 nm unsupported rods. The implication is that although the time
scales to reach equilibrium are similar for high aging temperature
near Tfo, they diverge at lower temperatures, with the 20 nm rods
and thin films reaching equilibrium faster than the bulk or 350 nm
rods.

The relaxation map also tells us something about the respec-
tive breadths of the segmental relaxation times for nanoconfined
and bulk samples. The difference between the average relaxation
time and the longest relaxation at a given temperature departure
from Tfo is the same for the 20 nm-diameter rod and the 20 nm-
thick ultrathin film, in spite of the difference in their Tgs, and is
much larger than for the 350 nm-diameter rod and the bulk sample,
consistent with many previous studies that found that nanoconfine-
ment increases the distribution of relaxation times. Furthermore,
the relaxation time map explains much of the discrepancy in the
literature for the Tg depression—different results will be obtained

depending not only on the time scale of the measurement but also
on how the experimental measurement weights the relaxation times
in the system.

CONCLUSIONS

The glass transition behavior of AAO supported and unsup-
ported polystyrene nanorods was studied using the Flash DSC at
cooling rates spanning four decades. The glass transition tempera-
tures were found to be similar to the bulk for supported nanorods
in AAO and for those having a diameter of 350 nm. On the other
hand, 20 and 55 nm unsupported nanorods were found to depressed
by 20.1 ± 2.2 and 8.8 ± 0.7 K when compared to the bulk, respec-
tively, at a cooling rate of 0.1 K/s. In addition, a Tg depression of
9.4 ± 1.6 was also observed at 1000 K/s for the 20 nm-diameter
nanorod, in contrast with the 20 nm ultrathin films where no Tg
depression was observed at high rates.2 An effect of spatial dimen-
sionality on the Tg depression was observed, with the magnitude
of Tg depression for 20 nm unsupported PS rods being 8 K higher
than that of the 20 nm ultrathin PS film (at 0.1 K/s). Interest-
ingly, the Tg depressions for the nanorods and ultrathin films were
consistent when plotted as a function of the characteristic length
scale (volume/surface area) and fell within the literature data com-
piled by Roth and Dutcher.5 However, the larger depressions for
nanowires and nanospheres in the literature suggest that the effect
of spatial dimensionality is more complex than a simple volume to
surface scaling. The enthalpy recovery process of the 20 and 350 nm
unsupported nanorods was also investigated and found to be linear
and monotonic for all jump sizes. The induction times for both
20 and 350 nm unsupported nanorods were similar and also in good
agreement with the induction times of 20 nm ultrathin film and
bulk data from previous studies in our laboratory when compared
at similar distances from Tfo. The overall enthalpy recovery rate of
20 nm unsupported nanorods was found to be similar to that of
20 nm ultrathin film and faster than that of the bulk and 350 nm
nanorods. In addition, the fragilities and the relaxation maps of the
20 nm nanorods and 20 nm ultrathin films were similar in spite of
the 8 K difference in their Tg values.
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