
Soft Matter

PAPER

D
ow

nl
oa

de
d 

by
 P

ri
nc

et
on

 U
ni

ve
rs

ity
 o

n 
17

/0
5/

20
13

 1
4:

32
:2

0.
 

Pu
bl

is
he

d 
on

 1
7 

M
ay

 2
01

3 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

3S
M

50
17

1J

View Article Online
View Journal
aDepartment of Chemical and Biological Eng

NJ 08544, USA. E-mail: rpriestl@princeton.
bPrinceton Institute for the Science and Tech

Princeton, NJ 08544, USA

Cite this: DOI: 10.1039/c3sm50171j

Received 15th January 2013
Accepted 29th April 2013

DOI: 10.1039/c3sm50171j

www.rsc.org/softmatter

This journal is ª The Royal Society of
Fragility and glass transition temperature of polymer
confined under isobaric and isochoric conditions

Chuan Zhanga and Rodney D. Priestley*ab

It is nowwell established that the glass transition temperature (Tg) of polymers can deviate substantially from

the bulk with nanoscale confinement. Understanding the impact of confinement on the Tg of polymers is

important but it does not provide information about the temperature dependence of the cooperative

segmental dynamics near the Tg, a phenomenon commonly referred to as the dynamic fragility. Here, we

measure the dynamic fragility index (m) as well as the Tg of confined poly(4-methylstyrene) (P4MS) under

isobaric and isochoric conditions. We accomplish this via variable cooling rate differential scanning

calorimetry (DSC) studies on aqueous-suspended and silica-capped P4MS nanoparticles. We observe that

both the isobaric (mp) and isochoric (mv) fragilities decrease with confinement. However, Tg decreases and

remains constant with isobaric and isochoric confinement, respectively. The importance of interfaces in the

observed trends as well as comparisons to prior studies is discussed.
Introduction

The emergence of nanotechnology will necessitate the use of
polymers restricted to conned geometries at the nanoscale.
For instance, polymers processed into the thin lm geometry
(with thickness (h) < 100 nm) may be exploited for use as
templates in microelectronics,1 active layers in photovoltaic
cells,2 non-biofouling protective coatings,3 and membranes in
separation technologies.4 Polymer nanoparticles (with diameter
(d) < 500 nm) may nd use as vehicles in drug delivery,5

components in uorescent imaging,6 performance reinforcing
additives,7 and components in photonic structures.8 Inevitably,
in the conned state, the presence of interfaces will have a
profound effect in dictating the average material properties. In
the above applications, it is the physical properties of the
conned polymer (irrespective of thin lm or nanoparticle
geometry) that are of signicant importance. If the properties of
polymers change due to physical connement (i.e., decrease in
lm thickness or nanoparticle diameter) or interfacial effects,
our understanding of such effects will be essential in assessing
their potential use in nanotechnology.

Without question, the glass transition temperature (Tg) has
been the most thoroughly investigated property of conned
polymers in the past two decades.9–27 Undoubtedly, this is, in
part, due to the abrupt change in mechanical and thermal
properties at Tg and its relevance in dictating the practical use
temperature for polymers. Fundamentally, the Tg of conned
ineering, Princeton University, Princeton,

edu

nology of Materials, Princeton University,
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systems has been explored as a means for assessing the char-
acteristic length scales that dictate the glass transition and
properties of the glassy state. The Tg of polymers can deviate
substantially from the bulk with physical connement to the
nanometer length-scale.9–27 Changes in Tg with connement
have been explained to be a result of (or lack of) interfacial
interactions between the polymer and the interface.9–11,14,18,19,23

When attractive interactions between the polymer and interface
(substrate) persist, enhancements in Tg may be observed.10,18,19

On the other hand, repulsive or free–so interfaces can lead to a
reduction in Tg with connement.9,11,14,23 By tuning the interfa-
cial interactions between the substrate and conned polymer, it
is possible to systematically change the Tg.16,18 The inuence of
connement–interfaces on systematic deviations in Tg of poly-
mers has been observed in thin lms,9–14,16,18,24 nano-
particles,20,23,25,28–30 nanocomposites,15,17,19,21 and polymer
conned in nanopores.26,27 Hence, the phenomenon appears to
be general with respect to different conning geometries.

Understanding the impact of connement on the Tg of
polymers is important, but it alone fails to elucidate other
pertinent characteristics of the glass transition. For instance, it
fails to provide information about the temperature dependence
of the cooperative segmental dynamics at Tg, a phenomenon
commonly described by the dynamic fragility index. The
dynamic fragility index (m) describes how fast dynamics change
for glass-forming liquids as Tg is approached.31,32 Mathemati-
cally, m is dened as:

m ¼
�

d log s

d
�
Tg=T

��
T¼Tg

(1)

where s is the relaxation time and T is temperature. Experi-
mentally, the fragility index is normally measured under
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isobaric (constant pressure) conditions, and the resulting
fragility may be expressed as mp, the isobaric fragility. To a
limited extent, the isobaric fragility of conned polymers has
been investigated.33–36 In the case of polystyrene (PS) thin lms
supported on an Al substrate, mp has been observed to decrease
as a function of decreasing lm thickness when h < 50 nm.33 In
the absence of strong interfacial interactions either between
thin lm and substrate or polymer matrix and inorganic
nanoller, the isobaric fragility has generally been reported to
decrease with increasing the extent of connement.34–36

Recent molecular dynamics simulations have investigated
the dynamic fragility of polymer nanocomposites and thin
lms.37,38 In nanocomposites, the conning dimension is the
interparticle distance between nanoller elements. In the case
of non-attractive interactions, the dynamic fragility decreased
with increasing concentration of the nanoller.37 Such compu-
tations appear in agreement with experiments; however, there is
one signicant difference. That is, the simulations were per-
formed under isochoric (constant volume) conditions; hence,
the reported fragility represents mv, the isochoric fragility and
not mp, which is commonly measured experimentally. In a
follow up study, simulations were used to investigate the
inuence of thermodynamic path (i.e., isobaric versus isochoric
conditions) on the dynamic fragility of polymer nano-
composites.38 In summary, a qualitatively similar behavior was
observed irrespective of the thermodynamic path. However,
quantitatively, the effects of connement on the isobaric
fragility were signicantly reduced compared to the isochoric
fragility at a similar extent of connement (i.e., nanoparticle
concentration). Experimentally, analogous studies that measure
both isobaric and isochoric fragilities of conned polymer have
not been reported. In this study, we make the rst of such
measurement.

Previously, we have demonstrated the ability to measure the
isochoric fragility of conned PS.39 Isochoric connement was
achieved by capping PS nanoparticles with a rigid inorganic
shell layer. The fragility was measured via variable cooling rate
differential scanning calorimetry (DSC) (see Experimental/
Results section for more detail). It was demonstrated that with
isochoric connement the fragility index decreased sharply for
nanoparticles with d < 260 nm. Such observation is in qualita-
tive agreement with simulations performed under isochoric
conditions. In contrast to the simulation ndings for polymer
nanocomposites (under isochoric conditions), we did not
observe a systematic change of Tg in proportion with the iso-
choric fragility. However, in a recent computational study on
fragility and Tg of supported polymer thin lms, it was observed
that for the thinner lms, the ratio of Tg to m as a function of
lm thickness was not constant.40 Furthermore, as illustrated in
ref. 40, a large drop in the Tg as a function of the distance from
the center of the lm towards the free surface was not accom-
panied by a corresponding change in the fragility. Combined,
these experimental and simulation studies illustrate the need
for further investigations on the inuence of thermodynamic
path on the dynamic fragility of polymers as well as its rela-
tionship to Tg under connement. In this study, we measure
both the isobaric and isochoric fragilities, as well as the Tg, of
Soft Matter
conned poly(4-methylsytrene) (P4MS). We achieve this via DSC
studies on aqueous-suspended and silica-capped nanoparticles
of P4MS. We show that both isobaric and isochoric fragilities
decrease with connement. On the other hand, Tg decreases
and remains constant with isobaric and isochoric connement,
respectively. The importance of interfaces in the observed
trends as well as comparisons to prior studies is highlighted.
Experimental
Synthesis of P4MS nanoparticles

Bare (aqueous-suspended) P4MS nanoparticles were synthe-
sized from surfactant-free emulsion polymerization. In a
representative synthesis to generate �450 nm diameter nano-
particles, 0.037 g of ammonium persulfate ($98%, Sigma-
Aldrich) was initially added to 100 mL of deionized (DI) water in
a three-neck ask. The solution was purged with nitrogen for 20
minutes and then heated to 348 K. Subsequently, 2.5 g of
4-methylstyrene (96%, Sigma-Aldrich) was combined with 0.05 g
of acrylic acid (99%, Sigma-Aldrich), and the mixture was
injected into the ask. Prior to usage, 100mL of 4-methylstyrene
was de-inhibited and dried by stirring the as-received monomer
in 1 g of tert-butylcatechol inhibitor remover (Sigma-Aldrich)
and 1 g of CaH2 (95%, Sigma-Aldrich) for 1 hour and then
ltered. The polymerization reaction was allowed to proceed
under reux conditions for 20 h. Aer polymerization, the
resulting nanoparticle suspension was washed three times by
centrifugation and ultimately suspended in DI water. A small
portion of the aqueous-suspended sample was dried and then
annealed at 413 K for at least 12 hours to form bulk P4MS.
Nanoparticle sizes were controlled by changing the starting
concentrations of 4-methylstyrene, ammonium persulfate, and/
or acrylic acid in subsequent reactions. We note that the addi-
tion of a small amount of acrylic acid (#5 wt% with respect to
4-methylstyrene for all nanoparticle samples) as a co-monomer
provided stability to the colloidal suspension.
Silica-capping of P4MS nanoparticles

In order to coat the bare P4MS nanoparticles with a �30 nm
silica shell, a modied Stöber method was implemented.41,42

Here, a 4 mL portion of the aqueous-suspended bare P4MS
nanoparticles (c z 80 g L�1) was added dropwise into a 10 mL
solution containing poly(allylamine hydrochloride) (PAH,
Sigma-Aldrich, Mw ¼ 15 kg mol�1, c ¼ 1.2 g L�1) and NaCl
(Fisher Chemical, c ¼ 1.4 g L�1) in water. The mixture was
stirred for 1 hour and then washed twice with DI water. Next, the
nanoparticles were dispersed in 10 mL of poly(vinyl pyrroli-
done) solution in ethanol (PVP, Sigma-Aldrich, Mw ¼ 360 kg
mol�1, c ¼ 7 g L�1). The mixture was allowed to stir for 1 hour.
Aerwards, the P4MS nanoparticles were washed once with DI
water and ultimately suspended in 20 mL of fresh ethanol.
Subsequently, 0.3 mL of tetraethyl ortho-silicate (98%, Sigma-
Aldrich) and 1.6 mL of ammonium hydroxide (Sigma-Aldrich)
were added to the mixture, and the reaction was allowed to
proceed for at least 12 hours. The resulting silica-capped P4MS
nanoparticles were washed at least three times with DI water
This journal is ª The Royal Society of Chemistry 2013
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and ultimately suspended in water. Prior to further character-
ization, a portion of the silica-capped samples were dried under
the hood overnight and subsequently annealed under vacuum
at 353 K for at least 24 hours. We note that in the modied
Stöber method, the bare P4MS nanoparticle surface was covered
with a thin layer of PVP prior to silica-coating because P4MS
itself does not have a strong attraction to silica, therefore a bare
P4MS surface cannot be coated directly with silica. The
concentration of PVP used in the current study with respect to
nanoparticle concentration should result in a surface coverage
of �60 PVP polymer chains per nm2.41
Characterization

Diameters of P4MS nanoparticles were measured using images
obtained from scanning electron microscopy (SEM) (FEI XL-30).
Prior to imaging, the aqueous-suspended P4MS nanoparticles
were drop-casted onto carbon tape, allowed to dry in the hood
for 12 hours, and then coated with a 5 nm thick iridium layer.
Shell thicknesses of silica-capped P4MS nanoparticles were
determined from transmission electron microscopy (TEM)
(Philips CM100). Gel permeation chromatography (Waters 515
HPLC pump, Polymer Laboratories 30 cm PLGel Mixed-C
column, Waters 410 differential refractive index detector,
tetrahydrofuran eluent) was used to determine the weight-
average molecular weight (Mw) and polydispersity index (PDI) of
synthesized P4MS nanoparticles. Thermogravimetric analysis
(TGA) (TA Instruments Q50) was used to determine polymer and
silica compositions (i.e., wt%) of the silica-capped P4MS
nanoparticles. Thermal measurements of aqueous-suspended
Fig. 1 SEM images of bare 361 nm diameter P4MS nanoparticles (a) before and
(b) after repeated thermal cycling in DSC measurements under aqueous envi-
ronment. Scale bar represents 1 mm. TEM images of the corresponding silica-
capped P4MS nanoparticles (c) before and (d) after repeated thermal cycling in
DSC measurements. Scale bar represents 500 nm.

This journal is ª The Royal Society of Chemistry 2013
P4MS nanoparticles, dried silica-capped P4MS nanoparticles,
and bulk P4MS were conducted using differential scanning
calorimetry (DSC) (TA Instruments Q2000) at a constant heating
rate of 20 K min�1 and cooling rates ranging from 0.5 K min�1

to 40 K min�1. In subsequent thermal analysis of the silica-
capped samples, the heat capacity contribution from the silica
shell was removed from the total signal using wt% results
obtained from TGA and the heat capacity baseline of Stöber
silica nanoparticles. Similarly, for the aqueous-suspended bare
nanoparticles, the heat capacity contribution from water was
removed from the raw DSC signal. Fig. 1(a) shows a SEM image
of a representative sample consisting of 361 nm diameter as-
synthesized bare P4MS nanoparticles from surfactant-free
emulsion polymerization, whereas Fig. 1(b) shows the same
nanoparticle sample aer the heating/cooling protocol
employed in the DSC. Fig. 1(c) shows a TEM image of the cor-
responding 361 nm diameter nanoparticle sample when coated
with a�30 nm silica shell, and Fig. 1(d) shows the same sample
aer the heating/cooling protocol employed in the DSC. In both
cases, it is clear that repeated thermal cycling of aqueous-sus-
pended bare P4MS nanoparticles and dried silica-capped P4MS
nanoparticles did not destroy the nanoparticle morphology or
cause gross aggregation of the nanoparticles.
Results and discussion

When the temperature is cooled towards the Tg for a glass-
former under constant pressure, there occurs both a reduction
in the thermal energy and the specic volume of the mate-
rial.43–46 Dynamics near the glass transition are thus governed by
a combination of thermal activation and volume (i.e., conges-
tion) effects. Because of this, it is possible to dene the isobaric
fragility,mp, into two components to describe the relative effects
of temperature and volume on the change in molecular
dynamics near the glass transition in the following equation:43,45

mp ¼
 

vlog s

v
�
Tg=T

�
!

V

þ
�
vlog s
vV

�
T

 
vV

v
�
Tg=T

�
!

P

�
T ¼ Tg

�
(2)

Here, the rst term on the right-hand side of eqn (2) is simply
the denition of the isochoric fragility, mv, which describes the
intrinsic effect of temperature, T, on structural relaxation, as
volume, V, is held constant (see eqn (1)). For bulk polymeric
materials, mv has not been determined experimentally
(presumably due to difficulties in establishing true isochoric
conditions), but rather calculated using PVT data and the
appropriate equation of state47 or via cross-plotting PVT data to
construct isochoric Angell plots.48 The second term on the right-
hand side of eqn (2) describes the effect of volume on dynamics
as both T and pressure, P, are held constant. Hence, the relative
magnitudes of the two terms in eqn (2) will provide insights on
which component is more dominant in causing the change of
molecular dynamics near the glass transition. That is, if the
relaxation time, s, is independent of volume at temperatures
close to Tg, then mp ¼ mv, which suggests that there is no
volume contribution to glass transition dynamics, and thermal
activation is the decisive role in the dynamical behavior. On the
Soft Matter
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Fig. 2 DSC thermograms of representative diameters of (a) aqueous-suspended
bare P4MS nanoparticles and (b) silica-capped P4MS nanoparticles showing the heat
capacity vs. temperature at cooling rates ranging from 0.5 K min�1 to 40 K min�1.

Soft Matter Paper

D
ow

nl
oa

de
d 

by
 P

ri
nc

et
on

 U
ni

ve
rs

ity
 o

n 
17

/0
5/

20
13

 1
4:

32
:2

0.
 

Pu
bl

is
he

d 
on

 1
7 

M
ay

 2
01

3 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

3S
M

50
17

1J
View Article Online
other hand, if s is unchanged as temperature is reduced at a
constant volume, thenmv equals zero, which suggests that there
is no energetic contribution to the temperature variation of
structural relaxation, but rather volume effects is the decisive
mechanism governing the change in dynamics.

In the current work, we utilize variable cooling rate DSC to
experimentally determine both the isobaric and isochoric
fragilities (as well as the Tg) of poly(4-methylstyrene) conned in
the nanoparticle geometry. Due to the unique geometry of
capping P4MS nanoparticles with a rigid silica shell, isochoric
conditions are established, as conrmed previously.39,49 As a
result, it becomes possible to assess mv of conned polymer (or
even just bulk polymer) in a direct experimental manner. Vari-
able cooling rate DSC was rst used by Moynihan and co-
workers50 to determine the enthalpy relaxation activation energy
of glass-formers. Later, Robertson et al.51 and subsequently
Wang et al.52 showed that the dynamic fragility can be deter-
mined from the cooling rate, Q, and the ctive temperature, Tf,
by rst noticing the dependence of the cooling rate on Tf as
follows:

Q ¼ Q0 exp

��Eg

RTf

�
(3)

where Q0 is a prefactor constant, Eg is the activation energy of
the structural relaxation process, and R is the gas constant. By
comparing the cooling rate (Q) to a standard quench rate (Qstd)
and subsequently taking the logarithm, a relation between the
cooling rates and Tf (determined from Q) and a standard ctive
temperature, Tf,std (determined from Qstd) can be established:

log

�
Q

Qstd

�
¼ Eg

ln 10R

�
1

Tf;std

� 1

Tf

�
¼
�

Eg

ln 10RTf ;std

��
1� Tf;std

Tf

�
(4)

Furthermore, by observing that the prefactor term on the
right hand side of eqn (4) is simply the denition of the
dynamic fragility, m,32,53 eqn (4) can be rewritten as:

log

�
Q

Qstd

�
¼ m

�
1� Tf ;std

Tf

�
¼ m�m

Tf ;std

Tf

(5)

here, it becomes apparent that m can be extracted from both the
slope and the intercept when log(Q/Qstd) is plotted as a function
of (Tf,std/Tf). In the case where the measurements are conducted
under isobaric conditions, m ¼ mp, and under isochoric condi-
tions, m ¼ mv. We note that Qstd in the current study is 20 K
min�1 and is equivalent to the heating rate used in all cases.
Thus, when the heating rate is equal to the cooling rate, Tf,std
determined from Qstd is equivalent to the Tg,34 and for the sake of
subsequent discussion, the two terms are interchangeable. In a
recent publication, we have successfully measured mv of silica-
capped PS nanoparticles using variable cooling rate DSC,39 the
results of which we compare to that of P4MS in a later section.

Fig. 2(a) shows DSC thermograms of representative diame-
ters of aqueous-suspended P4MS nanoparticles (isobaric
condition), whereas Fig. 2(b) shows DSC thermograms of
representative diameters of dried silica-capped P4MS nano-
particles (isochoric condition). In both panels, the heat capacity
is plotted vs. temperature upon heating at 20 K min�1 at seven
Soft Matter
different cooling rates ranging from 0.5 K min�1 to 40 K min�1

for each nanoparticle size. The ctive temperature, dened as
the temperature at which the equilibrium liquid has a relaxa-
tion value of any macroscopic property the same as that of the
system in the glassy state, can be determined for each heating
curve using a geometrical argument established by Moynihan
and co-workers.50 In the Moynihan method, Tf is dened from
the following mathematical equation:ðT2

Tf

�
Cliquid � Cglass

�
dT ¼

ðT2

T1

�
C � Cglass

�
dT (6)

where T1 is a temperature well below Tg at which the measured
heat capacity, C, and the glass heat capacity, Cglass, are the same,
and T2 is a temperature well above Tg at which C is equal to the
liquid heat capacity, Cliquid. Fig. 3(a) shows a graphical represen-
tation of eqn (6) for a representative DSC trace of 437 nm diameter
bare P4MS nanoparticles cooled at 5 K min�1 (and heated at 20 K
min�1). Here, Tf is simply the temperature at which the area
shaded by forward-slashed lines (i.e., le hand side of eqn (6)) is
equal to the area shaded by backward-slashed lines (i.e., right
hand side of eqn (6)). From Fig. 3(a), it becomes apparent that as
the enthalpy relaxation peak (overshoot) at the glass transition
grows, Tf must shi towards lower temperatures to compensate
for the emergence of the additional area under the overshoot.
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3sm50171j


Fig. 3 (a) Application of Moynihan’s method to determine the fictive temper-
ature, Tf, of 437 nm diameter bare P4MS nanoparticles cooled at 5 K min�1 and
heated at 20 K min�1. Here, the fictive temperature is defined as when the
forward-slashed area is equal to the backward-slashed area. (b) Application of the
enthalpy method to determine the fictive temperature, Tf, of 437 nm diameter
bare P4MS nanoparticles from the DSC trace in (a). Here, the fictive temperature is
defined as the intersection between the extrapolated glassy and liquid lines.
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Alternatively, the ctive temperature can be determined
from the enthalpy method, i.e., the Tf is dened as the
temperature as which the extrapolated liquid line intersects the
extrapolated glassy line in an enthalpy vs. temperature plot.
Fig. 3(b) shows the enthalpy vs. temperature plot generated
from integrating the heat capacity vs. temperature curve in
Fig. 3(a). As expected, Tf taken from the intersection of the
extrapolated liquid and glassy lines in Fig. 3(b) is identical to
the Tf derived from Moynihan's method in Fig. 3(a). We note
that for the case of silica-capped nanoparticles where the iso-
choric heat capacity is measured, integration of the DSC curves
result in the internal energy. Table 1 tabulates sample values of
Tf determined from both Moynihan's method and the enthalpy/
energy method for 437 nm diameter P4MS nanoparticles under
isobaric and isochoric conditions at cooling rates of 20, 5, and
Table 1 Comparison of Tf values determined from Moynihan's method and the
enthalpy/energy method for cooling rates of 20 K min�1, 5 K min�1, and 1 K
min�1 (and constant heating rate of 20 K min�1) for 437 nm P4MS nanoparticles
under isobaric (bare aqueous-suspended) and isochoric (silica-capped) conditions

Condition Analysis method

Cooling rate (K min�1)

20 5 1

Isobaric Moynihan Tf 372.6 � 0.3 371.0 � 0.3 368.8 � 0.3
Enthalpy Tf 372.6 � 0.3 371.0 � 0.3 368.9 � 0.3

Isochoric Moynihan Tf 386.3 � 0.3 384.0 � 0.3 381.2 � 0.3
Enthalpy Tf 386.3 � 0.3 383.9 � 0.3 381.1 � 0.3

This journal is ª The Royal Society of Chemistry 2013
1 K min�1. Here, it is apparent that for each cooling rate at each
experimental condition, the Tf derived from Moynihan's
method is identical, within error, to that from the enthalpy/
energy method. For subsequent analysis, all reported ctive
temperatures are determined from Moynihan's method.

A key feature of the representative DSC thermograms shown
in Fig. 2(a) is that regardless of the cooling rate for the iso-
barically conned bare P4MS nanoparticles, the glass transition
is shied towards lower temperatures as the diameter of the
nanoparticles is reduced. This observation is qualitatively
consistent with the reduced Tg observed for both aqueous-sus-
pended PS nanoparticles23,29 and dried PS nanoparticles20,25,28

with decreasing size, as well as for P4MS thin lms54 with
decreasing thickness. In contrast, the Tg remains nearly
invariant for the isochorically conned silica-capped P4MS
nanoparticles with decreasing diameter, as shown in Fig. 2(b),
which is qualitatively consistent with previous observations for
a lack of signicant Tg deviation with connement for silica-
capped PS nanoparticles23,39,49 and capped PS thin lms.55,56

To quantitatively examine the impact of isobaric and iso-
choric connement on the glass transition temperature, Fig. 4
plots Tf,std vs. nanoparticle diameter for aqueous-suspended
bare P4MS nanoparticles (triangles) and for silica-capped P4MS
nanoparticles (squares). Here, the dotted line represents Tf,std
measured for bulk P4MS created from coalescence of bare P4MS
nanoparticle samples at an elevated temperature. It is apparent
that for bare P4MS nanoparticles, Tf,std (or Tg) decreases
signicantly and in a systematic manner as the diameter is
reduced, e.g., for 217 nm diameter P4MS nanoparticles, Tf,std �
Tf,std,bulk z �25 K. On the contrary, Tf,std hovers around
Tf,std,bulk for silica-capped P4MS nanoparticles down to
�120 nm in diameter. We note here that the Mw of all synthe-
sized P4MS samples range from 40–400 kg mol�1 with a poly-
dispersity index (PDI) of �3.

We attribute the signicant decrease in Tf,std with increasing
connement in bare P4MS nanoparticles to an enhanced
mobile layer at the polymer–water interface. For polymers
which exhibit decreases in Tg with increasing connement, i.e.,
no attractive interactions, it is well-accepted that the cause of
Fig. 4 Standard fictive temperature (Tf,std) of isobarically confined aqueous-
suspended bare P4MS nanoparticles (triangles) and isochorically confined silica-
capped P4MS nanoparticles (squares) as a function of diameter. The dotted line
indicates Tf,std measured for bulk samples formed from the coalescence of dried
nanoparticles at an elevated temperature. Error bars represent standard devia-
tions from repeated measurements.
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Fig. 5 log(Q/Qstd) vs. (Tf,std/Tf) for representative diameters of (a) aqueous-
suspended bare P4MS nanoparticles and (b) silica-capped P4MS nanoparticles.
Solid lines are linear fits to the data.
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the observed Tg reductions originate at the polymer free surface
(interface), regardless of conning geometry.9–13,23,24,55–61 That is,
at the polymer free surface (typically a polymer-air or polymer–
nitrogen interface), cooperative segmental dynamics are
enhanced, leading to a decrease in the polymer Tg upon
reaching an appropriate conning length-scale. As this length-
scale is further reduced, the polymer Tg decreases more signif-
icantly, due to a growing volume fraction of the enhanced
mobile layer. In polymer thin lms, the thickness dependence
of Tg has oen been described by two-layer models,59,62 which
assume the presence of a mobile layer at the polymer–air or
polymer–nitrogen interface with enhanced dynamics (or lower
Tg) atop a bulk layer with bulk dynamics (or bulk Tg). In a recent
publication on the Tg-connement effect in PS nanoparticles,
we have obtained a similar size-dependent Tg for PS nano-
particles measured in an aqueous dispersion and for dried PS
nanoparticles measured in a nitrogen environment.25 Thus, the
polymer–water interface can be equated to a polymer–nitrogen
interface in that both cause nearly identical Tg reductions in
polymer nanoparticles.

If the presence of an enhanced mobile layer at the polymer–
water interface is indeed the cause of the observed reductions in
Tf,std for bare P4MS nanoparticles, then removal of the free
surface should eliminate any observed deviations in Tf,std with
connement. In the case where P4MS nanoparticles are capped
with a silica–shell, the polymer–water interface is effectively
eliminated since the polymer comes into contact with a rigid
surface. As a result, systematic deviations in Tf,std (from bulk
Tf,std) with decreasing diameter are not observed (as shown in
Fig. 4), which provides evidence for the importance of the
polymer–water interface in causing a reduction in Tf,std for the
bare nanoparticles. Furthermore, by capping the bare P4MS
nanoparticles with a rigid silica shell, we have placed the
particles under isochoric conditions. However, the recovery of
bulk Tf,std for silica-capped P4MS nanoparticles should still be
explained in terms of the removal of an enhanced mobile layer
at the polymer–water interface (which led to an establishment
of isochoric conditions). We note a striking similarity in the
thin lm literature where the thickness dependence of Tg for
supported PS thin lms was eliminated by coating the lms
with a 5 nm gold layer on top of the free surface.55

Another important observation in the DSC thermograms in
Fig. 2 is that in both isobaric and isochoric cases, as the cooling
rate decreases for each nanoparticle size, the relaxation peak,
i.e., the overshoot, becomes larger upon heating at a constant
rate of 20 K min�1. A growth in the relaxation peak corresponds
to a decrease in the ctive temperature due to the excess area.
Furthermore, in both cases, as the nanoparticle diameter is
decreased, the area under the relaxation peak increases more
rapidly with decreasing cooling rate. This is due to a signicant
broadening of the DSC traces at slow cooling rates for smaller
diameters, which we argue is a manifestation of interfacial
effects, i.e., polymer–water interface or polymer–silica interface.
To extract the values of isobaric and isochoric fragilities for bare
P4MS nanoparticles and silica-capped P4MS nanoparticles,
respectively, ctive temperatures are rst determined for each
diameter at each cooling rate. Subsequently, log(Q/Qstd) is
Soft Matter
plotted with respect to (Tf,std/Tf), as shown in Fig. 5 for four
representative diameters for each connement condition.
According to eqn (5), both the slope and the intercept of the
linear ts of the plots in Fig. 5 correspond to the dynamic
fragility index, i.e., mp or mv. Under both isobaric (Fig. 5(a)) and
isochoric (Fig. 5(b)) conditions, the magnitude of the slope of
log(Q/Qstd) vs. (Tf,std/Tf) is observed to decrease as nanoparticle
diameter is reduced, indicating that P4MS is becoming
stronger, i.e., reduced mp or mv, under nanoscale connement.

To quantitatively examine the impact of isobaric and iso-
choric connement on the dynamic fragility of P4MS,mp andmv

are plotted with respect to nanoparticle diameter for bare and
silica-capped nanoparticles, respectively, in Fig. 6. Here, the
solid line is the mp value measured for bulk P4MS created
through coalescence of bare nanoparticle samples at an
elevated temperature. The dotted line is the averagemv value for
nanoparticle diameters greater than 420 nm, which we assume
to represent the bulk. Hence, mp,bulk ¼ 129, which is in good
agreement with value from the literature,63 and mv,bulk ¼ 100. A
key observation in Fig. 6 is that mp > mv holds true for each
P4MS nanoparticle sample of similar sizes and for the bulk, as
one would expect from eqn (2), i.e., the maximum value mv can
take is the value of mp. In a previous study, Casalini and Roland
examinedmp andmv data for a range of glass-formers, including
molecular liquids, polymers, and hydrogen bonded materials,
and subsequently established the following empirical
relationship:44

mp ¼ (37 � 3) + (0.84 � 0.05)mv (7)
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Dynamic fragility index as a function of P4MS diameter for isobarically
confined bare nanoparticles (triangles) and for the isochorically confined silica-
capped nanoparticles (squares). Solid line is the measured mp of bulk P4MS and
dotted line is the averagemv of nanoparticle sizes exhibiting bulk behavior, i.e., for
diameters greater than 420 nm. Error bars represent standard deviations from
repeated measurements.

Fig. 7 (a) mp vs. Tf,std for aqueous-suspended bare P4MS nanoparticles showing
a positive correlation between the twomeasured quantities. (b)mv vs. Tf,std for the
silica-capped P4MS nanoparticles showing a lack of correlation between the two
measured quantities. Error bars represent standard deviations from repeated
measurements.
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Applying the experimentally determined mp,bulk and mv,bulk

values from this study show good agreement with eqn (7).
Furthermore, comparisons of mp and mv values for nano-
particles of similar diameters suggest that eqn (7) is also valid
for conned glasses. The ability to experimentally obtain mp

and mv values which satisfy eqn (7) provides additional conr-
mation that silica-capped P4MS nanoparticles are indeed under
isochoric conditions.

From Fig. 6, it is clear that under isobaric and isochoric
connement, P4MS is becoming stronger, i.e., both mp and mv

decrease signicantly starting at a diameter of �420 nm,
which we presume to be due to interfacial effects, i.e., poly-
mer–water interface or polymer–silica interface, perturbing
glass transition dynamics. For example, under isobaric
connement, mp ¼ 105 for a 217 nm diameter sample, and
under isochoric connement, mv ¼ 79 for a 189 nm diameter
sample. We note that while both mp and mv decrease, the
observed dynamic fragility indices for conned P4MS are still
classied as “fragile” behaviors. That is, a “strong” glass-
forming material (e.g., SiO2) which displays nearly Arrhenius
behavior in its temperature dependence of structural relaxa-
tion has an isobaric fragility index of 20.31 In addition, we
observe that the rate of decrease in fragility with nanoparticle
diameter appears to be the same, regardless of connement
conditions. In other words, the relative effects of thermal
activation and volume contribution on the change in dynam-
ical behavior near the glass transition, which can be assessed
via the ratio mv/mp, remain almost invariant for P4MS under
nanoscale connement. For bulk P4MS, mv,bulk/mp,bulk ¼ 0.78,
which implies that 78% of the change in molecular dynamics
in the supercooled liquid near the glass transition can be
attributed to thermal effects, and for �200 nm diameter P4MS
nanoparticles, mv/mp ¼ 0.75, which is within experimental
error of the ratio in the bulk. Casalini and Roland have tabu-
latedmv/mp values ranging between�0.4 and 0.85 for different
glass-formers.64 The relatively large ratio of mv/mp for P4MS
(bulk and conned) determined in the current study suggests a
substantial contribution of thermal effects on the temperature
dependence of structural relaxation near Tg.
This journal is ª The Royal Society of Chemistry 2013
In the isobaric case, the decrease in mp with connement is
accompanied (in a sense caused) by a decrease in Tf,std (¼ Tg)
and is in qualitative agreement with a previous study by Fukao
and Miyamoto.33 In that study, reductions in both mp and Tg of
supported PS thin lms were observed with decreasing thick-
ness, presumably caused by an enhanced mobile layer at the
polymer interface. Fig. 7(a) plots mp vs. Tf,std for the isobarically
conned bare P4MS nanoparticles. Here, a clear positive
correlation between mp and Tf,std is observed, conforming with
the general notion thatm and Tg should be positively correlated
in bulk glass-formers.32

Interestingly, in the case of isochoric connement, a reduc-
tion in mv with decreasing diameter is not accompanied by a
decrease in Tg, as exemplied in Fig. 7(b) which shows a lack of
correlation between mv and Tf,std. The fact that Tg does not
systematically deviate for silica-capped P4MS nanoparticles
suggests that as mv decreases (i.e., as the glass former becomes
stronger) with connement, cooperative segmental dynamics in
the super-cooled liquid are becoming slower. A possible expla-
nation of the origin of slow dynamics in silica-capped P4MS
nanoparticles is the existence of a reduced mobility layer at the
polymer–silica interface. This reduced mobility layer is then
directly responsible for the broadening of the glass transition
(and subsequently the broadening of the relaxation peak) at the
slowest cooling rates for small diameters, as observed in
Fig. 2(b). That is, as the nanoparticle diameter decreases, the
surface area to volume ratio (¼ 6/d) increases signicantly.
Thus, the effect of the reduced mobility layer becomes more
Soft Matter
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signicant in smaller-sized nanoparticles, which in turn
strongly perturbs molecular dynamics near the glass transition.
We note a similar broadening in the DSC traces has been
observed for silica-capped PS nanoparticles at the slowest
cooling rates for small diameters.39 Additionally, an immobile
layer at the polymer–substrate interface has been observed
experimentally in the thin lm geometry.22,65 The fact that Tf,std
remains invariant, while mv decreases signicantly with size for
the silica-capped P4MS nanoparticles suggests a non-trivial
relationship between dynamics, i.e., fragility, and thermody-
namics, i.e., the calorimetric glass transition, in conned
systems,66,67 as highlighted in a recent computational study that
showed for thin lms the ratio of Tg to m as a function of lm
thickness did not remain constant.40

Recently, we explored the effect of isochoric connement on
mv of silica-capped PS nanoparticles.39 Here, we compare those
results, as well as results of Tgs of aqueous-suspended PS nano-
particles,23 to that of the current work on P4MS in order to
examine the effect of chemical structure on the observed Tg- and
fragility-connement effects. Fig. 8(a) compares the observed
Tg-connement effect in aqueous-suspended bare P4MS nano-
particles to that of aqueous-suspended bare PS nanoparticles.
The inset shows the chemical structures of the repeat units in
P4MS and PS. The main difference between the two is that in
P4MS, there exists one methyl group on the 4-position of the
phenyl ring. Here, the absolute Tg of bulk P4MS is �10 K higher
Fig. 8 (a) Comparison of Tg � Tg,bulk vs. diameter between aqueous-suspended
bare P4MS nanoparticles (triangles) and aqueous-suspended bare PS nano-
particles (circles). Data for bare PS nanoparticles are reproduced from ref. 23. (b)
Comparison of mv � mv,bulk vs. diameter between silica-capped P4MS nano-
particles (squares) and silica-capped PS nanoparticles (circles). Dotted line repre-
sents no deviation from the bulk, i.e., whenmv ¼ mv,bulk. Solid lines are guides for
the eye. Data for silica-capped PS are reproduced from ref. 39. Error bars represent
standard deviations from repeated measurements.

Soft Matter
than bulk PS, due to the fact that the alkyl substituent on the
phenyl ring increases bulkiness of the repeat unit, therefore
reducing segmental mobility and causing an increase in Tg.63

When Tg � Tg,bulk is plotted vs. nanoparticle diameter as shown
in Fig. 8(a), no signicant difference exists between the observed
Tg-connement effect in bare P4MS (triangles) and PS (circles)
nanoparticles suspended in aqueous environments. That is, the
Tg of P4MS deviates in the same manner as the Tg-reduction
observed for PS with decreasing nanoparticle diameter, e.g., when
d z 200 nm, Tg � Tg,bulk ¼ �26 K and �24 K, respectively.

In the supported thin lm geometry, Ellison et al.54 observed
a subtle difference between the Tg-connement effect in P4MS
and PS when h < 70 nm, in that the Tg of P4MS deviates at a
much faster rate with thickness than the Tg of PS, e.g., when h¼
24 nm, Tg � Tg,bulk ¼ �21 K and �14 K, respectively. The
difference was explained in terms of chain rigidity, rather than
polymer density, in affecting the Tg-connement effect in a
polymer with different repeat units. The fact that poly(4-tert-
butylstyrene)54 and polycarbonate68 with greater chain rigidity
exhibit a much greater Tg-connement effect than P4MS or PS at
the same lm thickness supports the previous notion. Lastly, we
note that in agreement with the results presented in Fig. 8(a),
Ellison et al. did not observe a signicant difference in the onset
thickness (h z 70 nm) at which the Tg began to deviate from
bulk Tg for P4MS and PS.

Fig. 8(b) plotsmv�mv,bulk vs. diameter for silica-capped P4MS
(squares) and PS (triangles) nanoparticles. In contrast to the Tg-
connement effect shown in Fig. 8(a) for P4MS and PS, the effect
of size onmv is largely dependent on the chemical structure of the
backbone. That is, for silica-capped P4MS nanoparticles, the
decrease in mv with connement starts at a much larger length-
scale (d z 420 nm) than for silica-capped PS nanoparticles (d z
260 nm). However, mv decreases at a slower rate with respect to
diameter for silica-capped P4MS than for silica-capped PS. For
both PS and P4MS, we note that Tg is independent of diameter
under isochoric connement due to removal of the mobile
interface. The earlier onset diameter of size effects on mv for
P4MS is likely to be related to the addition of themethyl group on
the phenyl ring. The smaller rate of change of mv with conne-
ment for P4MS as compared to PS is due to the weaker effect of
the polymer–silica interface in reducing interfacial chain
dynamics. In future work, we will further investigate the impact
of chemical structure and interfacial interactions on the iso-
choric fragility of conned polymers.
Conclusions

We have successfully measured the dynamic fragility and Tg of
P4MS conned under both isobaric and isochoric conditions.
Utilizing a unique conning geometry, i.e., silica-capped P4MS
nanoparticles, thermal measurements of polymer conned
under isochoric conditions were conducted in a manner not
feasible for the thin lm geometry. By measuring the ctive
temperature as a function of cooling rate in differential scan-
ning calorimetry, we showed that both the isobaric and iso-
choric fragilities decreased in the same manner for bare and
silica-capped P4MS nanoparticles, respectively. However, Tg
This journal is ª The Royal Society of Chemistry 2013
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decreases and remains constant with isobaric and isochoric
connement, respectively. We explained the observed experi-
mental results based on interfacial effects perturbing glass-
forming dynamics. Furthermore, we compared the observed
Tg-connement effect in bare P4MS nanoparticles and the
observed mv-connement effect in silica-capped P4MS nano-
particles to our previous studies on bare and silica-capped PS
nanoparticles. We observed no signicant deviation in the
Tg-connement effect for bare PS and P4MS nanoparticles at the
length-scales explored here, in contrast to what has been
observed in the thin lm geometry. However, P4MS exhibited a
decrease in mv at a larger length-scale, but at a slower rate, as
compared to PS. Further studies on the impact of chemical
structure and interfacial interactions on the Tg- and fragility-
connement effects are currently underway.
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