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ABSTRACT: The effect of nanoscale confinement on the dynamics of a series of poly(n-octadecyl
methacrylate)-b-poly(tert-butyl acrylate)-b-poly(n-octadecyl methacrylate) (pODMA-b-ptBA-b-pODMA)
triblock copolymers, synthesized through atom transfer radical polymerization, has been investigated with
dielectric spectroscopy as a function of temperature and pressure. The main effects of confinement were
found in the triblocks with the more antisymmetric compositions when the radius of gyration of the confined
block was comparable to the cylinder radius. It was found that the dynamics of the amorphous block
accelerate upon confinement. Furthermore, confinement of the crystallizable block within cylindrical
nanodomains results in the depression of the crystallization temperature.

I. Introduction

The behavior of polymers under confinement can be different
from that of the bulk, especially when the molecules are confined
to dimensions comparable to their size. For example, there are
several reports for an enhanced segmental mobility in thin
polymer films as a function of the film thickness,1-3 in nano-
composites including polymer/layered silicates,4,5 in suspended
nanospheres6 and under hard confinement (in nanoporous
alumina).7

Block copolymers offer many possibilities for studying the
effect of confinement on the dynamics. Block copolymers can be
synthesized with a precise control of the interfacial curvature and
nanodomain size by varying, respectively, the composition and
block lengths.8 Furthermore, utilizing block copolymers com-
prising both amorphous and crystallizable blocks allows us to
investigate the effect of confinement on the segmental dynamics
as well as on the crystallization process. In addition, recent
progress mainly with dielectric spectroscopy (DS) techniques
made possible the investigation of the dynamics of glass-forming
liquids,9 amorphous polymers,10 and liquid crystals11,12 as well as
of the phase transitions under pressure.11,13,14 However, to our
knowledge, there exists only one investigation15 of the influence
of pressure on the dynamics of phase-separated block copoly-
mers. In block copolymers of poly(methyl vinyl ether) with
poly(isobutyl vinyl ether), increasing pressure was found to have
a much stronger effect than decreasing temperature because of
the dynamic asymmetry of the two homopolymers forming the
blocks.15

Recently, we reported16 on the phase behavior of triblock
copolymers poly(n-octadecyl methacrylate)-b-poly(tert-butyl ac-
rylate)-b-poly(n-octadecyl methacrylate) (pODMA-b-ptBA-b-
pODMA) in bulk and on surfaces using small-angle X-ray
scattering (SAXS) and atomic force microscopy (AFM), respec-
tively. ptBA is an amorphous polymer with a glass temperature

(Tg) of 316 K, whereas pODMA undergoes side-chain crystal-
lization below ∼285 K (with a melting temperature (Tm) of
300 K). X-ray measurements within the disordered state identi-
fied the interaction parameter and its (strong) temperature
dependence (χ = 0.12 þ 38/T). On the basis of the χ(T), it was
shown that the majority of the copolymers are in the strong
segregation limit (SSL), as demonstrated by the values of the
product of the interaction parameter with the total degree of
polymerization χN ≈ 100. The phase diagram consists of a
majority lamellar phase, with smaller regions of hexagonally
packed cylindrical and cubic phases.16 This system is ideal for
studying the effect of confinement on the dynamics because it is
composed of both amorphous and crystallizable blocks. Depend-
ing on composition, either the amorphous or the crystallizable
block can be confined within cylindrical or spherical nano-
domains. In addition, it is not known how pressure affects the
thermodynamic and dynamic properties of the two blocks.

Herein we employ the same series of pODMA-b-ptBA-
b-pODMA triblock copolymers and investigate the effect of con-
finement on the dynamics as well as on the thermodynamics of
the two blocks forming the nanophases. We start the investiga-
tion by considering the homopolymers. By using pressure as an
additional thermodynamic parameter, we first identify the main
control parameter associated with the liquid-to-glass transition.
Subsequently, we employ four triblock copolymers denoted as
S14, S52, S81, and S94, with respective pODMA volume frac-
tions of 0.14, 0.52, 0.81, and 0.94. The nanophase structure in S14
consists of pODMA hexagonally packed cylinders confined by
the glassy ptBA matrix; S52 has a lamellar nanophase; in S81
(S94), glassy cylinders (spheres) of ptBA are confined by crystal-
lizable pODMA forming the matrix. As with the homopolymers,
we employ pressure in addition to temperature and investigate the
glass and crystallization temperatures at elevated pressures by
employing temperature- and pressure-dependent DS. We find
that confinement affects both the dynamics of the confined
amorphous block and the thermodynamic properties of the
crystallizable block.*Corresponding author. E-mail: gfloudas@cc.uoi.gr.
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II. Experimental Section

Materials and Characterizations.The synthesis of the triblock
copolymers series through atom transfer radical polymerization
(ATRP) has been previously described.17-19 The molecular
characteristics of the copolymers used herein are tabulated
in Table 1.

Differential Scanning Calorimetry (DSC). A Mettler Toledo
Star DSC capable of programmed cyclic temperature runs over
the range of 113-673 Kwas used. The samples were first heated
at a rate of 10 K 3min-1 from ambient temperature to 473K and
then cooled to 200Kwith the same rate. In all samples, pODMA
underwent side-chain crystallization upon cooling at a crystal-
lization temperature (Tc) of ∼285 K.13 The apparent melt-
ing temperature (Tm) was at ∼305 K, that is, below the glass
temperature of ptBA (Tg

ptBA=316 K).
Rheology.Anadvanced rheometric expansion system (ARES)

equipped with a force-rebalanced transducer was used in the
oscillatory mode for the ptBA homopolymer. Depending on
the temperature range, two transducers were used with 2000
(2 g 3 cm) and 200 (0.2 g 3 cm) upper and lower sensitivity,
respectively. The ptBA sample was prepared on the lower plate
of the 10 mm diameter parallel plate geometry setup and heated
under a nitrogen atmosphere until it could flow. Subsequently,
the upper plate was brought into contact, the gap thickness
was adjusted to 1 mm, and the sample was slowly cooled to
the desired starting temperature. For the lower temperatures
investigated (near the glass temperature) plates with 6 mm
diameter were employed, and the strain amplitude was typically
0.05%. The storage (G0) and loss (G0 0) shear moduli were
monitored in different types of experiments. First, the linear
and nonlinear viscoelastic ranges were identified by recording
the strain amplitude dependence of the complex shear modulus
|G*| at selected temperatures. In the subsequent experiments,
strain amplitudes within the linear viscoelastic range were
used. These experiments involved isothermal frequency scans
for temperatures in the range of 319-403 K and for frequencies
10-2 < ω < 102 rad/s.

Pressure-Volume-Temperature (PVT). PVT measurements
were carried out in the ptBAhomopolymer (Mw=82000 g/mol)
with a Gnomix dilatometer using the confining fluid technique
(A. Best, MPI-P). The sample was immersed in mercury, and
the combined volume changes were measured. We determined
the volume changes in the sample by subtracting the known
volume change of mercury. Measurements were made under
“isothermal” conditions for pressures in the range from 0.1 to
200 MPa and for temperatures in the range from 295 to 460 K.

Dielectric Spectroscopy. Dielectric measurements were made
under “isobaric” conditions as a function of temperature
and under “isothermal” conditions as a function of pressure.
All measurements were performed using a Novocontrol BDS
system composed of a Solartron Schlumberger FRA 1260
frequency response analyzer and a broadband dielectric con-
verter for the range of 10-2 to 106 Hz. The temperature for the
atmospheric pressure measurements was stabilized by a Novo-
control Quatro cryosystem with N2 flow and a precision of
0.05 K. The “isobaric” measurements were performed at dif-
ferent temperatures in the range of 123-390 K at atmo-
spheric pressure. The “isothermal” measurements were made

for temperatures in the range from 298 to 363K and for pressure
up to 300 MPa. The measurements under hydrostatic pressure
were carried out in a Novocontrol pressure cell.20 The pressure
setup consists of a temperature-controlled cell, hydraulic closing
press with air pump, and air pump for hydrostatic test pressure.
The sample cell is isolated with a Teflon ring from the surround-
ing silicone oil that is the pressure-transmitting liquid. The
“isothermal” frequency sweeps were made with a tempera-
ture stability better than (0.1 K and a pressure stability better
than (2 MPa.

In every case, the complex dielectric permittivity, ε* = ε0-
iε0 0, where ε0 is the real and ε00 is the imaginary part, was obtained
as a function of angular frequency, ω, temperature, T, and
pressure, P; that is, ε*(T,P,ω).10 The analysis of both T- and
P-dependent experiments was made using the empirical equa-
tion of Havriliak and Negami (HN)21

ε�ðT ,P,ωÞ ¼ ε¥ðT ,PÞþ ΔεðT ,PÞ
½1þðiωτHNðT ,PÞÞm�n þ

σ0ðT ,PÞ
iεfω

ð1Þ
where ε¥(T,P) is the high-frequency permittivity, τHN(T,P) is
the characteristic relaxation time in this equation, Δε(T,P)=
εo(T,P) - ε¥(T,P) is the relaxation strength, m, n (with limits 0
< m, mn e1) describe, respectively, the symmetrical and
asymmetrical broadening of the distribution of relaxation times,
σ0 is the dc conductivity, and εf is the permittivity of free space.
From τHN, the relaxation time at maximum loss, τmax, is
obtained analytically following

sin
πm

2þ 2n

� �" #1=m

τmax ¼ τHN sin
πmn

2þ 2n

� �" #1=m

ð2Þ

The electric modulus, M*(ω), is related with the dielectric
function ε*(ω) through

M�ðωÞ ¼ 1

ε�ðωÞ ¼ Μ0 þ iΜ00 ð3Þ

whereM0 andM0 0 are the real and imaginary parts of the electric
modulus, respectively. The electric modulus representation,
rather than the dielectric function, has been proposed not only
for systems containing a substantial concentration of mobile
carriers but also for any dielectrically active process. This
representation can also be used to extract the ionic mobility
from the crossing of the real and the imaginary part. The
relaxation times from the maximum of ε0 0 and M0 0 are related
through τM0 0 = τε0 0(1þΔε/ε¥)

-1/m, in the case of a symmetric
distribution; that is, n = 1.22,23 Hence, it is only for weak
processes that the two times coincide. At high temperatures,
the derivative of ε0 (dε0/d ln ω ≈ -(2/π)ε0 0) has been used to
avoid the conductivity contribution.24

III. Results and Discussion

Thermodynamic Properties. The side-chain crystallization
of pODMA has been previously explored as a function of

Table 1. Molecular Characteristics of the pODMA-b-ptBA-b-pODMA Triblock Copolymers and the Homopolymers

sample
Mn (total)
(g/mol)a

Mn (pODMA)
(g/mol)a

Mn (ptBA)
(g/mol)a

wt (%)
(pODMA) fpODMA

b Mw/Mn

ptBA 82 800 82 800 1.10
S14 94 900 11 400 83 500 0.12 0.14 1.18
S52 105 200 50 500 54 700 0.48 0.52 1.17
S81 108 800 84 900 23 950 0.78 0.81 1.15
S94 124 200 115 500 8700 0.93 0.94 1.35
pODMA 143 000 143 000 1.00 1.00 2.40

aNMR. b FpODMA = 0.858 g/cm3; FptBA = 1 g/cm3.
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temperature and pressure.13 In addition, the kinetics of side-
chain crystallization were found to deviate from the normal
Avrami kinetics13 (i.e., fractional exponents were found).
The thermal investigation (DSC) explored the side-chain
crystallization of the semicrystalline (pODMA) as well as
the liquid-to-glass transition of the amorphous block
(ptBA), in the copolymers. The pODMA melting tempera-
ture in the copolymers (Tm

pODMA) does not vary consider-
ably for the investigated compositions, being in the range
304 ( 3 K, suggesting a constant crystal thickness. The
melting temperature at peak heat flow is plotted in Figure 1
together with the corresponding heats of fusion (ΔH) as a
function of copolymer composition. The dependence of
ΔH on composition is nonlinear, and the composition
dependence can be fitted with an empirical polynomial
function: ΔH=37f þ 26f2 (J/g), where f is the pODMA
volume fraction in the triblocks. The nonlinear dependence
suggests some effects of the interfaces on the ability of alkyl
chains in pODMA to crystallize. The glass temperature of
the amorphous block (ptBA), observed as a step in the heat
capacity (inset in Figure 1) at∼316K, can clearly be resolved
in the triblock where ptBA is the majority component (S14).
Additional DSC curves are included in Figure S1 of the
Supporting Information. In triblocks with >14% in pOD-
MA, the endothermic peak overlaps with theTg

ptBA, making
the deconvolution a difficult task (although it is possible to
decouple the two effects by temperature-modulated DSC).
Despite this, the Tg

ptBA from S14 is included in Figure 1 as a
straight line atT=316K, for comparison. The analysis of the
DS data (below), can provide the glass temperature of ptBA
in the copolymers unambiguously. As we will see below, the
ptBA glass temperature is practically identical to the homo-
polymer value for all copolymers except the one rich in
pODMA (S81). In this case, a lower Tg value was found
and is subsequently discussed.

The positioning of the investigated samples in the mean-
field phase diagram is shown in Figure 2. The phase diagram
is dominated by the lamellar phase, with smaller regions
of hexagonally packed cylindrical and cubic phases. All co-
polymers are within the SSL (χN ≈ 100). This ensures the
absence of segmental mixing within the temperature range
investigated by DS. The vertical bars indicate the χN range
investigated by varying the temperature in the DS measure-
ments. Of particular interest for the present investigation are
the copolymers S14 and S81, with nearly antisymmetric
composition; in the former, the crystallizable block is con-
fined within the cylindrical domains, whereas in the latter,
it is the amorphous blocks that are confined.

Homopolymer Dynamics. The components of the electric
modulus (M0 and M00) measured within the temperature
range 317 e T e 360 K and of the shear modulus (G0 and
G00)measuredwithin the temperature range 319eTe 403K,
are compared in Figure 3 at the same (reference) temperature
(Tr = 329 K). In the Figure, the frequency axes have been
multiplied by appropriate shift factors (aT) at each tempera-
ture so as to bring the loss modulus maxima for the seg-
mental (R) process in coincidence with the loss maximum of
Tr. The vertical axes in the electric modulus representation
have also been shifted by corresponding factors bT and cT.
The horizontal shift factors can be described by the well-
known Williams-Landel-Ferry (WLF) equation: log aT=
-c1

r(T- Tr)/(c2
rþ (T- Tr)), where c1

r and c2
r are theWLF

parameters at the reference temperature. The values of the
above parameters at the glass temperature, Tg, can be
recalculated as: c1

g = c1
rc2

r/(c2
r þ Tg - Tr) (=12.7) and

c2
g= c2

rþ (Tg- Tr) (= 41K). Twomain processes are seen
on the master curve of the electric modulus: the segmental
process and the ion mobility process at higher and lower
frequencies, respectively. In the shearmoduli representation,
the segmental and chain (terminal) processes contribute at
high and lower frequencies, respectively. As expected for a
terminal flow, the low frequency slopes in the double loga-
rithmic plot of G0 and G00 are 2 and 1, respectively; (tTs)
works approximately only around the segmental (R) process
maximum. At higher and lower frequencies, the superposi-
tion fails because of the presence of a “fast” β-process and of
a “slower” component associated with the ion mobility with
distinctly different T-dependencies. In addition, as we will
discuss below, the segmental process splits into two processes
at higher temperatures (called R and R0), and this is the main
reason for the failure of tTs around the segmental peak at

Figure 1. Dependence of the apparent melting temperature, Tm, of the
pODMA block (top) and heat of fusion, ΔH, (bottom) on copolymer
composition. The melting temperature remains practically unchanged,
whereas the observed heat of fusion follows a nonlinear dependence
because of the block copolymer nature of the system. In the inset, the
DSC trace of the copolymer S14 (rate 10 K 3min-1) during the second
heating run is shown. The melting of pODMA corresponds to
the endothermic peak, whereas the glass temperature of ptBA can be
observed in S14 as a step in heat capacity.

Figure 2. Phase state diagram based on the results from the structural
investigation. The dashed lines give the approximate positions of phase
boundaries. The vertical bars correspond to the temperature range of
the DS investigation (123-370 K) for the different block copolymer
compositions employed in the present study, resulting in the different
χN values shown. The curved solid line that separates the ordered from
the disordered regions is the prediction from the mean-field theory.



2456 Macromolecules, Vol. 43, No. 5, 2010 Gitsas et al.

higher temperatures. The superposition of viscoelastic prop-
erties works satisfactory as a result of the smaller frequency
range accessible by rheology.

The dielectric loss curves were fitted to the HN equation,
and at each temperature and pressure, four parameters were
extracted (TΔε,m, n, and τ) associated, respectively, with the
dielectric strength, the shape of the process, and the char-
acteristic relaxation time. For the R process, the products of
temperature with the dielectric strength, Δε, TΔε are 670 (
70 and 900( 40K, and the shape parameters arem=0.85(
0.01, n=0.23( 0.03 andm=0.73( 0.01, n=0.44( 0.01 at
temperatures higher and lower than the splitting temperature,
respectively. The fasterR0 process is much weaker withTΔε=
100(10 K, m=0.75 ( 0.10, and n =1. The process asso-
ciated with the ionic mobility has TΔε = 370 ( 80 K, m=
0.97 ( 0.01, and n = 1; that is, it is nearly a Debye process.

In Figure 4, the dielectric and rheology relaxation times
for the different processes are plotted against inverse tem-
perature in the usual Arrhenius representation and fitted
with the Vogel-Fulcher-Tammann (VFT) equation

τmax ¼ τ0 exp
DTT0

T -T0
ð4Þ

where T0 is the ideal glass temperature, τ0 is the relaxation
time in the very high-temperature limit, andDT a dimension-
less parameter. Notice that R0 merges with the R process by
decreasing temperature and that the ion mobility process in
DS is coupled to the polymer terminal relaxation. The latter,
however, is not always the case, because the process of ionic
conductivity also depends on the ion concentration in addi-
tion to the ion mobility. Table 2 provides the VFT para-
meters of all processes. For lower temperatures, the
relaxation times corresponding to the β process are plotted,

as obtained from DS. This process shows an Arrhenius
temperature dependence

τmax ¼ τ0 exp
E

RT

� �
ð5Þ

where τ0 ≈ 10-14 s and E is the apparent activation energy
(32.2 ( 0.4 kJ/mol) and correspond to a localized dipolar
relaxation at temperatures below the R process.

Pressure provides additional information on the dynamic
processes from the τ(P) dependence that associate with an
additional thermodynamic parameter, namely, the apparent
activation volume,10 ΔV#, reflecting the sensitivity of the
dynamics to pressure. The dielectric loss curves of ptBA as a
function of frequency under “isobaric” and “isothermal” con-
ditions at P = 0.1 MPa and at T = 363 K, respectively, are
shown in Figure 5. The curves are obtained from the deriva-
tives of the ε0 and display the dualR andR0 processes at higher
frequencies and a peak at lower frequencies associated with
the ion mobility. Figure S2 of the Supporting Information
provides a representative fit using a single and a double HN
function that justifies the need for the additional faster process.
Notice that the R0 process separates from the main R process
only at low pressures and high temperatures. In all other cases,
it is coupled to the R process and gives rise to a single glass
temperature. The R0 process is a local relaxation that can be
attributed to the deprotection of few t-Bu groups in ptBA.25

We mention here that recent NMR studies on the structural
relaxation of poly(n-alkylmethacrylates) revealed extended
chain segments comprising 5-10 repeat units.26 The randomi-
zation/isotropization of these segments gives rise to a dynamic
process that is longer than the fast axial reorientation asso-
ciated with the dielectric R process. The peak at lower frequen-
cies reflects the process of ionic conductivity. The latter was
found to depend on the (T, P) history, as discussed earlier.23,27

The corresponding “isothermal” relaxation times of
the three processes, recorded with increasing pressure, are

Figure 3. Comparison of the superimposed electric modulus, M* (T
range: 317-350K) (top: open symbols,M0 0; filled symbols:M0), and of
the mechanical shear modulus G* (bottom: 9, G0; b, G0 0), at the same
reference temperature (Tr = 328 K) (T range 319-403 K) for ptBA
plotted as a function of reduced frequency. The time-temperature
superposition (tTs) holds simultaneously for the segmental and the
chain relaxation processes only in the mechanical spectra. Vertical lines
indicate the position of the segmental process as obtained from the
electric and shear moduli. At low frequencies, the storage and loss
moduli can be described by log G0 0 = 8.3 þ log f and log G0 = 12.1 þ
2 3 log f, respectively, and are associated with the chain (terminal)
relaxation.

Figure 4. Dielectric (filled symbols) and rheology (open symbols)
relaxation times of ptBA, as obtained from Figure 3, plotted in the
usual Arrhenius representation and fitted with the VFT equation.
Notice that the dielectricR (9) andR0 (1) processesmerge bydecreasing
temperature. The slow process in DS (b), due to the ion mobility, is
coupled to the terminal relaxation from rheology. A dielectrically active
β process (2) at low temperatures, with an Arrhenius temperature
dependence, is also included in this plot.

Table 2. VFT Parameters of the Main ptBA Processes

process -log(τ0/s) DT T0 (K) Tg (K)

R (G0 0) 12.1( 0.1 4.5 ( 0.1 274( 1 311( 1
R (ε0 0der) 11.1 ( 0.1 4.8 ( 0.1 274( 1 316( 1
slow (G0 0/G0 crossing) 6.4( 0.1 4.5 ( 0.1 274( 1
slow (ε0 0der) 5.6( 0.1 4.8 268( 1
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presented in Figure 6. The relaxation times of the R process
display a steep τ(P) dependence that conforms to the pres-
sure equivalent28 of VFT as

τmax ¼ τR exp
DPP

P0 -P
ð6Þ

where τR is the segmental relaxation time at atmospheric
pressure at a given temperature,DP (= 53) is a dimensionless
parameter, and P0 is the pressure corresponding to the ideal
glass. A linear τ(P) dependence suffices to describe theR0 and
the ion processes as a result of the smaller frequency range
available for these processes. The apparent activation vol-
ume, ΔV#, of the three processes (R, R0, and ion mobility) is
presented in Figure S3 of the Supporting Information. As
anticipated, the apparent activation volume is slightly higher
for the R0 process as compared with the R process, but both
show the same increase on approaching the Tg

10 (unlike
that of the ionmobility process). The relative contribution of
the available thermal energy and volume to the dynamic
processes will be discussed below.

Relative Contribution of Temperature and Volume to the
Homopolymer Dynamics. Identifying the main control para-
meter that dominates the slow dynamics in glass-forming
liquids that give rise to the dynamic arrest at Tg has been a
point of debate for many years. Theoretical predictions
consider two extreme cases: thermally activated processes
on a constant density “energy landscape”29 and free-volume
theories.30 In the former picture, the controlling parameter is
temperature, the landscape is considered as fixed, and the
strong τ(T) is attributed to changes in the barriers and the
minima encountered in the exploration of the landscape. In
the latter picture, the controlling parameter is volume (V) or
density (F), and the slowing-down results from the decrease
in the available or “free” volume. Clearly, these pictures
should be considered as extreme cases because molecular
transport, in general, is driven by thermal activation pro-
cesses with potential energy barriers that depend on local
density.31 Pressure-dependent measurements have been of
paramount importance in the effort to disentangle the effects
of T and F on the dynamics because pressure can be applied
isothermally (affecting only F).

A critical test of the origin of the different dynamic
processes and an assessment of the relative influence of
volume and temperature in each case is provided by the
value of the ratio of the apparent activation energy at
constant volume, QV(T,V)=R(∂ ln τ/∂(1/T))V, to that at
constant pressure, QP(T,P)=R(∂ ln τ/∂(1/T))P

QVðT ,VÞ=QPðT ,PÞ ¼ ð∂ ln τR=∂ð1=T ÞV Þ=ð∂ ln τR=∂ð1=T ÞPÞ
ð7Þ

This ratio assumes values in the range of 0 to 1 and provides a
quantitative measure of the role of temperature and density
on the dynamics. Ideally, values near unity suggest that the
dynamics are governed mainly by the thermal energy,
whereas values near zero suggest that free volume ideas
prevail because in that case, QV = 0. Williams derived32 an
extension of the Eyring transition state theory for chemical
reactions for application to structural relaxation in polymers
that gave the following equations

-RT2ð∂ ln τ=∂T ÞP ¼ ΔH#ðT ,PÞþRT=2

-RT2ð∂ ln τ=∂T ÞV ¼ ΔE#ðT ,VÞþRT=2 ð8Þ

ð∂ ln τ=∂PÞT ¼ ΔV#ðT ,PÞ=RT
where ΔH#, ΔE#, and ΔV# are, respectively, the “activa-
tion enthalpy”, “activation internal energy”, and “activation
volume”, definedwith respect tounactivatedandactivated stan-
dard states of a relaxor. Therefore, the ratio QV(T,V)/QP(T,P)

Figure 5. Dielectric loss of ptBA (obtained from the derivativemethod)
as a function of frequency under “isobaric” (top, P=0.1 MPa) and
“isothermal” (bottom, T=363 K) conditions. Temperature and pres-
sure increase in the direction of the arrows: (top) T=320 (9), 326 (b),
332 (2), 340 (1), 350 ([), 360 (left triangles), 370 (right triangles),
380 (`), and 390 K (f); (bottom) P = 0.1 (9), 10 (b), 30 (2), 50 (1),
70 ([), 90 (left triangles), 110 (right triangles), 130 (`), and 150 MPa
(f), respectively. An example of fitting the segmental process with two
HN equations, corresponding to the R and R0 processes (dashed lines),
is shown in both representations.

Figure 6. Segmental relaxation times of the R (top), R0 (middle), and
slow (bottom) processes of ptBA as a function of pressure at different
temperatures: T=323 (b), 328 (2), 333 (1), 338 ([), 343 (left tri-
angles), 348 (right triangles), 353 (`), 358 (f), and 363 K (pentagons),
respectively. The data of the R process have been fitted with the
modified VFT equation, whereas a linear fit to R0 and slower processes
is adequate given the smaller accessible frequency range.
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corresponds to the ratio ΔE#/ΔH#,ignoring the small term
RT/2. The effects of (T,P,V) on the relaxation time, τ, have
been recently considered in one theoretical framework by
deriving the canonical set of equations.33

In discussing the origin of the dynamic processes in ptBA
and pODMA, knowledge of the equation of state is neces-
sary. The PVT results for the same ptBA as the one used in
the DS and rheology studies (Mn = 82 800 g/mol) can be
found in the Supporting Information section (Figure S4).
For pODMA, we have employed literature PVT data for the
equation of state.34 In both cases, the Tait equation was
employed for fitting the temperature range where the DS
experiments were made

VðP,TÞ ¼ Vð0,TÞð1-0:0894 lnð1þP=BðTÞÞÞ
Vð0,TÞ ¼ R0 þR1T þR2T

2

BðTÞ ¼ B0expð-B1TÞ
ð9Þ

HereR0,R1, andR2 are coefficients of thermal expansion and
B0 and B1 are parameters that describe the T dependence of
the compressibility. For ptBA, the following Tait parameters
were used for temperatures above Tg: R0 = 0.87751 cm3/g,
R1=2.4 � 10-4 cm3/gK, R2=6.49� 10-7 cm3/gK2, B0=
762 MPa, and B1 = 5.17 � 10-3 K-1.

The τ(T, P) dependencies together with the (P, V, T)
equation-of-state result in the τ(T,F) representation shown
in Figure 7 for the R, R0, and ionic processes of ptBA. The
corresponding density representation for the relaxation
times of the segmental process of pODMA at T>Tm is
shown in Figure 9 (top). The lines are fits of the modified
VFT equation for the density23 as the independent variable:

τmax ¼ τ0 exp
DFF
F0 - F

ð10Þ

where DF is a dimensionless parameter, τ0 is the limit of
relaxation times at high densities, and F0 is the “ideal glass”
density. According to the canonical set of equations, among
many different possibilities, the ratio of activation energies,
QV(T,V)/QP(T,P) can be obtained through the τ(T,F) repre-
sentation from the slopes at the crossing points of the
“isothermal” and “isobaric” as33

QV

QP
¼ 1-

ð∂ ln τ=∂FÞT
ð∂ ln τ=∂FÞP

ð11Þ

The result of the dynamic ratio for all three processes of
ptBA is shown in Figure 8. For theR process, the ratio is only
weakly dependent on temperature, and its value at P=0.1
MPa and T ≈ Tg is ∼0.54, suggesting that both density and
temperature control the dynamics. Equally small is this ratio
for the R0 process (∼0.52 near the merging temperature at
P= 0.1 MPa) (Figure 8, middle). The low value of the ratio
of activation energies for the segmental relaxation can be
understood on the basis of the large monomeric volume. We
have shown35 that the repeat unit volume and local packing
play a key role in controlling the value of this ratio at Tg and
thus the dynamics associated with the glass temperature. In
particular, for flexible main-chain polymers, temperature,
through the presence of energy barriers opposing molecular
motions, is the main parameter affecting the dynamics,
whereas in polymers with bulky side groups or in glass-
forming liquids with large molar volumes, volume effects
gain importance. Similar conclusions were reached by recent
different approaches.36,37 Similarly, the relatively low value
of the ratio of activation energies for the slow process
(Figure 8, bottom) is not surprising because the ion mobility
is coupled to the polymer dynamics. The segmental relaxa-
tion of pODMA above Tc is controlled primarily by tem-
perature, as indicated by the extremely high values of the

Figure 7. Segmental relaxation times of theR (top),R0 (middle), and the
slower process (bottom) of ptBA as a function of density. The lines are
fits of themodifiedVFT equation. Top: isothermal,DF

T=2.96, ---;T=
323 (b), 328 (2), 333 (1), 338 ([), 343 (left triangles), 348 (right
triangles), 353 (`), 358 (f), and 363 K (pentagons); isobaric, DF

P =
0.89,;; 0.1 < P< 90MPa in 10 MPa increments; 9, P= 0.1 MPa).
Middle: isothermal, DF

T = 3.9, ---; T = 343 (left triangles), 348 (right
triangles), 353 (`), 358 (f), and363 (pentagons); isobaric,DF

P=1.8,;;
0.1 < P< 70MPa in 10 MPa increments; 9, P= 0.1 MPa). Bottom:
isothermal, DF

T = 2.65, ---; T= 338 ([), 343 (left triangles), 348 (right
triangles), 353 (`), 358 (f), and 363 K (pentagons); isobaric, DF

P =
0.38,;; 0.1 < P< 70MPa in 10 MPa increments; 9, P= 0.1 MPa).

Figure 8. T andP dependence of the ratio of activation energiesQV/QP

for the R (top), R0 (middle), and the slow process (bottom). Top, solid
symbols:T=333 (1), 338 ([), 343 (left triangles), 348 (right triangles),
353 (`), 358 (f), and 363K (pentagons); open symbols:P=0.1 (0), 10
(O), 20 (4), 30 (3), 40 (]), 50 (left triangles), 60 (right triangles), 70 ("),
and 80 MPa (g). Middle, solid symbols: T = 343 (left triangles), T =
348 (right triangles), 353 (`), 358 (f), and 363 K (pentagons); open
symbols: P=0.1 (0), 10 (O), 20 (4), 30 (3), and 40MPa (]). Bottom,
solid symbols: T = 348 (right triangles), 353 (`), 358 (f), and 363 K
(pentagons); open symbols: P=0.1 (0), 10 (O), 20 (4), 30 (3), 40 (]),
50 (left triangles), 60 (right triangles), and 70 MPa (").
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ratio of activation energies (0.83 at atmospheric pressure,
Figure 9). This is consistent with the above picture given the
high monomer asymmetry; the ethylene-like side group is
much longer then the backbone, and this gives rise to
segmental dynamics that are dominated by the polyethy-
lene-like side groups where temperature is expected to dom-
inate the dynamics.38

Triblock Dynamics. We now turn to the dynamics of the
triblock copolymers. Figure 10 gives representative dielectric
loss spectra of S14, S52, S81, and the ptBA homopolymer at
T = 325 K. The copolymer loss curves display two peaks,
assigned to the segmental relaxation of ptBA and pODMA
at low and high frequencies, respectively. As is clearly
observed, the ptBA segmental dynamics in S81 speed up

when compared with bulk ptBA. The pODMA segmental
process remains at about the same frequency in accord with
the pODMA homopolymer.

The dielectric loss curves were fitted to a summation of
two HN functions (eq 1), and at each temperature, the
characteristic relaxation time was obtained for each process.
The shape parameters for the ptBA block in the copolymers
are m=0.75 ( 0.09, n = 0.28 ( 0.09 (S52) and m=0.64 (
0.07, n = 0.20 ( 0.03 (S81). The corresponding parameters
for the pODMAblock arem=0.85( 0.05, n=0.50( 0.05,
andm=0.30( 0.02, n=1above and belowTc, respectively,
for all samples. The dynamic results for the homopolymer
and the three copolymers are presented in the Arrhenius
representation of Figure 11. All relaxation times reported are
from the second cooling run to ensure the same thermal
history. The relaxation times of the ptBA block in the
copolymers follow consistently a strong T dependence, as
with the respective homopolymer. The τ(T) of this process
can be described by the same VFT parameters for S14 and
S52, using T0 = 272 ( 1 K, τ0=(6.0 ( 0.5) � 10-12 s, and
DT=5.0 ( 0.1. In contrast with this, the ptBA segmental
dynamics in S81 speed up by about half a decade at high
temperatures and as much as two decades in the vicinity of
the respective glass temperature. The VFT parameters now
change to T0 = 261 ( 1 K and τ0=(1.4 ( 0.5) � 10-11 s,
whereas DT remains the same. As a result, the thus obtained
Tg (303 K) is lower than that in the ptBA homopolymer. The
relaxation times corresponding to the pODMAblock relaxa-
tion in S14, S52, S81, S94, and pure pODMA exhibit an
Arrhenius temperature dependence (eq 5) with an apparent
activation energy, E, of 63.5( 0.8 and 135( 2 kJ/mol in the
liquid and the crystal phases, respectively (high temperature
intercepts of τ0 ≈ 10-15 and 10-24 s, respectively). The τ(T)
displays the characteristic discontinuity at the transition
temperature, Tc. In addition, Tc, is only slightly affected
from the triblock composition except for the S14. We shall
discuss this point later together with the high-pressure
results.

Next, we investigate the pressure dependence of the glass
temperature and of the crystallization temperature corre-
sponding to the amorphous (ptBA) and crystallizable
(pODMA) blocks. Increasing pressure above a critical value,
Pc, induces the side-group crystallization in pODMA under
isothermal conditions. The signature of crystallization is the

Figure 9. (Top) Segmental relaxation times of pODMA plotted as a
function of density. The lines are fits of the modified VFT equation (eq
10); Isothermal:DF

T = 4.4 (---, T= 312 (b), 321 (2), 329 (1), 338 ([),
303 (left triangles), and 350 K (right triangles)); isobaric:DF

P =2.6 (;,
0.1<P<150MPa in 30MPa increments, spheres:P=0.1MPa). The
dotted lines indicate the melting regimes. (Bottom) Variation of the
ratio of activation energies QV/QP on temperature and pressure. Solid
symbols: temperatures as above; open symbols: P = 0.1 (0), 30 (O),
60 (4), 90 (3), 120 (]), and 150 MPa (left triangles).

Figure 10. Dielectric loss spectra of ptBA (9), S14 (b), S52 (2), andS81
(1) atT=325K. The curves show the speed-up of the ptBA segmental
relaxation times when this block is confined (S81).

Figure 11. Arrhenius plot of the segmental dynamics corresponding to
the ptBA and pODMA blocks in the pODMA-b-ptBA-b-pODMA
triblock copolymers: bulk ptBA (9), S14 (b), S52 (2), S81 (1), S94 ([),
and bulk pODMA (green line). Notice the slowing down of the
pODMA segmental dynamics upon crystallization and the speed up
of the ptBA segmental dynamic upon confinement (S81). In the latter,
the estimated ptBA radius of gyration is comparable to the cylinder
radius. (See the text).
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loss of intensity and the slower relaxation of dipoles within
the so-called “restricted amorphous phase” (RAP).39,40,13

The pressure dependence of the relaxation times of the two
blocks under “isothermal” conditions is shown in Figure 12
for the representative case of S52. The slower process,
corresponding to the ptBA block segmental relaxation,
follows a VFT dependence for all temperatures in the range
of 323<T<363 K, described by the pressure equivalent of
VFT (eq 6) with (DP = 6.6). The corresponding relaxation
times for the pODMA block, for temperatures in the range
298<T<363 K, display an Arrhenius T-dependence both
below and above Tc(P). The characteristic crystallization
pressure was extracted for each isotherm from the disconti-
nuous change of τ(P) (obtained by estimating the intermedi-
ate pressure between the highest pressure of the liquid phase
and the lowest pressure of the crystal phase, for each
temperature) (dashed line in Figure 12).

Figure 13 presents the true, that is, thermodynamic T(P)
phase diagram from the four copolymers investigated. The
diagram contains the Tg

ptBA(P) and Tc
pODMA(P) dependen-

cies of the respective blocks in the copolymers aswell as in the
homopolymers. The open symbols are extracted from the
“isobaric” measurements, whereas the filled symbols are
from the “isothermal” measurements. Evidently, the pres-
sure dependencies of the glass and crystallization tempera-
tures are drastically different. Even more, surprisingly, it is
the glass temperature that has the steeper initial P depen-
dence despite the fact that is not a true thermodynamic
transition. Usually, transitions of first-order, such as poly-
mer crystallization (following the Clausius-Clapeyron
equation, dP/dTm=ΔH/TΔV, where ΔH is the heat of
fusion and ΔV is the associated volume change) are the ones
that show the stronger pressure dependence. The puzzle is
solved if we recall that in pODMA, it is only the side groups
that crystallize;13 the backbone and part of the side groups
remain outside the crystalline lamellar.

From the individual Tg
ptBA(P) and Tc

pODMA(P) depen-
dencies, we can draw interesting conclusions on the dynamic

state of each block. The former can be described by the
empirical equation41

TgðPÞ ¼ Tgð0Þ 1þ ν

μ
P

� �1=ν

ð12Þ

where Tg(0) is the glass temperature at atmospheric pres-
sure and μ and ν are fitting parameters. The values of these
parameters for the different copolymers are summarized in
Table 3. The pODMA crystallization, being first-order,
obeys the Clausius-Clapeyron equation. The initial slope
of Tg

ptBA is higher (dTg/dP=0.41 K 3MPa-1) as compared
with the Tc

pODMA (dTc/dP = 0.19 K 3MPa-1, Table 3).
Because Tg

ptBA(P)>Tc
pODMA(P), pODMA crystallization

in the copolymers takes place consistently at lower tem-
peratures than the glass temperature of ptBA. As a con-
sequence of the different Tg(P) and Tc(P) dependencies,
increasing pressure isothermally results in pODMAcrystal-
lization in an environment that is deeper into the glassy
state.

Confinement affects the thermodynamics and subse-
quently the dynamics of both the crystallizable and the
amorphous block. For the pODMA block, we find that
confinement within cylindrical domains in the copolymer
with the lower pODMA content (S14) results in a decrease
in Tc. This is consistent with recent studies of polymer
crystallization under confinement;41 the crystallization of

Figure 12. Segmental relaxation times in the S52 triblock copolymer as
a function of pressure at different temperatures: ptBA block (filled
symbols); T = 323 (9), 328 (b), 333 (2), 338 (1), 343 ([), 348 (left
triangles), 353 (right triangles), 358 (`), and 363 K (f). The data have
been fitted with the modified VFT equation for the pressure depen-
dence. The respective relaxation times for the pODMA block (open
symbols) are: T= 298 (0), 303 (O), 308 (4), 313 (3), 318 (]), 323 (left
triangles), 328 (right triangles), 333 ("), 338 (g), 343 (<), 348 (#),
353 (K), 358 (up triangles (top solid)), and 363 K (down triangles (top
solid)). The solid lines represent linear fits to the pODMA times, above
and below Tc. The pressure dependence of the crystallization tempera-
ture, Tc(P), is denoted with the dashed line.

Figure 13. Pressure dependence of the glass temperature of ptBA

(Tg
ptBA) and of the crystallization temperature of pODMA (Tc

pODMA)
in the different triblock copolymers: bulk ptBA (9), S14 (b), S52 (2),
S81 (1), S94 ([), and pODMA (f); open and filled symbols corre-
spond to data obtained under “isobaric” and “isothermal” conditions,
respectively. The solid lines represent the Tg(P) and Tc(P) fits to eq 12
and to the Clausius-Clapeyron equation, respectively. Notice the
steeper pressure dependence of Tg

ptBA (dTg/dP = 0.41 K 3MPa-1) as
compared with the Tc

pODMA (dTc/dP = 0.19 K 3MPa-1), revealing
that pODMA crystallization takes place within a glassy environ-
ment (ptBA). The effect of confinement, at the two extreme cases,
is to decrease the Tg

ptBA by ∼15 K (in S81) and to decrease the
Tc

pODMA (in S14).

Table 3. Parameters of Equation 12 for the Tg(P) as well as the
dTm/dP dependence

sample
Tg(0)
(K) μ (MPa) ν

dTm/dP|Pf0

(K 3MPa-1)
dTm/dP

(K 3MPa-1)

ptBA 316 720( 20 4.3( 0.3 0.41
S14 317 550( 20 6.1( 0.6 0.50 0.16
S52 316 610( 60 7( 2 0.50 0.15
S81 303 410( 20 9.3( 0.6 0.78 0.17
pODMA 0.19



Article Macromolecules, Vol. 43, No. 5, 2010 2461

polyethylene within nanoporous alumina was dominated
by nucleation (i.e., lower Tc) and gave rise to a reduced
overall crystallinity.42 In addition, a systematic reduction of
Tc (and ΔH) was found in nanophase-separated diblock
copolymers of pODMA-b-PS that was attributed to the
curved interface (cylindrical morphology) that reduces
the ability of alkyl chains to crystallize.43 Furthermore,
the glass temperature of the confined ptBA in S81 is
decreased by ∼15 K over the whole pressure range investi-
gated. This speed-up of dynamics is a manifestation of the
confinement of the ptBA block within the nanodomains.
Notice that the ptBA segmental dynamics are faster even at
atmospheric pressure (Figures 10 and 11). This feature can
be explained if we consider the length scale of confinement.
In S81, the minority block forms hexagonally packed
cylinders within the pODMA matrix. The cylinder radius
is calculated as R= ((d0

2/2π)
√
3f)1/2, where d0 is the nearest

neighbor distance between cylinders (d0=d(4/3)1/2) given
by SAXS (d0

S14= 36.5 nm; d0
S81= 35.0 nm), and it is equal

to 7 and 8 nm for the extreme cases of confined pODMA
(S14) and ptBA (S81), respectively. This size is comparable
to the radius of gyration of the confined block in both cases:
Using the data of Fetters et al.44 for PMMA and PMA
(assuming that pODMA and ptBA have similar molecular
size, respectively), we calculate the radius of gyration to be
ÆRg

2æ = Ær2æ0/6, where Ær2æ0pODMA=M 3 0.425 (Å2/(g/mol))
and Ær2æ0ptBA = M 3 0.436 (Å2/(g/mol)), with M being the
respective molecular weight (Table 1). The resulting values
are ÆRgæS14pODMA=2.9 nm and ÆRgæS81ptBA=4.2 nm. The esti-
mated radius of gyration is thus comparable to the cylinder
size of the confined phase, and for this reason, confinement
has a pronounced effect on the dynamics of the constraint
phase. This is in accord with several reports of enhanced
mobility when the molecules are confined to dimensions
comparable to their sizes.

A schematic representation of the effect of nanoscale
confinement for the triblocks with antisymmetric composi-
tions is shown in Figure 14. For low pODMA content (e.g.,
S14), hexagonally packed pODMA cylinders are embedded
within the amorphous ptBA matrix. Upon pressurization,
ptBA undergoes a liquid-to-glass transition, and at more
elevated pressures, side-group crystallization of pODMA
takes place within a glassy environment. On the other hand,
in the copolymers rich in pODMA (e.g., S81), the dynamic
structure consists of glassy ptBA cylinders surrounded by a
mobile pODMA matrix. Increasing pressure results in the
crystallization of the matrix.

IV. Conclusions

The temperature and pressure dependence of the segmental
relaxation times, investigated with DS, coupled to the equation-
of-state identified the main control parameters giving rise to the
liquid-to-glass transition in two homopolymers bearing very
asymmetric units: poly(tert-butyl acrylate) and poly(n-octadecyl
methacrylate). It was shown that temperature and volume
equally influence the segmental dynamics of ptBA. In contrast,
in pODMA, the segmental dynamics in the melt state are
controlled primarily by temperature. This is anticipated by the
ethylene-like side group that dominates the monomer unit.

The investigation of the segmental dynamics in the pODMA-
b-ptBA-b-pODMA triblock copolymers as a function of tem-
perature and pressure resulted in the true thermodynamic (T-P)
phase diagram at each composition. It was shown that the glass
temperature of the amorphous ptBA is consistently higher than
the crystallization temperature of the crystallizable pODMA at
all temperatures and pressures investigated. Furthermore, for the
initial pressure coefficients, it was shown that (dTg/dP)Pf0>
(dTc/dP)Pf0. As a consequence, pODMA crystallization in the
copolymers under elevated pressures takes place within a ptBA
environment that is deeper into the glassy phase.

There were two main effects of confinement in the triblocks
with the more antisymmetric compositions under conditions
where the radius of gyration of the confined block was compar-
able to the cylinder radius. Confinement of the pODMA block
within the cylindrical domains resulted in the depression of the
crystallization temperature. Confinement of the ptBA block
within the cylindrical domains resulted in the speed-up of the
segmental dynamics and to a Tg depression by ∼15 K. These
results demonstrate that thewell-controlled nanometer-size nano-
domains of block copolymers can be employed for studying the
effect of confinement on the thermodynamic and dynamics
properties of crystallizable and amorphous blocks.
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Figure 14. (Left) Schematic representation of the two extreme cases; confinement of the crystallizable block (pODMA, left) within cylinders embedded
within the glassy amorphous ptBA matrix. (Right) Confinement of the amorphous block (ptBA) within cylinders embedded within the pODMA
matrix. The blue dots represent the dipoles, situated on the side chains of both polymers.
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