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ABSTRACT: Thermoreversible gels were formed by dissolving a poly(methyl methacrylate)-poly(tert-
butyl acrylate)-poly(methyl methacrylate) triblock copolymer in a variety of alcohols, including ethanol,
1-butanol, 2-ethylhexanol, and 1-octanol. The gels exhibit an ideal and reversible solid/liquid transition
in each of these solvents, behaving as strong elastic solids at room temperature and as freely flowing
liquids above the gel transition. The time-dependent elastic properties of the gels are governed by two
transition temperatures. The first transition is the critical micelle temperature (cmt) near 60 °C, below
which the PMMA blocks aggregate to form a physically cross-linked network. As the gels are cooled to
room temperature, differential scanning calorimetry (DSC) reveals a second transition where the PMMA
domains undergo a glass transition. The glass transition temperature of the PMMA domains increases
when the gels are aged at room temperature. Time-temperature superposition can be applied below the
cmt to give master curves describing the relaxation behavior of the gels in the vicinity of the glass transition
of the PMMA domains. These relaxation times increase by 1 decade for every 8 K decrease in temperature,
a result that is consistent with previous measurements of polymer relaxations in the vicinity of the glass
transition temperature.

Introduction
In recent years, physically associating ABA type

triblock copolymer gels have attracted considerable
scientific and technical interest. These gels are formed
when a triblock copolymer is dissolved in a solvent
selective for the midblock.1-3 In conditions where the
solvent is not able to dissolve the endblocks, these blocks
aggregate to form spherical domains. If the concentra-
tion of triblock copolymer molecules is sufficiently large,
a certain fraction of the midblocks will form bridges
between the endblock domains, resulting in the forma-
tion of an elastic network. The shear modulus of the
gel is determined by the molar concentration of bridging
molecules, which is in turn given by fφ/V0, where f is
the fraction of bridging molecules, φ is the triblock
copolymer volume fraction, and V0 is the copolymer
molar volume. An estimate for the shear modulus of the
gel is obtained from simple rubber elasticity theory:4

where R is the gas constant and T is the absolute
temperature.

Physical gels formed from associating triblock copoly-
mers have been made utilizing both aqueous and
nonaqueous solvent systems. Aqueous systems have
particular technological interest in bioerodible and
biocompatible scaffold networks for drug delivery and
wound healing.5 Scientifically, these systems have been
used for a variety of fundamental studies on phase
behavior6,7 and rheological response.2,8-11 Nonaqueous
gels have typically been formed with triblock copolymers
consisting of relatively short glassy endblocks and a
rubbery midblock. Those most commonly studied were
formed from commercially available triblock copolymers
with poly(styrene) endblocks and either a poly(isoprene)

or a poly(ethylene/butylene) midblock. A significant body
of research has been dedicated to understanding the
structural morphologies12-19 and viscoelastic3,20-22 prop-
erties of these systems in hydrocarbon oils.

The physical process controlling the relaxation times
of these gels involves the exchange of endblocks in and
out of the aggregates. Ordered systems consisting of
glassy aggregates generally have good creep resistance
because of the mechanical strength and long relaxation
times associated with the glassy domains. The response
of an ideal thermoreversible gel is controlled by the
relative location of two transition temperatures. The
first of these is the critical micelle temperature (cmt),
below which aggregation of the endblocks occurs.23 This
transition is fundamentally the same for both diblocks
and triblocks, although the formation of an elastic
network at the cmt occurs only for triblock copolymers.
The second transition corresponds to the glass transition
of the endblock aggregates. Thermoreversible materials
generally rely on just one of these transitions. For
example, styrenic thermoplastic elastomers consist of
aggregated polystyrene endblocks in a low-Tg matrix
phase with a composition corresponding to that of the
midblock. At room temperature the relaxation times of
the glassy domains are very large, and the ordered
material is a strong elastic solid with a high creep
resistance. When heated above the polystyrene glass
transition temperature, the mechanical strength and
relaxation times of the polystyrene domains decrease
substantially, so that these materials can be melt
processed. Further reduction in the viscosity of the
system requires that a transition to a fully disordered
state also be accessible, i.e., that the cmt (equivalent to
the order-disorder temperature for a neat block copoly-
mer) not be too high.

In order for a triblock copolymer solution to exhibit a
fast, reversible transition between a low-viscosity liquid
state and a high-strength elastic state, the two transi-* To whom correspondence should be addressed.

G ) φfRT/V0 (1)

2000 Macromolecules 2003, 36, 2000-2008

10.1021/ma021255v CCC: $25.00 © 2003 American Chemical Society
Published on Web 02/15/2003



tions discussed above must be in relatively close prox-
imity to one another, with the cmt > Tg as illustrated
schematically in Figure 1. The ordered elastic state is
formed at the critical micelle temperature. Because the
ordered domains are not glassy at the cmt, an equili-
brated microstructure forms rapidly at this tempera-
ture. Further cooling below Tg is required to enhance
the creep resistance of this ordered phase. It is rare for
a triblock copolymer solution to fulfill all of the criteria
necessary for both of these transitions to be located in
a useful temperature range. The triblock copolymer
should have a midblock that is soluble in the solvent at
all temperatures and endblocks that are soluble at high
temperatures, but not at low temperatures. In addition,
the glass transition temperature of the solvent-swollen
endblock domains should be somewhere between the
cmt and the use temperature (typically room tempera-
ture) of the solid gels.

In this paper we describe a set of acrylic triblock
copolymer gels that meet all of these criteria. These gels
are based on triblock copolymers consisting of a poly-
(tert-butyl acrylate) (PtBA) midblock and poly(methyl
methacrylate) (PMMA) endblocks. Solutions of these
block copolymers in a variety of alcohols have a critical
micelle temperature near 60 °C and a glass transition
temperature for the PMMA domains that varies be-
tween 35 and 50 °C. These qualities are unique to this
system and are due to the temperature dependence of
thermodynamic interactions between the PMMA end-
blocks and the solvent. Our detailed focus in this paper
is largely on the properties of these materials in the
ordered state and on the role of the glass transition on
the stress relaxation behavior of the gels.

Experimental Section

Materials. Thermoreversible triblock copolymer gels were
prepared by dissolving an anionically polymerized PMMA-
PtBA-PMMA triblock copolymer in one of several different
alcohols that are selective for the midblock. A more detailed
description of the triblock copolymer synthesis24 and a struc-
tural characterization25 of the triblock copolymer gel have been
provided previously. Briefly, a difunctional organolithium

initiator was used to initiate the polymerization of the tert-
butyl acrylate monomer in tetrahydrofuran, in the presence
of an excess of LiCl. Methyl methacrylate monomer was then
added to the living polymer solution to complete the triblock
copolymer. Using a Waters Breeze GPC and a Waters 410
refractive index detector calibrated with poly(styrene) stan-
dards in tetrahydrofuran, the total molecular weight of the
triblock copolymer was determined to be 139 000 g/mol (66 wt
% PtBA) and to have a polydispersity index of 1.15. Part of
the polydispersity is due to the termination of some reactive
sites on the difunctional initiator prior to the polymerization
step. The resulting polymer is a blend consisting of diblock
and triblock chains, with a diblock weight fraction of ap-
proximately 0.1. A few experiments were also performed with
a similar triblock copolymer with PMMA endblocks and a poly-
(n-butyl acrylate) (PnBA) midblock, kindly provided by Prof.
R. Jerome. This copolymer was synthesized by atom transfer
radical polymerization26 and has a total molecular weight of
138 000 g/mol (78 wt % PnBA).

Methods. Homogeneous solutions consisting of 15 vol %
triblock copolymer were formed in ethanol, 1-butanol, 2-pro-
panol, 2-ethyl-1-hexanol, or 1-octanol and heated to a temper-
ature near 70 °C. Transparent gels formed immediately when
the solutions were cooled to room temperature. Rheological
characterization was conducted using a Paar Physica MCR-
300 rheometer with a double-gap cylinder measuring system
(DG26.7). The temperature-dependent dynamic moduli of the
gels were measured at 1% applied strain, which was deter-
mined to be in the linear regime. Heating and cooling rates of
1.1 °C/min were applied during thermal cycling. Stress relax-
ation experiments were also performed. In these experiments,
a circular column of gel with a diameter of 1 cm and of
thickness of 5 mm was placed within a temperature-controlled
solvent chamber. A flat, stainless steel punch with a radius
(a) of 495 µm was mounted in series with a force transducer,
linear stepping motor, and a displacement sensor. A LabVIEW
program collected load and displacement data while simulta-
neously controlling motor movement. The average stress under
the punch is given by P/πa2. During stress relaxation experi-
ments, the stepping motor advanced the probe at 25 µm/s into
the column of gel up to a distance δ and maintained that
displacement within (0.500 µm. Relaxation data from the first
100 s were excluded because of the finite loading rate. The
circular columns of gel were made by heating the thermor-
eversible gel above the gel transition to 75 °C and pouring it
into a PDMS mold with a 1 cm diameter. Upon cooling to room
temperature, the gels were removed from the mold and either
immediately tested or aged in a closed chamber under 2-eth-
ylhexanol vapors.

Differential scanning calorimetry (DSC) scans of the gels
were obtained using a TA Instruments 2920 MDSC in stan-
dard mode. Hermetically sealed aluminum DSC pans were
used for these measurements to avoid solvent evaporation. The
instrument was calibrated using standard calibration tech-
niques with indium as the standard. Gel samples were
isothermally aged at 23 °C for time periods up to 130 days
and were analyzed while heating at 5 °C/min to 90 °C. The
samples were then cooled to 25 °C at 5 °C/min.

Results and Discussion

In a previous research report with a similar acrylic
triblock copolymer gel, the structural morphology of
these gels was examined with small-angle X-ray scat-
tering.25 Gelation in these materials conforms to the
endblock aggregation process outlined in the Introduc-
tion. Below the gel transition, the poly(methyl meth-
acrylate) endblocks aggregate into nanometer size spheri-
cal domains that are randomly distributed and
interconnected with the solvated PtBA chains.25 The
aggregated PMMA domains form the physical cross-
linking sites responsible for the elastic nature of the gel,
and the molecular weight between entanglements (i.e.,
the molecular weight of the midblock) largely deter-

Figure 1. Schematic illustration of the solid/liquid transition
of the acrylic triblock copolymers studies in this paper.
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mines the elastic modulus of the gel. From eq 1, 3700
Pa is predicted as an upper estimate of the room
temperature equilibrium shear modulus assuming a
bridging factor of 1, a midblock molecular weight of
100 000 g/mol, and a density of about 1 g/cm3. This value
is about a factor of 2 larger than the measured value of
1780 Pa.

Above the gel transition, the endblocks dissociate,
producing a freely flowing liquid with the viscosity of a
simple polymer solution. The strong temperature de-
pendence of the PMMA/solvent interactions is respon-
sible for the temperature dependence of the transition.
As the temperature is further decreased below the gel
temperature, the rubbery PMMA domains become glassy
and undergo physical aging at room temperature.

The cmt and the value of Tg for the PMMA domains
can be understood in terms of the equilibrium swelling
of PMMA by the solvent. If a polymer is immersed in a
solvent bath, the equilibrium swelling of the polymer
is determined by a chemical potential balance between
solvent molecules located in the bath and in the
polymer. The Flory-Huggins expression for the solvent
chemical potential in high molecular weight polymer
solution provides a useful way of presenting the results
that we have obtained:27

where φs is the solvent volume fraction and ø is the
polymer/solvent interaction parameter and µs is the
solvent chemical potential. If µs is known, eq 2 can be
used to obtain the relationship between φs and ø. In our
case the solvent bath corresponds to the solvated
midblock and can be treated approximately as a pure
solvent, with µs ) 0. The resulting relationship between
φs and ø is shown in Figure 2. Application of this plot
to a specific polymer/solvent pair requires that the
temperature dependence of ø be known. The tempera-
ture scale at the top of Figure 2 is for the PMMA/1-
butanol system and was obtained from the following
measured temperature dependence of ø obtained from
viscometric and sedimentation behavior:28,29

with T in °C. Included in the figure are the approximate
gel temperature and the glass transition for the triblock
copolymer in butanol. For ø < 0.5, the solvent is a good

solvent for the endblocks. Endblock aggregation is not
expected under these circumstances. The θ temperature,
corresponding to the temperature for which ø ) 0.5, is
therefore an upper limit for the critical micelle temper-
ature.

The arrows in Figure 2 indicate the measured loca-
tions of the cmt and of the PMMA glass transition for
1-butanol solutions of the triblock copolymer. The cmt
is less than the θ temperature because the block
copolymers are made more soluble by the presence of
the midblock chains. Lodge et al.30 have obtained similar
results for the aggregation of diblock copolymer mol-
ecules in highly selective solvents. As indicated in
Figure 2, the expected solvent volume fraction in the
PMMA domains at the critical micelle temperature is
∼0.50. The PMMA domains are still rubbery under
these conditions but expel additional solvent as the
system is cooled and ø increases. The exclusion of
solvent eventually leads to a glass transition in the
PMMA domains, resulting in an enhanced elastic re-
sponse of the gels at room temperature. In the following
subsections we discuss the rheological signature of the
gel transition at the critical micelle temperature, the
calorimetric signature of the PMMA glass transition,
and the effect of this glass transition on the stress
relaxation behavior of the gels.

Rheological Characterization of the Gel Transi-
tion. The ideal nature of the solid/liquid transition of
triblock solutions in 2-ethylhexanol (chosen because of
its low vapor pressure) is illustrated by the data in
Figures 3 and 4. The frequency dependence of the
dynamic moduli in the solid and liquid states is il-
lustrated in Figure 3. The ideal elastic nature of the
gels at 25 °C is illustrated by the data in Figure 3a.
The measured storage moduli (G′) dominate the loss
moduli (G′′) by 2 orders of magnitude and exhibit little
frequency dependence over the range of angular fre-
quencies tested. The elastic properties of these gels
when formed with alcohols exhibit little creep behavior
and no change in short-term evolution of modulus.24

Figure 2. Plot of the volume fraction of solvent for a high
molecular weight polymer immersed in pure solvent as a
function of the Flory-Huggins interaction parameter. The
temperature scale is obtained from the measured temperature
dependence of the interactions between PMMA and 1-butanol
(eq 3). The gel temperature and PMMA glass transition
temperature for the acrylic gels in 1-butanol are also indicated.

µs ) ln φs + (1 - φs) + ø(1 - φs)
2 (2)

ø ) 1.4508 - 0.0115T (3)

Figure 3. Rheological characterization of the elastic and
liquid states for a 2-ethylhexanol triblock copolymer gel with
φp ) 0.15: (a) storage and loss moduli at 25 °C; (b) loss
modulus at 75 °C, illustrating a Newtonian response with a
viscosity of 110 mPa s.
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Figure 3b illustrates the liquidlike properties of the
triblock solutions when heated to 75 °C, approximately
12 °C above the gel transition. At this temperature the
solution behaves as a Newtonian liquid with a viscosity
of 110 mPa s, only 10 times the viscosity of pure
2-ethylhexanol at room temperature. This low viscosity
at elevated temperatures, along with the elastic proper-
ties at room temperature, provides great flexibility in
processing applications like thermoreversible gel casting
of ceramic materials, where the ideal solid/liquid transi-
tion is maintained even when these materials are highly
filled with rigid particles.31

Figure 4 shows the dynamic moduli measured upon
heating and cooling in the vicinity of the gel transition.
The rapid change in the shear moduli by 3 orders of
magnitude over a five degree region above and below
the gel transition is indicative of the structural change
in these gels. The approximate liquid to solid transition,
referred to as the gel point, can be determined by
identifying the temperature where the storage and loss
moduli are equal. Dynamic moduli obtained at frequen-
cies of 5 and 10 rad/s show a weak frequency depen-
dence of the gel temperature. The same weak frequency
dependence is observed on cooling (Figure 4a) and on
heating (Figure 4b). The temperature hysteresis of the
gel temperature is relatively small, with the gel tem-
perature on heating being just 2 °C higher than the gel
temperature measured on cooling.

Thermal Characterization of the PMMA Glass
Transition. Calorimetric traces for a 2-ethylhexanol gel
with φp ) 0.15 are presented in Figure 5. One trace
corresponds to a gel that was heated after 130 days of
aging at room temperature in a hermetically sealed DSC
pan that prevented solvent evaporation. A strong en-
dothermic peak was recorded at 52 °C. This transition
is 10 deg lower than the gel point measured in rheo-
logical studies and does not correspond to the structural
transition in previous X-ray scattering work.25 When
cooled through the gel point, no measurable exothermic
transition corresponding to aggregation is observed. In
addition, heating a cooled gel did not yield a measurable

enthalpic transition until after at least 2 days of aging
at room temperature. The magnitude and peak maxi-
mum of the endothermic peak in our gels are time-
dependent as summarized in Figure 6, where the
endothermic peaks at various aging times are plotted
on the same axes. The total integrated enthalpy of the
endothermic peak and the temperature corresponding
to the peak maximum both increase with aging time.
This thermal behavior is characteristic of physical
aging.32 It suggests that after aggregation the PMMA
domains go through a glass transition. The magnitude
of the endothermic peak increases with time because
aging reduces the free volume and enthalpy of the
PMMA domains.33 During subsequent heating, equili-
bration of the enthalpy is measured as an endothermic
peak and occurs at the glass transition temperature of
the physically aged PMMA. This concept is illustrated
schematically in Figure 7. The slopes of the solid lines
represent Cpl, and Cpg, the respective heat capacities of
the liquid and glassy states of the PMMA domains. On
cooling, the glass transition occurs at Tgc. At the aging
temperature, the enthalpy decreases toward the equi-
librium liquid value and is reduced by an amount ∆Ha.
During reheating, the enthalpy increases at a rate
determined by the heat capacity of the glass. When the
temperature reaches the glass transition of the aged
PMMA, the material is able to reabsorb the enthalpy
required to reach its equilibrium value. The magnitude
of this enthalpy gain, referred to as ∆Hr, can be
expressed in the following way:

where ∆Cp ) Cpl - Cpg.

Figure 4. Temperature dependence of the storage and loss
moduli for a 2-ethylhexanol triblock copolymer gel with φp )
0.15: (a) data obtained during cooling at 1.1 °C/min; (b) data
obtained during heating at 1.1 °C/min.

Figure 5. DSC plots of the time-dependent enthalpy of
physical aging within the PMMA domains in a 2-ethylhexanol
triblock copolymer gel (φp ) 0.15): (1) unaged gel heated at 5
°C/min; (2) gel aged at room temperature for 130 days and
then heated at 5 °C/min; (3) representative curve for aged or
unaged gel being cooled at 5 °C/min.

Figure 6. Summary of the endothermic peaks recorded for a
2-ethylhexanol gel with φp ) 0.15 for aging times up to 130
days. All curves were recorded using a heating rate of 5 °C/
min.

∆Hr ) ∆Ha + ∆Cp(Tgh - Tgc) (4)
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Both glass transition temperatures are expected to
be weak functions of the heating and cooling rates that
are employed. In addition, Tgh depends on the aging
time. For zero aging time ∆Ha ) 0, and Tgc and Tgh are
expected to be close to one another. Determination of
the unaged glass transition can be obtained from the
extrapolation of a plot of ∆Hr vs Tgh. As illustrated in
Figure 8, 2-ethylhexanol gels with triblock volume
fractions of 0.15 and 0.25 both give extrapolated glass
transitions for the unaged materials of about 36 °C.

The slopes of the curves in Figure 8, and our inability
to directly measure the glass transition temperature of
an unaged gel, are also consistent with known heat
capacity data for PMMA. The slopes of both experimen-
tal plots are close to 0.5 J g-1 K-1, whereas atactic
PMMA with a glass transition at 105 °C has ∆Cp ) 0.34
J g-1 K-1.34 In fact, ∆Cp is expected to be a lower limit
for the slope, because of contributions to the melting
endotherm from ∆Ha. As for our inability to directly
measure the change in heat capacity directly, this result
is also consistent with the expected change in power,
obtained by multiplying ∆Cp by our heating rate of 5
K/min. The change in overall heat flow at the PMMA
glass transition is approximately 0.028 W/g of PMMA
and is included in Figure 5 to illustrate the magnitude
of the change in power of a glass transition relative to
the heat flow measured during a typical scan. Clearly,
a broad glass transition could be indistinguishable
within the baseline heat flow, primarily because of the
low fraction of PMMA that is present in the gels.

In Figure 9 we show that the physical aging behavior
is not exclusive to triblock gels formed in 2-ethylhexanol.
Figure 9a shows how the glass transition temperature
increases with aging time for each of the alcohols.

Values of the enthalpy relaxation, normalized by the
amount of PMMA in the gels, are plotted vs the aging
time in Figure 9b. In addition, we have verified that
gelation and physical aging in alcohols are not limited
to anionically polymerized triblock copolymers, where
the PMMA blocks have a high degree of stereoregular-
ity. This same behavior has been observed in a PMMA-
PnBA-PMMA triblock copolymer made from atom
transfer radical polymerization. The measured glass
transition temperatures and enthalpy relaxations for a
10 vol % ATRP synthesized polymer gel in 2-ethylhex-
anol have been included in Figure 9. The aging behavior
of the ATRP triblock copolymer gel is nearly identical
to that of the anionically polymerized triblock copolymer
gel. Reported values of the triad composition are 57:
37:6 (syndiotactic:heterotactic:isotactic) for PMMA syn-
thesized by ATRP26 and 80:20:0 for PMMA synthesized
by ligand anionic polymerization.35 The similarity of
behavior for gels formed from triblock copolymers
synthesized by these two methods indicates that ste-
reocomplexation within the PMMA domains does not
play an important role in either the micellization or the
glass transition of these materials in the alcohols that
we have used.

The glass transition temperatures measured from the
15 nm PMMA domains in the triblock copolymer gels
are consistent with reported values for bulk solvent-
swollen PMMA.36 For example, the glass transition
temperature for an unaged butanol gel occurs at 32 °C,
which according to Figure 2 corresponds to an equilib-
rium solvent volume fraction of ∼0.30. This value is in
good agreement with published values of the glass
transition of PMMA in butanol.36 Overall, the results
of this section demonstrate that the PMMA domains go
through a glass transition at a temperature that is
above room temperature but below the critical micelle
temperature. The strong elastic character of the gels at

Figure 7. Schematic of the idealized enthalpy vs temperature
illustrating the aging effects on the measured enthalpy during
differential scanning calorimetry. The respective heat capaci-
ties of the liquid and glassy states of the PMMA domains, Cpl
and Cpg, are represented by the slopes of the solid lines. Tgc is
the glass transition obtained on cooling, ∆Ha is the enthalpy
decrease during the aging time, and ∆Hr is the enthalpy
increase needed to reach equilibrium at Tgh, the glass transi-
tion obtained during heating of the aged sample.

Figure 8. Measured transition enthalpies for 2-ethylhexanol
gels with φp ) 0.15 (circles) and 0.25 (diamonds) as a function
of the temperature corresponding to the maximum of the
endotherm. Extrapolation of the data to ∆Hr ) 0 gives a glass
transition for the unaged 2-ethylhexanol gels of ∼36 °C.

Figure 9. Summary of the thermal properties of aged gels
obtained during heating of aged gels at 5 °C/min: (a) peak
temperature of the endothermic transition; (b) integrated
enthalpy relaxation. Solid symbols correspond to the anioni-
cally polymerized PMMA-PtBA-PMMA triblocks dissolved
in the alcohols indicated in part a, with φp ) 0.15. Open
triangles correspond to a PMMA-PnBA-PMMA triblock
copolymer synthesized by atom transfer radical polymeriza-
tion, dissolved in 2-ethylhexanol with φp ) 0.10.
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room temperature is attributed to this glass transition
in the gel, which dramatically lengthens the relaxation
times associated with reorganization of the network
structure. These longer relaxation times are not readily
studied by oscillatory rheometry but are more easily
probed by the time-domain experiments described in the
following section.

Stress Relaxation Experiments. A schematic il-
lustration of the experimental apparatus used for stress
relaxation experiments is shown in Figure 10. The
compressive load, P, and displacement, δ, are measured
as a flat, cylindrical punch is pressed into a thick sample
of gel. In our case the displacement is fixed, and the
time-dependent load is used to obtain the relaxation
modulus, utilizing the following expression:37,38

where a is the radius of the cylindrical punch. Experi-
ments were conducted in the linear regime, where E(t)
is independent of the applied displacement. This linear
regime persisted to relatively large displacements, equal
to several times the punch radius. In some cases, stress
relaxation moduli were well described by the following
power law form:

where tref is an arbitrary reference time, which we
typically take as 1000 s. The important quantity in the
stress relaxation experiments is the value of the power
law exponent. The exponent provides a measure of the
viscoelasticity of the gel, where larger values correspond
to a larger viscoelastic loss. Power law type expressions
to fit stress relaxation data from physically associating
systems are common.39-42

The relaxation moduli collected at 23 °C for unaged
gels and gels aged for 30 days are shown in Figure 11.
Each sample was loaded to an average stress of 32 kPa,
after which the stress was allowed to relax for 10 000 s
at a fixed strain. The measured power law decreased
from 0.032 ( 0.001 to 0.016 ( 0.003 due to aging effects.
Aging in the PMMA domains reduces the free volume
and increases the glass transition relative to the testing
temperature. Consequently, the required force to pull
a PMMA chain from the spherical domain increases.
Increased stress levels of 45 and 65 kPa were also tested

to probe the stress required to activate increased
viscoelastic loss in the form of chain pullout at room
temperature. Up to the applied stress of 65 kPa little
change is measured on the relaxation behavior of the
gels.

Stress relaxation experiments at various tempera-
tures were conducted to probe the kinetic state of the
PMMA domains via the relaxation behavior of the gels.
To eliminate effects associated with aging of the gels
that occurs during the relaxation test, gels that had
been previously aged for 30 days were used in these
experiments. The locations of the testing temperatures
relative to the measured glass transition of the aged gel
are included in Figure 12a. The relaxation data at these
temperatures are summarized in Figure 12b. At tem-
peratures below the glass transition of the PMMA
domains, the relaxation behavior obeys the power law
type behavior described above. When the temperature
is increased above the onset of the glass transition,
enhanced stress relaxation is observed, and a power-
law stress relaxation function no longer describes the

Figure 10. Schematic of the experimental apparatus used
for stress relaxation experiments.

E(t) )
3P(t)
8aδ

(5)

E(t) ) Eref(t/tref)
-λ (6)

Figure 11. Stress relaxation moduli over 1000 s obtained for
an unaged gel (circles) and a gel aged for 30 days (squares).

Figure 12. Stress relaxation experiments for a 2-ethylhexanol
gel with φp ) 0.15 that had been aged for 30 days at room
temperature: (a) thermogram of the aged gel during heating,
illustrating the three different temperatures at which the
stress relaxation experiments were conducted; (b) relaxation
moduli obtained at these three different temperatures.
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data. A stretched exponential of the following form is
ample in capturing this relaxation behavior:

Use of a stretched exponential is common for similar
systems above or near the glass transition.39

The effect of an increase in temperature is to decrease
the relaxation time of the gel network. Time-temper-
ature superposition can be used to collapse data taken
at a variety of temperatures onto a single master curve.
The results of this superposition are illustrated in
Figure 13, where relaxation curves are plotted as a
function of the shifted time t/at for the aged gels. The
shift factor at is equal to 1 at 23 °C, 1.2 × 10-2 at 38 °C,
and 5.0 × 10-4 at 48 °C. Combining the power law type
behavior (eq 6) to describe relaxation below the glass
transition and stretched exponential behavior (eq 7) to
describe relaxation near or above the glass transition,
the following equation can be used to describe the entire
master curve:

This expression is included in Figure 13 with â ) 0.53
and τ ) 3.06 × 106 s. This very large relaxation time
corresponds to the reference temperature of 23 °C,
which is approximately 25 deg below the glass transition
of the aged PMMA domains.

Comparison to Other Systems. The relaxation
time obtained from Figure 13 agrees well with the
relaxation time reported by Hotta et al.39 for a nonre-
versible triblock copolymer with spherical glassy end-
blocks of comparable molecular weight at an analogous
distance below Tg. This similarity is illustrated in Figure
14, where we plot the relaxation times from our ther-
moreversible system and those from Hotta et al. as a
function of the proximity to the glass transition. The
relaxation times from Hotta et al. are from their fits of
stress relaxation data using a stretched exponential
similar to eq 7 but with â ) 0.2. Relaxation times at
each measured temperature were determined by apply-
ing the appropriate shift factors found in their paper.
The glassy nature of the aggregates is responsible for
the long relaxation times at room temperature. The
temperature dependence in both cases (1 decade change
in relaxation time for a temperature change of 8-12 °C)
is also similar to the temperature dependence of relax-
ations in the vicinity of the glass transition, further
confirming that our fundamental interpretation of the

relaxation processes in terms of an underlying glass
transition is sensible.43 Systems with nonglassy ag-
gregates, such as hydrophobically modified water-
soluble polymers used as associative thickeners, have
much shorter relaxation times and also undergo shear
thinning at relatively low stress levels.2,6

Relaxation times similar to those obtained for systems
with glassy aggregates can be found in reversible gels
formed by the crystallization of the physical cross-
linking sites.44-46 Stress relaxation experiments on
these systems give power law stress relaxation expo-
nents between 0.01 and 0.03. Gels with crystallizing
aggregates can be highly elastic, but long times are
generally required for gelation. Gelatin, for example, is
commonly used throughout the food industry because
of its ability to form strong gels. A 1.95 wt % solution
of gelatin requires approximately 1 h to gel at 23 °C.47

After gelation, the modulus continues to evolve over
time and can require between 100 and 150 h to reach
its plateau. These complex aging effects are representa-
tive of the behavior of gels that form as a result of some
type of crystalline order.

The rapid, reversible gelation of our acrylic triblock
copolymer gels, with an elastic modulus that is inde-
pendent of the aging time, is a unique feature of this
system that can be attributed to the ordering and glass
transition processes illustrated schematically in Figure
1. Because these processes depend on the nature of the
thermodynamic interactions between the solvent and
the PMMA blocks of the copolymer, different solvent
systems will often give very different results. For
example, the gelation process of similar triblock copoly-
mers in o-xylene is fundamentally different.48,49 While
a clear gel transition is observed in this solvent, the low-
temperature gel phase exhibits substantial creep be-
havior, with a short-term elastic modulus that continues
to evolve when the samples age at temperatures below
the gel point. Association of the PMMA in these cases
is attributed to the intramolecular coil-to-helix transi-
tion followed by the association of these helixes creating
the physical network.50-53 The role of solvent in these
systems has been shown to contribute to the stability
of the PMMA helix through solvent-polymer com-
plexes.54,55 Moduli obtained with these associating gels
at similar volume fractions of polymer are much lower
than the moduli obtained in our system. Unlike these
and many other physically associating gels, the concen-
tration of load-bearing network strands in our system
is determined by the fixed structure of the gel, giving a
predictable and reproducible elastic response that does

Figure 13. Master curve obtained from time-temperature
superposition for a series of stress relaxation experiments at
various temperatures. Gel samples were aged for 30 days. A
reference temperature of 23 °C is used for shifting. The dashed
line represents eq 8, with τ ) 3 × 106 s.

E(t) ) Eref exp[-(t/τ)â] (7)

E(t) ) 10000(t/1000)-0.016 exp[-(t/τ)0.5] (8)

Figure 14. Comparison of the relaxation times of the ther-
moreversible gels and a nonreversible triblock copolymer
(Hotta et al.39) with similar spherical glassy domains.
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not evolve during the aging process.

Conclusions

Rheometry, thermal analysis, and mechanical testing
have been used to examine the origins of elasticity in
physically associating all-acrylic ABA triblock copolymer
gels, formed in a variety of alcohols. Alcohols, which are
selective solvents for the tert-butyl acrylate midblock,
create polymer gels with two governing transition
temperatures: the critical micellization temperature
near 60 °C and the glass transition temperature of the
aggregated PMMA endblocks. We measure the unique
properties of this system in the context of the temper-
ature-dependent thermodynamic interactions between
the PMMA and solvent. Our main conclusions are as
follows:

1. Above the cmt, the gel becomes a freely flowing
Newtonian liquid, with a viscosity of 110 mPa s at 75
°C.

2. Cooling through the cmt results in the rapid
aggregation of PMMA chains due to the strong temper-
ature dependence of the PMMA/alcohol interaction
parameter.

3. Thermal analysis reveals the existence of the glass
transition temperature of the PMMA domains and the
physical aging of these domains at room temperature.

4. At room temperature, which is below the glass
transition of the PMMA domains, the gels exhibit ideally
elastic behavior with little creep behavior and an elastic
modulus that is independent of the aging time.

5. Stress relaxation experiments measure the increase
in the relaxation time of the network due to the physical
aging effects. Aging contributes to the enhanced creep
resistance of the gels by increasing the glass transition
temperature but does not affect the rapid and reversible
solid/liquid transition.

6. Tacticity of the PMMA domains does not play an
important role in the ordering or glass transition
processes, and thermoreversible gels with similar prop-
erties can be made from triblock copolymers synthesized
by anionic polymerization or atom transfer radical
polymerization.
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