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ABSTRACT: The structure and relaxation behavior of thermoreversible gels made with poly(methyl methacry-
late)—poly(n-butyl acrylate)-poly(methyl methacrylate) [PMMAPNnBA—PMMA] triblock copolymers in
2-ethylhexanol, a midblock selective solvent, were studied by small-angle X-ray scattering (SAXS) and rheology.
Effects of endblock length, endblock fraction, and gel concentration on the gel properties were investigated. A
dramatic decrease in SAXS intensity was observed over’€20terval where the gel transitions smoothly from
elastic to viscous behavior. SAXS patterns were fit with a Perdevick disordered hard-sphere model from
which aggregation number and average domain spacing were calculated. Aggregation number increases with
increasing gel concentration and endblock length. Increasing the endblock length from 9K to 25K increases the
relaxation time of a gel with a polymer volume fraction of 0.15 by a factor &f E6r a given triblock endblock
fraction and molecular weight, the micelle aggregation number is strongly correlated to the gel relaxation time.
Arrhenius behavior with an effective activation energy 6550 kJ/mol was observed for all triblocks and
concentrations. This very high effective energy barrier describes gels relaxation behavior overtedperature

range, where the relaxation times vary by a factor d°.10

Introduction

Symmetric ABA triblock copolymers are of both theoretical % 1\3” Low
and practical importance because of their ability to self-assemble o vy Y ., Viscosity
into ordered structures. Their technological importance is due w 0 % liquid
to their ability to form elastic solids via self-assembly, with gy P m
midblocks bridging aggregated endblock micelle’hen tri-
block copolymers are dissolved in a midblock selective solvent,
they form gels that retain many desirable properties of the
liquid phase while adding the ease of handling and robust
nature of an elastic solid. Additionally, the thermoreversible
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nature of the gel transition makes these systems ideal from a 9 ""_ \: . ,--' g
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processing perspective. Styrene-based triblock systems are used T L AL B c3 Wongdes
as thermoplastic elastomerss pressure-sensitive adhesives, L & .¢ Pt A% solid
and as substrates for microfluidic systehfRecently, acrylic e

triblock copolymer gels have been investigated as a novel Figure 1. An illustration of the temperature-dependent structure of
processing route for ceramfcsas well as for model pressure- acryllfgtnblock copolymer gels in alcohols adapted from Drzal and
sensitive adhesives Triblocks in liquid crystal solvents Shull:

take advantage of the homogeneity produced by self-assembly

to form elastic solids with rapid switching times and excellent

> Th ition is the gl iti
optical propertie$. Aqueous systems with hydrophilic mid- aggregates: The second transition is the glass transitidg) (

. . of the still slightly swollen endblock domains. Systems that rely
blocks and short hydrogenated or fluorinated hydrophobic ,, o ghiock crystallization to form network cross-links have

endbloc_ks ar_? used as thlcléemng agents in S‘:};gﬁ?_ ‘_:glat'rllgs aNfhuch slower gelation kinetics than systems governed by glass
ﬁojme“‘l:s' oL coouey, & W%ng""i‘ter ”e"’}t. rol0cK e transitionst® PMMA ~PnBA-PMMA triblocks in alcohols are
ydrogels with poly(lactide) endblocks are of interest for tissue a particularly useful system because the cmt is generally less

engineering because their modulus is similar to that of soft y,a 100°C and the endblock glass transition is typically above
tissue: room temperature, although both transition temperatures have

Thermoreversibility of triblock gels originates from the pjock length and concentration dependence. As a result, an
temperature dependence of the interaction parameter betweeR|astic gel with an extremely long relaxation time is formed at
the endblocks and the solvents. Temperature-driven gel  yoom temperatur& The very rapid, thermally reversible liquid
formation is shown schematically in Figure 1. For systems that so|id transition makes this system of interest for materials
lack long-range ordering of micelles, two transition temperatures processing applicatioris

are important. The first of these is the critical micelle temper- | contrast aqueous systems tend to gel on hektargl lack
ature (cmt) where the endblock aggregates, commonly referredine |ong relaxation timés of acrylic or styrenic gels. Com-
to as micelles, form. As the gel is cooled., the solvent quality mercially available poly(styrene)poly(ethyleneso-butylene)-
for the endblocks worsens and solvent is expelled from the oy (styrene) [SEBS] triblocks form thermoreversible gels in
mineral oils; however, they have a broader transition between
* Corresponding author. E-mail: k-shull@northwestern.edu. liquid and solid behaviol and the nonvolatile nature of the
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solvent is undesirable for materials processing applications
where castings must be dried prior to sintering. Also, acrylic

gels have viscosities low enough for casting at much lower

temperatures than SEBS systems. For gels with similar molec-
ular weight, endblock fraction, and overall polymer concentra-

tion, the viscosity of acrylic gels is reduced to 0.1 Pa s at 75

°C,13 compared to 200CY for SEBS gels.

In order to optimize the acrylic gels for processing applica-
tions, we need to understand the parameters that control the
gel behavior. If the relaxation time is too short at low
temperature, the solid character of gels necessary for molding

applications will be lost. Conversely, large relaxation times at _. : .
Figure 2. Gel structure in the elastic state. Endblock cores are located

high tgmperatures will give viscosities thqt are too high for the an average distancl, apart. The micelle core has a radits,and is
material to be poured into a mold. In this paper we describe syrrounded by a fictitious hard sphere of radRis

the connection between endblock fraction and molecular weight,

gel structure, and viscoelasticity of PMMAnBA-PMMA

gels in 2-ethylhexanol of various concentrations. molecules with a molecular weight equal to the average
molecular weight between cross-linkg,is the fraction of
elastically active moleculegy, is the polymer volume fraction,

) ] M is the polymer molecular weight, apds the polymer density.
Block copolymers are simple systems that satisfy the two For triblock copolymer gels] scales with the average distance
requirements for self-assembly: short-range. attractive forcespetween aggregates and reflects stretching of the midblocks due

(A—B covalent bonds) and long-range repulsive forcesBA 5 geometric constraints. For triblock copolymer gels with a

repulsions) The structure formed depends on the balance midblock concentration in the unentangled regime, eq 1
between interfacial tension and the chain stretching entropy. gescribes the modulis.

Depending on the relative volume fraction of each block, neat
diblock copolymers form spherical, cylindrical, gyroid, and
lamellar phasé8 with the feature size determined by block
length. The phase space for symmetric triblock copolymers is
similar to that of diblocks since they share the same driving
force for aggregation, which for spherical and cylindrical
geometries can be viewed as micef@Spherical micelles are
formed when the endblocks are short relative to the midblocks.
Ordering of block copolymers in selective solvents is similar
to the ordering of neat copolymers, except that the sotvent
polymer interactions are generally the dominant driving force
for micellization. Depending on the strength of the polymer
solvent interactions, the micelle core will be solvated to some
degree. Whether the micelles exhibit only short-range order or
long-range order depends on processing history and represent
a competition between micelle ordering and physical network
formation2122 Long-range order is favored at higher polymer
concentratio??23 and may develop if the gel is annealed at ) _ _ ) S
temperatures where the endblocks are able to exchddge. Many theoretical st.udles have investigated micellization in
Micelle size does not appear to change as micelle long-rangeblock copolymers. Leibler, Orland, and Wheeler’s free energy
order develop& Ordering was not observed in any of the acrylic appr_oach to calculating t_he critical micelle concentration (cmc)
triblock copolymer gels investigated in this paper, and thus the ©f diblock copolymers in homopolymer solvéhthas been
discussion will focus on systems exhibiting only short-range €xtended to diblock copolymé¥sand triblock copolymer$ in
order. a selective solvent. These studies focus on scaling relationships
The crucial difference between diblock and triblock copoly- P€tween block length, core and corona radius, and aggregation
mers is the opportunity for midblocks to form either loops or NUMbEr. An increase in aggregation number with concentration
bridges in triblock systems. Unentangled looped chains do not for triblocks in selective solven'ts has begn seen .expenm'entally
carry stress whereas bridges and interlocking loops can transmif©" Styrene-based systeffisnd in theoretical studi$: This
stress between connected micelles and contribute to the sheaP€havior differs from what is observed in dilute solutions of
modulus. From rubber elasticity theory, the shear modys, ~ Surfactants or copolyme¥sand in Pluoronic systems in wat&r.

for an ideal Neohookean material that has been isotropically !N these cases an increase in concentration is accommodated
swollen by solvent is given 5§ by creating more micelles, not by increasing the aggregation

Background

In a triblock gel, the number of elastically active chains, and
therefore the modulus, increases with an increase in the ratio
of bridges to loops. For a solution of diblock micelles= 0,
while f can vary in triblock gels. Monte Carlo simulations of
triblocks in midblock selective solvedf$”28 as well as
experimental dielectric studigshave shown that the number
of bridges increases with polymer concentration. Self-consistent-
field theory calculations for triblock melts find a bridging
fraction of about 0.8 for spherical micell&s.For highly
concentrated solutions, most chains would be expected to be in
a bridged conformation due to the entropic penalty associated
with forcing both endblocks to reside in the same micelle.
Semenov’s theoretical treatment invoking an analogy to planar
brush layers shows that triblock micelles strongly attract each
Bdther and that the number of bridges scales with the micelle
aggregation number and the concentration of micelles in
solution?

number.
o PppRT| 2 Figure 2 represents the structure of a triblock gel below the
G=vkgT —=f VIl 1) critical micelle temperature. Triblock gels can be modeled as a
R R random distribution of hard spheres in a liq8i#.24383%ach
fictitious hard sphere of radiuR contains a micelle core of
wherev is the number density of elastically active chaidss radius ro. The final parameter describing the system is the
the average distance between cross-linRg, is the mean- volume fraction of hard spheres, The aggregation number,

squared end-to-end distance for an equilibrium solution of g, or number of endblocks per micelle core, is given by the
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number of endblocks divided by the number of micelles in a Table 1. Triblock Copolymers Used in This Study
given volume: A: PMMA B: PnBA
polymer MW [g/mol] MW [g/mol] fraction PMMA
9= (ZP%Nav) (@ ) @) AosB116A2s 25000 116 000 0.3
M 3y AgBsAg 8900 53 000 0.23
A23B31A2s 23000 31000 0.6
where p is the polymer densityg, is the polymer volume micellization temperature measured by light scattering. Thus,
fraction in the gel,Nay is Avogadro’s number, ani¥ is the the gel behaves as a transient network able to flow at high
total triblock molecular weight. The average distance between temperature due to endblock detachment from associated cores.
micelle coresp, is given by Inomata et al.’s study provides an excellent understanding of
how the physical network develops as a function of concentra-
D= (47T_R3)”3 ()  fion. The present work aims to expand the understanding of
3y these types of materials by investigating the effect of endblock

fraction and chain length on gel structure and relaxation
From eq 2 it is clear that ag, increases two mechanisms can behavior. The main result of this investigation is that the
accommodate the new polymer chains: either the averageeffective energy barrier describing the removal of a PMMA
spacing between micelles can decrease, or the aggregatiorendblock from an aggregate is independent of gel concentration,
number can increase. An increase in average spacing betweerndblock fraction, and overall chain length.
micelles requires bridged midblocks to be more stretched and
therefore will favor loop formation. Experimental Details

In conditions where the endblocks are able to exchange Materials. Gels were made by dissolving PMMAPNBA—

between aggregates, e.g., above the glass transition of the®MMA triblock copolymer in 2-ethylhexanol, a midblock selective
aggregates and when the solvent is not too poor for the endblock solvent, above 90C. The triblock copolymers were provided by
triblock gels must technically be classified as viscoelastic liquids, Kuraray Co. and were used as received. Three different triblocks
although the relaxation times may be extraordinarily large. Stress With various endbllock fractlons and chain Ier)gths were |r]vest|gated
is relaxed when an endblock disengages from its aggregate 2"d aré summarized in Table 1. The naming convention uses A
Triblock gels may therefore be described using transient networkand B to refer to PMMA and PnBA blocks, respectively, with

h developed f I p— fthi subscript numbers referring to each block’s molecular weight in
theory developed for associating polym€té summary of this 1 5/m| " Polydispersity was obtained from size exclusion chroma-

theory as well as its expansion to take into account the tography using polystyrene standards. Polydispersities 814 os,
concentration dependence of elastically active chains can beaBs,A,, and A:BaiAz; were 1.39, 1.26, and 1.18, respectively.
found in ref 14. Briefly, endblock dissociation from aggregates ~ Methods. Small-angle X-ray scattering (SAXS) experiments
arising from thermal motion or tension must overcome a were performed at the DND-CAT beamline 5ID-D at Argonne
potential energy barrier. Transient network theory predicts National Lab’s Advanced Photon Source. Room temperature gel
Maxwell-type viscoelastic behavior with a single relaxation time. samples were made by casting a heated solution in a washer (1.6
The energy barrier depends on the incompatibilitygNa, mm thick, 7.6 mm diameter) between two Kapton layers. Temper-
between the solvent and the endblock whiskeis the degree ~ 21ureé ramp experiments were performed on gels loaded into 1.5
of polymerization of the endblock. The temperature dependencemm diameter boron-rich capillaries. Capillaries were placed in

- . : : contact with a copper block inside a Linkham THMS 600 hotstage,
of segmental mobility will further increase the effective energy ,.¢ the temperature was recorded by a thermocouple in contact

barrier. Therefore, the gel relaxation time should increase with yth the copper block. The samples were heated %/fin. The
increasing endblock length and with decreasing temperature (forscattering vectorf = 4z sin 6/1) range covered 0-11.0 nntt

systems with upper critical solution behavior) singgs is using a beam energy of 17 keV. Isotropic patterns were collected

temperature dependent. on a 2D detector and then integrated over all azimuths to generate
Aqueous systems of telechelic associating polymers with one-dimensional data.

extremely short endblockdNg < 20) exhibit single relaxation Rheological measurements were performed on a Paar Physical

time Maxwell-type viscoelasticity with a relaxation time that MCR-300 rheometer with a double-gap Couette (DG26.7) type

vares exponentialy with hycophobe lengathough the  [Xure, Ges were heated above 70 and oaded o e e,
relaxatzlon bel_1awor chan_ges when_the m'ce”es adopt Iong-rangestrain sweep was performed to identify the linear viscoelastic (LVE)
order?2 Terminal relaxation behavior with the storage and loss

. ’ 4 . regime. Isothermal frequency sweeps over an angular frequency
moduli increasing with the second and first powers of the () range from 0.1 to 100 were performed at a constant stress
frequency, respectively, has been observed in triblock felts chosen such that the resulting strain was in the LVE regime. The
and gel3*43with much longer endblockd\{ ~ 80—165). At temperature dependence of the dynamic moduli was measured on
higher frequencies, the storage moduli plateau, the loss moduliheating and cooling at a strain of 1%,= 10 s'%, and a heating
do not approach a limiting slope ef1, indicating that these rate of 1°C/min. Viscosity data .for neat 2-ethylhexano| and for
materials are not characterized by a single relaxation time. ~ 9els above 70C were collected in steady rotation at a strain rate
Inomata et al. investigated the association behavior of a ©f 50 s* with a heating rate of 2C/min. . ,
PANA FISA PUA ge 1 Linianol 65 2 foncion of  (, SUelng xerments weecorducte by casin gl eshers
tempgrature and (?oncentrat!ﬁanMR and light sca.tterlng . cooled, removed from the washers, weighed, and placed in a baths
experiments on dilute so_lut|ons found that the triblock IS of pure solvent. Once the gels reached equilibrium, they were
molecularly dissolved at high temperatures. As temperature is nominally dried on filter paper and then weighed. The equilibrium
reduced, the solvent quality for the endblock decreases until swelling ratios were calculated by dividing the swollen weight by
micellization occurs. On increasing the gel concentration, the the initial weight.

physical network grows by incorporation of aggregates by ] )

increasing the fraction of bridging chains. Master curves were Results and Discussion

produced via timetemperature superposition, with terminal Small-Angle X-ray Scattering. The effect of temperature
relaxation behavior observed at temperatures lower than theon the structure of an AB116A25 gel with ¢, = 0.15 is shown
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Figure 3. Scattering intensity vg| for an AgsBii6A2s gel with ¢ =
0.15 heated at 2C/min. Figure 5. Normalized intensity vy for AzsBi16Azs gel with g, =

0.15 at room temperature. Open symbols are raw data, and line is

10% Percus-Yevick fit with parameter®k = 19.3 nm,ro = 8.9 nm,n =
' 0.42, ando = 1.
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Figure 4. Maximum intensity vs temperature for arnsBi16A2s gel :: 20 | L L
with ¢, = 0.15. Open symbols were collected on heating and closed
symbols on cooling. The shaded region indicates the temperature range b. 140 — T T
over which X-ray contrast from the endblock aggregates is lost. R ?
é 120 -
in Figure 3. At low temperature there are clear peaks which =1
decrease in intensity as the temperature is raised. Figure 4 plots % 100 -
the maximum intensity of the lowestpeak as a function of S
temperature. The dramatic drop in scattering intensity between g 80 ; B
50 and 7C°C indicates reversible changes in the X-ray contrast % ¢
of the sample and suggests a broad structural transition. The =) i i ¢
X-ray contrast in the gel comes from the difference in electron < 60 $ Lo
0.05 015 025 0.35

density between dense PMMA endblock aggregates and the
well-solvated PnBA midblocks. A transition from a gel with P
aggregated endblocks to a polymer solution would result in a Figure 6. Average domain spacing (a) and aggregation number (b)
decrease in scattering intensity. However, increased solvationVS Polymer volume fractionpp, for AzsBiieAzs (), AsBssAo (@), and

. . A23B31A23 (A).
of endblock aggregates would also result in a decrease in X-ray
contrast.

Patterns were taken at room temperature for ge|s with po|ymer hard—sphere radius and volume fraction, which in turn determine
volume fractionsgy, ranging from 0.1 to 0.3. The patterns were aggregation number and average distance between cores through
fit using the PercusYevick disordered hard-sphere motféh egs 2 and 3, are obtained by the fit to the lgg < 0.5 nnT?)
which the scattering intensity is given by part of the pattern, where excellent agreement with the

experimental data is achieved.
I(g) = KNP(qg) Yq) (4) Aggregation numbers and average domain spacings calculated
from the SAXS fits using eqs 2 and 3 are shown in Figure 6.
whereK is a constantN is the number of scattering centers, Estimating average domain spacing by presuming the location
P(q) is the particle form factor, anf{(q) is the structure factor.  of the first scattering peak is related to the Bragg spacing for
Details of the fit can be found in the literatu#é83°45The micelles with bcc packint§ yields values nearly identical to
location of the lowg peaks are determined primarily by the
structure factor, which depends &, the hard-sphere radius,

those calculated from eq 3. All three triblocks showed quali-

tatively similar behavior. The average domain spacing is weakly
andy, the volume fraction of hard spheres. The peak at higher dependent ong, as expected for gels with well-solvated
g (g ~ 0.65 nnt?) is controlled by the particle form factor, midblocks. In contrast, the aggregation number increases
which depends orrg, the scattering core radius, amd a strongly with ¢,. As the endblock length increases, the
parameter describing the scattering center boundary diffuse-aggregation number’s dependence on concentration increases.
ness® Figure 2 illustrates the physical meaning Rfand ro. Gels of AsB116A2s and Ax3B3iAL3 experience a more rapid
Figure 5 shows the room temperature SAXS pattern for a increase in aggregation number thagB4gAg gels with much
A2sB116A25 gel with gp = 0.15 and the Percusyevick fit with smaller endblocks but similar relative endblock volume fraction
R=19.3 nmro = 8.9 nm,y = 0.42, andr = 1. Values of the as AosB116A2s.
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Modulus and Swelling Behavior.At low temperatures, these 10°
gels behave as viscoelastic solids at accessible frequencies, with
a well-defined shear modulus. For eq 1 to apply, the gels must
lack midblock entanglements. The number of entanglements per
molecule,ne, for a polymer in a good solvent is given by

(1 d

[Pa]
o>
me »
[
[

Ne~ Neg,* ©)

whereNe is the number of entanglements per molecule in the
melt#” Midblock entanglements are not expected to be present
in our systems since the entanglement molecular weight of neat 10 T T N
PnBA is 22 000 g/mot8 For AzsB116A2s, the polymer volume b. 2.5
fraction at which midblocks form one entanglement is 0.26, and
for the other polymers studied it is higher than the experimental 2L _
volume fractions investigated. It is not appropriate to use eq
1 to describe the concentration dependence of the modulus for
triblock systems in the concentration range where midblock
entanglements are preséfg34°

Information about midblock conformations can be obtained
by calculating the combined variaki¢d?/Ry?) from eq 1 using
measurements of the plateau modulus. Figure 7a,b shows how
both the plateau modulus measured at@@&ndf (d¥/Rq?) vary
as a function ofgp. At high concentrations where bridge
formation is favoredf should approach one for each polymer
system. The dimensionless factb(d?/R,?) increases when
midblocks are more strongly stretched as they clearly are for
A2Ba1Aos gels atg, > 0.15. At lower concentrations, the
increased midblock chain stretching due to larger aggregate
spacing favors loop formation, which is consistent with the lower
modulus of A3B31A23 gels atgp, = 0.1. The strong stretching
of the midblocks for AsBsi1A23 gels is consistent with their large
aggregation numbers and relatively short midblocks. In contrast, 0 Ll L
A2sB116A25 ggls have comparable aggregation numbers, but as 005 015 025 0.35
expected their much longer midblocks are not strongly stretched. o

Equilibrium swelling ratios for AsB116A25 and A3Bsi1Az3 gels P
immersed in pure solvent at room temperature are shown inFigure 7. Dependence of (a) storage modul@®, and (b)f (d?%/Ro?)
Figure 7c. Equilibrium swelling ratios were not obtained for ?.n)pglr)]’&nz \éOI}ZI\me(E%i?ser'c)mEz?;ﬁ) IICLT n?zss\?vgﬁﬁ]zg (r!%{oA\?sB?%/?t?m
AgBs3Ag gels because their relaxation time at room temperature '~ 4’ SEsY 23 >
was shorter than the time required to reach equilibrium swelling; gel polymer volume fractiony, at room temperature.
however, at short times they swelling behavior was similar to
A23B31A23 gels of the same initial concentration. For all initial
concentrations, AB116A25 gels swell to several times their initial
weight, indicating that their midblocks are able to deform to
accommodate more solvent molecules. In contragiBAA 23
gels either weakly shrink at low initial concentration or weakly
swell at higher initial concentrations. This result is consistent
with the calculated values ¢f(d%Ry?) which indicate that the
midblocks of A3B31A23 gels are in an extended conformation
when the gel is formed. The swelling data are also consistent ¢ _
with A,3B31A23 gels having larger average domain spacing than 10 30 4'0 50 60 70 850
AgBs3Ag gels (Figure 6a) even though,#31A23 gels have Temperature [°C]
shorter midblocks. Fi 8. T ture dependence Gf (M) and G" (O) for an

Rheology. Temperature ramp experiments illustrate the A'nggrl‘fﬁAz's gi?"?;pra: 0-15)p heated at TClmin. Shaded region

profound change ir_] rheology that occurs over a moderate corresponds to region over which SAXS intensity decreases in Figure
temperature range in these samples (Figure 8). BelokC50 4,

the response is highly elastic, wi@i > G". Upon heating, the

AsBi11sAzs gel (@, = 0.15) considered here undergoes a ous percolating network. These percolation concepts are most
transition to a liquid state at63 °C. (We use theG'—G" relevant when the lifetimes of the bonds are very long, as with
crossover as a convenient indicator of a gel temperature.) Abovecovalent cross-links, for exampté.For the relatively large

this temperature, the response is viscous dominated, ®ith  polymer concentrations used here, a percolating network always
> @', and the moduli drop rapidly as the material softens into exists below the cmt. Previous studies estimate the glass
a low-viscosity liquid. This definition of the gel temperature as transition for the solvated endblock aggregates ingBbeAo3

the temperature where the relaxation time is comparable to thegel in 2-ethylhexanol to be-36 °C.13

time scale of the experiment is convenient in our case. It differs, Despite the profound structural changes revealed by SAXS
however, from definitions based on the formation of a continu- as the sample passes through the gel temperature, isothermal
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Figure 9. (a) Master curve showin@' (closed symbols) an@" (open
symbols) for AsBii6A2s gel with ¢, = 0.15 created by shifting
frequency sweeps collected between 40 andQ@(reference temper-
ature of 65°C] along the frequency axis. Inset shows semilog plot of
the loss angle’s smooth transition from viscous to elastic behavior. (b)
Parameters used for multimode Maxwell model shown as lines)in (a
Arrow marks the relaxation time defined by eq 8.
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0.2 (a), 0.25 (v), and 0.3 0).

The fact that superposition is possible suggests that the
fundamental origins of viscoelasticity in these gels is not
changing over this temperature range. Even though the SAXS
data indicate the nature of the aggregates themselves changes
dramatically over this temperature range, it appears that stress
in these solutions is carried by midblock chains whose relaxation
is mediated by exchange of endblocks between aggregates
process which is very highly temperature dependent. Qualita-
tively similar master curves for PMMAPtBA—PMMA in
1-butanol were obtained by Inomata et al. and show terminal
relaxation behavior at temperatures where light scattering

frequency sweep data collected at various temperatures may beéndicate that the endblocks are aggregédfed.
used to produce a single master curve governing the viscoelastic Vega et al. have modeled relaxation in triblock gels with
spectrum over this temperature range (Figure 9). (Master curvesstyrene endblocks and either isoprene or ethykiheropylene

were produced by shifting along the frequency axis, with no

midblocks using theory developed for entangled star poly#aters.

shift along the modulus axis.) For all samples, these master They argue that the rheological behavior in their systems is
curves reveal the response to be that of a viscoelastic liquid, instrongly affected by trapped midblock entanglements. As

which the lossG'") and storage@') moduli approach limiting
power law dependencies enof 1 and 2, respectively, at low
frequency. At high frequencys’ becomes independent of
frequency; howevelG" decreases with a power law ©f—0.3,

a smaller slope than power law efl predicted for a single
relaxation time Maxwell model. This indicates that there is a

discussed above, midblock entanglements are not expected to
significantly affect the properties of the acrylic gels studied. In
addition, the similarity between the master curves generated for
all polymers and concentrations suggests that midblock en-
tanglements are not affecting the rheology of these systems.
Stress Relaxation.From the master curve for each sample

range of times associated with endblock exchange betweenwe can construct a relaxation time,at any given temperature
aggregates. Lines in Figure 9a represent a generalized Maxwellysing

model fit to the master curve, leading to the discrete spectrum
of relaxation times shown in Figure 9b. The storage and loss

moduli are given by and

’ G 2w?

G(w) = Z TW (6)
. Glw

G'(w) = Z TW (7)

Ai and G; are theith mode’s relaxation time and modulgis.
Interestingly, the power law behavior &' at high frequency

_ Modr

T GO

(8)

whereno and Gy are the zero shear viscosity and the plateau
modulus determined respectively from low- and high-frequency
regimes at the reference temperature, wailés the shift factor

for the temperature of interest. The zero shear viscosity is
calculated from

G'(w)
(0]

9)

7o = lim

w—0

Figure 10 shows the temperature dependence of the relaxation

and the shape of the relaxation spectrum are similar to thosetime for AxsB116A25 gels withgp ranging from 0.05 to 0.3. At

observed in melts of monodisperse linear, flexible polymers in
the flow regime®?

The loss angle varies smoothly from nearly @ 90,
indicating that the transition from nearly perfectly elastic
behavior to viscous flow occurs smoothly over the’@linterval

60 °C, the relaxation time for this triblock increases by 5 orders
of magnitude asp, increases from 0.1 to 0.3. For polymers
AoBs3Ag and Ay3B31A,3, relaxation times increase by about 3
orders of magnitude over the samg range. Relaxation time

is also strongly affected by the endblock length. For example,

used in constructing this master plot. The temperature-dependenf\¢BssA¢ gels withgp, = 0.15 relax about 0times faster than

data in Figure 8 are thus seen to follow naturally from the time
temperature superposition of a fundamentally liquidlike relax-
ation spectrum.

AzsB116A2s gels with the samepp.
Gel Temperature. Using theG'—G" crossover as an indica-
tor of a gel temperatur@ge, represents the temperature at which
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Figure 11. Tge Vs (a) aggregation number and (b) volume fraction of
midblock, @mig, for A2sBi116A2s (M), AgBszAg (@), and AsBaiAzs (A).

the relaxation time is roughly equal tocd/ Temperature ramp
tests for the gel temperature were performed with 10 s,
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thus pr0b|ng the Samp'e on atime scale of 0.1 s. Over a rangeFigUre 13. ViSCOSity Vs temperature 2'ethy|hexanod)(and for an

of gel concentrations, each triblock type showed a small

hysteresis in gel temperature with measurements on heating

yielding values +2 °C higher than on cooling. The hysteresis

AxsB116A2s gel (pp = 0.15). Viscosities calculated using the time
temperature superposition of master curves of oscillatory data are shown
as closed circles while viscosities measured in steady rotation are shown
as open circles. The shaded area corresponds to temperature region

is small because gelation corresponds to the equilibration of where the SAXS intensity decreases in Figure 4.

the very small PMMA aggregates and not to crystallization or

stereocomplexation; indeed, some of the observed hysteresi

may result from thermal lag due to the finite heating/cooling
rates. By contrast, triblocks with syndiotactic PMMA endblocks
that form gels ino-xylene via endblock stereocomplexation
exhibit a hysteresis in gel temperature of ZD53

Gels made from ABs3Aq had gel temperatures about 20
lower than gels made with either of the longer endblock

materials whose gel temperatures are comparable to each othe

{igure 12. This superposition of relaxation spectra is possible

ecause the apparent activation enemyilapp for removing
an endblock from an aggregate is similar for all samples
investigated. Arrhenius plots of the shift factar, vs 1/T were
used to determin@Hap, All samples hadAHgp ~ 550 kJ/
mol, which describes the temperature dependence throughout
the 30-40 °C temperature range that could be accessed for a
Igiven sample. Our results are consistent with values of the
apparent activation energy between 450 and 568 kJ/mol,

Figure 11 showsTge against micelle aggregation number as reported for PMMA-PtBA—PMMA gels in 1-butanof3 How-

determined by room temperature SAXS and against the volume

fraction of midblocks in the getpmig. As the aggregation number
or the volume fraction of midblocks is increased for a given
triblock copolymer,Tge shifts to higher temperatures.

We note here that styrenic triblock gels with additions of
diblock copolymers equal to half a triblock chain produce SAXS
patterns nearly identical to neat triblock géisTherefore, the
addition of diblocks, even at very high concentrations, is not
expected to affect the micelle aggregation number. Additionally,
adding diblocks to a triblock gel does not affect the location of
the gel temperatupéwhich offers further evidence tha is
controlled by aggregation number. However, diblock additions
do affect the bridging fraction and, therefore, the plateau
modulus of the gels. The ability of diblock additions to decouple

ever, this value is much higher than th200 kJ/mol value
observed for systems with styrene endblogks.Aqueous
systems of poly(ethylene oxide) chains with short hydrophobic
endblock$* have an activation energy 6f70 kJ/mol, valid over
a 60°C temperature range.

If the strong temperature dependence shown in Figure 12 is
a result of endblock exchange between aggregates, it must level
off at temperatures above the cmt when the endblock aggregates
dissociate. Figure 13 shows that there is a slope change in the
viscosity vs temperature curve. At higher temperatures, the
viscosity of the triblock solution parallels that of the pure solvent
as expected for polymer solutioP’s.The enhancement in
viscosity closely corresponds with the temperature at which
aggregate formation is just becoming noticeable in the SAXS

aggregation number and gel modulus might enable design ofgata.

gels with specific moduli and relaxation behavior.
Relaxation Time Superposition. Shifting the relaxation

The temperature dependenceyat contributes to both the
thermodynamic and kinetic portions of the large apparent energy

spectra along the temperature axis by an amount equal to thebarrier observed in this paper and by Inomata é¢ Sinceyas
gel temperature causes the data for all three polymers in allincreases with decreasing temperature, the energy penalty for
concentrations studied to collapse onto one curve, as shown inremoving an endblock from an aggregate also increases with
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decreasing temperature. Additionally, the mobility of the all polymers and concentrations studied. The very high effective
endblocks decreases with decreasing temperature because theactivation energy of~550 kJ/mol is due to the strong temper-
are nearing their glass transition. The location of this glass ature dependence of the interaction between the endblocks and
transition is at least partly controlled by the degree of solvation the solvent. This single apparent activation energy describes
of the endblocks which again must depend)ag. the behavior over a 40C temperature range, where the
The attempt frequency for endblock disengagement will relaxation times vary by a factor of 4¥0At higher temperatures,
depend on the mobility of the endblocks. This frequency will the strong temperature dependence levels off, and the viscosity
be affected by the volume fraction of solvent within an of the triblock solutions parallels that of the neat solvent,
aggregate,gsa, because solvation plasticizes the endblock indicating eventual dissolution of the endblock aggregates.
aggregates. Since the chemical potential of the solvent is uniform
through the systengs a will also depend upon the concentration ~ Acknowledgment. We are grateful to Kuraray Co. of Japan
of solvent in contact with the solvated midblocks. Changing for providing the triblocks used in these studies and to Steven
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