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Crossover from Stretched to Compressed Exponential Relaxations
in a Polymer-Based Sponge Phase
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X-ray photon correlation spectroscopy was used to characterize the wave vector- and temperature-
dependent dynamics of spontaneous thermal fluctuations in a sponge (L3) phase that occurs in a blend of a
symmetric poly(styrene-ethylene/butylene-styrene) triblock copolymer with a polystyrene homopolymer.
Measurements of the intermediate scattering function reveal a crossover from stretched- to compressed-
exponential relaxations as the temperature is lowered from 180 to 120 °C.
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Sponge phases are prototypical complex fluids in which
amphiphilic molecules in a solvent self-assemble into an
extended, random, bilayer membrane that separates space
into regions, which may be said to lie either inside (I) or
outside (O) the membrane. Tremendous interest has fo-
cused on sponge phases in an effort to elucidate their phase
stability and mesoscopic structure [1-15]. The difference
in I and O volumes (i) represents an order parameter that
is key to theoretical descriptions of the sponge phase [1,2].
In particular, even in the symmetric sponge (L) phase with
unbroken I-O symmetry, the I-O correlation function ex-
hibits a peak at a nonzero wave vector, corresponding to the
mean separation between like regions. Although the I-O
correlation function itself is inaccessible experimentally,
the L; phase scattering intensity nevertheless exhibits a
scattering peak as a result of coupling between ¢ fluctua-
tions and the amphiphile density (¢) [15].

Beyond its static properties, several studies have ad-
dressed the dynamical behavior of the L; phase [10,16—
26], However, except in a few special cases [21,24], it has
so far proven difficult to experimentally examine the re-
laxation of equilibrium fluctuations at wave vectors (Q)
most characteristic of the L; phase, near the peak of the
static scattering. On the theoretical side, Milner et al. [16]
have given a physically appealing formulation that postu-
lates three slow modes: one associated with ¢, another
associated with ¢, and the third corresponding to topologi-
cal relaxation, via the creation and dissolution of mem-
brane necks. The latter processes are activated. Therefore,
topological relaxation may be expected to be especially
slow. Alternatively, Gompper and Hennes [19,20] have
presented field-theoretic calculations that incorporate the
coupling between ¢ and ¢ required to explain the observed
Ls-phase static scattering. They also incorporate couplings
of ¢ and of ¢ to the transverse momentum density, which
they include as an additional slow variable.

Here we report multispeckle x-ray photon correlation
spectroscopy (XPCS) measurements [27-31] of the Lj
phase that occurs in blends of a poly(styrene-ethylene/

0031-9007/06/97(6)/066102(4)

066102-1

PACS numbers: 68.35.Ja, 61.25.Hq

butylene-styrene) triblock copolymer (PSEBS) with a
polystyrene homopolymer (PS) [32]. Remarkably, these
data show a crossover from stretched- to compressed-
exponential relaxation as the temperature is decreased
from 180 to 120°C, even though the static structure
evolves only slightly within this temperature range. [Note
that 120 °C lies well above the bulk PS glass transition
temperature (T,) [33], although the actual T, of the PS
component here may be lower than the bulk value because
of its nanoconfinement within an L5 phase [34].] As far as
we are aware, such behavior has not previously been
observed in any system and suggests that the L; phase
may undergo a thermally driven jamming transition [35]
from a fluid state at higher temperatures to a jammed state
at lower temperatures.

Blends of 0.20 volume fraction PSEBS (M, =
83.6 kg/mole, M,,/M, = 1.07) and 0.80 volume fraction
PS (M,, = 4.82 kg/mole, M,,/M,, = 1.11) were prepared
as described previously [32] and then annealed under
vacuum at 160 °C for several days, prior to X-ray measure-
ments at beam line 8-ID at the Advanced Photon Source
(APS). The samples’ small-angle-x-ray-scattering profiles
(Fig. 1) show the peak at zero Q and the peak at nonzero Q
that together are characteristic of an L3 phase [4,9,15]. The
solid lines in the figure are best fits using the L;-phase line
shape of Refs. [15,32].

XPCS measures the intensity autocorrelation function
[g2(0, 1)] defined as

/ /
(0. 1) = 10, t)I(Q; t2+ t)>’ 0

1Q, 1)
where I1(Q, ') is the scattered intensity at wave vector Q
and time ¢'. r is the delay time, and the brackets (- - )
signify an ensemble average over different speckles and
over t'. g,(0,1) is related to the normalized interme-
diate scattering function (ISF) [f(Q, 1)] via g,(Q, 1) = 1 +
A[f(Q, 1)]?, where A is the speckle contrast. Experimental
g»s were acquired as described in Ref. [30] and then fitted
using both a stretched/compressed-exponential form for
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FIG. 1. I(Q) vs Q for the PSEBS-PS L; phase at 20 (dia-
monds), 120 (crosses), 140 (squares), 160 (triangles), and 180 °C
(circles), plotted on a log-log scale. For clarity, data for the
different temperatures have been muliplied by factors of 16, 8, 4,
2, and 1, respectively. For 120 °C, we show only /(Q) obtained
from the time-resolved data of this Letter.

the ISF, f(Q,t) = exp[—(T't)?], with T and B as fit-
ting parameters, and a double-exponential form for the
ISE, f(Q, 1) = apexp(—Tp1) + agexp(—Tg1), with ag =
1 —ap, I'p,and I'y I'r > T') as fitting parameters. Both
forms yield a good description of the data. For technical
reasons, the longest time delay accessible was 170 s [30],
preventing determination of the ISF for Q < 0.058 nm™!
at 120 °C and for Q < 0.017 nm~! at 140 °C.

A selection of the corresponding normalized ISFs, ob-
tained at 180 °C, are plotted in Fig. 2 on a logarithmic scale
versus reduced delay time (I';7) on a linear scale, where
I'; = apl'r + agl'y is the initial decay rate, determined
from the double-exponential fits. The logarithmic intensity
and linear time scale of this figure imply that simple
exponentials would appear as straight lines. Evidently,
the measured ISFs at 180 °C exhibit a positive curvature,
indicating stretched-exponential or double-exponential be-
havior of the ISF. The solid lines in this figure correspond
to the best fits to the double-exponential form, correspond-
ing to two coupled slow variables [36].

In striking contrast to the data at 180 °C, at 120 °C the
ISFs, plotted on logarithmic intensity and linear time axes
in Fig. 3, show negative curvature. Thus, at 120 °C, the ISF
exhibits a compressed-exponential form (solid lines). It is
also possible to achieve good fits to these data using a
double exponential, but with a negative weight for the fast
decay mode. Such an ISF requires a reactive coupling
between slow variables [36]. Although the couplings, in-
troduced in Ref. [19], between both ¢y and ¢ and the
transverse momentum density are indeed reactive (and
nonlinear), it is unlikely that these would become dominant
as the PS viscosity is increased [19]. Instead, we seek an
alternative explanation of the dramatic change in behavior
observed.

Recently, it has been proposed [35] that a wide range of
highly structured but disordered soft matter—including
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FIG. 2. ISFs (f) vs reduced delay time (I';¢) for several wave
vectors at 180 °C. For clarity, successive ISFs have been multi-
plied by factors of 1, 2, 4, 8, 16, 32, and 64, respectively. Solid
lines are best fits to a double-exponential form for the ISF.

gels [37], foams [38], clays [29], suspensions [39-41],
and emulsions [42]—can exhibit a jamming transition
from a fluid to a solidlike state with arrested dynamics.
Moreover, a variety of materials in a putative jammed state
display compressed-exponential ISFs [29,37,42], suggest-
ing that such ISFs may be a key signature of the jammed
state. Such a form for the ISF has been explained on the
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FIG. 3. ISFs (f) vs reduced delay time (I'f) for several wave
vectors at 120 °C. For clarity, successive ISFs have been multi-
plied by factors of 1, 2, 4, 8, 16, 32, and 64, respectively. Solid
lines are the best fits to a stretched/compressed form for the ISF.
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basis of the relaxation of force dipoles randomly distrib-
uted throughout the sample [37,42,43]. This picture also
predicts a linear variation of the characteristic relaxation
rate with Q. The jammed state often undergoes aging,
which is manifested as an decrease in the characteristic
relaxation rate with aging time [29,37,41,42]. In the
present case, data obtained at 120 °C after an aging time
of 7000 s are indistinguishable from those obtained after an
aging time of 15000 s (data not shown). It follows that any
aging-time dependence of the relaxation rate at 120°C
within this time range would have to be much weaker
than those reported in Refs. [29,37,41]. However, aging-
time-independent behavior has also been reported in
Ref. [42].

We summarize in Fig. 4 our results for the O dependence
of the reduced relaxation rates, defined as I'y = I'), /T,
where I'y; isone of I'y., I'y, or T', and Ty = kzTQ?>Qy/ Mps,
with Q, the peak of the I-O correlation function
(0.036 nm™ ') and 7pg the temperature-dependent viscos-
ity of the PS solvent [33], which varies from 7 P at 180 °C
to 2200 P at 120°C. Also shown in this figure is the
reduced relaxation rate for PSEBS-in-PS vesicles from
Ref. [32]. In that case, data from 140, 160, and 180 °C
collapse quite well to the theoretical curve (solid line) for
isolated membrane plaquettes, for which the relaxation rate
shows a Q° variation [44]. By contrast, for the present data
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FIG. 4. Reduced relaxation rate vs Q. At 120 °C, the open
diamonds correspond to the I's from stretched-exponential fits.
At 140, 160, and 180 °C, respectively, the solid squares, tri-
angles, and circles correspond to the fast mode (I'x), while the
open squares, triangles, and circles correspond to the slow mode
(T's), as determined from double-exponential fits. The solid line
through the 120 °C data corresponds to a Q!¢ variation of the
relaxation rate. Also shown are the relaxation rates from
Ref. [32] obtained at 140, 160, and 180 °C for a PSEBS volume
fraction of ¢ = 0.03. The line through these data corresponds to
the theoretical prediction of Ref. [44].

at 140, 160, and 180 °C, although in both cases the Q
dependence appears similar at the different temperatures,
neither I'z/T'y (solid symbols) nor I'g/I’y collapse to a
single curve: I' /T’ increases by a factor of 1.5-2 as the
temperature is decreased from 180 to 160 °C and again
from 160 to 140 °C, while I'y/I"p increases by factors of
about 3 for the same temperature steps. These observations
suggest that, in addition to solvent flow, processes, such as
solvent permeation through the membrane, that do not
depend on the solvent viscosity are relevant for both
modes. Both I'/T"y and I'g/I"y appear independent of Q
for Q = 0.03 nm™!, indicating diffusive behavior on long
length scales. A notable feature of both I' /T’y and I'g/T,
is a minimum, more pronounced for I'/T’y, occurring at or
close to the value of Q, at which there is a peak in the static
scattering (Fig. 1). This is the well-known phenomenon of
“de Gennes narrowing” [45]. Surprisingly, at larger QOs,
the relaxation rates do not show the Q3 dependence ex-
pected for independent membranes [21,24—-26] and found
at smaller Qs in the more dilute system [32]. Turning now
to the data obtained at 120 °C, no minimum in I'/T is
discernible. Instead, over the range of Qs studied, which
includes the peak of the static scattering, there is a smooth
variation of the relaxation rate with Q, which may be
described as a power law with an exponent of 1.16 =
0.05 (solid line in the figure), similar to, but slightly larger
than, the linear variation observed previously in the case of
compressed-exponential relaxations [37,41,42].

The relative amplitude of the slow mode (ag) for the
double-exponential fits at 140, 160, and 180 °C is shown
versus Q in Fig. 5(a). Overall, the amplitude of the slow
decay increases towards unity with decreasing tempera-
ture, with the effect that the ISFs appear progressively less
stretched as the temperature decreases. In addition, at each
temperature, ag shows a peak occurring at the Q of the
peak of the static scattering, which we interpret as a further
manifestation of de Gennes narrowing. Figure 5(b) shows
the best-fit exponent () versus Q, determined from the
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FIG. 5. (a) Best-fit relative amplitude of the slow relaxation
(ag) vs Q from fits using a double-exponential form for the ISF
at 140 (squares), 160 (triangles), and 180 ° C (circles). (b) Best-fit
stretching/compression exponent from fits using a stretched/
compressed-exponential form for the ISF.
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compressed-exponential fits at 120 °C. Evidently, the ex-
ponent varies from a peak of about 1.35 at 0.07 nm ™! —
the peak of the static scattering again—to 1.07 at the
largest Qs studied (0.2 nm™!). This behavior differs from
that of Ref. [29], which probed Qs corresponding to the
scattering peak in an aging Laponite suspension. There the
compression exponent (=1.5) was independent of Q.
Nevertheless, the compressed-exponential relaxation
found for the PSEBS-in-PS L; phase at 120 °C [Figs. 3
and 5(b)], together with a relaxation rate that varies ap-
proximately linearly with Q, supports the idea that the
PSEBS-in-PS L; phase becomes jammed on cooling to
120 °C.

How could jamming occur in this case? Beyond
Ref. [16], several experiments indicate that topological re-
laxations can be very slow in the L3 phase [18,23,46] and
in the analogous bicontinuous microemulsion phase [47].
Therefore, we propose that the origin of jamming in the
present case involves the arrest of topological relaxation.
Specifically, we hypothesize that, although the static struc-
ture is similar at the different temperatures studied, never-
theless, changing the temperature causes the equilibrium
topology to vary, for example, by changing slightly the
equilibrium mean separation between membranes and the
equilibrium thickness of the membrane. We further hy-
pothesize that, for 140 °C and above, the membrane topol-
ogy is able to equilibrate, but that, because topological
equilibration is activated and hence increasingly slow at
lower temperatures and because collective diffusion is
itself slowed because of the increased PS viscosity, at
120 °C, the membrane topology does not equilibrate within
the duration of the experiment. Under this constraint, the
sponge structure will be subject to internal stresses associ-
ated with its topological frustration. Specifically, there will
be a free energy cost per unit area associated with the
deficit/surplus of membrane necks; i.e. the membrane
will acquire a surface tension. According to this interpre-
tation, the deformations that occur as a result of these in-
ternal stresses are then the origin of the relaxation of the
ISF observed at 120 °C, following Refs. [29,37,42]. Also
according to this interpretation, at 140, 160, and 180 °C,
the present data represent the first determination of the
equilibrium dynamics of a polymer L; phase. These data
are well described in terms of two modes, with a strongly
temperature-dependent relative amplitude. In addition,
both modes are diffusive at small Q and, near the peak of
the static scattering, manifest de Gennes narrowing in both
their rates and their relative amplitude. In principle, the
theories of Refs. [19,20] should be able to explain these
results.
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