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ABSTRACT: The phase behavior of gels of E4B1o in 0.2 mol dm~2 aqueous K,SO, was studied as a function
of temperature and concentration. EsBio is a diblock copolymer of poly(oxyethylene) (E) and poly-
(oxybutylene) (B), where the subscripts denote the number of repeats. The phase of the material was
characterized by both simultaneous rheology and small-angle X-ray scattering, (SAXS). Depending on
polymer volume fraction in the range 23—38% a body-centered cubic (bcc) structure or a face-centered
cubic (fcc) structure was observed at low temperature, and at high temperature a hexagonally packed
rod structure was formed. The phase transitions were shown to be characterized by discontinuous changes
in the values of the dynamic shear moduli. A bcc—fce transition was observed at high concentration, the
corresponding transition temperature increasing with increasing polymer concentration. The effects of
reciprocating shear were shown to increase the degree of order, manifested as a sharpening of the
diffraction peaks in the SAXS pattern. The dynamic moduli decreased rapidly on the application of
oscillatory shear and recovered equally rapidly when the deformation ceased. The decrease in moduli
was shown, via the SAXS patterns acquired simultaneously, to be correlated to structural changes within

the gel.

Introduction

Solutions of block copolymers form interesting mes-
ophases in which micelles pack into structures that vary
with copolymer concentration and temperature. This
study focuses on correlating rheological behavior with
micellar structure for a range of aqueous solutions of a
diblock copolymer E4B1o in a solution of 0.2 mol dm—3
aqueous K;SO4, where E denotes the hydrophilic oxy-
ethylene unit OCH,CH; and B denotes the hydrophobic
oxybutylene unit OCH,CH(C,Hp5).

The self-assembly of copolymer E4Bjg in dilute aque-
ous solution to form micelles follows the pattern re-
ported for diblock En,Br, copolymers in a series of earlier
papers.1=7 Given suitable compositions, spherical mi-
celles with high association numbers and narrow size
distributions are formed at low concentrations. As
expected for a system with a negative temperature
coefficient of solubility, the association number increases
with increasing temperature. Addition of salt has a
similar effect to raising temperature, in that the solvent
becomes poorer. Indeed, 0.45 mol dm~3 K,SO, at 35 °C
is known to be a ® solvent for poly(oxyethylene).8?
Examples of micellar association numbers and radii
determined by light scattering methods for copolymer
E40B10 in various aqueous solutions are given in Table
1.1

The gelation of aqueous micellar solutions of E,B,
copolymers has been studied extensively as a function
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Table 1. Micellar Parameters for E4Bi0 in Aqueous

K2SOq4
K2S04/mol dm—3 T/°C Ny? rdnmb rp/nme¢
0 20 23 4.0 8.5
0.2 20 32 4.6 8.9
0.4 20 45 5.0 7.8
0.4 30 55 5.2 7.5
0.4 45 80 4.6 7.6

a Ny, mass-average association number. ® ry, thermodynamic
radius = equivalent hard-sphere radius. ¢ r,, hydrodynamic radius.

of temperature over the concentration range of the
isotropic cubic phase!=>10 and recently over more ex-
tended concentration ranges.''? A phase diagram
covering the concentration range 20—40 wt % for
copolymer E4B1p in 0.2 mol dm=3 K,SO, is given in
Figure 1, and forms the basis for the present experi-
ments: to determine the structures underlying the
range of observed phase behaviors. The notation “mo-
bile” and “immobile” in this phase diagram refers to
behavior in a tube inversion test, which is sensitive to
yield stress and which, under the conditions used,
assigns the classification “immobile” if the yield stress
is significantly greater than 50 Pa.l! The full symbols
in Figure 1 were obtained in this way, and by visual
observation of clouding. The open symbols relate to
rheological properties, which are described below.
The most extensively investigated block copolyethers
are the triblock copolymers EnPLEn (Wwhere P denotes
oxypropylene), known commercially by their trade
names: Pluronic polyols (BASF Corp.) or Synperonic PE
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Figure 1. Phase diagram including transitions observed in
the transparency and mobility of the E4oB;, diblock copolymer
gel (full symbols) by Deng et al.! and rheologically (open
symbols), as a function of diblock copolymer concentration and
temperature.

polyols (ICI plc). Aqueous solutions of these copolymers
form cubic (spherical micelles), hexagonal (cylindrical
micelles), and lamellar lyotropic liquid crystalline
phases.’3~15 Under certain conditions, a bicontinuous
spongelike L3z phase can be formed.4

There is a measure of agreement that the low-
temperature isotropic gel results from packing of the
spherical micelles, irrespective of the copolymer
type.2~416-19 As the temperature of such a system is
increased, the solvent becomes progressively poorer and
a number of processes occur:

(i) The molecule—micelle equilibrium shifts further
towards the micellar state.

(if) The average number of molecules per micelle
increases (Table 1).

(iii) The hard-sphere volume of the micelle, which
determines the effective size for packing, initially
increases as N increases but then decreases as the 6
temperature of poly(oxyethylene) is approached (Table
1).

This latter process provides a mechanism for the
release of packing constraints and the formation of a
mobile fluid. Studies of the micellization and gelation
of copolymer P85 (E27P39E27) by Mortensen and co-
workers!”18 and Glatter et al.1® provide a second mech-
anism for mobility at the high-temperature boundary,
i.e., a transition from spherical to cylindrical micelles.

An interesting feature revealed by rheological mea-
surements on micellar solutions of certain copolymers
(EmPnEm and EnyBy) is the formation of a complex fluid,
referred to as a “soft gel”,11:1520 and characterized either
as a solution of cylindrical micelles of sufficient length
to give relaxation times of the order of seconds (which
gives an elastic response to an oscillatory stress)Z® or
as a fractal network of spherical micelles.!! By analogy
with the results for the related copolymer E4;Bg,!! all
indications are that the mobile phases denoted in Figure
1 fit into this category.

In a previous study of block copolymer gels, Diat et
al. employed a Couette cell to orient twinned face-
centered cubic (fcc) crystals of a triblock copolymer
solution at high shear rate and demonstrated, using
small-angle X-ray scattering (SAXS), that high ampli-
tude oscillatory shear (1 = 40%) was able to anneal
almost all of the defects.?l Higgins and co-workers
performed small-angle neutron scattering (SANS) ex-
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periments on a diblock copolymer in a selective solvent
and observed ordered micellar phases for concentrations
above 3 wt %.22 The development of long-range order
and subsequent melting at high shear rates was fol-
lowed by performing SANS experiments on samples in
a Couette cell.?? It is also known that large-amplitude
oscillatory shear in diblock copolymer melts leads to
highly oriented structures. For example, highly ori-
ented lamellar,?® hexagonal (hex),?* body-centered cubic
(bce),2526 and la3d (gyroid) phases?”28 have all been
prepared by the application of large-amplitude shear.
The work presented here complements these earlier
studies, comprising a systematic study of micellar
ordering in gels of a low molecular weight diblock
copolymer in which bcc, fcc, and hex micellar phases
were accessed by variation of the polymer concentration
and temperature.

The effects of large-amplitude oscillatory shear de-
formation of the samples were also studied in an
attempt to prepare highly oriented samples and to study
the effect of such deformation on the phase behavior.
The identification of shear-induced structures was
greatly facilitated by the employment of a novel X-ray
rheometer which allowed confident association between
the structural and orientational information yielded
from the SAXS data and the dynamic mechanical
properties determined from rheology.

Experimental Section

(1) Materials. The copolymer E4Bio used in the present
work was a new preparation which, within the error of
determination, was identical in its molecular characteristics
with the sample used previously.® The chain length distribu-
tion of the sample was narrow: M,/M, = 1.04 determined by
GPC based on poly(oxyethylene) calibrants and uncorrected
for instrumental spreading. The materials used in this study
were 23—38 wt % solutions of the copolymer in 0.2 mol dm—3
K2S0,4, which were prepared by mixing at T = 60—70 °C,
followed by several days storage in a refrigerator.

(2) Small-Angle X-ray Scattering. Simultaneous SAXS
and rheology experiments were performed on either beam line
2.1 or 8.2 of the Synchrotron Radiation Source (SRS) at the
Daresbury Laboratory, Warrington, U.K. Both beam lines are
configured for SAXS experiments using monochromatic radia-
tion of wavelength A = 1.5 A, Details of the storage ring,
radiation, camera geometry, and data collection electronics
have been given elsewhere.?®3 Scattered photons were col-
lected on a multiwire gas-filled area detector. Data were
collected with a spatial resolution of 256 x 256 pixels over
the active area of the detector.

A scattering pattern from an oriented specimen of wet
collagen (rat tail tendon) was used for calibration of the g scale
range of the detector, (g = 4xr sin 6/, where the scattering
angle is defined as 26). A parallel plate ionization detector
placed before the sample cell recorded the incident intensity.
The experimental data were corrected for background scat-
tering (from the camera and empty shear cell), sample absorp-
tion, and positional alinearity of the detector.

(3) Rheometer. Rheological measurements were per-
formed using a Rheometrics solids analyzer RSA 11 system
with a shear sandwich geometry. The rheometer generates
an oscillatory (sinusoidal) deformation, and the dynamic and
loss shear moduli, respectively, G' and G", are measured as a
function of the deformation conditions. Available shear rates
with this rheometer range between 102 and 10?2 s~! with
associated strains between 0.01 and 100%. Apertures were
machined into the plates of the shear sandwich assembly to
allow transmission of the X-ray beam, and were covered by
Kapton windows of 6 um thickness. The sample was loaded
in two areas symmetrically about the insert piece, and the
plates were machined precisely so that the area of the sample
in contact with them measured 12 mm x 16 mm, (Figure 2).
Sample thicknesses employed here were 0.5 mm: in general
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Figure 2. Shearing apparatus within the rheometer oven.
The sample is loaded in a sandwich symmetrically about the
central oscillating plate. All X-ray transmission apertures in
the plates are covered with 6 um Kapton windows.

this parameter is adjustable through the manufacture of insert
pieces of differing thicknesses.

(4) Temperature Range. The sample is enclosed by an
insulated oven that can be maintained at temperatures
between —150 and 600 °C, controlled within an accuracy of
+1 °C. This oven was modified by the manufacturer with
apertures in the surrounding insulation walls to allow trans-
mission of the X-ray beam, which permitted the acquisition of
SAXS patterns simultaneously with the rheological data
during the deformation process. In these experiments, the
samples were investigated at temperatures between —50 and
90 °C.

Water crystallized from the mixture at temperatures below
—10 °C, forming a fine dispersion of ice crystals, followed by
crystallization of a eutectic mixture at lower temperature. On
raising the temperature, at a rate of 3 °C min™?, diffraction
rings characteristic of a hexagonal phase were seen in the
SAXS pattern at T ~ —10 °C. This was assigned to the
formation of a transient biphasic dispersion, comprising pure
water and gel, with the gel having the high polymer concen-
tration characteristic of the eutectic. Upon further heating
above 0 °C, the dispersion rapidly homogenized to form a gel
phase.

At higher temperatures, water began to evaporate from the
solutions, thus affecting the concentration and phase behavior
of the solutions. The phase behavior of the samples was
reproducible upon heating and cooling for conditions where
the sample was not exposed to temperatures above 85 °C, nor
held significantly above room temperature for over 1 h. For
these reasons, the results reported here are limited to the
temperature range between 0 and 85 °C.

X-ray Rheology: Effect of Concentration and
Temperature

Figure 3 shows the storage and loss moduli of the
E4B10 gels as a function of the diblock copolymer
concentration in the aqueous K,SO,4 solvent. All data
were collected at 25 °C with a frequency w = 1 s~! and
a strain amplitude of 1 = 0.1% and were averaged from
a series of five measurements. The viscoelastic behavior
of these gels was linear for deformations up to A = 0.3%
strain amplitude, and thus the data shown in Figure 3
are within the linear viscoelastic regime. It can be seen
from the figure that a higher concentration of copolymer
within the gel leads to greater values of the shear
moduli within this regime. Experiments measuring the
dynamic shear moduli as a function of shear rate show
a crossover between G' and G" at a frequency of w ~ 5
rad s™1, for a 25% E4oB1o gel. This suggests that at a w
= 1 rad s the rheological response is sensitive to
deformation of the micellar lattice.
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Figure 3. Storage modulus G' (open symbols) and loss
modulus G" (full symbols) as a function of E4B1o concentration
in 0.2 mol dm~3 K,S0O,. The samples are sheared at w = 1 rad
s~ with a strain amplitude of A = 0.1%, at a temperature of
25 °C.
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Figure 4. Storage modulus G' (open symbols) and loss
modulus G" (full symbols) as a function of sample temperature
for three concentrations of E4oBio in 0.2 mold m~—2 aqueous K-
SO4: 25% (upper curve), 30% (central curve), and 38% (lower
curve). The samples are sheared at w = 1 rad s~* with a strain
amplitude of 4 = 0.1% and are heated at a rate of 3 °C min1.
The notation correlates with the SAXS images shown in Figure
5. The upper and lower curves have been vertically displaced
by a factor of 102 for clarity.

The storage and loss moduli of 25, 30, and 38%
solutions of E4Bio as a function of temperature are
shown in Figure 4. Again these data were collected at
strain amplitudes of 0.1%, within the linear viscoelastic
region. The integration time of the X-ray detection
apparatus was set to 30 s, to match the data collection
time of the rheometer. Thus, each two-dimensional
X-ray image can be paired with a specific rheological
measurement.

Two transitions can be seen in the dynamic shear
moduli of the copolymer gels, characterized by a drop
(typically of 1 order of magnitude) in both dynamic
moduli. These transitions are marked in Figure 1 and
show good agreement with existing observations of the
mobility and transparency of the gel.!

The transitions in the rheological moduli are ac-
companied by changes in the sample structure, as
revealed in the SAXS patterns. Samples with polymer
concentrations of 30% or more showed an initial bcc
phase at 5 °C (as characterized by a ratio between the
positions of the first three diffraction rings of 1:21/2:31/2,
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Figure 5. Three phases identified in 38% EsBio diblock
copolymer gel: (1) bcc structure between 5 and 50 °C; (2) fcc
structure between 50 and 70 °C; and (3) hex structure between
70 and 80 °C. The images correlate with the numbered regions
on the rheology data shown in Figure 4.

as shown in Figure 5 part 1) and, upon heating, two
phase transitions before 85 °C. The first transition is
from bcc to fcc, the latter having SAXS peaks in the
positional ratio of 1(4/3)Y2:(8/3)Y2:(11/3)¥2,3! (Figure 5
part 2). The second is from fcc to hex, with an observed
ratio of 1:3Y2:41/2 petween the peak positions of the first
three diffraction rings (Figure 5 part 3). The temper-
atures at which these two transitions occur varied with
polymer concentration: for the 33% E4oBio gel they
occurred at approximately 35 and 68 °C, respectively,
while for the higher concentration gels the phase
transitions were observed at higher temperatures. We
note that a region characterized by a single, broad peak
was always observed between the fcc and hex phases:
this is assigned to a biphasic region. The bcc phase was
not observed for polymer concentrations below 30%.
Instead, an fcc structure observed at room temperature
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Figure 6. SAXS pattern showing the fcc structure observed
between 30 and 60 °C in the 25% E4oB1o diblock copolymer
gel.

transformed, via a broad biphasic regime, to a hexagonal
phase at high temperatures.

The fcc—hex transition seen in the SAXS data cor-
relates with the high-temperature discontinuity in the
rheological data (Figure 4) for all gel concentrations. In
the case of the bcc—fce transition for the higher con-
centration gels, (c > 30 wt %), the temperature of the
SAXS transition correlates well with the temperature
at which an inflection is seen in the dynamic moduli.
For the lower concentration gels, a discontinuity in G’
and G" was observed at 30 °C. At temperatures below
30 °C, the SAXS patterns for the low-concentration gels
showed only two diffraction rings: the first-order, (at
g*) and the third-order ring (at (8/3)¥2 g*), the latter
being barely visible. At higher temperatures, the SAXS
pattern contained all of the first four diffraction rings
(Figure 6). It is noted that this transition occurred at
the same temperature at which Deng et al. observed a
mobile—immobile transition! (Figure 1). At this level
of copolymer concentration, it is clear that this “soft gel”
phase is formed from spherical micelles packed in an
fcc lattice, and the mobility is believed to arise from
many defects, i.e., islands of fcc-packed micelles in a
continuum of a disordered phase, although the precise
nature of the transitions in this region will be discussed
more fully in a forthcoming paper.32

Combining transitions determined from SAXS and
rheology, we find an overall phase diagram for these
diblock copolymer gels as depicted in Figure 7. On
heating from 5 °C, all samples form first a cubic phase
and then a hex phase. The transition temperatures
between the phases are concentration dependent, as
indicated in the figure.

The observation of both fcc and bcc micellar phases
in block copolymer solutions has been made before by
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Figure 7. Phases observed by small-angle X-ray scattering
in E4oBi1o diblock copolymer gels as a function of copolymer
concentration and temperature. The full symbols mark the
phase boundaries determined by SAXS, with the broken line
as a guide to the eye, and the solid lines mark the mobility
transitions determined by Deng et al.* The error bars indicate
uncertainties associated with the phase transitions determined
from repeated heating and cooling ramps.

other workers,3334 although a temperature-induced
transition between the two has not been observed
previously. Tiddy and co-workers performed extensive
investigations on the phase behavior of poly(oxyethyl-
ene) alkyl ether surfactants (C,EOn,) in aqueous solution
and reported the observation of cubic and hexagonal
micellar phases.®3 Gast and co-workers pointed out an
analogy between their results3* and Monte Carlo simu-
lations on charged colloidal dispersions,3%36 which in-
dicates that an fcc phase is favored over a bcc phase as
the intermicellar interactions become more short-
ranged. In the work of Gast and co-workers, who
studied PS—PI diblocks in solution in decane, the
formation of either the fcc or bcc phase was rationalized
by considering the ratio of the coronal layer thickness
to the PS core radius. For relatively thin coronal layers,
the intermicellar interactions are steeply repulsive,
resulting in an fcc phase. As the corona becomes
thicker, the interactions become softer and the bcc phase
is stable. For our copolymers, the coronal layer con-
tracts as the temperature rises, and more hydrophilic
oxyethylene blocks are required to cover the surface of
the micelle, resulting in an increase in association
number! and micellar core radius, as has also been seen
in oxyethylene—oxypropylene—oxyethylene triblock sys-
tems.3738 Thus, the phase transition from bcc to fcc with
increasing temperature also yields an increase in pack-
ing fraction from 0.68 in the bcc phase to 0.74 in the fcc
phase.

A novel aspect of the results presented here is the
observation of both fcc and bce phases in the same block
copolymer solution as a function of temperature. The
observation that the bcc phase window widens with
increasing volume fraction of polymer (Figure 7) is
consistent with intermicellar interactions becoming
more like those of “soft spheres”, leading to a bcc phase,
which is the phase observed for block copolymer melts.
Theory for block copolymer melts suggests that the free
energy difference between bcc, fce, and hex micellar
phases is very small in the absence of solvent: indeed,
a sequence of transitions between these structures is
predicted near the ODT.3°

Our observations correlate well with those of Gast and
co-workers,3* except that temperature plays an impor-
tant role in changing solvent quality in our system.
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Figure 8. Dynamic shear moduli of 35% EB1o diblock
copolymer gel sheared at 25 °C with a frequency of o = 1 572
and a strain amplitude of 4 = 0.1% for 2 min and then over
larger amplitudes (as indicated) for 5 min.

Specifically, as the temperature is increased the micellar
fringe contracts (negative temperature coefficient of
solubility), while the core becomes bigger, as seen in the
increasing values of Ny, (Table 1). Hence the steric
repulsive energy operates over a shorter range. This
results in a phase transition from bcc to fcc (Figure 7),
as a function of temperature in our system, whereas a
bcc—fee transition was not reported by Gast and co-
workers.34

X-ray Rheology: Effect of Large-Amplitude
Reciprocating Shear

The effect of shearing at amplitudes greater than that
which defines the linear viscoelastic region was inves-
tigated by dynamic experiments performed on the 35%
gel, the results of which are shown in Figure 8. In each
experiment the gel was subjected to an oscillatory shear
deformation of a frequency of 1 rad s~ and an amplitude
of 0.1% for 2 min, after which the shear amplitude was
discontinuously incremented to increasingly greater
values, as detailed in the figure, at the same shear rate.

Upon application of a large-amplitude shear, a rapid
(i.e., within the 30 s temporal resolution) decrease was
observed in the values of the dynamic moduli, which
remained at new, constant values for the remaining 5



5726 Pople et al.

min of each experiment. Larger nonlinear shear am-
plitudes resulted in larger decreases in the shear
moduli. We note that G' and G" are not rigorously
defined in the nonlinear viscoelastic regime at large
strain amplitudes. However, they are quantities that
can be extracted from our rheometer which indicate the
extent of shear thinning that occurs in these gels.%°

During the application of large-amplitude reciprocat-
ing shear in the rheometer, SAXS data were acquired
simultaneously. Again the temporal resolution of the
rheology measurements was set to 30 s, in order to
match that of the integration time of the SAXS acquisi-
tion. The experiments performed had five common
stages. In stage 1 the sample was sheared at 1 s71 at
an amplitude of 1 = 0.1% for 5 min; in stages 2—4 the
sample was sheared with a strain of 50% for shear rates
0.1, 1, and 10 rad s1, respectively. The duration of
stage 2 was 10 min, while stages 3 and 4 lasted 5 min
each: this provided a minimum deformation for each
stage of 30 shear units. Here the deformation unit 7 is
the dimensionless quantity defined as

7= |AIpt 1)

for a shear deformation of amplitude 4, shear rate y and
duration time t. Finally in stage 5, the shear was
reduced to the same level as stage 1 for 20 min, in order
to observe any relaxation effects following the nonlinear
deformations. This experimental sequence was per-
formed on seven concentrations of E4oB1o gels: 23, 25,
28, 30, 33, 35, and 38%. All experiments were per-
formed at 25 °C, and therefore, the lower four concen-
tration gels were sheared in the fcc phase, and the three
higher concentration gels were sheared in the bcc phase
(Figure 7). As an example of the results obtained, the
dynamic shear moduli and SAXS patterns from the 30%
E40B10 gel are illustrated in Figure 9.

It is apparent from the SAXS pattern that the 30%
E40B10 sample was partially oriented in the initial state,
revealing the presence of six equally spaced intensity
maxima on the first-order diffraction ring (Figure 9b,
part 1). This orientation arose from the shear deforma-
tion that occurred during the cell loading procedure.
This pattern can be interpreted using a model of a
defected fcc structure, as illustrated in Figures 10 and
11. Diffraction occurs from several types of grain,
corresponding to distinct orientations of the structure.

Figure 10 shows the unit cell of the fcc structure and
the projection of the (111) and (200) planes. Diffraction
from the (200) planes gives rise to the four azimuthal
maxima evident in the outer diffraction ring (Figure 9b).
We propose that the six equispaced azimuthal maxima
evident on the inner diffraction ring arise from finite
ABCABC... stacking sequences of (111) planes of the fcc
structure. In particular, it is likely that the actual
stacking arrangement involves a combination of AB-
CABC... (fcc) packing and ABAB... (hexagonal close
packed (hcp)) sequences. This is consistent with the fact
that the critical packing fraction, 0.74, is the same for
the fcc and hcp phases and the observation that these
two structures may be nearly degenerate in free en-
ergy.3?4!1 That a hexagon of reflections can be modelled
as a combination of hcp and fcc packing has been
suggested previously by Gast and co-workers.*2 The
result is a broadening of the Bragg diffraction spots to
Bragg rods (Figure 11) and the resulting intersection
with the (111) plane in reciprocal space containing q =
0 produces the hexagonally arranged scattering maxima
observed in the diffraction plane, (Figure 9b).
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Each X-ray image shown was taken coincidentally with the
last rheological measurement of each respective stage.
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Figure 10. Representation of the unit cell for the fcc phase
(left) and the projections of the (111) and (200) planes (right).
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Figure 11. Schematic depiction of the broadening of the
Bragg reflections in the fcc phase into Bragg rods due to finite
sequences of ABCABC... stacking interspersed with ABAB...
stacking (left). The intersections of the [111] and [111] Bragg
rods with the g = 0 plane in reciprocal space give the observed
hexagonal symmetry for the inner peaks in Figure 9b.

The relaxation behavior following large-amplitude
shear was found to be quite different in the rheological
and X-ray data. The rheological data of Figure 9a
indicate that large-amplitude shearing causes an effect
within the gel that is independent of the rate of applied
shear, as neither G' nor G" altered as the shear rate
was increased by two orders of magnitude. (Of course,
Figure 8 demonstrates that the moduli are sensitive to
changes in the amplitude of the applied deformation.)
In contrast, the SAXS images (Figure 9b parts 2—4)
changed as the shear rate was incremented, suggesting
a higher degree of orientational order. It is noted that
each SAXS pattern displayed in Figure 9b is considered
to be representative of the steady state condition, as
they remained unchanged for the last few minutes of
each sequence. The two data sets also reveal contrast-
ing information upon cessation of shear: the rheological
data show that total recovery to the initial condition
occurred, while the SAXS data show that, over the same
time scale, there was not a return to the initial pattern.

The observed effects may be understood in terms of a
polydomain structure within the gel. We suggest that
the effect of large-amplitude shear is twofold: to in-
crease the defect density within the polydomain struc-
ture, in contrast to the observations of Diat et al. from
SAXS experiments on a sheared triblock copolymer
gel,2! and also to increase the orientation of domains
with respect to the common axis of the shear direction.
The shear rate has been demonstrated to be the
dominant factor in the determination of the degree of
orientation of domains within polymer systems4344 and
is therefore considered to do so here also, while the
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shear amplitude may well play the dominant role in the
multiplication of defects. It should also be noted that
the SAXS scattering patterns correspond to an average
of the structure, over the illuminated portion of the
sample, while the measurements of the rheological
moduli will be highly sensitive to local defect density.

Thus, the results recorded in Figure 9 are understood
as comprising a discontinuous increase in defect density
between stages 1 and 2 which produces a discontinuous
change in the rheological moduli. Nevertheless the
shear rate associated with stage 2 is small, and there-
fore the induced global orientation is slight. As the
shear rate is increased (stages 2—4), with the amplitude
held fixed (hence G' and G" remain constant), the global
orientation of the sample steadily increases as more
domains are aligned to the shear direction. This is
evidenced in the SAXS data by the sharpening of the
six azimuthal maxima on the inner diffraction ring.
Upon cessation of shear, the defect structure anneals
away rapidly, resulting in a rapid recovery of the initial
values of the rheological moduli, while the orientation
of the aligned domains remains unaltered, resulting in
the final SAXS pattern remaining the same as the last
pattern from the sheared gel (at least over a time scale
of 20 min), in agreement with the data shown in Figure
9. This reasoning agrees with the conclusions of Hig-
gins and co-workers, who, in their oscillatory shear
study of a diblock copolymer of polystyrene-b-(ethylene-
co-propylene) in dodecane, concluded that the evidence
from SANS and rheological measurements was consis-
tent with a picture where upon cessation of shear short-
range order was quickly restored, but long-range order
was very slow to reappear.4®

Conclusions

Diblock copolymer gels of E4Bio in 0.2 mol dm™3
aqueous K,SO, have been shown to display a rich
variety of ordered phases. A body-centered cubic struc-
ture, a face-centered cubic structure, and a hexagonally
packed rod phase are all observed depending on gel
concentration and temperature. Gels with more than
30% diblock exhibit a bcc phase at low temperatures
which changes to an fcc phase as the temperature is
increased. Our observations, the theoretical and ex-
perimental observations of Gast and co-workers,3436:42
and measurements of micelle structure by light scat-
tering? enable us to conclude that this is due to a
temperature-induced thinning of the coronal layer. The
decrease in coronal thickness of the micelle results in
intermicellar interactions of shorter range, and, thus,
increasingly favours the fcc structure as the tempera-
ture rises. We find that the transition temperature
between the bcc and fcc phases is highly concentration
dependent: increasing in the case of higher concentra-
tion, broadening the temperature range over which the
bcc phase exists.

The application of large-amplitude (1 = 50%) oscilla-
tory shear to the gels results in changes to both the
dynamic shear moduli and the small-angle X-ray scat-
tering pattern. The storage modulus is reduced, typi-
cally by 2 orders of magnitude, by the application of
shear, as is the loss modulus, although to a lesser
extent. The SAXS patterns obtained simultaneously
show a sharpening of the diffraction rings, indicating
an increase in the degree of order. Our interpretation
is that these two shear-induced effects do not arise from
the same source. The rheological measurements are
sensitive to the defect density, which is increased by an
increase in the amplitude of shear. The SAXS patterns
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reveal the global orientation of the polymer gel domains,
which is increased by an increase in the shear rate.

Upon cessation of shear, many defects are annihilated
but the oriented domains retain their degree of align-
ment to the shear direction. The dynamic shear moduli
G' and G" therefore return to their initial values but
the SAXS pattern does not reveal any relaxation effects,
within the timescale of our experiments. The global
shear-induced structure either is trapped, or only
relaxes very slowly.3245 These results highlight the
value of simultaneous SAXS and rheology measure-
ments, because changes in the dynamic mechanical
properties can be correlated directly to structural changes
determined via SAXS.
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