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Aqueous solutions of diblock copolymers Eq¢B;g, E154B15, E315B17 and E;4¢B; 4 (E = oxyethylene unit,

B = oxybutylene unit) were investigated by rheometry and small-angle X-ray scattering (SAXS). Storage (G')
and loss (G”) modulus and yield strength (a,) were used to define hard- and soft-gel phases in experiments
which covered the concentration range 2-14 wt.% copolymer. Values of G’ correlated with those of yield
strength, the ratio G'/a, being ca. 0.03. SAXS was used to explore hard-gel structures, and to confirm
hard-gel/soft-gel boundaries. The sol/soft-gel boundary was identified as a percolation threshold. The effect of
an increase in E-block length was to move the gel phases to lower concentrations without changing the pattern
of their behaviour. In this respect, the critical conditions for hard-gel formation (c*, T*) served as parameters

for a ‘universal’ phase diagram.

1 Introduction

Block copolymers of poly(oxyethylene) and a hydrophobic
poly(oxyalkylene) in dilute aqueous solutions can form micel-
les, and in more concentrated solutions can form liquid-crystal
mesophases (gels). The most familiar copolymers of this type
are the E,P,E,, triblocks, where we use E to denote an oxy-
ethylene unit, OCH,CH,, and P an oxypropylene unit,
OCH,CH(CHj;), while n and m denote number-average block
lengths in repeat units. These copolymers are available from a
number of commercial sources, including BASF Corp.,
Unigema (formerly ICI surfactants), Serva AG and Hoechst
AG. The phase behaviours, structures and rheological proper-
ties of these gels have been well researched in recent years, and
this work has been reviewed.!~® Notable contributions are
initial studies by Schmolka and Bacon,* broad surveys of
phase behaviour by Wanka et al.,>% structural studies by
Mortensen and co-workers,”1° rheological studies by Hvidt
and co-workers'!''? and a theoretical study by Noolandi et
al.t3

Aqueous gels of block copolymers of ethylene oxide and
1,2-butylene oxide have also been investigated. The work has
included a comparative study of copolymers with linear
diblock and triblock architectures: E,B,, E,B,E, and
B,E,B,.!* [B denotes the oxybutylene chain unit,
OCH,CH(C,H;).] A limited range of E,B, and E,B,E,
copolymers is available from The Dow Chemical Co.,!° but
many more have been synthesised in Manchester. Studies of
diblock E, B, copolymer aqueous gels have been reported
from our laboratories (see ref. 16 and citations therein) and
elsewhere.!” Previous work has included aspects of the micel-
lisation and gelation of the copolymers of present interest
(E96Bis, E154Bis, E315By7 and E3g4B,).! %17

In this paper we focus on the rheological properties of
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aqueous micellar sols and gels. Of relevant work on E,P,E,,
copolymers,?-6-11:12:20 our work is most closely related to that
of Hvidt et al.'* on solutions of E,,;P,,E,; (coded P94). In
describing these complex fluids, they have used yield stress
(o,), storage (G') modulus and loss (G”) modulus to distinguish
three convenient (if arbitrary) subdivisions within the range of
behaviours: hard-gel, soft-gel and sol.!''! Observation of a
solution on inversion of the tube containing it is a simple
method, based on yield stress, for distinguishing mobile from
immobile systems. The shear stress on the sample in the
inverted tube depends upon the choice of conditions for the
test. As practised in our laboratories (see Section 2 for details)
a solution with yield stress exceeding 40 Pa will not flow in
the test, and can be classified as a hard gel. The method has
been shown to give results in excellent agreement with those
from rheology and differential scanning calorimetry (DSC),?*
and we have used it in preliminary surveys of a number of
systems.?2~24 Of the solutions which are mobile in the
inverted-tube test, those with zero yield stress and G” > G’ can
be classified as true sols. Between these extremes may be
found solutions with small but finite yield stress and G’ > G,
properties which are characteristic of a gel. The values of G’
and G” depend upon choice of frequency, but we have found
that experiments at 1 Hz give consistent results.?! In keeping
with other reports of the rheology of aqueous micellar solu-
tions of block copolymers®'12! we call this particular
Bingham fluid a soft gel.

Considering E, B, copolymers, studies of aqueous gel struc-
tures have been focused largely on the cubic spherical-micelle
phase. These results are reviewed in a recent paper,'® and the
conditions (copolymer concentration, mole ratio of block
lengths, m/n) under which the cubic mesophase at room tem-
perature adopts either body-centred cubic (bcc) or face-
centred cubic (fcc) symmetry have been defined. For example,
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at room temperature 10 wt.% aqueous gels of copolymers
E¢sB,s and E,z,B;g have fcc symmetry, while those of
copolymers E;, sB,, and E;44B,, have bcc symmetry.'°

Of the various aqueous gels of E,, B, copolymers which have
been studied, only those of copolymer E,,;Bg have been inves-
tigated by rheometry across a wide range of the phase
diagram.?! For other E, B, copolymers, large-amplitude-oscil-
latory shear and/or steady shear has been used either to align
hard-gel mesophases and so lead to orientation of Bragg
reflections in SAXS and SANS studies, or as an end in itself in
detailed investigations of shear-induced orientation (and
orientational transitions) in structured mesophases (see refs. 16
and 19). Considering the results from rheology and SAXS for
copolymer E,;Bg in water,>!>° the extent of the soft-gel
region, and particularly its extension to low temperatures, dis-
tinguishes its phase diagram from those published for aqueous
solutions of copolymers E, P,,E,, (P94) and E,,P;.E,,
(P85) by Hvidt and co-workers,!!12 both of which show a
high-temperature soft-gel region coincident with the presence
of rod-like micelles: see Section 4.2 for further discussion.

The purpose of the work described in this paper was to
examine the generality of the E, B type of phase diagram by
extending rheological measurements to diblock copolymers
with lengthy E-blocks (E;q, to E,q), focusing particularly on
the soft-gel regions in the phase diagram. To this end the
present experiments covered the concentration range 2-15
wt.% copolymer and the temperature range 5-95 °C. To main-
tain efficient micellisation at low copolymer concentration, the
copolymers were targeted to have B-block lengths of 18. In
the event, as noted above, we achieved Ey,4—E;q3 and
B,,—B,,. As already reported!® (and as seen again in Section
3.1.1) the effect of a long E-block is to move the critical con-
centration for hard-gel formation to low copolymer concen-
trations. This effect is related to the increased expansion
(swelling) of the poly(oxyethylene) chains in the fringe (corona)
of the micelles, and has been quantified in terms of a ther-
modynamic expansion factor related to the ratio of the
excluded volume of a micelle (as measured in dilute solution
by light scattering or SANS) to its anhydrous volume.!¢:18:24
The effect of increasing the B-block length is to stabilise micel-
les against dissociation at low temperatures, and thereby to
stabilise the hard-gel phase at low temperatures. [In this
respect it is noted that poly(oxyethylene) has a negative tem-
perature coefficient of solubility in water, and so is more
soluble in the better solvent at low temperature.] This impor-
tant effect of hydrophobe-block length, which is discussed in
detail elsewhere,?® is of minor importance in the present work
on gels of copolymers with similar B-block lengths: i.e. B, to
B,.

2 Experimental

2.1 Copolymers and gels

The preparation of the copolymers used in this work (Eg¢B; 5,
E,54B15, B3;sB;; and E;44B;,) was by sequential anionic
polymerisation of ethylene oxide followed by 1,2-butylene
oxide, as described previously.'® Gel permeation chromato-
graphy (GPC) was used to confirm narrow chain length dis-

tributions, and '3C NMR spectroscopy was used to obtain
absolute values of number-average molar mass, and to
confirm the diblock architecture.'® The molecular character-
istics of the copolymers are summarised in Table 1.

To prepare a gel sample, copolymer and water were
weighed into a closed vessel, then cooled and allowed to stand
for a day or so at ca. 10 °C before being transferred rapidly to
the appropriate holder, as described below. Occasionally, to
aid solubilisation by melting the crystalline copolymer, the
mixture was heated to 70 °C before cooling to 10 °C.

2.2 Rheometry

The rheological properties of the samples were determined
using a Bohlin CS50 Rheometer with water-bath temperature
control. Couette geometry (bob, 24.5 mm diameter, 27 mm
height; cup, 26.5 mm diameter, 29 mm height) was used for all
the samples, with 2.5 cm?® sample being added to the cup in
the mobile state. A solvent trap maintained a water-saturated
atmosphere around the cell, and evaporation was not signifi-
cant for the temperatures and timescales investigated. For
example, there was no significant change in response at a
given temperature during the heating—cooling programme
65 — 85 — 65 °C covering a period of 3 to 4 h.

Storage and loss moduli were recorded across the tem-
perature range with the instrument in oscillatory-shear mode,
usually at a frequency (f) of 1 Hz, but for certain systems
across the range 0.1 to 10 Hz. In this mode, the samples were
heated at 1°C min~?! in the range 5-95°C. For all measure-
ments the strain amplitude was low (<0.5%, linear visco-
elastic region), thus ensuring that G’ and G” were independent
of strain.

Measurements of yield stress and viscosity were made at
selected temperatures with the instrument in steady-shear
mode. The instrument was programmed to increase the shear
stress in a series of logarithmically-spaced steps, allowing a
maximum of 1 min to equilibrate at each step. Usually a
period of 20 min was allowed for temperature equilibration
before starting the program at any given temperature.

In the related tube-inversion experiments, described pre-
viously,'® samples (0.5 g) were enclosed in small tubes
(internal diameter ca. 10 mm), and observed whilst slowly
heating (or cooling) the tube in a water bath within the range
0-85°C. The heating/cooling rate was 0.5° min~!. The change
from a mobile to an immobile system (or vice versa) was deter-
mined by inverting the tube.

2.3 Small-angle X-ray scattering

SAXS experiments were conducted at the Synchrotron Radi-
ation Source, Daresbury Laboratory, UK, on beamline 2.1.27
Sols and gels were subjected to either steady shear or oscil-
latory shear using a Couette cell described previously.?® Other
details have been reported elsewhere.!® The X-ray beam was
in the radial direction, i.e., it passed through the centre of the
Couette cell. Thus SAXS patterns were collected in the (v,e)
plane, where v denotes the flow direction and e the neutral
(vorticity) direction. A water bath?® enabled investigation of
samples under a controlled heating ramp.

Table 1 Molecular characteristics of the block copolymers and the low-concentration limits of their immobile aqueous gels”

wt.% E M,_/10° g mol ! M, /M,
Copolymer (NMR) (NMR) (GPO) c* (wt.%) T*/°C
Ey6Bi5 77 5.5 1.03 7.5 2
E s4Bis 86 9.4 1.03 4.5 8
E;; 5B, 92 15.1 1.04 4.0 15
E;5B1o 93 18.9 1.06 3.5 20

¢ Estimated uncertainties: +3% in M, and block lengths: +0.01 in M /M, . Limiting conditions: c¢* to +0.2 wt.%, T* to +5°C.
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3 Results

The plots in Fig. 1 show the immobile (hard gel) and mobile
regions defined by previous'® and present (Section 3.1) work.
The data points for copolymer E;;sB,, are omitted: gels of
this copolymer were studied by rheometry only in the dilute
range below the hard-gel region. Features which are useful in
considering the results which follow are the temperature range
of an immobile gel at any given concentration, and the critical
concentration for forming the immobile gel (c*). This last
quantity, together with the related temperature (T%), is listed
in Table 1.

3.1 Storage and loss moduli

3.1.1 Hard gels. The effect of concentration and tem-
perature on the storage modulus at 1 Hz of 5-14 wt.%
aqueous gels of copolymer E,4,B,g is shown in Fig. 2. This
shows that G’ increases monotonically with concentration for
all temperatures in the hard-gel range, and that the tem-
perature at which G’ falls to a low value is an increasing func-
tion of concentration. Comparison of values of log(G’) and
log(G”) showed that the transition to low values of the storage
modulus (G’ < 0.5 kPa) was usually to a soft gel (G’ > G”"), as
illustrated in Fig. 3a for the 6 wt.% gel. The exception in this
series was the 5 wt.% gel at low temperatures, which became a
sol at T =~ 15°C before forming a soft gel at T ~ 50°C: see
Fig. 3b. In Fig. 1, the temperatures at which the storage
modulus fell steeply to a value below 1 kPa are compared
with those at which the gel became mobile in the tube inver-
sion experiment. Within experimental scatter, the hard-gel
boundaries defined by rheometry and the immobile-gel
boundaries defined by tube inversion were the same. Similar,
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Fig. 1 Phase boundaries for aqueous solutions of block copolymers
(squares) Eq¢B,g, (circles) E,,B;s and (diamonds) E;4¢B,, deter-
mined either by tube inversion (filled symbols) or rheometry (unfilled
symbols). The dotted curve shown for sample E;43B;, was used to
define the values of c* and T* in Table 1.
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Fig. 2 Temperature dependence of storage modulus (f=1 Hz) for

aqueous solutions of block copolymer E,¢,B;5. Copolymer concen-
trations (wt.%) are indicated.
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Fig. 3 Temperature dependence of logarithmic storage and loss
moduli (f = 1 Hz) for aqueous solutions of block copolymer E;4,B .
Filled symbols denote log(G’) and unfilled symbols denote log(G”).
Copolymer concentrations (wt.%) are indicated.

though less extensive, results were obtained for gels of copoly-
mers EqB;5 and E;g5B;4: see Fig. 1. Considering the com-
bined results, the error in determining temperatures at the
hard-gel boundary was estimated to be + 3 °C.

In Fig. 4, G'(1 Hz) is plotted against T for the gels of three
copolymers at a common concentration, 8.5 wt.%, at which all
were hard gels at low temperature and soft gels at high tem-
perature. However, considered in this way the G'(T) curves
differ in detail. For those gels with concentration well above
the limiting concentration for immobile gel (copolymers
E,s.Bs and E;44B;g, c¢* = 4.5 and 3.5 wt.% respectively, see
Fig. 1 and Table 1), the maximum value of G’ (at low
temperature) decreased as the E-block length was increased.
However, the storage modulus of the gel of copolymer
EyB,g, which at ¢ = 8.5 wt.% was near to its c* = 7.5 wt.%,
did not fit to this pattern: an explanation is given below. The
temperature ranges of the hard gels did follow the trend deter-
mined by the tube-inversion experiments (see Fig. 1), i.e. the
hard-gel phase extended to higher temperatures as the
E-block length was increased.

The most dilute immobile gel studied was a 4 wt.% gel of
copolymer E;44B;4. The G'(T) curve (f = 1 Hz) for that gel is

Fig. 4 Temperature dependence of storage modulus (f= 1 Hz) for
8.5 wt.% aqueous solutions of block copolymers Eq¢B, ¢, E;5,B;5 and
E;q5B, (as indicated).
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Fig. 5 Temperature dependence of logarithmic storage and loss
moduli (f= 1 Hz) for a 4 wt.% aqueous solution of block copolymer

E;55B,o. Filled symbols denote log(G') and unfilled symbols denote
log(G").

shown in Fig. 5, where it is seen that the maximum modulus
recorded was only ca. 800 Pa. However, the gel in the range
T = 5-35°C was robust under stress, i.e. it could not be dis-
rupted by vigorously shaking its container, consistent with a
high yield stress (see Section 3.2). The hard-gel boundary
[assessed as the temperature at which log(G”) fell steeply] was
35°C, in agreement with the tube-inversion results: see Fig. 1.

The moduli of all the hard gels with concentrations well
removed from their limiting values were essentially indepen-
dent of frequency in the range investigated. This is illustrated
in Fig. 6 for the 8.5 wt.% gel of E;4,B;5 at 5°C: the values of
G’ increased only slightly with increase in frequency. It is clear
that G’ of this gel measured at f=1 Hz approached its
plateau value (G),) while the corresponding value of G”
approached zero. The moduli of hard gels with concentrations
nearer the critical value were more dependent on frequency, as
illustrated in Fig. 6 by data for the 8.5 wt.% gel of Eq¢B,g at
5°C. This gel was not in the G'-plateau region at f=1 Hz,
which explains why its storage modulus at low-temperature is
lower than expected (see Fig. 4). Values of G’ for gels of similar
¢ — c* (see Table 1 for values of c¢*) rank in regular order. For
example, at ¢ — c* ~ 1 wt.%, the values of G’ obtained for
Ey6Big, Eig4Bis and E;qB,, were ca. 10, 3 and 1 kPa
respectively.

3.1.2 Soft gels. Plots of storage modulus (frequency = 1
Hz) against temperature obtained for solutions of copolymer
Ey¢B;s below the limiting concentration for hard-gel forma-
tion (c¢* = 7.5 wt.%) are shown in Fig. 7a. The increase in
modulus at high temperatures indicates formation of a soft
gel. This is illustrated for the 7 wt.% gel in Fig. 7b, where it is
seen that G' > G” in the high-T region. Maximum values of G’
for the high-temperature soft gels of Eq¢B; 5 ranged from 50 to

T T T T T T
o :
e 0o%0 see® =8
P ® - G/ -
SafF -~ .
= L
S | =w J
=
o ,
22 o
| DDD[%DD G’ |
oF coo© éé’oooo@@%ge
1 ) ] \ 1 )

-1 1 2

0
log,o(f/Hz)

Fig. 6 Frequency dependence of storage and loss moduli for 8.5
wt.% aqueous solutions at T = 5°C of block copolymers E,¢B;g
(squares) and E,g,B, 4 (circles). Filled symbols denote G’ and unfilled
symbols denote G”.
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Fig. 7 (a) Temperature dependence of storage modulus (f=1 Hz)
for aqueous solutions of block copolymer Eq4¢B;g. Copolymer con-
centrations (wt.%) are indicated. (b) Temperature dependence of
logarithmic storage and loss moduli (f= 1 Hz) for a 7 wt.% aqueous
solution of block copolymer E4¢B,g. Filled symbols denote log(G’)
and unfilled symbols denote log(G”).

450 Pa compared with maximum values well in excess of 1
kPa for the hard gels (see Fig. 4). The maximum at high T in
the curves in Fig. 7a point to an upper limit to the soft-gel
region, but outside the range of our experiments. The results
obtained for the other copolymers in solution at high tem-
perature were similar to those illustrated in Fig. 7.

A low-temperature soft gel was found for the 7 wt.% solu-
tion of copolymer Eq¢B;5 (see Fig. 7b). The maximum value
of G'(1 Hz) ~ 4 Pa measured for this gel was very much lower
than that of the corresponding high-temperature soft gel, i.e.
G’ ~ 450 Pa at T = 85°C. This type of low-T soft gel was not
found for any other solution investigated in this work.
However, the particular result was repeatedly reproduced
using fresh solutions of Eq¢B; g of similar composition.

The temperatures at which the G'(T) curves leave the base-
line (see Fig. 7a) were used to define the lower boundaries of
the soft-gel region of the phase diagram. Unlike the hard-gel
boundaries, which were independent of frequency except
immediately above the limiting concentrations for the hard
gel, the soft-gel boundaries depended significantly on fre-
quency. As an example, Fig. 8 shows the soft-gel/sol bound-
aries defined for solutions of copolymer E,q,B;s using

100 —
80 soft -
gel

6() L —
&) sol

S 40k 1Hz -

201 10 Hz 7

1 n 1 "
03 4 5
c(wWt.%)

Fig. 8 Frequency dependence of the sol/soft-gel
aqueous solutions of block copolymer E,5,B 4.

boundary for



frequencies of 10 and 1 Hz. As described in Section 3.1.1, the
hard-gel boundaries were relatively insensitive to frequency
within the range investigated.

The soft-gel/sol boundaries determined from G’ measured at
1 Hz are shown in Fig. 9a, together with corresponding hard-
gel/soft-gel and hard-gel/sol boundaries. Fig. 9b shows the
same data but plotted as T — T* vs. ¢ — c*, where the limiting
conditions for hard-gel formation (c* and T*) are taken from
Table 1. Data points obtained for copolymer E;,sB,, (not
shown in Fig. 9a) are included in this figure. This representa-
tion has the advantage of clarity. As noted in Section 3.1.1, the
use of ¢ — ¢* and T — T* as determinants of gelation behav-
iour is useful in interpreting related experimental results.

3.2 Yield stress and viscosity

3.2.1 Hard gels. The effect of temperature on a 6 wt.%
aqueous gel of copolymer E,g4,B,5 subject to a programmed
increase in shear stress is shown in Fig. 10. Often the gel frac-
tured under shear, which terminated the program (see Fig. 10).
The yield stress (o,), defined as that at which the shear rate
discernibly left the zero shear rate axis, decreased with
increase in temperature. At 35 and 45 °C, above the hard-gel/
soft-gel boundary, o, fell to low values characteristic of soft
gels (see Section 3.2.2). Yield stresses were also measured for
the 8.5 wt.% gel of copolymer EqcB,;g and the 4 wt.% gel of
copolymer E;44B;q. As for the 6 wt.% gel of copolymer
E g4B;3 (Fig. 10), values of o, recorded for these hard gels
were in the range 40-120 Pa.

The average value of the ratio of ¢,/G'(1 Hz) obtained for
gels of Eg¢B;s and E,4,B;s (both of which have the fcc
structure) is ¢,/G’' = 0.029 £ 0.002. This value can be com-
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Fig. 9 (a) Phase boundaries for aqueous solutions of block copoly-
mers Eq¢B g, E{5,B;5 and E;44B;4. The lines denoting the hard-gel
boundaries for the three copolymers (as indicated) are taken from Fig.
2. The data points for the soft-gel boundaries are denoted (H)
Ey6Bis, (@) E 4B 5 and (@) E;44B,,. (b) Phase boundaries plotted
as T — T* vs. ¢ — c* for aqueous solutions of block copolymers.
Results for () Eq6B,s, (@) E;5,B,5 and (@) E;4B,, are taken from
(a). Present results for soft gels of copolymer E;,sB,,, omitted from
(a) for reasons of clarity, are included (denoted x). The results for
hard gels of copolymer E;;sB,, (also denoted x) are taken from ref.
18.
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Fig. 10 Effect of shear stress on a 6 wt.% aqueous gel of copolymer

E,34B;5 at the temperatures indicated. Termination of the data points
indicates fracture of the gel.

pared with those found or predicted for ordered phases of
charge-stabilised colloidal dispersions which for a range of
systems lie in the range ¢,/G/, = 0.005-0.03.>° To the extent
that the repulsive ‘chain exclusion’ potential giving rise to the
fcc phase in the present micellar gels can be compared to the
double-layer potential in a solution of charged particles, this
agreement is most satisfactory.

3.2.2 Soft gels and sols. Examples of shear-stress/shear-
rate profiles obtained for a 5 wt.% solution of copolymer
Eg6Bg are shown in Fig. 11a. The soft gel at 85°C has o, = 5
Pa, and the sols (45°C or lower) have no yield stress. The
Newtonian viscosities of the sols decrease with increase in
temperature, from 9 mPa s at 5°C to 2 mPa s at 45°C, i.e.
approaching that of pure water.

Yield stresses measured for the soft gels were dependent on
the time allowed for equilibration of the gel after shearing to
break the structure. For example, a 4 wt.% soft gel of copoly-

g

200

shear rate / s’

shear rate / s

1
0 20 40
shear stress / Pa

Fig. 11 (a) Effect of temperature on the viscosity of a 5 wt.%
aqueous sol of copolymer Ey¢B, . At 85°C the system is a soft gel:
the arrow indicates fracture on yield. (b) Effect of equilibration time
on the yield stress of a 7 wt.% aqueous soft gel at 5°C of copolymer
Ey¢B, 5. The recovery times after shear were (+) 0, (@) 30 and (O) 60
min. The dashed lines point out the fact that the viscosity immediately
after yield is the same irrespective of history.
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mer E;4,B;5 at 65°C had a yield stress of 8 Pa after equili-
brating for 60 min, but a near-zero value if re-measured as
quickly as possible after shearing. Hard gels and sols exam-
ined in the same way showed no detectable effects of storage
time after shearing. The highest yield stress measured across a
range of soft gels (including the low-T soft gel of 7 wt.% Eqg
B,g) was 12 Pa, i.e. considerably lower than the values found
for the hard gels (g, > 40 Pa), and sufficiently so to render the
soft gels mobile under the conditions of the tube-inversion
test.

After yield of a soft gel at a given temperature, the flow
behaviours of the resulting fluids were usually the same irre-
spective of treatment: see Fig. 11b. However, the profiles of
some previously-sheared fluids which had been allowed zero
recovery time showed discontinuities attributable to transient
structure formation during shear.3°

3.3 Gel structures by SAXS

The experiments carried out are summarised in Table 2. For
convenience, results reported previously!® for hard (9-10
wt.%) gels of the four copolymers at 20 °C are included.

33.1 Hard gels. As discussed previously,'® 9-10 wt.%
hard gels at 20°C (experiments 2, 7, 11 and 15 in Table 2)
were characterised as cubic structures formed from packed
spherical micelles: fcc for the gels of copolymers Eq¢B,5 and
E,4B;5, and bec for those of E;; 5B, and E;44B;,. This dif-
ference in structure was ascribed to differences in intermicellar
interaction in the gel, the micelles with the longer E blocks in
their corona acting as softer spheres than those with the
shorter E blocks. The structures of the hard gels of the four
copolymers at other concentrations (experiments 4, 6, 11, 13,
14) fit into this pattern. A broad correlation for a wide range
of E, B, diblock copolymers has shown that hard-gel structure
is dependent on copolymer concentration, in that dilution at a
given temperature favours the transition bec to fec.!® As seen
in Table 2 (experiment 10), the 6.5 wt.% hard gel of copolymer
E;,sB;, had the fcc structure, whereas (experiment 11) the 10
wt.% hard gel had the bcc structure. The general effect is
explained in ref. 19.

3.3.2 Sols. SAXS patterns for sols (G” > G') of the four
copolymers at 20 °C are shown in Fig. 12. The concentrations
chosen were immediately below the hard-gel limit (c* in Table
1). Shear had no effect on the two-dimensional diffraction pat-
terns, which remained isotropic throughout the experiments.
Therefore, it was convenient to represent the two-dimensional
SAXS data reduced to a one-dimensional profile of intensity
as a function of gq. As can be seen in Fig. 12, apart from
copolymer EgycB;g each sol is characterised by a SAXS
pattern containing a single broad peak. The pattern from the

E398B19

E315817
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E184B18
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Fig. 12 Intensity profiles obtained by radial integration of isotropic
2-dimensional SAXS patterns from unsheared aqueous sols at 20 °C.
From top to bottom: 3 wt.% E;q4B;4, 4.5 wt.% E, sB;;, 4 wt.%
E g4B;s and 7 wt.% Ey¢B, 4. For clarity, the curves have been shifted
on the ordinate scale.

Ey¢B;5 sol contains a broad secondary maximum at larger g.
The single broad peaks indicate that the sols are disordered
micellar solutions: the existence of a second-order peak in the
pattern from the Ey4¢B, ¢ sol hints at a more ordered system,
possibly linked to the formation of the low-temperature soft
gel in that system.

The location of the first maximum (g*) in the scattering pat-
terns characterises the preferred intermicellar distance (d). The
maxima cannot be located precisely, but they correspond to d
increasing with E-block length in the approximate range
26-39 nm. These values are significantly larger than those
found!® for the micelles of the same copolymers in well-
ordered 9-10 wt.% hard gels at 20°C (d ~ 23-32 nm) and
(with the possible exception of the 7 wt.% EygB;g sol) are
consistent with a single, disordered, sol phase being formed on
dilution at 20 °C.

3.3.3 Hard-gel/soft-gel transition. SAXS experiments were
carried out over a range of temperature for a number of
gels, as indicated in Table 2. Transitions from hard to soft gel
were most readily located from oriented patterns, i.e. as diffuse
rings growing at the expense of sharp Bragg peaks. The data
obtained for the 6.5 wt.% E,5,B,5 gel (Fig. 13a and b) illus-
trate this gradual decrease in intensity of Bragg reflections,
especially of the off-meridional reflections, accompanied by
enhancement of diffuse scattering in the ring under the Bragg
reflections. In some experiments, in which the sample had
been subjected to oscillatory shear, the transition was more
evident, as shown by the data for the 4 wt.% E;44B;, gel (Fig.
13c and d). Within the transition range, peak shift with tem-
perature, if any, was too small to be measured. The uncer-
tainty in the estimated transition temperature between the

Table 2 SAXS results for dilute aqueous sols and gels of E,,B, block copolymers

Copolymers ¢ (wWt.%) T/°C SAXS Rheology

1 Ey6B,s 7 20-80 Two diffuse rings Sol — soft: 36°C

2 9 20 fee Hard

3 9 50 Two diffuse rings Soft

4 15 20-80 fec Hard - soft: 70°C

5 E 54B;s 4 20 One diffuse ring Sol

6 6 20-50 fcc — diffuse fec: 36°C Hard — soft: 38°C

7 10 20 fec Hard

8 E; 5B, 4.5 10-40 One diffuse ring Sol

9 5.5 10-70 One diffuse ring Hard — soft: 45°C
10 6.5 20-80 fcc — one diffuse ring: 45°C Hard - soft: 55°C
11 10 20 bee Hard
12 E;05B1o 3 20 One diffuse ring Sol
13 4 5-55 bce — one diffuse ring: 50 °C Hard - soft: 35°C
14 5 20-80 bee — one diffuse ring: 44°C Hard — soft: 55°C
15 10 20-95 bce — one diffuse ring: 90 °C Hard
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Fig. 13 SAXS patterns for an unsheared 6.5 wt.% gel of copolymer
E,s.B;5 at (a) 30°C and (b) 45°C, and a 4 wt.% gel of copolymer
E;y5B,, subjected to oscillatory shear at 50 Hz and 35% amplitude
but measured at rest at (c) 40 °C and (d) 55 °C. All patterns are shown
with the same gray-scale range.

low-T hard gel and the high-T soft gel was large, at least
+3°C. Given a similar uncertainty in temperatures at the
hard-gel boundary determined by rheology (+3°C, see
Section 3.1.1), the results obtained by the two methods are
considered to be in fair agreement: see Table 2.

4 Discussion

The formation and structures of the hard gels of the present
copolymers have been discussed previously.'® The present dis-
cussion focuses on the soft gels.

4.1 Comparison with E,,Bg

Considering block copolymers dissolved in water alone, the
only other diblock copoly(oxyalkylene) for which soft gels
have been identified and studied is E,,;Bg.2"'?° For conve-
nience in this discussion, the low-concentration region of the
E,,Bg phase diagram is shown in Fig. 14. The soft-gel regions
in the phase diagrams of the present copolymers (see Fig. 9a)
are different in extent and position. However, considering the
effect of an increase in E-block length on the hard-gel region,
the soft-gel regions found for the present copolymers are of
necessity moved towards low concentrations. Given the nega-
tive slope of the low-temperature sol — soft-gel boundary,
which is similar for E,;Bg and the present copolymers, this

T T T T
100~ sol ]
801 A A A
A
601 soft gel A‘AA _
2 A
[ hard gel
a0k (cubic)
20 sol .
A i L A ]
00 20 20

c(wt.%)

Fig. 14 Phase boundaries for aqueous solutions of copolymer
E,;Bg. The unfilled symbols denote result from rheometry; and the
filled circles results from tube inversion.

compression forces that boundary to higher temperatures. In
fact the lower limits of the soft-gel region which can be read
off Fig. 9a are approximately 12°C (Eq4B;5), 16 °C (E;54B;5)
and 30 °C (E;45B, ), compared with 8 °C for E ;B¢ (Fig. 14).

Indications from rheology are that the upper limit of the
soft-gel region is significantly higher than 100 °C (see Fig. 7),
whereas it is 85°C or lower for copolymer E,;Bg. As for the
present copolymers, the high-temperature transition for E,;Bg
in the low-concentration range (¢ < 35 wt.%) is from hard gel
to soft gel (see Fig. 14).

We conclude that the mechanism of soft-gel formation is
similar for all five of the diblock copolymers considered, i.e.
for diblock copolymers with E-block lengths ranging from 41
to 398 E units.

4.2 Triblock copolymers and rod-like micelles

Other copoly(oxyalkylene)s in aqueous solution for which soft
gels have been identified have all been triblock copolymers:
ie. B,,P3oE,, (P85),'! E, P, E,; (P94)!2 and E,¢B,oEs.3"
For P85 there is ample evidence (including results from light
scattering, viscometry, SANS and SAXS) for the formation of
cylindrical micelles at high temperatures (>80°C) in
water”-8:32734 and at lower temperatures in salt solution (a
poorer solvent).!? For P94!! the evidence is less direct. For
both systems the rheological properties of the soft gel are
attributed to the hindered rotation of rod-like micelles.!?-?
There is also viscometric evidence of a sphere-to-rod tran-
sition at T =~ 60°C in dilute aqueous solutions of copolymer
E,¢B;oE s, and at moderately-concentrated solution (e.g., 30
wt.%) the micellar solutions of this copolymer do form soft
gels. However, in this case soft gel forms at temperatures
below the sphere-to-rod transition temperature (T =~ 60 °C),
and transforms to a sol above that temperature. It is relevant
that the first-formed (i.e. lowest concentration) hard gel of
E,¢B,oE;s comprises hexagonally-packed cylindrical
micelles3! which is similar to hard gels formed from other
E,P,E, copolymers with short E blocks (e.g. E,,E,/E,,,
E,3P30E;5 and E,P;,E,,)® and from P85 itself at high tem-
peratures,®® although the assignment of hard-gel structures in
this case has been questioned.?3

4.3 Soft-gel formation in diblock copolymers

Returning to discussion of diblock copoly(oxyalkylene)s with
E-block lengths of 40 units or more, we know of no evidence
supporting a sphere-to-rod transition in their micellar solu-
tions in water alone. The concentration-induced hard-gel
transition from cubic-packed spherical micelles to hexagonal-
packed cylindrical micelles found for copolymer E,;B; at high
concentration (¢ > 50 wt.%)?!:25 is the well-known effect of
packing density.3® A temperature-induced sphere-to-rod tran-
sition has been detected (by SAXS) at T ~ 70°C for gels of
copolymer E, B, in salt solution, the high-temperature gel in
that case being characterised as hexagonally-packed cylin-
drical micelles.3”-3® However, in the same system the mobile
phase accessed at temperatures immediately above the upper
hard-gel boundary was characterised as a defect cubic phase
(spherical micelles, defect fcc). Hard gels of copolymer Eq,B,,
in water (30 to 60 wt.%) have been shown by SAXS to be
cubic-packed spheres from 25-70°C,'® while similar experi-
ments for a 25 wt.% gel of copolymer Eg¢B,, in salt solution
accessed a high-temperature cloudy-gel phase which gave
SAXS patterns from a bec structure up to 90 °C.16:3940

A 30 wt.% hard gel of copolymer E;, B¢ examined by
SAXS from 25-75°C also provided consistent evidence of the
bee structure.*! Finally, considering dilute solutions (1-2
wt.%), SANS has been used to show that micelles of copoly-
mer Eg¢B,, in water are spherical at temperatures up to
70°C.1¢
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4.3.1 Hard-gel/soft-gel transition. Given the evidence
outlined above, for the present copolymers it is reasonable to
assign the soft gels formed at temperature above the upper
hard-gel boundary to defect cubic (bcc or fcc) structures of
spherical micelles. As discussed previously,®® defects allow
grains of ordered phase to slip past each other, and the system
can become mobile whilst still giving a diffuse SAXS pattern
consistent with the sharper pattern obtained from the hard-gel
structure. The SAXS evidence summarised in Table 2 lends
support to this assignment. In several experiments (denoted 4,
6 and 13 in Table 2), cubic structure was identified in the soft
gel formed immediately above the hard-gel — soft-gel tran-
sition temperature. A similar result was obtained on heating a
40 wt.% hard gel of copolymer E,;Bg through its upper hard-
gel boundary.?® In other experiments with the present copoly-
mers (10, 14 and 15 in Table 2) there was evidence of
degradation of the cubic structure on heating within the hard-
gel region, and in one experiment (9 in Table 2) evidence of a
well-ordered cubic structure for the hard gel was entirely
lacking.

4.3.2 Sol/soft-gel transition. The SAXS experiments
carried out in the present work included only one (experiment
1) covering the sol — soft-gel transition. No evidence of a
change in structure was noted. However, as discussed above,
the formation of soft gel at low concentrations of the diblock
copolymers demands a broader interpretation than that
applied to the P85 and P94 systems by Hvidt and
co-workers,! 112 je. soft gel formed from rod-like micelles.
There is no evidence to support the formation of rod-like
micelles in the present and closely-related systems. The alter-
native is a soft gel formed from spherical micelles. As sug-
gested previously for soft gels in solutions of copolymer
E,;Bg,?! the soft gel could contain structures of weakly-
interacting spherical micelles in dynamic equilibrium, such
that the transition from sol to soft gel occurs when micellar
aggregates with fractal geometry reach a percolation threshold
yielding sufficient structure to cause, at a given frequency, the
dynamic storage modulus to exceed the loss modulus. For this
mechanism to hold, micellar aggregation must be enhanced at
high temperature. This is indeed the case, since on heating
water becomes a poorer solvent for the E-block of the corona.

Recently, results obtained by small-angle neutron scattering
(SANS) have been used to define a percolation boundary in
the phase diagram for 10-25 wt.% aqueous solutions of tri-
block copolymer E,;P;,E;; (coded L64).*?> The boundary
was obtained by interpreting the SANS data using a modifi-
cation of Baxter’s sticky-sphere model,*3** and finding points
on the phase diagram at which the stickiness parameter
increased abruptly. The resulting percolation boundary (see
Fig. 1 of ref. 44) is a similar shape to the sol/soft-gel bound-
aries shown in Fig. 9, though at higher concentration, Results
from rheometry, used to check the ‘SANS’ boundary by way
of an abrupt rise in modulus, differ from the present results in
that G’ did not exceed G” above the L64 percolation thresh-
old. There are other differences to take into account, not least
the fact that macrophase separation (clouding) was not
encountered in the present system whereas it occurs at
approximately 60 °C in micellar solutions of L64. It remains
to be seen whether a sticky-sphere model can explain the
totality of available data. Nevertheless, we take the qualitative
agreement between the systems as support for our interpreta-
tion of soft-gel formation on heating aqueous solutions of the
present E B, as a percolation transition. Further experiments
are planned to provide additional evidence for this, including
measurements of the frequency dependence of the dynamic
shear moduli. A power law dependence on frequency is
expected at the gel point based on the Winter-Chambon
method of determining the onset of gelation.*> If the critical
gel has a percolated fractal structure, the power law exponent
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can be related to the fractal dimension, which can be obtained
independently from SAXS.

It remains to comment on the formation of a soft gel at low
temperature in the 7 wt.% solution of E4¢B;g (see Section
3.1.2 and Fig. 7b). The effect of lowering temperature is a
better solvent for the E-block and a consequent expansion of
the micelle corona. This will increase the effective volume frac-
tion of micelles in solution. At an appropriate micelle volume
fraction, soft gel (G' > G”) is reformed, possibly by packing,
possibly by percolation. It follows that an increase in tem-
perature will decrease the effective volume fraction and give a
sol. As discussed above, further increase in temperature even-
tually leads to formation of a second soft gel (see Fig. 7b),
presumably by a percolation mechanism. The fact that the
low-T soft gel was found for only one of the many solutions
investigated points to a very delicate balance between copoly-
mer concentration and temperature for the effect to occur.

4 Conclusions

The following summary applies to the four diblock copoly-
mers Eg¢Big, Eig4B1s, E315B1; and E;g5Bg, ie. systems
with a common B-block length and lengthy E blocks. They
will not apply in detail to other diblock copolymers of the
E, B, system, although the general trends should hold.

Immobile hard gels (high modulus, high yield stress) and
mobile soft gels (low modulus, low yield stress, G’ > G”) form
in aqueous solutions of all four copolymers. The increase in
E-block length from 96 to 398 repeat units has the overall
effect of moving both hard and soft-gel phases to lower con-
centrations without changing the pattern of behaviour. The
exception is the hard-gel structure, which is fcc at short
E-block lengths but bec at long E-block lengths.®

For hard gels at concentrations well above c*, the
maximum value of G’ decreases as the E-block length is
increased. The yield stress (o) follows the same trend, the two
being closely correlated, with the ratio G'/o, =~ 0.03. Values of
G’ and g, become lower as c* is approached.

The hard gels transform to soft gels at high temperature.
Most probably the soft gel in this region of the phase diagram
has a defect bec or fec structure. At concentrations below c*,
soft gels form from sols as the temperature is increased. In this
region the soft gels most probably form when the system
passes through its percolation threshold.

Considering the complete phase diagram, the critical condi-
tions for hard-gel formation (c*, T*) serve as parameters for
the production of a ‘universal’ phase diagram covering both
hard and soft gels.
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