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Full Paper: Copolymer S;;E¢ (E = oxyethylene unit, S =
oxyphenylethylene unit) was synthesised and charac-
terised by gel permeation chromatography (for distribu-
tion width) and *C NMR spectroscopy (for absolute
molar mass and composition). Dynamic and static light
scattering were used to determine micellar properties in
dilute aqueous solution at three temperatures (20, 30 and
40°C): i.e. association number, hydrodynamic and ther-
modynamic radii. Comparison with reported results for
related copolymers allowed exploration of the dependence
of these properties on hydrophobe block length. The
phase behaviour of the copolymer in aqueous solution
was defined using tube inversion and rheometry (for yield
stress and dynamic modulus). The hard-gel boundary was
detected by both methods in satisfactory agreement. Dis-
cussion is focused on effects of micelle stability on the
shape and extent of the hard-gel region of the phase dia-
gram. A region of soft gel was detected at low concentra-
tions by rheometry, and assigned to a percolation mechan-
ism.

Phase diagram for aqueous solutions of copolymers
Si3Ee. The solid curve is that defined for hard gel taken
from Figure 4. Data points (e) and the dotted curve indi-
cate the sol/soft-gel boundary; data points (m) indicate the
temperatures at which the storage and loss moduli fell
sharply to reach a low value, giving a coincident defini-
tion of the hard-gel boundary; data point (A) indicates the
temperature of a transition within the hard-gel region.
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Introduction

Copolymers comprising blocks of hydrophilic poly(oxy-
ethylene) with hydrophobic poly(oxypropylene) or poly-
(oxybutylene) can micellise in dilute aqueous solution
and their concentrated micellar solutions can form gels
(liquid-crystal mesophases): see, for example, recent
reviews!'™ and papers.®~” Much of this research has

been based on the availability of copolymers from com-
mercial sources, although a broad program of preparative
work has been carried out in Manchester.!"!

By comparison, little is known about the association
behaviour of corresponding copolymers with a hydropho-
bic poly(oxyphenylethylene) block prepared from styrene
oxide. A single triblock copolymer and a short series of
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three diblock copolymers have been prepared, and their
association properties studied in aqueous solution by Mai
et al.®? The gel phases of the diblocks were explored,
but not in detail.”’ This paper reports work on a fourth
diblock copolymer, including study of its aqueous gels by
rheometry. There is a body of work on diblock copoly-
mers of ethylene oxide and styrene, which provides a use-
ful source of results for comparison.['°-2%

The notation used in describing the chain units of the
copolymers is:

E oxyethylene OCH,CH,

P oxymethylethylene (oxypropylene) OCH,CH(CHj;)
B oxyethylethylene (oxybutylene) OCH,CH(C,Hs)
S oxyphenylethylene OCH,CH(C4Hs)
St phenylethylene CH,CH(C¢Hs)

Thus a diblock copolymer of ethylene oxide and styrene
oxide is denoted E,S,, where the subscripts m and n
denote number-average block lengths in repeat units. The
copolymers previously studied were triblock S,E4sS, and
diblocks E50S3}5, E5055A1 and E5186‘5.

Based on studies of the micellisation of diblock copoly-
mers, it has been shown that the three types of repeat unit
(P, B and S) have significantly different hydrophobici-
ties.!"! Relative to oxypropylene, and with an estimated
uncertainty of +20%, these rank:

P:B:S=1:6:12

The hydrophobicity of a St repeat unit is similar to that
of an S unit.”!

The copolymer of present interest was prepared initi-
ally for a related study of drug solubilisation in micellar
solutions.” Tt is denoted S;;Es, but see the Experimental
Part for details. The notation indicates that styrene oxide
was polymerised first, followed by ethylene oxide. There
is a practical advantage in this procedure, since it is easier
to disperse a few grams of low-molar-mass poly(S) in a
large amount of liquid ethylene oxide rather than the
reverse. Any widening of the E-block length distribution
caused by slow initiation in the second stage of polymer-
isation should be small for Eg,.*>?! As described below,
the study included characterisation of the copolymer by
gel permeation chromatography (GPC) and '*C NMR, of
the micelles by dynamic and static light scattering, and of
the gels by rheometry.

Experimental Part
Preparation and Characterisation of the Copolymer

Copolymer Si3Eq was prepared by sequential anionic poly-
merisation of styrene oxide followed by ethylene oxide.
Apart from the reversed sequence of polymerisation, the pro-
cedure largely followed that described previously.”” The
monofunctional initiator was 2-(2-methoxyethoxy)ethanol

activated by reaction with potassium metal (molar ratio OH/
K = 23). This meant that the S block was initiated by
CH3(OCH,CH,),0, and that a more exact formula for the
copolymer would be E,S;;Eq. However, in view of the high
hydrophobicity of the S units, the E, termination of the S
block should not unduly influence the micellisation of the
copolymer, and the abbreviated formula, which stresses its
diblock nature, is preferred. The copolymer was charac-
terised by gel permeation chromatography (GPC) and '*C
NMR spectroscopy.

The GPC system consisted of three p-Styragel columns
(Waters Associates, nominal porosity from 500—10* A) eluted
by tetrahydrofuran (THF) at 20°C. Samples were injected via
a 100 mm? loop at concentration 2 g * dm™, and their emer-
gence was detected by differential refractometry. The flow
rate was 1 cm® * min™!, monitored by use of an internal marker
(dodecane). Calibration was done with poly(oxyethylene)
samples of known molar mass. A second GPC system with
N,N-dimethylacetamide at 65 °C as eluent was used to check
the results. The GPC curves obtained for the copolymer had a
narrow main peak with a minor peak at lower elution volume,
consistent either with moisture introduced at the first stage of
polymerisation giving rise to a proportion of triblock copoly-
mer EgS:cEeo, or, and more likely, with moisture introduced
at the second stage giving rise to a proportion of homopo-
ly(oxyethylene) E;». Analysis showed the width of the molar
mass distribution of the copolymer itself (i.e. the ratio of
mass-average to number-average molar mass) to be M./M
2= 1.03 +0.01. The proportion of impurity was estimated
from relative areas to be approximately 13 wt.-%.

BC NMR spectra were recorded by means of a Varian
Unity 500 spectrometer operated at 125.5 MHz. Solutions
were ca. 10 wt.-% in CDCl;. Assignments were taken from
previous work.”" The integrals of the resonances from back-
bone and end group carbons were used to determine average
composition (i.e. mole fraction E) and an absolute value of
the number-average molar mass. Allowance was made for
the different nuclear Overhauser enhancements of E and S
units.? The excess of E ends terminated with hydroxyl
groups over those terminated by methoxy groups was consis-
tent with the presence of ca. 10 wt.-% homopoly(oxyethyl-
ene), similar to the amount estimated by GPC. Allowance
was made for this material in calculating the composition
(64 wt-% E) and the number-average molar mass (M, =
4290 = 90 g - mol™) of the diblock copolymer.

Light Scattering

All glassware was washed with condensing acetone vapour
before use. Solutions were clarified by filtering through
Millipore Millex filters (Triton free, 0.22 pum porosity)
directly into the cleaned scattering cell.

Static light scattering (SLS) intensities were measured for
solutions at temperatures in the range 20—50°C by means of
a Brookhaven BI 200S instrument with vertically polarised
incident light of wavelength 4 = 488 nm supplied by an
argon ion laser operated at 500 mW. The intensity scale was
calibrated against benzene. Dynamic light scattering (DLS)
measurements were made under similar conditions by means
of the instrument described above making use of a Brookha-
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ven BI 9000 AT digital correlator. Usually measurements of
scattered light were made at the angle 6 = 90° to the incident
beam. Experiment duration was in the range 5-20 min, and
each experiment was repeated two or more times.

The correlation functions from dynamic light scattering
(DLS) were analysed by the constrained regularised CON-
TIN method™' to obtain distributions of decay rates (I'). The
decay rate distributions gave distributions of apparent diffu-
sion coefficient (Dyy, = I/g?, g = (41n/2)sin(0/2), n = refrac-
tive index of water) and hence of apparent hydrodynamic
radius(rypp, radius of the hydrodynamically equivalent hard
sphere corresponding to D,,,) via the Stokes-Einstein equa-
tion (Equation (1))

P, app = KT/(6TH D) (1)

where k is the Boltzmann constant and # is the viscosity of
water at temperature 7.

The basis for analysis of static light scattering (SLS) was
the Debye equation (Equation (2)) in the form

K*cl(I-Is) = UMy + 245¢ + o.c...... )

where [ is intensity of light scattering from solution relative
to that from benzene, Is is the corresponding quantity for the
solvent, c is the concentration, M, is the mass-average molar
mass of the solute, A, is the second virial coefficient (higher
coefficients being neglected) and K* is the appropriate opti-
cal constant, which includes the specific refractive index
increment, v = dn/dc.

Values of v and its temperature increment were determined
by means of an Abbé 60/ED precision refractometer (Bel-
lingham and Stanley). Values of 0.157 cm® - g™ at 20°C and
2 x 10 cm® - g - K™ satisfactorily represented the data.
Sources of the other quantities necessary for calculating K*
have been given previously. The effect of different refrac-
tive indices of the blocks on the derived molar masses of
copolymers of this type has been considered previously and
found to be small.®*!

Preparation of Gels

Solutions were prepared by weighing copolymer and water
into small tubes and mixing, if possible, in the high-tempera-
ture mobile state before being stored for a day or more at
low temperature (7=5°C). Otherwise the mixture was
allowed to mix by diffusion over a period of days at 5°C.
Newly prepared samples were used for each experiment.

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,
with 2.5 cm?® sample being added to the cup in the mobile
state. A solvent trap maintained a water-saturated atmos-
phere around the cell, and evaporation was not significant
for the temperatures and time scales investigated.

Storage and loss moduli were recorded across the tempera-

ture range with the instrument in oscillatory-shear mode at a
frequency of 1 Hz. In this mode, the samples were heated at
1°C * min™' in the range 5-95°C. Also, moduli were meas-
ured with the gels at fixed temperature across the frequency
range 0.003 to 30 Hz. For all measurements the strain ampli-
tude was low (<0.5%, linear viscoelastic region), thus ensur-
ing that G' and G” were independent of strain.

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

In related tube-inversion experiments, carried out as
described previously,” 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°C - min™". The change from a mobile to an immobile sys-
tem (or vice-versa) was determined by inverting the tube.

Results

No clouding was observed: i.e. all solutions investigated
(0.2 to 65 wt.-%) remained clear to the eye over the tem-
perature range 5—85°C.

Hydrodynamic Radius

Dynamic light scattering (DLS) measurements were
made on solutions in the concentration range 2 to 27
g - dm™ at 20, 30 and 40°C. Intensity fraction distribu-
tions of the logarithm of apparent hydrodynamic radius
found for the solutions at 20°C are illustrated in Figure 1.
The peaks at r . = 10 nm are characteristic of micelles.
Similar, rather narrower, distributions were found for the
micellar solutions at the higher temperatures. Reciprocal
intensity-average apparent hydrodynamic radii, calcu-
lated in the CONTIN program, are plotted against con-
centration in Figure 2. Note that through Equation (1), the
reciprocal of r 4, 1S proportional to D,,,#/T and so, com-
pared to D,y,, is compensated for changes in solvent visc-
osity and temperature. The values of r, obtained by extra-
polation to zero concentration are very similar (range
9.5-9.8 nm, see Table 1). The insensitivity of r, to tem-
perature in micellar systems of this type has been dis-
cussed many times previously, as has the positive slope
of plots like Figure 2 (or the corresponding plots of D,
versus c), which signifies effective hard-sphere beha-
viour. References can be found in cited reviews.!"*

Association Number and Thermodynamic Radius

Static light scattering (SLS) measurements were made
over a similar range of concentration and temperature:
see Figure 3. The curvature of the plots means that Equa-
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Figure 1.
tion of the logarithm of apparent hydrodynamic radius for aque-
ous solutions of copolymer S;3Eq at 20°C and the concentra-
tions (g * dm™) indicated.

Dynamic light scattering. Intensity fraction distribu-
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Figure 2. Dynamic light scattering. Reciprocal of apparent
hydrodynamic radius versus copolymer concentration for aque-
ous solutions of copolymer S;;Eq at (m) 20°C, (o) 30°C and (e)
40°C.

tion (2) must be expanded to include at least the third vir-
ial coefficient. In fact the curve shown is based on a mod-
ification of Percus-Yevick hard-sphere theory®®’-*! which
we have found useful for micellar solutions of a wide
range of copolymers.!%%3% The calculations require the
density of anhydrous copolymer, i.e. p,=1.13 g-cm™
calculated from the densities of the component poly-
mers.?1—33) The intercept at ¢ = 0 is the reciprocal mass-
average micellar molar mass (M,) while the slope and
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Figure 3. Static light scattering. Debye plots for aqueous solu-

tions of copolymer S;;Eq at the temperatures indicated. The
curves were calculated using theory for hard spheres.*! For
clarity, similar data for solutions at 30 °C are not shown.

curvature determine the average excluded volume of
equivalent hard-sphere micelles (i), from which an effec-
tive hard-sphere volume can be calculated as v = u/8,
and thereby a hard-sphere radius. Since the excluded
volume is an equilibrium effect, this quantity is referred
to as the thermodynamic radius r,, as distinct from the
hydrodynamic radius r,. Specifically, the quantity derived
was the thermodynamic expansion factor defined as J, =
vi/v,, where v, is the anhydrous volume of a micelle cal-
culated from M, and p,.

Values of M,, corrected for the impurity assuming 10
wt.-% homopoly(oxyethylene), are listed in Table 1,
together with values of the mass-average association
number,

N, =M, (micelle)/M,, (copolymer)

where M,, (copolymer) = 4420 g * mol™!, calculated from
M, =4290 g - mol' and M,/M, = 1.03. Also listed are the
thermodynamic expansion factor and the corresponding
value of r; obtained from o, = v/v,.

Phase Diagram

Tube-inversion experiments were used to define the
immobile-gel region of the phase diagram. Immobility in
this test requires the gel to have a yield stress higher than
a critical value dependent on the conditions of the test. In
the procedure described in the Experimental Part, the
yield stress must be higher than ca. 40 Pa."” The resulting
phase diagram is shown in Figure 4: the curve extending
down to 0°C reflects the fact that a 20 wt.-% solution was
immobile at that temperature but a 19 wt.-% solution was
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Table 1.

Micelle properties for copolymer Si3Eq in aqueous solution. Results from dynamic and static light scattering. D = diffu-

sion coefficient; r, = hydrodynamic radius; M\, = mass-average molar mass; N,, = mass-average association number; 7, = thermody-
namic radius; d; = thermodynamic expansion factor. Estimated errors: £10% in M,,, Ny, and d,, +5% in D, r,and r..

T D Ta M, Ny I3 o,
°C 10~ m?-s-! nm 105 g+ mol™ nm

20 22 9.8 4.5 102 8.6 4.1

30 2.9 9.7 4.7 106 8.7 4.0

40 3.7 9.5 4.9 111 8.5 3.6
T T T T ] concentration 4.0-19.6 wt.-%, i.e. below the hard-gel
mobile limit of ca. 20 wt.-%, see Figure 4. In all, eight solutions
801 7 were examined in this range. The frequency used was
] | 1 Hz. As seen in Figure 5, sols at low temperature
(G' < G” where distinguishable) transform to gels at high
60 . . temperature (G’ > G"). Since these gels are mobile in the
mobile tube-inversion test, these are ‘soft’ gels in Hvidt's nota-
O 1 tion.* The maximum value of the storage modulus of
~ 10} i the soft gel increases with increase in copolymer concen-
= . . tration from ca. 30 Pa (4 wt.-%) to 550 Pa (19.6 wt.-%),
- immobile while the temperature of first formation falls from 80°C
to 23 °C. The regions of sol and soft gel, as they relate to
201 7 the hard-gel region, are shown in Figure 6. The effect of
i ] frequency on the sol/soft-gel boundary was not investi-
gated: measurements on related systems confirm, as
o— 20 : 4'0 . 6' 0 : 8' 0 would be expected, th.at.sol/soft—ge[il] temperatures are low-

ered when frequency is increased.

c/ wt-% Corresponding modulus-temperature curves obtained

Figure 4. Phase diagram from tube inversion for aqueous solu-
tions of copolymer S;3Eq¢.

not. Adopting the notation used by Hvidt et al.,®* the
immobile phase is referred to as ‘hard gel’.

Effect of Temperature on Modulus

Selected plots of storage and loss moduli against tem-
perature are shown in Figure 5 for aqueous solutions of

for the hard gel region at higher concentrations (20—65
wt.-%) are illustrated in Figure 7. The temperature range
was 5-90°C. Not shown in Figure 7 are results obtained
for a 50 wt.-% sample, which had a high storage modulus
dropping from 20 to 3 kPa across the whole temperature
range, and those for a 40 wt.-% sample, which had a stor-
age modulus of similar magnitude but which started to
fall away just before the high-temperature limit of the
experiment. The sharp falls in modulus coincide with the
hard gel boundary, as illustrated in Figure 6. For solutions
of concentration below 45 wt.-%, these transitions were

T | A B N T T 1 T T 1
r 4wt% 1 10wt% 1 15wt% 1 I 185wt% ]
2._. ] — f—
£ N .
) o
Q
o
L L . L - L .
4 . 19.6 wt%
1K i 3 | Madd [T T B [ N
—20 20 40 60 80 O 20 40 60 8 0O 20 40 60 8 0 20 40 60 8 0 20 40 60 80
T/°C T/°C T/°C T/°C T/°C
Figure 5. Temperature dependences of logarithmic storage and loss moduli (f = 1 Hz) for aqueous solutions of copoly-

mer S;;E¢. Filled symbols denote log (G') and unfilled symbols denote log(G"). Copolymer concentrations (wt.-%) are

indicated: all lie in the soft-gel range.
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Figure 6. Phase diagram for aqueous solutions of copolymers
Si3Ee. The solid curve is that defined for hard gel taken from
Figure 4. Data points (e) and the dotted curve indicate the sol/
soft-gel boundary; data points (w) indicate the temperatures at
which the storage and loss moduli fell sharply to reach a low
value, giving a coincident definition of the hard-gel boundary;
data point (A) indicates the temperature of a transition within
the hard-gel region.

to soft gels, i.e. to phases which are mobile in the tube-
inversion test but have G'>G"”. The curve of the 65
wt.-% sample shows a transition at ca. 25°C, and a sec-
ond one at ca. 85°C which coincides with the hard-gel
boundary. In this case, the high-T phase formed is a sol.

In related experiments on aqueous micellar systems,
for example on micellar solutions of copolymer E»B7,13
gels with high storage modulus have been assigned to
cubic phases formed from packed spherical micelles with
body-centred symmetry by means of small-angle X-ray
scattering experiments, while lower-modulus gels formed
on increasing the temperature were similarly assigned to
packed cylindrical micelles with hexagonal symmetry. It
is possible that the low-T transition has a similar origin,
but this can only be certain when structural information is
available.

5 T T T T T . .
5°C P 5O 500
 waaiprostitne - o, B L ‘_p‘ ]
@4b2sCc™ 2 g 2550
o4 wpesns L 45 °C :
E Gl o -
© |es°C ] - 1L |
; 7
g - i o 65°C
3 LA 1 | 65°C I‘*
" = 1t s )
85°C 85°C
30 wt% 50 wt% .9’ 65 wt%
. ) . . ' ‘
T 0 2 2 0 2 T
logm(f/Hz) logm(f/Hz) 10g10(f/HZ)
Figure 8. Frequency dependences of logarithmic storage mod-

uli for aqueous solutions of copolymer Si3Eq. Copolymer con-
centrations (wt.-%) and solution temperatures (°C) are indi-
cated. At 85°C, the 30 wt.-% solution is in the soft-gel region,
and the 65 wt.-% solution is at the hard-gel/sol boundary (see
Figure 6): otherwise the solutions lie in the hard-gel region.

The experiments included a brief study of the effect of
frequency (0.003—-30 Hz) on modulus of gels within the
hard gel range (22—-65 wt.-%). As examples, plots of G’
against log(f) for 30, 50 and 65 wt.-% gels are shown in
Figure 8. For the 30 wt.-% gel, G’ was not greatly depen-
dent on frequency at temperatures well below the hard-
gel/soft-gel boundary (5 and 25°C), which is consistent
with a cubic gel.”*%371 Above the boundary (85 °C, soft
gel) G’ varied significantly with frequency. Similar
results were obtained for other gels with concentrations
in the range 22—-40 wt.-%. The 50 wt.-% gel showed simi-
lar behaviour at low temperatures (5—45 °C), but at 65°C
(i.e. well below the hard-gel/soft-gel boundary - see Fig-
ure 6) G' was dependent on frequency. However, it
reached its plateau value at or about 1 Hz. At 25 and
65°C the 65 wt.-% sample behaved similarly to the 50
wt.-%. At 85°C the 65 wt.-% sample is at the hard-gel/sol
boundary, and frequency dependent moduli might be
expected. The behaviour of the 65 wt.-% hard gel at 5°C
was anomalous: without doubt this is related to the transi-

5 — (A T T T T
L 20wt%{ L 22 wt% |

log 10(G/Pa)
1)

T T 1 T T T 1
65 wt%

16720 a0
T/°C

Figure 7.

1 I I I
0 20 40 60 80
T/°C

80

Temperature dependencies of logarithmic storage and loss moduli (f = 1 Hz) for aqu-

eous solutions of copolymer S;3Eq. Filled symbols denote log(G’) and unfilled symbols denote
log (G"). Copolymer concentrations (wt.-%) are indicated: all lie in the hard-gel range.
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Figure 9. Shear rate versus shear stress for aqueous solutions

of copolymer Si3Eq (continuous-shear mode). Copolymer con-
centrations (wt.-%) and solution temperatures (°C) are indi-
cated. The 17 wt.-% sample is a soft gel at 55—85°C and a sol at
lower temperatures. The 25 wt.-% sample is a soft gel at 75°C
and a hard gel at lower temperatures. The arrows indicate cata-
strophic yield of the gel.

tion seen in the G'(T) curve of this sample at low tem-
peratures (see Figure 7). Overall, the evidence for the
hard gels is that values of the storage modulus measured
at 1 Hz are essentially plateau values, i.e. they approxi-
mate the limiting value of Gb&.

Yield Stress

The plots of shear rate against shear stress for 17 wt.-%
and 25 wt.-% solutions at various temperatures shown in
Figure 9 are representative of results obtained in the soft-
gel and hard-gel regions of the phase diagram. The 17
wt.-% sample formed soft gels at high temperature (55—

T T T
20001 7]
.
2]
i
—
%
g | N
£ 1000
=
(3]
= [ J °
oF i
1 1 1 X I
20 40 60
c/ wt%

Figure 10. Concentration dependence of yield stress for aque-
ous solutions of copolymer Si3Eq at 25°C. The data cover the
hard gel region.

85°C, see Figure 6) which yielded at shear stresses less
than 20 Pa. The sols at lower temperatures had zero yield
stress and Newtonian viscosities (0.12 to 0.013 Pa*s at 5
to 45°C). The 25 wt.-% sample formed hard gels at tem-
peratures below 60°C (see Figure 6) which yielded at
high shear stresses (120—400 Pa) to form shear-thinning
fluids. At 75°C the sample was a soft gel which even-
tually yielded at low shear stress (ca. 18 Pa) and, after
some complexity, formed a shear-thinning fluid.

Figure 10 shows yield stresses obtained for hard gels at
25°C over a range of copolymer concentrations. Within
the considerable scatter, the yield stresses increase line-
arly with increase in copolymer concentration.

Discussion

Micelle Properties

The micelle association number obtained for copolymer
Si3Ee0 is compared with values obtained previously for
EsoS, copolymers with shorter S blocks in Figure 11a,
where the values are for solutions at 40°C. As can be
seen, a linear relationship holds when N, is plotted
against the hydrophobe block length (n), with the inter-
cept at N,, = 0 indicating a critical block length for micel-
lisation of n, = 1 S unit when the E-block is 50—60 units
long. This value can be compared with reported values of
ne = 4 B units (for E;y) and n,, = 28 P units (for E;y)."
Log-log plots of N,, r;and r, against n-n, are shown in
Figure 11b. The slopes of the plots are recorded in Table
2, where they are compared with those derived in a paral-
lel way for related E,,B, and E,P, diblock copolymers.!!!
There is good agreement between the experimental
results for the three systems: i.e. using the standard error

0.48+0.05

ro~n Fy ~ 021001

N, ~ 1:05:0.06
w
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Figure 11. (a) Micelle association number (V) versus hydro-
phobe block length (n, S units) for solutions of (e) EseS, (ref.”)
and (m) S;3Eq at 40°C. (b) Corresponding log-log plots of asso-
ciation number (N,), hydrodynamic radius (r,) and thermody-
namic radius () (as indicated) against n-n.,, where n., is the cri-
tical hydrophobe length for micelle formation taken from plot
(a). The slopes of the lines through the points are listed in
Table 2.

Table 2. Scaling exponents for micelles of diblock copoly(oxy-
alkylene)s in aqueous solution.

Copolymers T Range slope
°C of n
Ny T Th
Es0-60Sn 40 3.5-13 0.99 0.45 0.20
E»7_3Ba 30 5-14 1.17 0.58 0.20
Eo>_104Pn 35 37-73 0.98 0.41 0.22

The results can be compared with theoretical predic-
tions of the scaling exponents, which lie in the range 0.9—
1.2 for association number and 0.06-0.16 for
radius. ¥4 The theoretical work relates to radius of
gyration, and cannot be expected to predict the result for
the thermodynamic radius which originates in the
excluded volume. The hydrodynamic radius is more clo-
sely related to the radius of gyration, and the scaling
exponent (0.21) at least approaches the range of the theor-
etical values.

The micelle properties of diblock copolymers of sty-
rene and ethylene oxide in aqueous solution have been

i
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Figure 12. Phase diagrams from tube inversion for aqueous
solutions of (m) Si3Eq (present work) and (o) EsiS¢s and (e)
E5(]S§_] (ref.[‘)]).

reported from a number of laboratories covering a wide
range of concentrations.!=2% Of these, results for copoly-
mer St oE¢s are most readily compared with present
results for S;3Eq. Unfortunately, values of the association
number reported for micelles of St;oE¢s in water at ambi-
ent range from 60 to over 400.'%17-29 Very high values
may derive from the presence of large particles, as fre-
quently reported for samples of E/St block copolymers in
dilute aqueous solution.!""'*2 The lowest value™” is
from sedimentation velocity and so independent of a sec-
ond population of particles. However the discrepancies
remain to be resolved. Here we note that the value of N,,
=~ 100 obtained for copolymer S;;Eq in solution at 20°C
lies within the 60—400 range. The result is consistent
with our previous conclusion,” based on consideration of
critical micelle concentrations, that the hydrophobicities
of phenylethylene (St) and oxyphenylethylene (S) chain
units are similar.

Gelation and Gel Properties

The hard gel boundaries found for E/S copolymers are
compared in Figure 12. Solutions of copolymer S;sEs, do
not form a hard gel at any concentration and temperature.
Corresponding phase diagrams for St,E, copolymers
have not been reported.

The increase in high-7 stability with increase in hydro-
phobe block length (seen in Figure 12) is typical of hard
gels formed from copolymers of this type: see also, for
example, the phase diagrams reported for aqueous solu-
tions of E, B, diblock copolymers in Figure 10 of ref.’*”
High-T destabilisation of hard gel in triblock copolymer
(EwP.En) systems has been assigned on experimental
grounds®**3! (with some support from theory)™ to a
spherical-to-cylindrical micellar transition, with conse-
quent release of packing constraints. It is known that the
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for aqueous solutions of E/S and E/B block copolymers (B =
oxybutylene): (a) (o) Es;Ses (ref.””") and (s) E4Bs: (b) (m) S;3Eq
(present work) and (o) EsoBis (ref.1%).

association numbers of present and related block-copoly-
mer micelles increase with temperature (see Table 2, also
ref.>#). Considering a simple model of spherical
micelles with anhydrous cores, the core radius increases
as N' and the loss of conformational entropy related to
stretching of a short hydrophobe block when N is large
can destabilise spherical micelles in favour of cylindrical
micelles. Conversely, if the hydrophobe block is long, the
stretching effect is relatively small and spherical micelles
are stable. The argument holds equally well for water-
swollen cores: in this case the enhanced effect caused by
swelling is only partly compensated by expulsion of
water as the solvent quality reduces with increase in tem-
perature.

The gelation behaviours of aqueous micellar solutions
of E/S and E/B diblock copolymers are compared in Fig-
ure 13. Hard-gel boundaries of SqsEs® and E4 By in
the range 20—80 wt.-% copolymer are shown in Figure
13a. Overall the two phase diagrams are similar. How-
ever, an important difference lies in the low-concentra-
tion range where E4 Bg solutions gel on heating, the so-
called cold gelation effect,*”! but S¢sEs; solutions do not.

The data are not available for a similar comparison for
Si3Eeo over a full concentration range, but a similar pat-
tern is seen at low concentrations if comparison is made
with results for solutions of copolymer Es(B,;: see Figure
13b. The mechanism of cold gelation has been discussed
at length elsewhere.'®>" A number of factors combine to
produce the effect: the micelle-molecule equilibrium, the
negative temperature coefficient of solubility of the mole-
cules, and modification of the hydrogen-bonded structure
of water in concentrated poly(oxyethylene) solution. The
effect is disrupted by any factor which stabilises micelles
at low temperature, whether thermodynamic (e.g. crystal-
lisation of blocks in the micelle core)™! or kinetic (glass
formation in the core).!'*!%52 In the present case of E/S
copolymers neither of these proven explanations
obviously applies: the S block is atactic® so crystallisa-
tion is not a factor, while the glass transition temperature
of high-molar-mass poly(styrene oxide) is only 40°CB3
and will be lower for the short block lengths under con-
sideration. We hope to investigate this absence of cold
gelation in the E/S-water system in future work.

A soft-gel region in the dilute concentration range of
the phase diagram is as expected. In fact phase diagrams
very similar to Figure 6 have been reported for dilute
micellar solutions of a series of E;B, block copolymers
with lengthy E blocks forming spherical micelles."” This
type of soft-gel can be assigned to a percolation mechan-
ism whereby structures of weakly-interacting spherical
micelles form in the system. The transition from sol to
soft gel is assumed to occur when micellar aggregates
reach a percolation threshold yielding sufficient structure
to cause an increase in modulus and, at a suitable fre-
quency, the dynamic storage modulus to exceed the loss
modulus.”3*3* More complex behaviour is expected if
the micelles are subject to a sphere-to-cylinder transi-
tion,**3 ' and the present results for the soft gel region are
indicative of spherical micelles across the whole tempera-
ture range.
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