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ABSTRACT: The phase behavior and aggregation properties of a triblock copolymer of ethylene oxide
(EO) and propylene oxide (PO), with a measured composition (EO)29(PO)40(EO)2e, in aqueous solutions
containing salt, have been examined using dynamic light scattering, rheological techniques, and
sedimentation and viscosity measurements. The copolymer is dissolved as a unimer at low temperatures
and forms spherical micelles with increasing temperature. At higher temperatures, a sphere-to-rod
transition is seen for the micelles. Two types of gel are formed at higher concentrations of the copolymer.
With different inorganic salts, the micellization and gelation properties of the copolymer follow the same
type of transitions as the salt-free system, but all transition temperatures are shifted. The spherical
micelles thus transform into rod-like micelles at around 38 °C in 1 M KF, which is approximately 36 deg
below the transition temperature in the salt-free system. Rod lengths in 1 M KF are between 1000 and
1800 A, at 40 °C. The higher-temperature gel phase is seen at all concentrations down to 0.5 —1 wt %.
The elasticity of this gel is due to hindered rotation of rods. Its relaxation time decreases with increasing
concentration, indicating that the gel relaxes due to a partial breakdown or dissolution of the rods at the
cross points. The strain dependence of this gel suggests that ordered structures of rods are formed at

concentrations above 27 wt %.

I. Introduction

Block copolymers of ethylene oxide (EO) and propyl-
ene oxide (PO) are nonionic surfactants with a large
number of applications.! Symmetrical triblock copoly-
mers, with structure (EO)m(PO)n(EO)m, where m and n
denote the number of EO and PO monomers per block,
are commercially available with a broad range of block
sizes. The complex solubility and aggregation behavior
of these copolymers in aqueous solution have received
intensive attention in the literature, as for example,
discussed in a number of recent reviews.2™* At low
temperatures some of these copolymers are soluble in
aqueous solution as unimers, but form micelles at higher
temperatures.5~° Micelle formation is driven by the
hydrophobic PPO block,1°~12 with a core consisting of
PPO blocks and a corona of PEO blocks.1® The copoly-
mer micellizes by a closed association mechanism,
where the unimers and micelles exist in equilibrium.4
The lifetime of a unimer within a micelle has been
estimated to be approximately 1 us at 20 °C.15

Micelles grow in molecular weight with temperature
but not with concentration.’®1” For some copolymers
the micelles eventually reach a maximum diameter of
the spherical micellar core, determined by an entropi-
cally unfavorable stretching of the PPO block.81819 At
even higher temperatures rod-like micelles are formed,
which, for the copolymer P-85 with a nominal composi-
tion (EO),7(PO)39(EO),7, have an estimated length of
approximately 1050 A at 75 °C.2° The micellar length
increases with temperature nearly up to the cloud point
temperature, where the rods aggregate.

At high concentrations of some triblock copolymers
the spherical micelles close-pack in a cubic (bcc) struc-
ture,1”21 and the system exhibits gel-like behav-
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ior.811.2223 At higher temperatures some copolymers
form another gel-state,!*?? which at high concentrations
consists of rod-like micelles packed in a hexagonal
structure.8

The effect of salt on the clouding temperature and
micellization behavior of EO-containing nonionic surf-
actants is primarily controlled by the polarizability of
the ions.?*=26 The same effect is seen for the clouding
temperature of PEO.2728 These effects are mainly
ascribed to the change in water structure due to
interactions between the inorganic salt and water.28
Structure makers are salts like KCl and KF, which lead
to an increase in the self-hydration of water through
hydrogen-bonding, and therefore a reduction in polymer
solubility. Structure breakers are salts like Kl and
KSCN, which reduce self-hydration and thereby in-
crease the hydration of the polymer. The hydration is
also increased by hydrogen-bonding to the ether oxygens
in the polymer. Binana-Limbelé and co-workers?> have
determined the aggregation number, N, of micelles as
a function of temperature with different inorganic salts.
The N values were independent of salt type when
compared at similar temperatures below the respective
cloud temperatures, Tg. Bahadur and co-workers?®
have also observed constant N values and constant
intrinsic viscosities at a fixed temperature difference
(Tcp =)

In this study we have investigated the influence of
inorganic salts on a triblock copolymer designated P-85
with the nominal composition (EO),7(PO)39(EO)27. The
effects on micellization, gelation, and clouding have been
studied. The effect on the sphere-to-rod transition
temperature was studied by light scattering, viscometry,
and sedimentation. Dynamic light scattering was used
to estimate the micellar rod length. The gelation of the
micellar rods and the properties of the gel resulting at
higher concentrations were analyzed with respect to
concentration and temperature, and deformation was
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analyzed by viscoelastic measurements. The deforma-
tion dependence of the gel state formed by spherical
micelles at high concentration was also studied by
viscoelastic measurements.

Il. Experimental Section

A. Materials. The nonionic surfactant P-85, a symmetric
triblock copolymer was obtained from Serva AG in Heidelberg,
Germany. The copolymer was purified by extraction of the
more hydrophobic impurities with n-hexane. About 100 g of
P-85 was extracted five times with 225 mL of n-hexane at 39
°C in a thermostat with gentle shaking. The remaining
polymer was dried in vacuum. This is a modification of a
published method.?® The unpurified P-85 sample contained
some more hydrophobic components, which interfere with light
scattering experiments at low temperature.** This impurity
was largely removed during the extraction.

The purified P-85 was characterized by use of *H and 3C
NMR as described for a similar triblock copolymer.’* The
results show that P-85 contains 47.6 wt % PO and has a
number average composition of EO29PO4EQO2g, Which corre-
sponds to a molecular weight of 4870.

The inorganic salts KF, KCI, and KSCN were all analytical
grade from Merck.

Solutions of P-85 in distilled water and salt solutions were
prepared gravimetrically and allowed to dissolve and mix at
5 °C with gentle shaking overnight. Concentrations of copoly-
mer reported here are all given as weight—weight percent (wt
%, grams of polymer per 100 g of solution). Solutions contain-
ing salts were prepared by addition of copolymer to the salt
solution in water (0.5 and 1.0 M). This means that the salt
concentration in the copolymer solutions is slightly less than
the stated 0.5 and 1.0 M. However, the ratio of salt to water
is kept constant.

The samples for sedimentation and light scattering meas-
urements were filtered at 5 °C through 0.22 um Millipore
(Durapore) filters into 10 mL cylindrical ampules and flame-
sealed under a N, atmosphere.

B. Rheological Techniques. Viscoelastic measurements
were performed on a Bohlin VOR rheometer (Lund, Sweden)
using a stainless steel couette geometry (inner diameter 14
mm; outer diameter 15.4 mm; height 21 mm). The narrow
gap ensures a virtually constant shear deformation through
the sample. The outer cylinder is surrounded by a water bath
which is connected to a thermostat bath. In heating and
cooling measurements, the temperature was typically varied
in steps of 0.5 deg with 2 min equilibration time at each
temperature. Cold copolymer solutions were transferred to
the instrument and carefully overlaid with a low-viscosity
silicone oil to minimize water evaporation. The instrument
measures the temperature in the bath next to the outer
cylinder. A temperature correction calibration curve was
determined by use of a Grant microthermistor, which was
placed in the solution between the inner and outer cylinder
in a series of calibration measurements. In the temperature-
sweep and strain-sweep measurements, the VOR instrument
was used in the oscillatory mode, where the outer cylinder
performs oscillations at a given frequency, here chosen to be
0.15 Hz. The storage and loss shear moduli, G' and G", are
obtained from the time dependence of the stress, o, by use of
the definition®°

0 = y,(G' sin wt + G" cos wt) (2)

where vyq is the strain amplitude and w is the radian frequency.
The strain amplitude can be varied between 0.001 and 0.2 on
the instrument. It was ensured that the temperature-sweep
and frequency-sweep measurements were obtained in the
linear viscoelastic region, where G' and G" are independent
of the strain amplitude. The frequency of oscillation can be
varied between 0.001 and 20 Hz. Stress relaxation was
performed as a supplement to frequency sweeps in order to
determine relaxation times. The sample is rapidly (<0.1 s)
deformed to a constant shear strain in a stress relaxation
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measurement, and the stress required to maintain this
deformation is measured as a function of time.

A simple falling-ball-type viscometer, described in the
earlier paper,** was used as an independent way to determine
gelation and degelation temperatures.

Specific and intrinsic viscosities were determined by use of
an Ubbelohde capillary viscometer.

C. Dynamic Light Scattering Measurements. The
light scattering measurements were made using a Coherent
Innova Ar ion laser operating at 488 nm. A Glan-Thompson
polarizer (extinction 1076) defined the vertical polarization. The
detector optics employed a 4 um diameter monomodal fiber
coupled to an ITT FW 130 photomultiplier, the output of which
was digitized by an ALV-PM-PD amplifier-discriminator. The
signal analyzer was an ALV-5000 digital multiple-t correlator.
The DLS data were analyzed by nonlinear regression proce-
dures. The models used in the fitting procedure are expressed
with respect to the normalized electric field correlation func-
tion, g®(t), which can be written as the Laplace transform of
the distribution of relaxation times, 7

g = 7 tA@ exp(-ti) dInt )

The relaxation time distributions are given in the form of 7A(z7)
vs log 7. 7A(7) was obtained from inverse Laplace transforma-
tion of the intensity correlation functions using the REPES-
constrained regularization program.t3! For the measurements
on rod-like micelles, supplementary data analyses were made
using a double-exponential function, also from the analysis
package GENDIST.?°

The length of a micellar rod can be estimated by DLS if the
micelles are sufficiently asymmetric such that the rotational
diffusion coefficient can be measured. Pecora®? has shown that
for optically isotropic rods in solution the normalized electric
field correlation function, g®(t), may be expanded to give a
weighted sum of two (or more) exponential decays. The first
term is the purely translational part, and the second term is
related to the rotational diffusion about the center of the rod:

gP(t) = S(a.t) = Se(qL) exp(—g°Dt) +
S,(qL) exp(—(q°D + 66)t) + ... (3)

D in eq 3 is the translational diffusion coefficient, L is the rod
length, 6 is the rotational diffusion coefficient, and q is the
scattering vector. At gL > 3, the amplitude, Si(qL), of the
second decay rate (I'y) becomes sufficiently large that it is
possible to estimate the rotational diffusion coefficient (0).3%
Since the sum of the terms higher than those shown in eq 3 is
negligible for gL < 8, then

660 =T, — ¢°D (4)

and the quantity 6 can be obtained directly in the limit g — 0.

From Broersma'’s relationships for rigid noninteracting rods
of diameter d at infinite dilution, with L/d > 5, it is possible
to estimate the length, from 6 and D.34-%7

3kT

0 =
myOL3

©-9 (®)

where ¢ = In(2L/d), and ¢ = 1.45 — 7.5(1/6 — 0.27)?

D=

Foq L0~ 050+ 79) ©)

where y; = 1.27 — 7.4(1/6 — 0.34)? and y5 = 0.19 — 4.2(1/6 —
0.39)? and 7 is the solvent viscosity.

It was possible to obtain an alternative estimate of the rod
length by fitting a constructed intensity autocorrelation func-
tion based on the normalized electric field correlation function
for a rodlike micelle to the experimental data. The detailed
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Figure 1. (a) Specific viscosity against temperature for five
concentrations of P-85in 1 M KF: 0.5 wt % (x); 1.0 wt % (®);
1.5 wt % (O); 2.0 wt % (+); and 4.0 wt % (). (b) The
corresponding intrinsic viscosity against temperature.

description for this procedure has been given by Schillén et
al.?® The fitting program GENROD is also incorporated in
GENDIST.

D. Other Techniques. Sedimentation measurements
were made using an MSE analytical ultracentrifuge (Centri-
scan 75) equipped with schlieren optics. Sedimentation coef-
ficients were determined at a rotation rate of 54 000 rpm.

Cloud points were determined by visual inspection of
solutions in sealed thin-walled glass tubes with a diameter of
5 mm. The tubes were placed in a thermostat, and temper-
atures were increased or decreased in steps of 0.5 or 1 deg
with 5 min equilibration time. The temperatures of initial
clouding and complete declouding were determined visually.

I11. Results and Discussion

A. Sphere-to-Rod Transition. The expected sphere-
to-rod micellar transition was examined by a number
of different experimental techniques, i.e. viscosity and
sedimentation measurements and light scattering meas-
urements, which are sensitive to the length and asym-
metry of the micelles. The temperature dependence of
the viscosity for five concentrations of P-85 in 1 M KF
is presented in Figure la. The specific viscosity in-
creases strongly at around 40 °C, indicating a transition
in shape of the micelles. Figure 1b shows the corre-
sponding intrinsic viscosity results which confirm the
transition in this temperature range. The intrinsic
viscosity increases by a factor of 10 over a narrow
temperature range of 6 deg. This reflects a strong
increase of the specific hydrodynamic volume. For
comparison, the intrinsic viscosity only changes from
13 to 6 mL/g during micellization at lower temperatures.
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Figure 2. Polarized scattered intensity at ® = 90° as a
function of temperature for solutions of 0.1 wt % P-85in 1 M
KF (O) and in water!® (a). Sedimentation coefficient at infinite
dilution of P-85 micelles in 1 M KF (@), as a function of
temperature. The coefficients are normalized with respect to
solvent viscosity and density of water at 25 °C for comparison.

The observed large increase near 40 °C corresponds to
the transition from spherical to rod-like micelles.

The formation of rod-like micelles also increases the
micellar mass, which can be monitored by sedimentation
measurements. Four samples with concentrations of
P-85 between 0.4 and 1.3 wt % in 1 M KF were
measured. Figure 2 shows the sedimentation coefficient
extrapolated to infinite dilution plotted against tem-
perature. The increase is clearly seen around 40 °C,
corresponding to a pronounced growth in micellar mass.
The increase in micellar mass is also seen in static light
scattering. The polarized scattering intensity measured
at an angle of 90° for a solution of 0.1 wt % P-85in1 M
KF is presented in Figure 2 as a function of tempera-
ture. The intensity increase corresponds to a growth
in the apparent micellar mass of the order of 8 times
going from 32 to 42 °C. For comparison, similar data
obtained on the salt-free system?0 are included. It is
seen that 1 M KF shifts the transition temperature by
approximately 36 deg with respect to the salt-free
solution.

For a 0.3 wt % P-85 solution in 1 M KF, free unimers
of P-85 exist in a nonaggregated state at low tempera-
tures. At around 10 °C spherical micelles start to form.
This transition was detected by dynamic light scattering
measurements (not shown). The dynamic light scat-
tering data on the 0.3 wt % solution in 1 M KF at higher
temperatures from 25 to 43.2 °C are illustrated in
Figure 3a by the relaxation time distributions obtained
by regularized inverse Laplace transformation (RILT)
of the data. The distributions have been corrected for
changes in viscosity and temperature. At 25 °C the
relaxation time distribution is single modal, correspond-
ing to spherical micelles. A weak increase in micellar
size is observed up to 36 °C (corresponds to a peak shift
to slower relaxation times). At 37.4 °C, significant
micellar growth is clearly detected. In the temperature
range where the other techniques indicate the transi-
tion, the relaxation time distribution thus changes from
a single mode to bimodal, as expected for asymmetric
micellar rods. Figure 3b shows an enlarged version of
the distribution at 39.3 °C. This clearly shows the
presence of a low amplitude fast peak that corresponds
to a combination of rotational diffusion relaxation and
translational diffusion according to eq 3 (see below). The
dominant slow mode corresponds to the translational
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Figure 3. (a) Relaxation time distributions obtained by
regularized inverse Laplace transformation of dynamic light
scattering data, TA(t) versus log 7/us, for 0.025 wt % P-85in 1
M KF at temperatures between 25 and 43.2 °C. The temper-
atures in °C are indicated on the right axis. Measurements
are performed at an angle of 90°. (b) An enlarged version of
the distribution at 39.3 °C.

diffusion of rods. This mode changes rapidly with
temperature to even longer relaxation times. At 41.5
°C the distribution starts to broaden and eventually the
slow translational peak splits into two broad peaks at
43.2 °C. The slower motion observed at 43.2 °C may
be due to intermicellar aggregation, which makes the
sample slightly opaque at higher temperatures and
concentration.

Eight solutions of P-85 in 1 M KF with concentrations
between 0.025 and 5.0 wt % were measured by DLS in
order to determine the hydrodynamic radii of the
unimers and micelles. It was established that the
relaxation rates, for the unimers and both micellar
types, are g?-dependent, passing through the origin.
This shows that the observed modes are diffusive.
Extrapolations of diffusion coefficients to infinite dilu-
tion (Dg) are used in the Stokes—Einstein relationship,
Ry = kT/675,Do. Ry of the free unimers is 19 A, which
is approximately equal to the unimer dimension in the
salt-free system (18 A).3® The radius of the micelles,
on the other hand, increases from around 80 to 92 A
between 15 and 34 °C. These values are somewhat
larger than the 75 A previously found in the salt-free
system.3® Above the sphere-to-rod transition tempera-
ture, Ry of the micelles increases from almost 400 A to
more than 500 A. These values were obtained from
measurements on low concentration solutions in order
to minimize interference from micellar aggregation.
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Figure 4. Two relaxation rates for 0.025 wt % P-85in 1 M
KF at 40 °C, at scattering angles between 30 and 100° are
plotted as a function of the squared scattering vector. The
slower (@) is the translational diffusion mode, and the fast (O)
corresponds to the second term in eq 3.

Similar DLS measurements were made for P-85 in
0.5 M KF. Ry for the unimers is again 19 A, and
micellar formation starts around 15 °C. These spherical
micelles are fairly constant in size (Rq = 79 A) in the
temperature range up to the sphere-to-rod transition,
which occurs at 54 °C.

At temperatures above the sphere-to-rod transition,
the relaxation time distributions become bimodal (Fig-
ure 3). In Figure 4, the two relaxation rates, obtained
from RILT of the dynamic light scattering data, are
plotted against the square of the scattering vector for
0.025wt % P-85in 1 M KF at 40 °C. For the slow mode,
which corresponds to the translational motion of the
micellar rods, the relaxation rate, T, is linear in g2 and
the slope equals the translational diffusion coefficient.
The fast mode is a combination of rotational and
translational motions of the rods.?° The rotational
diffusion coefficient, 0, is obtained by extrapolating the
relaxation rate, I't, to vanishing scattering vector q =
0, since (I'f)g=0 = 60 (see eq 4). DLS measurements were
performed at two additional concentrations at temper-
atures between 40 and 45 °C, where the micelles are
rodlike and the relaxation time distributions were
bimodal, as in Figure 3. In order to check the relaxation
time distributions the data were also analyzed by the
William—Watts double-exponential method,?° and both
methods gave results in good agreement. The transla-
tional and the rotational diffusion coefficients for the
different concentrations of P-85 in 1 M KF at 40 °C are
given in Table 1la.

B. Length of Rods. The rotational and transla-
tional diffusion coefficients can be used to obtain
independent estimates of the length of the micellar rods
(see eqs 5 and 6). Two approaches were applied to
estimate the rod length of the micelle. In the first
approach, the length (L;) is directly interpolated from
eq 5 using the rotational diffusion coefficient obtained
from the fast relaxation rate at g = 0 in Figure 4. The
diameter, d, was set to twice the hydrodynamic radius
of the spherical micelle (Ry = 92 A), just before
transition. Linse!® has predicted that the radial exten-
sion should be reduced abruptly by ca. 10% at the
sphere-to-rod transition. This means that the used
value for d might be overestimated and the length
therefore underestimated.

In the second approach (giving L), the DLS data are
fitted using the rod model.?° To estimate the rod length,
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Table 1. Translational and Rotational Diffusion
Coefficients and Rod Lengths for P-85in 1 M KF

a. Temperature: 40 °C

c 102D 10-3pa L.P Lot 1012Dgopd
(wt %) (m2fs) s™ A A (m2/s)
0.005 175 2.75 1470 500 17.9
0.025 11.3 1.95 1690 1000 11.7
0.100 9.05 0.83 2060 1800 8.77

b. Concentration: 0.005 wt %
T 102D 107362 L.P L,¢ 1012Dgopd
(°C) (m2fs) (s A A (m2fs)
40 175 2.75 1470 500 17.9
42 13.3 1.76 1860 850 13.3
45 125 1.68 1880 1100 12.6
¢. Concentration: 0.025 wt %
T 102D 107302 L.P L,¢ 1012Dgopd
(°C) (m?/s) (s &) G (m?/s)
40 11.3 1.95 1690 1000 11.7
42 8.92 1.75 2380 2200 8.19
45 8.41 0.62 2830 3050 7.18

a Equation 3. ® Equation 4. ¢ Fitting method. 9 Equation 5 with
Lo.

L,, a constructed intensity autocorrelation function
based on the normalized electric field correlation func-
tion was fitted to the experimental data. Again d was
set to twice the Ry. As a check of the fitted length, L,
the corresponding theoretical translational diffusion
coefficient, Drop, Was calculated from eq 6, for compari-
son with the measured, D. The estimates of the micellar
rod length using a rigid-rod model may not give exact
lengths since the micellar rods are presumably not
completely inflexible. To make a good estimate of the
rod length, it is necessary to measure very dilute
solutions in order to avoid or minimize frictional inter-
actions between the micelles, but still at concentrations
above the critical micelle concentration (cmc). The two
estimates of the rod length and a theoretical value for
D, calculated from the fitted rod length, are also given
in Table la.

The estimated length at 40 °C shown in Table 1a
clearly indicates a concentration dependence, although
the measurements on the very dilute solution and at
the highest concentration contain greater uncertainty.
The very dilute solution at 40 °C may still contain
spherical micelles in an amount that could influence the
determination of the fast relaxation time. It has been
concluded in earlier investigations,'617 on the other
hand, that the micelles do not grow with increasing
concentration but that they grow with temperature. The
present results are not conclusive concerning possible
growth with concentration since interparticle interaction
leading to translational/rotational coupling will become
increasingly important. It is also not possible from
these few concentrations to determine a critical concen-
tration for interaction of the rods, but measurements
on the salt-free system?° gave an upper limit of about
0.05 wt % for the rods with an estimated length of ca.
1050 A. The solution of 0.1 wt % P-85 in 1 M KF is
therefore most likely well above the concentration range
where the rods are noninteracting. Interaction between
rods will decrease the diffusion coefficient and thereby
overestimate the length. The fitting method shows the
strongest dependence on the diameter of the rods.
Underestimation of the length will therefore be strong-
est for L. An independent check of L, by comparison
of the measured D value and the calculated Drop shows
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Figure 5. Viscoelastic properties of 28.5 wt % P-85in 1 M
KF as a function of temperature at 0.15 Hz. (®) G' and (O) G"
are the storage and loss moduli, respectively.

good agreement. The differences in the estimated
lengths, L; and Ly, is probably due to the uncertain d
value, which has different weightings in the estimates
from 6 and D, respectively.

Parts b and c of Table 1 show a temperature depend-
ence of the micellar rod length for 0.005 and 0.025 wt
%, respectively. Due to the increasing length, the
critical concentration for interactions between the rods
decreases with temperature. The estimates for the
higher temperatures in Table 1¢c may therefore be too
large. The temperature and concentration ranges where
these estimations are reliable are therefore limited for
this salt—micelle system. In summary, the estimated
rod length at 40 °C lies between 1000 and 1700 A and
micellar growth occurs with temperature up to 2000 A.
These dimensions give L/d ratios from around 6 to 11,
which means short and bulky micelles.

C. Viscoelastic Results. Rod-like micelles at higher
concentrations induce gel-like behavior. Due to the
hindered rotation of the rods the relaxation times will
increase to the order of seconds, when the concentration
exceeds the critical number density concentration (c*
= 1/L3).%0 Viscoelastic measurements were performed,
both to detect the gel formation and its temperature
limits and to analyze the properties of the gel. Figure
5 shows the oscillatory shear results for 28.5 wt % P-85
in 1 M KF as a function of temperature measured at a
frequency of 0.15 Hz. At low temperatures a viscoelastic
liquid is observed, since G" > G'. Around 6 °C, G’
increases abruptly and reaches larger values than G".
The elastic storage modulus reaches a maximum around
11 °C, where the loss modulus has a minimum value.
This shows that the viscous solution changes to a gel-
like state with increasing temperature. At tempera-
tures above 13 °C both G' and G" decrease rapidly, and
at temperatures between 16 and 30 °C a new viscoelas-
tic liquid is formed, since G" exceeds G'. A second gel
structure is formed at temperatures above 33 °C, and
it exists in the temperature range where the micelles
are rod-like. The elastic modulus of this gel is more
than 1 order of magnitude lower than the former. The
low-temperature gel will be referred to as the “hard gel”,
and the high-temperature gel, as the “soft gel”. This
phase profile, showing two gel states is similar to that
earlier observed in the salt-free system®4! and the P-94
system.! The temperatures for all transitions in 1 M
KF are shifted to lower temperatures when compared
to the salt-free P-85 system. SANS measurements?! on
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Figure 6. G' for P-85in 1 M KClI as a function of temperature
at 0.15 Hz for solutions with concentrations in wt %: (x) 5.0;
(@) 23.2; (») 23.4; (#) 23.8; (O) 25.0.

the salt-free P-85 systems have shown that the hard
gel consists of close-packed spherical micelles in a cubic
(bcc) structure. At high concentrations the soft gel is
considered to be an ordered structure of rod-shaped
micelles in a hexagonal structure.?921 At the highest
temperatures shown in Figure 5, the gel state exists
above the cloud temperature, which for this concentra-
tion is around 40 °C. This behavior contrasts with that
in the salt-free P-85 system? and the P-94 system,!!
where degelation occurs at the clouding temperature.

The temperature-dependent viscoelastic properties
were measured at different concentrations of P-85 in 1
M KF, 0.5 M KF, 1 M KClI, and 1 M KSCN to study the
salt effects on transition temperatures and critical
gelation concentrations. Due to the special aggregation/
clouding behavior in KF, which complicates the picture,
the following discussions will concentrate on the KCI
system.

A concentration dependence of the temperature-
dependent viscoelastic properties is seen for both the
hard and the soft gels in Figure 6, where G' for five
different concentrations of P-85 in 1 M KClI is plotted
as a function of temperature. The concentration de-
pendences of the two gels are different. The hard gel
is not formed at concentrations up to 23.3 wt %, whereas
the solutions above this concentration form a gel with
G' > G" and a maximum G’ value at about 23 °C. The
critical gelation concentration (cgc) is 23.4 4+ 0.1 wt %.
It is seen that a small increase in concentration affects
both the storage modulus, which increases, and the
width of the temperature region for this gel. The gel is
stabilized at both higher and lower temperatures when
the concentration is increased. The concentration de-
pendence of the soft gel is much smaller. The gel is
formed at all concentrations down to 0.5 wt %, and the
effect of decreasing concentrations is to decrease the
storage modulus and to reduce the gel temperature
region. For this gel, variations in concentration only
affect the onset temperature. The degelation temper-
atures are almost constant.

In the P-85/1 M KCI system it is seen that the various
temperature transitions are shifted downward in tem-
perature compared to the salt-free system, but not as
effectively as in 1 M KF (Figure 5).

The effect of KSCN addition on the temperature
dependence of the phase behavior of P-85 is opposite to
the two other investigated salts. The transitions are
shifted upward in temperature compared to the salt-
free system. The directions of the effects of these three
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Table 2. Transition Temperatures (°C) for P-85 in Pure
Aqueous and Salt Containing Solutions?

solvents cloud point? rods¢ soft geld  hard gel®
pure H2O 87 74 82 39
1M KF 50 (37) 38(36) 47 (35) 11 (28)
0.5 M KF 68 (19) 54 (20) 63 (19) 24 (15)
1 M KClI 72 (15) 63 (19) 23 (16)
1 M KSCN 97 (~10) 91(-9)  42(-3)

2 The numbers in parentheses are AT (Tp,o0 — Tsai)- ? Cloud
point temperatures for 1 wt % solutions. ¢ Onset temperatures of
formation of rods for 0.1 wt % solutions. 9 Onset temperatures for
formation of soft gels for 1 wt % solutions. ¢ Onset temperatures
for formation of hard gels for solutions at the critical gelation
concentration.

salts are in agreement with other studies of a number
of polymers with respect to their cloud points.24-27
A simple falling-ball-type viscometer was used as a
supplement and as an independent way to determine
gelation and degelation temperatures. This method also
detects the hard and the soft gels, and the observed
transition temperatures for the hard gel are in agree-
ment with those obtained with the rheometer. For the
soft gel the onset temperature is typically 5 °C above
the rheometer temperature, which may be due to the
fact that the falling-ball-type viscometer determines a
yield stress. The yield stress is expected to be very low
near the gel point for the soft gel due to its low G’ value.
D. Comparison of Salt Effects. The observed
temperature effects of the salts on P-85 solutions are
summarized in Table 2 with respect to four character-
istic transitions: cloud points at 1 wt %; sphere-to-rod
transition temperature at 0.1 wt %; soft gel formation
temperature at 1 wt % and hard gel formation temper-
ature at the critical gelation concentration. The cloud
points of 1 wt % solutions are in good agreement with
the measurements of Bahadur and co-workers.?6 KF
and KCI decrease the temperature limit of solubility,
and the solvent becomes poorer for P-85 with these salts.
KSCN makes the solvent better, giving a higher tem-
perature for the transition to the two-phase region. The
sphere-to-rod transition temperature has only been
determined for the KF systems in this work, but similar
data were obtained for P-85 in pure water by Schillén
and co-workers.?® Table 2 shows that the shift in
temperature is largest in 1 M KF with all four transi-
tions. These shifts are approximately twice the shift
values observed in 0.5 M KF, indicating a linear
relationship with salt concentration. The effects in 1
M KCI are of the same magnitude as in 0.5 M KF.
The observations?>26 of equivalent properties for
polymer solutions with different salt contents at a fixed
temperature below the cloud temperature were tested
for the four transitions. For the sphere-to-rod transition
there is a good agreement for the salt-free system and
the two KF systems, all transitions commencing about
13 °C prior to clouding. Reasonably good agreement is
seen for the soft gel formation, where in the salt-free
system gelation starts at about 5 °C before clouding and
in the salt systems between 3 and 9 °C before clouding.
The temperatures of formation of the hard gels do not
follow the same pattern, however. The hard gel forms
at 48 deg below the cloud point in the salt-free system,
but 39 deg below in 1 M KF and 55 deg below in KSCN.
Another way of comparing the salt effects is shown
in parentheses in Table 2, where the difference between
a transition temperature for the salt-free system and
the corresponding temperature for the salt-containing
system is shown as AT (Th,0 — Tsair). This shows that
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the effect of a given salt is fairly constant for the three
upper transitions, but deviates for the hard gel forma-
tion. The three upper transitions are usually1®4243
attributed to changes in PEO-block solvation only. PEO
coils are less expanded as water progressively becomes
a poorer solvent, with increasing temperature.! As the
PEO blocks contract with increasing temperature, the
solvation capacity for the micelles decreases. To com-
pensate for this, a larger amount of PEO blocks is
needed to cover the micellar surface and the spherical
micelles increase in size. The upper limit in size for
the spherical micelle is given by the PPO blocks,8 which
extend from one side of the micelle to the other.
Therefore, the contraction of PEO blocks forces the
micelles to change from a spherical to a rod-like shape.!®
With increasing temperature the rod-like micelles grow
in length and interact to form a soft gel. Finally, at the
cloud point temperature water has become a sufficiently
poor solvent for the PEO blocks, and attractive forces
between the PEO-blocks cause phase separation.** A
fairly constant temperature difference (AT) for each salt
is therefore expected for the three upper transitions. The
hard gel formation on the other hand is controlled by
both the PPO-block and the PEO-block solvation. To
form this gel, the hard sphere volume fraction of the
spherical micelles must exceed a critical value of
0.53.18.2145 The equilibrium between unimers and mi-
celles is forced toward micelles with increasing temper-
ature due to hydrophobic interactions between the PPO
blocks and water. This increases the volume fraction
of the spherical micelles. A decrease in volume fraction
is induced by contraction of the PEO block with tem-
perature. The temperature dependences of these two
opposite functions determine the critical gelation tem-
perature for the hard gel. The onset of micelle forma-
tion is also shifted by the salts in the same direction as
the cloud points, but by a much smaller amount.26 This
shows a weaker effect of salts on the PPO block than
on the PEO blocks, which explains the reduced effect
on the hard gel formation temperature.

E. Hard Gel Formation. The critical gelation
concentration (cgc) for the salt-free P-85 system is 23.4
wt %.46 Addition of 1 M KCI hardly changes the cgc,
which for this system is 23.3 wt %. Both KF and KSCN
have a more pronounced effect on the cgc, which for both
salts increases: 1 M KSCN (26.3 wt %); 1 M KF (27.8
wt %); 0.5 M KF (25.5 wt %). The mechanism under-
lying the elasticity of the hard gel is not well understood,
but some parameters show common values for gel
formation with a number of PEO/PPO/PEO triblock
copolymers. As mentioned above, hard gels are formed
when the micellar hard-sphere volume fraction reaches
a value of 0.53 and the micelles close-pack in the bcc
structure.’® The concentration of EO in solution is
found to be constant at about 15 wt % at the critical
gelation concentration for five copolymers (P-84, P-85,
F-87, F-88, and P-94).4” The EO concentration at the
cgc can be calculated from the composition of the
copolymers with correction for the solution volume
occupied by PPO. The solvation properties of the salt-
free solvent for the EO blocks in these five copolymers
are fairly similar due to a limited temperature difference
between the critical gelation temperatures. The salts
seem to have a stronger influence on the EO-block
solvation. The PEO-block solubility is negatively af-
fected by the addition of KF and KCI. A contraction of
these blocks, and therefore an increase in the cgc is
expected. This is only seen for the two KF systems and
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Figure 7. (a) Viscoelastic properties of 3.0 wt % P-85in1 M
KCI as a function of angular frequency at 65 °C: (®) G' and
(O) G". (b) Stress relaxation for the same sample at 65 °C. (®)
is the smoothed relaxation modulus, and (O) is the correspond-
ing relaxation spectrum.

1000

not for the KCI system. There is a positive effect of
KSCN on the PEO-block solubility. Extension of these
blocks and a decrease in the cgc are therefore expected.
The observed effect is opposite, however: the cgc
increases by almost 3 wt %. The salt effect on the PPO
blocks thus possibly exceeds the expected effect on the
EO blocks.

F. Soft Gel. To further investigate the soft gel, the
viscoelastic properties were also studied as a function
of angular frequency. Figure 7a shows G' and G"
plotted against frequency for a 3.0 wt % P-85 solution
in 1 M KCI at 65 °C. At low frequencies G" is larger
than G', which is characteristic for a viscoelastic liquid.
At high frequencies the G’ values reach a plateau and
exceed G". This characterizes the gel state. At an
intermediate frequency G' crosses G'", and the fre-
guency, v, for crossover is characteristic for the sample,
giving the relaxation time (z = 1/(2nv.)). Figure 7b
shows, for the same sample, stress relaxation measure-
ments. These were performed as another independent
way of determining the relaxation time. The figure
shows the smoothed stress relaxation modulus against
time, and the relaxation spectrum. There is good
agreement for all samples between the relaxation time
calculated from oscillatory measurements and the domi-
nant relaxation time in the spectrum. The dominant
relaxation time for this sample is plotted in Figure 8a
together with the relaxation times for other concentra-
tions of P-85 in 1 M KCI at 65 °C. The data show a
weak decrease in relaxation time with concentration.
For a system of rods the relaxation time is expected to
increase with concentration as the rotation becomes
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more hindered.*® However, a decrease is seen, also in
Figure 8a, for the salt-free P-85 system at 80 °C. The
relaxation times are seen to be about 1 order of
magnitude faster for the salt-free system, which was
analyzed at a temperature 15 °C above the KCI system.
The longer relaxation time observed for the KCI system
is most likely due to the differences in temperatures and
the fact that 1 M KCl is a poorer solvent than water for
the unimers. A possible explanation for the relaxation
mechanism is the partial breakdown or dissolution of
the rod-like micelles. The kinetics in the equilibrium
between unimers and micelles, or the exchange rate
between micelles, presumably control the time for
micellar crossing and thereby the relaxation time. A
similar explanation was given by Shikata and co-
workers*®49 for a detergent micellar system with a
cosolute.

The decrease in the relaxation time with increasing
concentration for the soft gels is not explained by the
above presented theory. One possible explanation for
this decrease could be an increasing tension in the cross
points with increasing concentration. The G’ values for
the soft gels corresponding to Figure 8a, are shown in
Figure 8b. The storage moduli, G', are not linear in c,
which the rigid rod theory predicts.*® Neither is G’
linear in c?, which is predicted by the theory for flexible
polymer chains.3® The observed concentration depend-
ence may indicate partly flexible rods, with increasing
cross point tension with concentration, and thereby a
reduced relaxation time.

Another example of the remarkable behavior in the
relaxation times is seen in Figure 9, where data for 15
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Figure 9. Relaxation time and G'-plateau value against
temperature for 15.0 wt % P-85 in 1 M KCI. (@) is relaxation
time, and (O) is the modulus.

wt % P-85 in 1 M KCI are plotted against temperature.
According to the estimations of rod length, Table 1, the
rod length increases with temperature. For rigid rods
and flexible chains this should increase the relaxation
time. Although the number of micelles decreases when
they grow, this effect on the relaxation time should be
more than compensated for by the strong length de-
pendence of the relaxation time. The figure shows, as
in Figure 8a, a decrease in relaxation times. The
decrease in relaxation time is 1 order of magnitude
when the temperature is increased from 60 to 66 °C.
This cannot be explained by the change in solvent
viscosity and diffusion. The theory of partial breakdown
or dissolved micelles, however, agrees with these re-
sults, since an increased exchange rate is expected with
temperature.

The soft gel has different properties at high concen-
trations, both with and without salt. To examine these
differences, the viscoelastic properties were determined
as a function of strain amplitude. Figure 10a shows G’
and G" as a function of strain for a 32 wt % P-85 solution
without salt at 80 °C and at a frequency of 0.15 Hz. For
small deformations the samples exhibit gel-like behav-
ior, since G' is much larger than G". As the deformation
is increased, the modulus of the gel decreases, and at
the apparatus limit of deformation, the sample has
almost become a viscoelastic liquid. This behavior is
concentration-dependent, as seen in Figure 10b, where
G' for four concentrations of P-85 at 80 °C is plotted
against strain amplitude. Up to around 27 wt %, G' is
independent of strain but, as seen for the 27 wt %
sample, a strong strain dependence occurs around strain
amplitudes of 0.05. For the 32 wt % sample the strain
dependence occurs already around 0.01. These changes
occur in the concentration range where the P-85 soft
gel is observed to crystallize.2921 The increase of the
G' plateau value is seen to be very strong between 26.4
and 27 wt % where the system starts to order. The very
abrupt strain dependence seen for the 27 wt % sample
may indicate alignment of the rods by shearing, which
also was observed in the salt-free system using a visual
flow birefringence test.?° An increase in the G’ plateau
value is seen in repeated measurements. This harden-
ing, created by larger deformation, is due to increased
order in the structure. The ordered structure is more
sensitive to strain, the strong dependence now occurs
at strain amplitudes around 0.01, as seen for the 32 wt
% sample. At the highest concentration where the
ordered structure is established, the relaxation time for
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Figure 10. (a) Viscoelastic properties, (®) G' and (O) G", of
32.0 wt % P-85 in water at 80 °C and 0.15 Hz as a function of
strain amplitude. (b) G' for P-85 in water against strain
amplitude at 80 °C and 0.15 Hz for solutions with concentra-
tions in wt %: (#) 23.0; (O) 26.4; (©) 27.0; (@) 32.0.

the gel lies outside the frequency range for the rheom-
eter (r > 160 s), but large deformations disrupt the
crystal and thereby weaken the gel.

The strain dependence of the soft gel at the highest
concentration is similar to the strain-dependent behav-
ior of the hard gel. Figure 11a shows G' and G" against
strain amplitude for a 30 wt % P-85 solution without
salt at 39 °C at a frequency of 0.15 Hz. At small
deformation, the sample has a gel-like character, but
as the deformation is increased, the gel weakens and,
already at strain amplitudes around 0.05, G" exceeds
G'. With a further increase in strain, the loss modulus
of the viscoelastic liquid decreases. The relaxation time
for the hard gel lies outside the frequency range for the
rheometer. The influence of concentration on the strain
dependence for the hard gel is shown in Figure 11b,
where G' for four concentrations of P-85 at 39 °C is
plotted against strain amplitude. The gel strength is
seen to increase with concentration, both with respect
to the G' plateau values and with respect to the
deformation dependence. At the highest concentration,
G' is constant to larger strain amplitudes, whereas at
23.6 wt %, which is just above the cgc, G' shows a weak
strain dependence even at very low strain amplitudes.
These strain-dependent properties are shared by all
systems with or without salt.

IV. Conclusion

The micellization and gelation of P-85 in salt-contain-
ing solutions follow the same pattern as the salt-free
system, but temperatures for the micellar sphere-to-rod
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Figure 11. (a) Viscoelastic properties, (®) G' and (O) G", of
30.0 wt % P-85 in water at 39 °C and 0.15 Hz as a function of
strain amplitude. (b) G’ for P-85 in water against strain
amplitude at 39 °C and 0.15 Hz for solutions with concentra-
tions in wt %: (®) 23.6; (®) 24.0; (O) 30.0; (<) 32.0.

transition, gel formation, and cloud points are shifted
with salt addition. The temperature shifts for rod and
soft gel formation are equal to the temperature shifts
in the cloudpoints for the different systems. The
observed temperature shifts are proportional to the salt
concentrations. Estimations of the micellar rod length
in the 1 M KF system at 40 °C gave size limits between
1000 and 1800 A. The decreases in relaxation time with
concentration for the soft gels are attributed to partial
breakdown of the micellar rods at the cross points. At
around 27 wt % in aqueous solution, the rods in the soft
gel start to order.
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