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ABSTRACT: High-sensitivity differential scanning calorimetry (HSDSC) experiments and phase studies
have been combined in order to investigate thermal events, possibly related to thermoreversible gelation,
in semidilute aqueous systems of ethyl(hydroxyethyl)cellulose (EHEC) and sodium dodecyl sulfate (SDS)
in the temperature range 20—80 °C. The phase behavior of two gelling EHEC samples in 0.50 and 1.00
wt % aqueous solution containing varying amounts of SDS has been characterized. Both samples formed
thermoreversible gels in 1.00% solutions at SDS concentrations above 2 mmol kg%, while in 0.50 wt %
solution only one sample formed a gel and now in a restricted region of temperature and SDS concentration.
Large, well-defined endothermic peaks were seen in DSC traces of the gelling EHEC samples in pure
water. The peaks appeared at about the clouding temperature (CP) of the solutions. Surfactant-free
solution of a more hydrophilic (nongelling) EHEC only gave a small heat capacity shift at CP. The
transition peaks observed for the gelling EHEC in pure water are considered to indicate that polymer
association through interaction between the hydrophobic segments precedes the liquid—liquid phase
separation. The addition of SDS to solutions of the gelling EHEC significantly changed the features of
the DSC peaks, which indicates that SDS changes the association behavior of the polymer as the clouding
temperature is approached. At certain compositions the phase separation is arrested and instead a gel

forms.

Introduction

Some ethyl(hydroxyethyl)celluloses (EHEC) of a rather
hydrophobic type (e.g., with cloud points (CP) of 30—35
°C in 1 wt % aqueous solutions) are known to give
thermoreversible gels in the presence of ionic surfac-
tants.?2 This means that a liquid solution can be
converted to a transparent gel upon heating to temper-
atures slightly below its actual CP. The behavior is fully
reversible as the gel liquefies upon cooling. The transi-
tion may occur at a temperature corresponding to that
of the human/mammalian body, making the system
interesting from a drug delivery point of view.3~7

Other, more hydrophilic EHEC, with higher CP’s and
a different relative degree of substitution of ethylene
oxide (EO)-to-ethyl groups on the cellulose backbone,
do not exhibit this behavior, although the viscosity can
increase substantially upon addition of surfactant.
Dilute and semidilute solutions of EHEC, both gelling
and nongelling, have been studied by various techniques
to gain information about the role of surfactant in the
thermal gelation and to characterize the gels formed.
For instance, the binding of surfactants to EHEC has
been studied by ion-selective electrode®10 and self-
diffusion measurements!l12 and by titration micro-
calorimetry.®13 Surfactant aggregation number and
ionization degree have been determined,!? the viscosity
has been measured,* and the rheological properties of
the gels have been characterized.?1516 Recently, a
small-angle neutron scattering study of the structure
of a thermosetting gel was carried out.l” The aim of
this work has been to combine the technique of high-
sensitivity differential scanning calorimetry (HSDSC)
with phase studies to gain insight into the thermal
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events related to gelation, clouding, and phase separa-
tion in such systems. The phase behavior of two
different gelling EHEC samples in 0.5 and 1.0 wt %
solution containing varying amounts of SDS has been
characterized between 20 and 80 °C. Using HSDSC we
have studied thermal properties of different types of
EHEC (both gelling and nongelling) in aqueous solution
and investigated the effects of varying polymer and
surfactant (SDS) concentrations. The influence of a
nonionic surfactant (C12EQOg) has also been studied.

Well-defined endothermic peaks were seen in DSC
traces of samples of the three more hydrophobic EHEC
in pure water at about the clouding temperatures (CP)
of the solutions. The DSC trace for the more hydrophilic
nongelling EHEC, with a CP at 65 °C, showed a
different pattern as no peak could be detected. The size
and shape of the DSC peaks were seen to vary some-
what between the more hydrophobic EHEC samples.
This was also reflected in the macroscopic phase be-
havior in that the extension of the thermogelling regions
with respect to polymer and surfactant concentrations
was seen to differ.

We consider the transition peaks in the DSC traces
to reflect that association of the polymer through
interaction between the hydrophobic segments precedes
liquid—liquid phase separation in solutions of the more
hydrophobic EHEC. The addition of SDS modifies this
association process as indicated by changes in the DSC
traces. The peaks became broader and decreased in size
with increasing surfactant concentration, particularly
at compositions in the gelling region. We suggest that
the thermal gelation of EHEC—SDS solutions can be
described as an arrested phase separation. As the
temperature is increased, a network develops with
cross-links consisting of clusters of associated hydro-
phobic groups (or segments) from more than one poly-
mer chain and a limited number of SDS molecules.
Electrostatic repulsion between the clusters will stabi-
lize the structure. These findings are consistent with
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Table 1. Parameters of Investigated EHEC According to
the Manufacturer

batch name notation  DSethyi MSgo CP2(°C) \V/

CST 103 EHECA 15 0.7 35 100 000
DVT 89017 EHECB 1.9 1.3 34 100 000
DVT 88001 EHECC 1.7 1.0 30 100 000
EHM 0 EHECD 0.6-0.7 18 65 100 000

a CP values refer to 1.0% aqueous solutions.

results from a recent small-angle neutron scattering
(SANS) study on a similar EHEC system, in which the
gelation was ascribed to microphase separation.l”

Experimental Section

Materials and Sample Preparation. Three different
samples of the same type of EHEC and another more hydro-
philic batch were obtained from Akzo Nobel Surface Chemistry
AB (Stenungsund, Sweden). Characteristic data for the
samples are listed in Table 1. The values of DSeiny and MSgo
are the average number of ethyl and ethylene oxide groups,
respectively, per anhydroglucose unit; CP denotes the cloud
point in 1.00 wt % solution and M, the number-average molar
mass. In the following, the samples are denoted EHEC A,
EHEC B, EHEC C, and EHEC D. Dilute solutions were
desalted and purified against Milli-Q water by an Ultrasette
(Filtron) tangential flow device with a pore size of 10 kDa. The
polymers were freeze-dried after dialysis. Sodium dodecyl
sulfate SDS (BDH, 99%), C12EOs, and C12EOg (Nikko, Japan)
were used as received.

The molar mass per monomer unit was calculated according
to

My, = 162.1 + 28.0DSqy,, + 44.1MS¢

where the first term is the molar mass of unreacted anhydro-
glucose.'® Stock solutions of EHEC were prepared at least 5
days before sample preparation and stored in a refrigerator.
EHEC—-SDS solutions were equilibrated for 2 days to avoid
any time-dependent effects as reported by Nilsson et al.’®* Only
freshly prepared solutions were used.

Phase Studies. Solid surfactant and EHEC solution were
weighed into glass tubes, sealed with Teflon-coated screw caps,
and thoroughly mixed with a Whirlimixer shaking machine.
The equilibration time was at least 48 h. Phase maps were
determined in the temperature range 20—80 °C. The samples
were equilibrated in a block thermostat (Grant BT3) for 1 h
at each temperature and with an increase of about 5 °C per
step. The transition regions were studied in more detail. The
uncertainty in the transition temperatures is estimated to +1
°C. At least triplicates of samples of each composition have
been studied with respect to phase and gelling behavior. The
phase behavior was studied by visual observation, and the
macroscopic fluidity was estimated to define regions with the
thermogelling property. This very simple manual way to
detect and locate gelation gave results in good agreement with
those from more sophisticated methods, i.e., rheological oscil-
latory? and steady-flow viscosity measurements.?® We have
chosen to use the notation phase map since the maps presented
in this work differ from ordinary phase diagrams in the sense
that we have locked the composition of the polymer and
investigated the effects of the addition of SDS to the polymer
solution. No tie lines, indicating the composition in phase-
separated samples, are reported.

Scanning Calorimetry. Temperature scanning calori-
metric measurements were made using a MicroCal MC-2 high-
sensitivity differential scanning calorimeter (MicroCal,
Northampton, MA). It is a differential instrument using twin,
1.2 mL total-fill cells. The Origin (Version 2.9) Software for
DSC Data Collection and Analysis supplied by the manufac-
turer was used for instrument control, data acquisition, and
analysis. The sample cell was filled with EHEC solution and
the reference cell with the same amount of water. Samples
and water were degassed and transferred to the cells with a
syringe. The instrument measures the power required to keep
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Figure 1. Phase maps of aqueous solutions of 1% EHEC A
(@) and 1% EHEC B (b) with SDS. Crosses on the abscissa
axis show SDS concentrations of samples studied. The solid
line represents the cloud point curve and the broken lines
indicate regions of high viscosity.

the temperature of the sample and reference cell equal while
the temperature is raised at a constant rate. The results
recorded in this way are called the sample traces. The
reference trace is recorded under the same conditions with
water filled in both cells. The excess heat capacity Cp e of the
sample solution is calculated as a function of temperature from
the difference between the sample and the reference traces.
The enthalpy change for the transition AH.y was calculated
from the area under the peak. The Progress Baseline option,
which takes into account the heat capacity change accompany-
ing the transition, was used to determine the baseline. The
curves in Figures 4 and 5 do not show the lowering of Cpex
accompanying the transition as baselines derived in this way
have been subtracted from the original Cpex versus T curves.
The enthalpy changes AHc and heat capacities Cpex are
expressed per mole of anhydroglucose unit, i.e., repeat unit of
the polymer. DSC calibration was achieved by supplying an
electrical heat calibration pulse to the reference cell by a built-
in heater and temperature calibration by using MicroCal’s
temperature standards. We have measured several of the
systems with varying scanning rates and found that the peak
shape and the temperature are independent of scanning rate
over a range from 0.25 to 1.5 °C min~1. Transition kinetics
are thus unimportant on the time scale of our experiments.
Most of the systems were up-scanned from low to high
temperature. For comparison, some of the systems were down-
scanned.

Results

Phase Behavior. Phase maps of 1% polymer solu-
tions with SDS for the two hydrophobic EHEC samples
that have CP’s about 35 °C, called EHEC A (a) and
EHEC B (b), are shown in Figure 1. A filled line
represents the turbidity boundary (cloud-point curve),
below which all samples are clear and consist of only
one phase. Above this line the samples either scatter
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(visible) light or are macroscopically phase separated.
The broken lines indicate the domain where the most
pronounced enhancement of viscosity is found. This
area can further be divided into different parts depend-
ing on the visual appearance of the samples: clear gels
formed below the turbidity line, clouded gels, which are
not macroscopically phase separated but scatter light,
and gel + liquid, where the gel coexists with a water-
rich phase. The relative volume of the gel phase is here
seen to decrease with increasing temperature (syner-
esis). The clear gels found below the turbidity boundary
are considered thermodynamically stable. This as-
sumption is based on equilibration tests, when the gels
were kept for several weeks without any detectable
changes. Moreover, the samples were seen to display
a complete reversibility in the phase behavior; i.e., clear
gels that were slightly heated to form clouded gels could
be reconstructed by lowering the temperature to the
initial value. Such a “cycling” test could be repeated
numerous times without any observable changes.

The general features of the two systems are the same,
but the slope of the turbidity boundary with increasing
SDS concentration is somewhat steeper for the EHEC
A sample, and the gelation interval with respect to
surfactant concentration is substantially wider than
with EHEC B. There is a close relation between the
slope/shape of the gelation domain and the turbidity
boundary. The gelation is always seen to occur in the
vicinity of the turbidity boundary. The lower gel
boundary (gel point) for the EHEC A sample appears
at a rather constant temperature with SDS concentra-
tions between 2.5 and 6 mmol kg=1. It becomes more
or less parallel to the turbidity boundary at higher
surfactant concentrations (within the temperature range
investigated). The gel point is also constant at lower
surfactant concentrations (1.5—5 mmol kg™1) for the
EHEC B sample. It is then shifted to higher temper-
atures with an increase/slope that is higher than the
slope for the turbidity boundary, leading to a narrowing
of the interval with clear gels. The temperature where
the first signs of syneresis could be detected (which is
indicated by the broken line separating the clouded gel
from the gel + liquid area) seems to appear at a rather
fixed distance from the turbidity boundary for both of
the EHEC samples. Figure 2 shows the corresponding
phase maps with a polymer concentration of 0.5%. No
gelation is seen with EHEC B at this lower polymer
concentration, and with EHEC A the gel domain is
much smaller and restricted to a very narrow surfactant
interval. It should also be noted that with the same
surfactant concentrations, gelation occurs at higher
temperatures compared to the 1% system. The slopes
for the turbidity boundary appear to be steeper com-
pared to the 1% polymer case. This difference can partly
be accounted for when considering the difference in
surfactant to polymer ratio, which is twice as high in
Figure 2.

Scanning Calorimetry. EHEC in Pure Water.
DSC curves for the four EHEC samples in this study
are shown in Figure 3, where the apparent excess heat
capacity C, e, for 1.00 wt % aqueous solutions are plotted
as functions of temperature. The three more hydropho-
bic samples give well-defined peaks in the same tem-
perature region. The peaks for the EHEC B and C
samples are fairly sharp with a steep leading edge while
the EHEC A sample gives a broader and lower peak.
Table 2 summarizes DSC measurements on solutions
containing between 0.25 to 2.50 wt % polymer. The
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Figure 2. Phase maps of aqueous solutions of 0.5% EHEC A
(a) and 0.5% EHEC B (b) with SDS. The solid line represents
the cloud point curve. Sample composition is indicated by the
crosses on the abscissa axis.
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Figure 3. DSC traces of 1.00 wt % (I) EHEC C (CP 30 °C),
(1) EHEC B (CP 34 °C), (I11) EHEC A (CP 35 °C), and (1V)
2.00 wt % EHEC D (CP 65 °C) in water. In this and the

following figures, Cpex is expressed per mole of anhydroglucose
unit.

temperature of the peak maximum is denoted T, T,
indicates the onset temperature, and ATy, is the half
peak width; AHcy is the enthalpy change calculated
from the area under the peaks and ACy.x is the
difference between the extrapolated pre- and post-
transition Cpex . It is worth noting that the hydrophobic
EHEC samples have lower Cpex after the transition.
When the EHEC content decreased, the onset temper-
ature T, shifted somewhat to higher temperature but
the other characteristics of the peaks on the whole
remained unchanged. Reported values for CP, the
clouding temperature, fall between T, and Tn,. Thus
the peaks in the DSC curves seem to reflect the liquid—
liquid phase separation in the samples. The more
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Table 2. Characteristic Parameters for the Transition
Peaks of EHEC in Aqueous Solution Derived from DSC

Traces
sample To Tm? ATz AHcaP© ACP
(wt %) (°C) (°C) (°C) (kJ mol~1)  (J K1mol™?)
EHEC A
2.50 325 393 113 8.7 —78
1.00 327 397 109 8.7 —74
0.50 33.2 389 9.8 8.2 -35
0.25 339 39.6 9.5 8.3 —54
EHEC B
2.00 324 371 55 15.2 —-170
1.00 341 384 4.9 16.8 —200
0.75 345 385 54 16.7 —200
0.25 354 386 49 174 —150
EHEC C
1.00 325 352 3.6 16.7 —240
0.25 315 346 5.7 18.8 —250

a Estimated uncertainty +0.1 °C. b Expressed per mole of an-
hydroglucose unit. ¢ Estimated uncertainty £0.5 kJ mol—1.

Table 3. Characteristic Parameters for the Transition
Peaks of EHEC in Surfactant Solutions Derived from
DSC Traces

ACR
sample surfactant T, Tm ATz AHea® (I K71
wt%) (mmolkg™) (°C) (°C) (°C) (kJ mol~1) mol?1)

EHEC A SDS

1.00 0 327 397 109 8.7 —70
0.50 30.7 39.8 133 8.9 —140
1.00 271 395 137 6.9 —150
2.00 271 39.7 14.0 6.4 —310
4.00 28.0 424 200 51 —300
5.00 28.0 46.0 17.0 2.4
6.00 300 54 12.0 1.2
8.00 39 60 b b
10.0 44 =70 b b
0.5 0 33.2 389 9.8 8.2 —35
4.00 39 52 15 2.8
6.00 45 64 20 4.9
8.00 52 71 b >5b
EHEC B SDS
1.00 0 331 370 5.7 16.7 —200
0.50 30.3 37.0 8.2 16.0 —220
1.00 30.0 37.0 9.5 155 —350
4.00 28 39 14 7 —530
6.00 38 49 25 4
8.00 44 58  =29b >6b
10.0 52 b b b
EHECC SDS
1.00 0 325 352 3.6 16.7 —240
4.00 264 36.5 128 4.5 —370
EHEC A C12EOg
1.00 4.00 29.1 39.0 121 8.1 —30
EHEC B
1.00 4.00 30.0 36.8 8.2 16.2 —210

a Expressed per mole of anhydroglucose unit. ® The end of the
peak is beyond the temperature range of the experiment.

hydrophilic EHEC D sample showed a different behav-
ior around the clouding temperature; see Figure 3.
There is no peak and Cy ey continues to increase above
CP. Thus, only the more hydrophobic EHEC samples
give well-defined peaks in the DSC curves. The endo-
thermic AHca and the decrease in Cyex probably arise
from the aggregation and the accompanying dehydra-
tion of hydrophobic segments on the polymer chains.
The AHca and AC, e, are significantly smaller for EHEC
A than for the other two hydrophobic samples and the
transition peak is broader.

EHEC in SDS Solution. DSC results of 1.00 wt %
EHEC A in 0, 0.5, 2, and 4 mmol kg~ SDS are shown
in Figure 4a. There is a smooth change in the DSC
curves with increasing SDS concentration which spans
the gel region; cf. Figure 1a. Characteristic parameters

Macromolecules, Vol. 30, No. 1, 1997

-1 B
Cp’ o/ KT K™ mol

20 30 40 50 60 70 80
T/°C

0.8} I i

0.6 E

04} 1

11
02F . ]

-1 -1
Cp. e/ KT K" mol

0.0 B

L 1 1 1 1 1

20 30 40 50 60 70 80
T/°C
Figure 4. (a) DSC traces of 1.00 wt % EHEC A in (1) O, (1)
0.5, (111) 2, and (1V) 4 mmol kg~! SDS. (b) DSC traces of 0.50

wt % EHEC A in (1) O, (1) 4, and (I11) 6 mmol kg~! SDS.
(Baseline subtracted.)

of the peaks are summarized in Table 3, which also
includes values for higher SDS concentrations for which
the DSC traces are not shown. As the SDS concentra-
tion increased, the peaks became flatter and moved to
higher temperatures. In 8 and 10 mmol kg~! SDS, the
peaks extended beyond the range of the measurements.
DSC traces of 0.50 wt % EHEC A with 0, 4, and 6 mmol
kg~! SDS are shown in Figure 4b. The peak moved to
higher temperatures upon addition of SDS; AH¢, was
lowered in 4 mmol kg=! SDS but increased in size in 6
mmol kg~! SDS which is above the gel region; cf. Figure
2a.

DSC traces of 1.00% EHEC B in 4, 6, and 8 mmol
kg~! SDS solutions are shown in Figure 5. The solution
with the highest SDS concentration is outside the gel-
forming region and as with 0.5% EHEC A, the transition
peak has become larger than the peak inside the region.
The DSC results of 1.00 wt % EHEC B in SDS solutions
of varying concentrations are summarized in Table 3.
As seen from Figures 4 and 5, the addition of SDS to
EHEC solutions significantly changed the features of
the DSC traces. Already in 0.5 mmol kg=! SDS, T, was
shifted to lower temperature while T, was unchanged.
The peak became broader but AH., stayed the same.
In 1 and 2 mmol kg~! SDS, T, was further lowered, but
Tm remained unchanged while AH, decreased. In 4
mmol kg™t SDS, which is the optimum SDS concentra-
tion for gel formation in these EHEC systems, T, still
was lower than in pure water, T, was shifted to higher
temperature and AH¢y was much reduced; cf. Table 3.
As the SDS concentration further increased, T, and T,
changed to higher temperatures, the peaks further
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and (111) 8 mmol kg~ SDS. (Baseline subtracted.)
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Figure 6. Instrument output of DSC traces of (I) 1.00, (II)
0.75, and (111) 0.50 wt % EHEC B in 4 mmol kg~* SDS.

broadened, and AH¢, continued to decrease as long as
it was in the gel region. At SDS concentration above
the gelling range, the peaks started to increase in size
and became less broad.

EHEC Content Dependence. DSC traces of 0.50,
0.75, and 1.00 wt % EHEC B in 4 mmol kg~! SDS are
shown in Figure 6. These are uncorrected curves where
the ordinate axis gives the instrument output expressed
as the difference in heat capacity between sample and
reference cells. The sample containing 1.00 wt %
polymer gives a clear gel when heated above 38 °C
which upon further warming becomes cloudy above 43
°C; see Figure 1b. The 0.50 wt % solution does not gel
but has a cloud point at 52 °C. (The phase behavior of
the 0.75 wt % solution is not known.) As seen, the shape
of the curves varied significantly with EHEC content.
The 1% solution showed a pronounced peak with
maximum at the clouding temperature. Already from
the start of the scan, the heat capacity of the solution
changed significantly with increasing temperature, as
seen from the fairly steep slope of the initial part of the
curve. This indicates that in the presence of SDS,
polymer association starts already at room temperature.
In the 0.75% solution the transition peak was flatter
and broader without any defined onset and with a
maximum at a slightly higher temperature than in the
1.00% solution. The curve in 0.50% solution looks
different with a decreasing heat capacity from about 25
to 40 °C and then increasing heat capacity to give a well-
defined peak centered at about CP. It can be noted that
the heat capacity of the 1.00% solution was significantly
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lower after the transition peak while it was higher in
the 0.50% solution. The difference between the change
of the heat capacity with temperature for the 1.00 and
0.50% solutions in the beginning of the scans indicates
significant differences in the interaction of SDS with
EHEC at gelling and nongelling concentrations.

EHEC in C,EQOg Solution. The DSC traces of 1.00
wt % solution of EHEC A and EHEC B in 4 mmol kg™
C12EOs looked about the same as those in pure water.
Only T, was lowered a few degrees (see Table 3), which
agreed with the observed lowering of the cloud point of
the solutions (by visual inspection). C12,EOg has a cmc
of 9 x 1075 mol kg1 at 25 °C in water so in 4 mmol
kg~! solution it will predominantly be in the form of
micelles. Zhang et al.2! concluded from results of NMR
self-diffusion measurements on the EHEC A—C1,EQOg
system that there is an attractive interaction between
C12EOg micelles and the polymer.

Discussion

Nongelling Polymer—Water Systems. Aqueous
solutions of EHEC in water show liquid—liquid phase
separation as the temperature is increased. The phase
separation or clouding temperature (CP) varies with the
nature of the substituents and the degree of substitu-
tion. Schild and Tirrell?2 noted that the endothermic
transition peaks observed in DSC studies of aqueous
polymer solutions showing liquid—liquid separation
coincided with the increase in solution turbidity, which
is typically associated with the onset of phase separa-
tion. In a recent paper, Armstrong et al.?® discussed
two schemes for the phase separation of solutions of
poly(propylene oxide) (PPO) in water. According to one
scheme, polymer chains associate to form aggregates
below the clouding temperature and then interact as
the temperature is increased to form a separate polymer-
rich phase. Alternatively, the polymer exists as unimers
(single polymer molecules) up to the phase separation
temperature. Using the mass action law model and the
van't Hoff equation, they simulated the DSC output
assuming an aggregation process. The calculated and
experimental DSC curves showed very good agreement,
which indicates that in this type of system, aggregation
may precede phase separation upon heating. Applying
the same reasoning as Armstrong et al.,?® we propose
that the liquid—Iliquid phase separation in EHEC-water
solutions can occur in two possible ways:

unimer — aggregate — separate phase U]
unimer — separate phase (1

Aqueous solutions of the three more hydrophobic EHEC
samples in our study exhibited well-defined endothermic
peaks at temperatures around their CP’s (about 30—35
°C), whereas no peak could be detected for the more
hydrophilic sample (CP at 65 °C); see Figure 3. We
think that the striking difference between the thermo-
grams of the gelling and nongelling EHEC indicates a
difference in the polymer—polymer association pattern.
The endothermic peaks may reflect polymer association
by means of hydrophobic interaction (and dehydration)
of the hydrophobic groups. In the concentration range
studied, both inter- and intramolecular associations are
likely to occur. Recent results from a small-angle
neutron scattering study of inter alia semidilute EHEC
B in D,O solution indicate that the polymer could be
weakly associated (or incompletely dissociated) already
at 20 °C, i.e., well below the CP (at 34 °C).)7 An
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Figure 7. DSC traces of (1) 2.00 wt % EHEC D and (1) 5.00

wt % C1,EOs in water. Cpex of EHEC D is calculated per mole
of anhydroglucose unit and C1,EOs per mole of monomer.

enlargement of the DSC trace of the more hydrophilic
EHEC D sample showed a characteristic step in the
apparent C,, at the clouding temperature similar to that
observed by Armstrong et al.2® for PEO (in salt solu-
tion?); see Figure 7. The DSC trace for a 5 wt % solution
of the nonionic surfactant Ci2Eg is also included in
Figure 7. The cloud point of the C;,EOg solution is
about 47 °C,2425 which coincides with the step to higher
Cp.ex in the DSC curve. (The broad peak centered at 15
°C for C12EOs may stem from micellar growth.2627)
Thus, liquid—liquid phase separation in PEO, EHEC D,
and C1,EOg solutions gives similar changes in Cpex. The
features of the DSC curve for EHEC D indicate that in
this system, phase separation takes place without
preceding aggregation. The more hydrophobic EHEC
is substituted with about twice the number of ethyl
groups per anhydroglucose unit. Thus, depending on
the extent of hydrophobic substitution, liquid—liquid
phase separation can take place according to either of
the suggested paths.

The variation of the size and the shape of the
endothermic peaks for the three more hydrophobic
EHEC samples in water, illustrated in Figure 3, could
be due to different degrees of heterogeneity in the
substitution along the polymer chain. The batch called
EHEC A has a significantly smaller and broader peak
than the other two samples and we think that these
features might be due to a more blocky structure with
a more extended association of hydrophobic groups well
below CP. The significantly lower AC, for the EHEC
A sample supports this assumption; see Table 2. The
change in ACp, which is the difference between the
apparent heat capacity of EHEC before and after
clouding, probably arises from changes in hydrophobic
hydration accompanying association of alkyl groups.
Large negative heat capacity changes arising from the
dehydration of hydrophobic groups characterize, for
instance, micelle formation of amphiphiles in aqueous
solution.

Gelling Systems. Normally, aqueous solutions of
EHEC do not form gels. The more hydrophobic EHEC
we have used may form thermoreversible gels after
addition of ionic surfactants. Conditions for gel forma-
tion in the EHEC—SDS systems are shown in Figures
1and 2. As seen, there are restrictions for gelation with
respect to both surfactant and polymer concentration.
There is a well-defined lower surfactant concentration
limit of about 2 mmol kg~ while the upper limit varies
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Figure 8. Phase maps and DSC results of (a) 1.00 wt %
EHEC A and (b) 1.00 wt % EHEC B in different concentrations
of SDS: (- - -) boundary of gel region; (—) cloud point line; (O)
onset temperature T, of DSC peaks; (¢#) peak maxima Tn,.

between different EHEC samples. Addition of SDS will
increase the viscosity of moderately dilute and semi-
dilute EHEC solutions. At ambient temperatures, the
viscosity goes through a maximum in solutions contain-
ing between 4 and 6 mmol kg~! of SDS, depending on
the EHEC content. Depending on the SDS concentra-
tion, temperature changes will affect the properties of
EHEC-SDS solutions in different ways. At SDS con-
centrations up to about 2 mmol kg™, the increase of
the clouding temperature with increasing surfactant
concentration is the main effect; cf. Figures 1 and 2. At
SDS concentrations above 2 mmol kg?, the viscosity
will increase with increasing temperature and eventu-
ally a clear, stiff gel forms. This clear gel is apparently
thermodynamically stable. As the temperature is fur-
ther increased, the gel becomes turbid but still shows
long-term stability. At still higher temperatures, macro-
scopic phase separation starts and the gel will expel
water. From the work of Kamenka et al.1228 we know
that the aggregation number of surfactant aggregates
bound to EHEC decreases substantially with increasing
temperature from 22 at 20 °C to 12 at 40 °C in 0.50 wt
% EHEC B solution containing about 4 mmol kg~! SDS.
The rearrangement of SDS from larger to smaller
clusters increases the number of aggregates. This, in
combination with the increased amount of hydrophobic
domains created by the thermally induced association
of polymer side chains, may be the cause of gelation.
The phase maps are combined with results from the
DSC measurements in Figure 8. In pure water the
onset temperature of the peaks in the DSC curves, T,,
coincides with the CP where the polymer has aggregated
to give domains large enough to scatter light. The
maximum temperature T, indicates the temperature
for the highest apparent heat capacity of the system,
that is where the polymer association increases the
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most. When SDS is added, T, decreases, which indi-
cates that association starts at a lower temperature but
the polymer aggregates grow more slowly in the pres-
ence of SDS and a gap develops between T, and the
clouding temperature. At low SDS concentrations Tp,
is unchanged but in the gel region it approaches the
cloud point line. The sharp increase in viscosity causing
the gelation is not detectably reflected in the DSC
curves. The presence of SDS affects both the size and
the shape of the transition peaks; see Figures 4—6. For
instance, the transition enthalpies for the three hydro-
phobic EHEC in 1.00 wt % containing 4 mmol kg~ SDS
are only one half to one third of the values in water;
see Table 3. The decrease stems from changes in
polymer—polymer interactions as the enthalpy contri-
bution from SDS is too small to be of significance; the
SDS concentration is only one tenth of the concentration
of anhydroglucose units. Thus, SDS modifies the as-
sociation of EHEC chains to allow gel formation instead
of phase separation. However, SDS is effective only at
low concentrations. Above an SDS concentration of 7.5
mmol kg~ in 1.00 wt % EHEC B, no gel is formed and
the transition enthalpy starts to increase.

We can get some enlightenment from a recent study
of a hydrophobically modified EHEC—SDS system.® The
EHEC used was EHEC D (see Table 1) modified with
1.7 mol % nonylphenol and denoted HM—EHEC. Semi-
dilute HM—EHEC forms hydrophobic microdomains of
micellar type by the association of the nonylphenol
groups. SDS ion-selective electrode work showed that
pronounced, noncooperative binding of SDS to 1.00%
HM—EHEC started below 0.1 mmol kg~! of SDS. The
fluorescence measurements indicated that the aggrega-
tion number of SDS in the mixed micelles is low and
that the number of hydrophobic microdomains is con-
stant and independent of the surfactant concentration
up to around 3 mmol kg SDS.? The viscosity enhance-
ment observed for hydrophobically modified polymers
upon addition of surfactant was considered to arise from
an increased number of intermolecular aggregates at
the expense of intramolecular ones, which would lead
to an increased number of elastically active chains in
the solution.??3° Both the SANS study” and our DSC
results indicate that unmodified but more hydrophobic
EHEC also self-associates, but to a lower extent than
hydrophobically modified EHEC such as HM—EHEC.
The lowering of the onset temperature T, in the DSC
experiments already in 0.5 mmol kg=—! SDS (Figure 4)
indicates that the surfactant starts to interact with 1.00
wt % EHEC at concentrations well below the concentra-
tion for cooperative binding. This premicellar polymer—
SDS interaction was also observed in the self-diffusion
measurements by Kamenka et al.'> When SDS is added
to an unmodified EHEC solution, it may initially bind
to hydrophobic domains formed by the associated sub-
stituents.

A possible mechanism for the formation of thermo-
reversible gels in EHEC—SDS systems might be de-
scribed as follows. At room temperature, semidilute
EHEC solutions have the property of normal high molar
mass polymer solutions. They appear a little viscous
through polymer chain entanglement and some hydro-
phobic domains may be formed by the association of
hydrophobic segments. Increasing temperature favors
polymer—polymer association and large EHEC ag-
gregates may form. Depending on the swelling and
associating balance, the aggregates can either be mi-
croscopically phase separated or further associate to
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separate into macroscopic polymer-rich and water-rich
phases.

When SDS is added to an EHEC solution at ambient
temperature, the SDS monomers will first bind to the
existing hydrophobic microdomains. After saturating
the microdomains, SDS will start to associate coopera-
tively to form mixed micelles involving substituents
from one or more EHEC chains. Aggregation of SDS
will tend to bring polymer chains together up to an
added surfactant concentration of [SDS]max, at which the
optimum number of intermolecular cross-links have
been formed. [SDS]max Will vary with EHEC content.831
The viscosity maxima discussed above can be regarded
as estimates of [SDS]max. The aggregates are charged
and electrostatic repulsion hinders too close contact
between the polymer chains and an equilibrium state
of association and repulsion is reached. The SDS
molecules can be regarded as ion splints binding to-
gether the hydrophobic substituents to form clusters
and at the same time stabilize the polymer network and
prevent it from collapse by electrostatic repulsion. The
formation of the thermoreversible gel can be described
as an arrested phase separation. As the temperature
is further increased, hydrophobic interaction between
EHEC segments will dominate and the balance between
connection and repulsion of the SDS-bound EHEC
segments will be broken. The gel goes into syneresis.

At concentrations of added surfactant above [SDS]max,
additional surfactant aggregates are available for the
“solubilization” of the polymer-bound hydrophobes. Con-
sequently, the average number of bound hydrophobes
per surfactant aggregate will decrease, thereby reducing
the number of effective micellar-type cross-links and
thus decreasing the viscosity of the system. When the
temperature of the system increases, hydrophobic seg-
ments of EHEC still tend to associate but higher
temperature is needed for the hydrophobic segments to
associate and create enough junction points for a gel to
form at higher SDS concentrations.

The number of hydrophobic microdomains available
for enhanced binding of SDS and the associating ability
of the segments may be different for the three hydro-
phobic EHEC samples we have used. An unequal
distribution pattern of the substituents along the poly-
mer chain for the EHEC A and EHEC B may be
responsible for the differences in the gelling behavior.
We believe that EHEC A has a more blocky distribution
with hydrophobic segments separated by more hydro-
philic ones. Such a polymer would more easily find
configurations that would be satisfactory for both types
of segments. The surfactants will bind at the hydro-
phobic parts and these segments will be connected by
the more hydrophilic parts which stay hydrated. The
balance between intra- and intermolecular association
and its surfactant dependence will be affected by dif-
ferences in the degree of blockiness.

In the small-angle neutron scattering (SANS) study
of the structure of an EHEC—surfactant system by
Cabane et al.,'” it was found that the structure in the
gelling region can be described as small lumps of
polymer covered by a shell of surfactant. In pure EHEC
solution of the same temperature and concentration, the
polymer lumps were much larger (but still of finite size).
Thus, the effect of surfactant is to fragment the domains
of the polymer-rich phase into smaller lumps. Our
model for the function of the surfactant in the formation
of thermoreversible EHEC gels is consistent with these
findings.
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Concluding Remarks

The pronounced endothermic peaks observed at about
the clouding temperature in HSDSC traces of aqueous
solutions of gelling EHEC are considered to indicate
that polymer—polymer association through hydrophobic
interaction between the substituents precedes liquid—
liquid phase separation. No transition peak was ob-
served for a solution of a nongelling EHEC, which gave
only a small step in the excess heat capacity at the cloud
point. Addition of SDS to solutions of gelling EHEC
changed the shape and the size of the transition peaks.
The changes were most pronounced at compositions in
the gelling region.

SDS starts to interact with the more hydrophobic
EHEC at concentrations well below the critical concen-
tration for cooperative aggregation. This indicates that
hydrophobic microdomains, analogous to those in solu-
tions of hydrophobically modified polymers, may exist
already at ambient temperatures. In semidilute solu-
tions, the hydrophobic association increases as the
temperature is increased and addition of SDS at low
concentrations induces the formation of cross-links. At
certain concentrations a polymer network develops and
a gel is formed. The incorporation of an ionic surfactant
stabilizes the network and prevents it from collapse. In
dilute EHEC solution the interaction between SDS and
EHEC has a different character as indicated by the
difference between the change of the heat capacity with
temperature for dilute and semidilute EHEC solutions
containing SDS.
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