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ABSTRACT: Dynamical, rheological, and some structural properties of 1 wt % aqueous solutions
(semidilute regime) of ethyl(hydroxyethyl)cellulose (EHEC) and of a hydrophobically modified analogue,
with (HM4-EHEC) and without (HMO-EHEC) spacer (the spacer consists of four EO groups), in the
presence of various amounts of sodium dodecyl sulfate (SDS) have been investigated by different
experimental methods. Both the dynamical and rheological relaxation processes were slowed at moderate
surfactant concentrations due to enhanced hydrophobic associations. The time correlation data obtained
from the dynamic light scattering (DLS) experiments showed the existence of two relaxation modes, one
single exponential at short times followed by a stretched exponential at longer times. The slow relaxation
time, as well as the rheological counterpart (the longest relaxation time), revealed an optimum in
intermolecular hydrophobic interactions for the HM4-EHEC/SDS and HMO-EHEC/SDS systems at a
surfactant concentration of ca. 4 mm, while the corresponding concentration for the EHEC/SDS system
is ca. 15 mm. The dynamical and rheological features were found to be strongly dependent upon the level
of surfactant addition, with at first an increase and then a decrease in the values of the parameters. The
values are highest for the HMO-EHEC/SDS system, followed by those representing the HM4-EHEC/SDS
system, and the lowest values were observed for the EHEC/SDS system. Under conditions of high
association strength, the angular dependence of the slow mode of the three systems is much stronger
than that of the fast diffusive mode and decreases at high SDS concentrations. This wave vector
dependence of the slow relaxation time as well as other dynamic features can be rationalized in the
framework of the coupling model of Ngai. At high surfactant concentrations, the influence of hydrophobic
association was essentially lost, and the behavior is virtually the same for the three polymers. The picture
that emerges from this study is that the associated polymer network undergoes a structural reorganization
from a heterogeneous structure at low surfactant concentrations to a more homogeneous network at high
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levels of surfactant addition.

Introduction

Complex aqueous solutions containing hydrophobi-
cally modified polymers and surfactants receive great
attention because of their practical use in a number of
areas such as detergency, paints, cosmetics, oil recovery,
etc.1™* Typically, less than 2% incorporation of the
hydrophobic monomer into the polymer backbone is
necessary to yield strong associative behavior. It is well
established that the interaction of a nonionic polymer
such as ethyl(hydroxyethyl)cellulose with an anionic
surfactant such as sodium dodecyl sulfate (SDS) can
induce charging effects of the polymer and in effect
imparting polyelectrolyte properties to the nonionic
polymer.® The strong polymer—surfactant interactions
often manifest themselves through a significant viscos-
ity enhancement®—° at a certain concentration of the
surfactant. In addition to an increase in viscosity, these
systems also exhibit considerable viscoelastic effects. If
the hydrophobicity of the polymer is relatively high, the
interactions can be enhanced to modify their rheological
properties. The role of hydrophobic interactions becomes
evident when the polymer contains a low fraction of very
hydrophobic side groups. In aqueous solution the hy-
drophobic groups associate and form micellar type
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clusters. This association endows intriguing structural,
dynamical, and rheological features to these amphiphilic
polymer systems. In view of these aspects, we may argue
that the behavior of polymer—surfactant mixtures is
usually the result of a subtle balance between hydro-
phobic and hydrophilic interactions. In the presence of
an ionic surfactant, the electrostatic forces will also
come into play.

Recently, structural,’® dynamical,’* and rheologi-
cal'?1? features of aqueous solutions of a hydrophobi-
cally modified ethyl(hydroxyethyl)cellulose (HM-EHEC)
(the hydrophobic modification consists of a low number
of branched nonylphenol groups grafted to the polymer
backbone) and an unmodified (EHEC) analogue in the
presence of SDS have been reported. Both the dynamic
light scattering and the rheological experiments re-
vealed enhanced polymer—surfactant interaction for the
EHEC/SDS and HM-EHEC/SDS at surfactant concen-
trations of 8—10 and 4—5 mm, respectively. The increase
of the dynamic viscosity was approximately 5-fold for
EHEC and 15 times for the hydrophobically modified
polymer. The present investigation constitutes an ex-
tension of these studies, where a scrutiny and compari-
son of the characteristic features from intensity light
scattering (ILS), dynamic light scattering (DLS), and
rheology on aqueous solutions of EHEC (this sample is
somewhat different from that used in the above inves-
tigations) and of a hydrophobically modified analogue
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Figure 1. Structure and a schematic illustration of EHEC,
HMO-EHEC, and HM4-EHEC.

(mixture of Ci2 and Cis alkyl chains grafted to the
polymer backbone) without (HMO-EHEC) and with
spacer (HM4-EHEC) in the presence of various amounts
of SDS will be presented. The principal objective of this
work is to investigate whether the introduction of a
spacer between the polymer backbone and the polymer
hydrophobic tail has any pronounced influence on the
structural, dynamical, and rheological properties of this
polymer in the presence of different levels of SDS
addition. It is well-known that when hydrophobic moi-
eties are attached to the polymer backbone, this effect
usually gives rise to changed physical properties of the
polymer—surfactant mixture; e.g., a viscosity enhance-
ment is frequently observed as a result of the hydro-
phobic modification of the polymer. However, our knowl-
edge is much more restricted when it comes to the effect
of a spacer, which is incorporated in between the
polymer backbone and the hydrophobic tail. In this case,
when the hydrophobic tails are displaced from the
polymer backbone by a flexible spacer, we may suspect
that the strength of both the polymer—polymer hydro-
phobic interactions and the polymer—surfactant inter-
actions should be affected. This issue is addressed in
this work, and the present results yield new information
about the effect of spacer on polymer—surfactant inter-
actions.

The structure of the polymer is illustrated in Figure
1, together with a schematic illustration of the location
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of the hydrophobic groups and spacers on the polymer
backbone. The HMO-EHEC sample consists of a mixture
of Ci», and Cy4 alkyl chains grafted to the polymer
backbone, and the spacer of the spacer-containing
analogue (HM4-EHEC) utilized in this work is made of
four ethylene oxide groups. The surmise is that, by
introducing a spacer in between the polymer backbone
and the side chain, the side chain becomes more flexible.
We may note that also the unmodified polymer (EHEC)
possesses hydrophobicity, because it is characterized by
mixed hydrophobic (ethyl groups) and hydrophilic struc-
tural units, randomly distributed along the cellulose
backbone. In addition, these structural elements are
normally unevenly distributed along the polymer back-
bone, and the substituents may consist of shorter or
longer chains, giving rise to a varying degrees of
hydrophobicity.

To characterize the polymer—surfactant interactions
in these systems, light scattering (ILS and DLS) and
oscillatory shear measurements have been carried out
on semidilute aqueous solutions (at a fixed concentra-
tion of 1 wt %) of EHEC, HMO-EHEC, and HM4-EHEC
in the presence of different levels of SDS addition.

Experimental Section

Materials and Sample Preparation. The three polymer
samples, ethyl(hydroxyethyl)cellulose (EHEC), the hydropho-
bically modified analogue (HMO-EHEC), and the spacer-
containing analogue (HM4-EHEC), were supplied by Akzo
Nobel Surface Chemistry AB, Stenungsund, Sweden. These
samples are equivalent except for a low amount of hydrophobic
side chains (70% Ci, and 30% Ci4 alkyl chains) grafted to the
two modified polymers and the incorporation of spacer (made
of four EO groups) of the HM4-EHEC polymer (see Figure 1).
The two selected hydrophobically modified polymers have the
same molar substitution of hydrophobic groups MSpydrophobes
which refers to the average fraction of polymer repeating units
that are substituted with a hydrophobic tail (see Figure 1). A
value of MSpydrophobe = 0.0073 suggests that 0.73% of the
anhydroglucose units carries hydrophobic side chains. The
three polymer samples have all the same average molecular
weight (M ~ 100 000) and degree of substitution of ethyl and
hydroxyethyl groups (DSewy = 0.8 and MSgo = 1.0, respec-
tively). The molecular weights, DS, and MS were all given by
the manufacturer. In addition, intensity light scattering
measurements® have been performed on dilute aqueous
solutions of these polymers in the presence of 20 mm SDS (at
this condition the tendency of forming aggregates in the
solution is strongly suppressed), and the results suggest that
the molecular weight (My, &~ 100 000) is the same for the three
polymers. Prior to use, the polymers were purified as previ-
ously described.4

The anionic surfactant SDS was obtained from Fluka (DLS
measurements) and Sigma-Aldrich (rheological measurements)
and was used as received. The polymer concentration through-
out this investigation is 1 wt %, which is well in the semidilute
regime.” Samples were prepared by weighing the components,
and the solutions were homogenized by stirring at room
temperature for several days. All measurements were carried
out at 25 °C. For light scattering measurements the solutions
were filtered at room temperature through 0.8 um filters
(Micro Filtration Systems) or 5.0 um filters (Lida), depending
on the viscosity of the sample, directly into precleaned 10 mm
NMR tubes (Wilmad Glass Co.) of the highest quality. Finally
the tubes containing the clarified solution were sealed.

Rheological Experiments. The oscillatory shear measure-
ments were conducted on a CarriMed CSL 100 constant stress
rheometer, equipped with an automatic gap setting. Depending
on the viscosity of the sample 1° acrylic cone and plate
geometry with a diameter of 4 or 6 cm, respectively, was used.
The oscillating sweep measurements were carried out in the
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approximate frequency domain 0.005—30 Hz. The values of
the stress amplitude were checked in order to ensure that all
experiments were performed within the linear viscoelastic
regime, where the dynamic storage modulus (G') and loss
modulus (G") are independent of the applied stress. The
temperature of the sample was controlled to within £0.1 °C
with the aid of a Peltier plate.

Light Scattering. In light scattering experiments we probe
a wave vector q = (4zn/A) sin(6/2), where 1 is the wavelength
of the incident light in a vacuum, 6 is the scattering angle,
and n is the refractive index of the medium. The value of n
was determined for each sample at A = 488 nm by using an
Abbé refractometer.

We used a standard, laboratory-built light-scattering spec-
trometer capable of both time-average scattered intensity and
photon correlation measurements. The beam from an argon
ion laser (Spectra Physics model 2020), operating at 488 nm
with vertically polarized light, was focused onto the sample
cell through a temperature-controlled chamber (temperature
controlled to within +0.05 °C) filled with refractive-index-
matching dibuthyl phthalate.

The intensity light scattering (ILS) measurements were
conducted using ALV (Langen, Germany) light scattering
electronics in combination with the on-line program ODIL. The
ILS experiments were performed at several scattering angles,
and the total scattered intensity was recorded at each angle.
The interval between each angle of measurement was 2°, the
duration of each measurement was 8 s, and there were six
repetitions at each angle. The intensity of the output beam
was adjusted with the aid of high-quality neutral density filters
(Melles Griot). To ensure a vv configuration, polarizers were
placed both in front and behind the cell. In the experimental
setup a detection geometry was utilized where a vertical slit,
instead of the usual pinhole, was placed in front of the
photomultiplier tube. With this arrangement, the absolute
guantity Rw(qg), which is the excess Rayleigh ratio with
vertically polarized incident and scattered beams, can be
determined from the relation Rw(q) = hl*(q), where 1*(q)
is the excess scattered intensity and h = Ryy,benzeneNsolv/
(I*benzeneNbenzene). A value of Ry(90°) = 3.4 x 105 cm™!
reported*® for benzene at 25 °C and 488 nm was used in this
work. The optical constant K (cm® mol g~2) was calculated from
K = (47°n2/INaA%)(0n/dc)?, where N4 is Avogrado’s constant, an/
dac is the refractive index increment, and c is the mass/volume
concentration. The reduced scattered intensity, Kc/Rw(q), was
calculated from a Guiner plot®¢ of In(Kc/Rw(q)) versus g?. The
values of the refractive index increment for the different
samples were determined with a Brice-Phoenix differential
refractometer (model BP-2000-V).

In the DLS experiments, the full homodyne intensity
autocorrelation function g?(q,t) was measured at different
scattering angles (30—90°) with an ALV-5000 multiple tau
digital correlator. If the scattered field obeys Gaussian sta-
tistics, the measured correlation function g2(qg,t) can be related
to the theoretically amenable first-order electric field correla-
tion function g%(q,t) by the Siegert relationship g?(q,t) = 1 +
B|g*(q,t)|?, where B is usually treated as an empirical factor.
The correlation functions were recorded in the real-time
“multiple tau” mode of the correlator, in which 256 time
channels were logarithmically spaced over an interval ranging
from 0.2 us to almost 1 h.

In the analysis of correlation functions of semidilute as-
sociating polymer solutions, one usually observes'%17=22 g
bimodal time autocorrelation function consisting of one single-
exponential decay associated with cooperative diffusion (7!
= D.g? where 1 is the “fast” relaxation time and D. is the
cooperative diffusion coefficient) in the long wavelength regime
(@& < 1, where & is the correlation length) and a group of
relaxation modes characterizing disengagement relaxation of
individual chains'®? or cluster relaxation.?* In this work, as
well as in other DLS studies!*?°22 on complex polymer
systems, the decays of the correlation functions were through-
out found to be well described by two modes: initially a single
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Figure 2. (a) Dynamic viscosity at 0.01 Hz as a function of
SDS concentration. The inset plot illustrates the change of the
dynamic viscosity from its initial value when no SDS is present
(7'0). (b) The time of intersection, t*, as a function of the
surfactant concentration.

exponential, followed at longer times by a stretched exponen-
tial:

g'(t) = A; exp(—tiry) + A, exp[—(Ur,.)] (1)

with Ar + As = 1. This relationship is found to capture the
characteristic features of the present systems. The quantities
Ar and As are the amplitudes for the fast and the slow
relaxation modes, respectively. The variable 7 is some effec-
tive slow relaxation time, and the stretched exponent 5 (0 < 3
< 1) is an indication of the width of the distribution of
relaxation times. In this work, the value of 8 depends on the
hydrophobicity of the polymer and the level of surfactant
addition. The mean slow relaxation time is given by

A I

SE,

where T'(371) is the gamma function of 2.

The correlation functions were analyzed by using a nonlin-
ear fitting algorithm (a modified Levenberg—Marquardt method)
to obtain best-fit values of the parameters Ay, 7, s, and
appearing on the right-hand side of eq 1. A fit was considered
satisfactory if there were no systematic deviations in the plot
of the residuals of the fitted curve.

Results and Discussion

Viscoelastic Properties. In Figure 2a, effects of the
addition of surfactant on the dynamic viscosity #' at a
low frequency of 0.01 Hz are depicted for the systems
EHEC (1 wt %)/SDS, HMO-EHEC (1 wt %)/SDS, and
HM4-EHEC (1 wt %)/SDS. A conspicuous feature for all
the systems is that ' passes through a pronounced
maximum for all systems, but the maximum is broader
for the unmodified EHEC and located at a higher
surfactant concentration (ca. 15 mm) than that of the
hydrophobically modified polymers (ca. 4 mm). In the
absence of surfactant, the value of #' is lowest for the
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unmodified EHEC and highest for the hydrophobically
modified EHEC without spacer. This suggests that
intermolecular hydrophobic associations between neigh-
boring alkyl side chains play an important role even in
solutions without surfactant. The fact that the dynamic
viscosity of the HMO-EHEC solution without surfactant
is significantly higher than that of the corresponding
hydrophobically modified analogue with spacer (HM4-
EHEC) may be ascribed to the higher flexibility of the
side chains of the latter polymer. It is also possible that
structural differences between the polymers, originating
from a different distribution pattern of substituents
along the cellulosic backbone, may contribute to this
behavior. A blocky, inhomogeneous distribution of hy-
drophobic groups is expected to give an increase in
viscosity. In this context we note that other research
groups have reported on a difference of a spacer group
on the viscosity of hydrophobically modified polymers.
Hwang et al.?> observed an enhancement in viscosity
when a spacer was introduced. Tam et al.?8 found that
the highest viscosity was obtained at an optimal spacer
length. The findings were rationalized in terms of
variation in strength of the micelles and a balance
between intermolecular and intramolecular associa-
tions.

As is evident from Figure 2a, the dynamic viscosity
for all systems is strongly dependent upon the level of
surfactant addition, with at first an increase and then
a decrease in the value of #'. The values of #', without
and at low and moderate levels of SDS addition, are
highest for the HMO-EHEC/SDS system, followed by
those of the HM4-EHEC/SDS system, while the lowest
values are observed for the unmodified EHEC. However,
if we consider the relative change of #' by plotting the
reduced dynamic viscosity (' — 1'0)/1'0, Wwhere 7'g is the
dynamic viscosity in the absence of surfactant, as a
function of the SDS concentration (see the inset of
Figure 2a), a different picture emerges. This procedure
of analyzing data takes into account that the initial
state of association is different for the three systems.
In this framework, addition of SDS raises the reduced
dynamic viscosity of the HM4-EHEC solution by a factor
of 28, while the reduced viscosity is enhanced only by a
factor of 15 for the corresponding HMO-EHEC solution.
Note that the maximum increase in the reduced dy-
namic viscosity for the unmodified EHEC is approxi-
mately 10-fold, indicating that the relative change in
polymer—surfactant interaction is not much affected by
the incorporation of hydrophobic C12 and C14 alkyl
chains. However, we should bear in mind that the
unmodified EHEC (without any C12 and C14 alkyl
chains) is also a polymer with hydrophilic and hydro-
phobic microdomains. The reduced viscosity shows that
by introducing spacers in between the polymer backbone
and the alkyl chains, the relative viscosity enhancement
becomes considerably more accentuated (see the inset
of Figure 2a). This effect can probably be attributed to
the increased flexibility and length of the hydrophobic
side chain, which should facilitate enhanced polymer—
surfactant interaction.

When it comes to the difference in location between
the maxima of ' (or the maxima of the reduced dynamic
viscosity) for the systems containing hydrophobically
modified polymers (with and without spacer) and the
unmodified EHEC, this behavioral divergence can prob-
ably be rationalized in the following way. For the
systems HMO-EHEC/SDS and HM4-EHEC/SDS it has
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been established?”28 that SDS binds to the polymer at
very low surfactant concentrations, while for EHEC/
SDS the binding starts at a higher SDS concentration,
the critical aggregation concentration. As a result of the
different binding mechanisms, the maximum of ' is
located at a lower SDS concentration for the hydropho-
bically modified EHEC samples than for the unmodified
EHEC. The decrease in dynamic viscosity observed at
higher levels of surfactant addition is attributed to a
breakdown of the connectivity of the network as the
hydrophobic groups of the polymer become saturated
with surfactant.?® At this stage, the effect of the polymer
hydrophobic tails, which are present in a low number,
is expected to gradually decrease with increasing sur-
factant concentration, and therefore the conjecture is
that the interaction between surfactants and the
backbone of HMO-EHEC or HM4-EHEC will approach
that in the EHEC system. This situation, where the
dynamic viscosity of the three systems is practically
the same, seems to occur at a surfactant concentration
of approximately 35 mm (see Figure 2a). We may also
note that at high levels of surfactant addition the
values of 5" are significantly lower than the values
of ' for the systems without surfactant. This indicates
that high concentrations of SDS promote disruption of
hydrophobic associations. At high SDS concentration,
the surfactant also binds to the polymer backbone
of HM4-EHEC and HMO-EHEC in the same way as
to the unmodified EHEC. Thus, the polyelectrolyte
effect is similar for the three polymers, and the
rheology should only be dependent on the molecular
weight of the polymers in the nonassociated stage.
Therefore, the same value in viscosity indicates that
the polymers have the same molecular weight as
was observed from intensity light scattering experi-
ments (see the Experimental Section) in dilute solu-
tions of the polymers at a high level of surfactant
addition.

In Figure 3, the dynamic storage and loss moduli are
plotted as a function of frequency for 1 wt % aqueous
solutions of EHEC, HMO-EHEC, and HM4-EHEC con-
taining a moderate amount of SDS (4 mm). The EHEC/
SDS system behaves approximately as a Newtonian
liquid (G’ ~ w? and G" ~ w?') over the considered
frequency domain. The experimental scatter (at low
frequencies) of the G' data for the EHEC/SDS system
is probably due to the weak elastic response of this
system (low viscous solution) at the considered surfac-
tant concentration. The picture that emerges for these
systems is that at low frequencies we observe a viscous
behavior with G" > G’, while at higher frequencies,
depending on the level of surfactant addition, G' in-
creases to cross G", and above this frequency, G' exceeds
G", which suggests that the elastic response dominates.
The frequency of intersection is located at low frequen-
cies (long time of intersection) at surfactant conditions
where the systems display strong polymer—surfactant
interactions, while solutions of high levels of surfactant
addition exhibit high frequencies of intersection.

The frequency dependencies of the dynamic moduli
for simple systems can often be analyzed in the frame-
work of the Maxwell model, which is the simplest model
of a viscoelastic fluid. This model consists of an elastic
component (spring) connected in series with a viscous
component (dashpot). However, the Maxwell model
could not, especially at strong polymer—surfactant
interactions for the present systems, be used to ad-
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equately describe the frequency dependencies of G' and
G'". This observation suggests that the viscoelastic
relaxation process is not controlled by a single relaxation
time, but a more complex picture, with a broad distribu-
tion of relaxation times, emerges. We may note (cf.
below) that the present DLS measurements yield a slow
mode (the long-time tail of the correlation function)
which is characterized by a distribution of relaxation
times. The failure of the Maxwell model to describe
rheological data of complex systems has previously been
reported'-12 for aqueous solutions of a hydrophobically
modified EHEC and its unmodified analogue in the
presence of a surfactant.

From results such as those in Figure 3, the quantity
> = 1/27f* is the time of intersection, or we may call it
the longest time for the crossover point, and this time
corresponds to the frequency of intersection f* where
G' equals G". The longest relaxation time is associated
with the lifetime of the transient network,3° and the
results in Figure 2b reveal the same characteristic
features as those depicted in Figure 2a for the dynamic
viscosity. As will be discussed below, this parameter
exhibits a behavior that is reminiscent of that of the
slow relaxation time obtained from dynamic light scat-
tering.

Dynamic Light Scattering. Figure 4 shows correla-
tion data at a scattering angle of 90° for the systems
EHEC/SDS, HMO-EHEC/SDS, and HM4-EHEC at dif-
ferent levels of SDS addition. The correlation functions
representing the HMO-EHEC/SDS system at various
SDS concentrations have been fitted with the aid of eq
1 (solid curves). The time correlation function is always
bimodal and can for all systems, at all levels of surfac-
tant addition, initially be described by a single expo-
nential (fast mode) followed by a stretched exponential
(slow mode) at longer times. An inspection of the
correlation functions for the HMO-EHEC/SDS and HM4-
EHEC/SDS systems reveals that the slowing down of
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Figure 4. First-order electric field correlation function versus
time (every third point is shown) for 1 wt % solutions of EHEC

(a), HMO-EHEC (b), and HM4-EHEC (c) at the SDS concen-
trations indicated. The curves are fitted with the aid of eq 1.

the long time relaxation process is strongest for the
solutions with 4 mm SDS (close to the optimal value
observed from the viscoelastic experiments) and weakest
for the solutions with 50 mm SDS (low values of " and
7). The shift in the relaxation time toward longer times
is stronger for solutions containing the hydrophobically
modified polymer without spacer than for those contain-
ing the polymer with spacer. This trend is consistent
with the rheological features (cf. Figure 2b). The slowing
down tendency is in general weakest for the EHEC/SDS
system, and in this case the strongest slowing down is
observed for the solution with 20 mm SDS (close to the
optimum strength of polymer—surfactant interactions).

The effect of addition of SDS on the slow (zs) relax-
ation time of 1 wt % solutions of EHEC, HMO-EHEC,
and HM4-EHEC, together with the rheological coun-
terpart, is shown in Figure 5a. Although the slow
relaxation times from DLS are considerably longer than
the corresponding relaxation times from rheology, the
pattern of behavior is similar with approximately the
same location of the pronounced interaction peaks. This
behavioral concordance suggests that the slow relax-
ation mode from DLS is associated with chain or cluster
disengagement but that the relaxation processes from
these different experimental methods may operate on
different time scales. In view of these results, we may
argue that the slow relaxation time can be used quali-
tatively to characterize differences in viscoelastic re-
sponse between the systems.

The value of the stretched exponent j3 is a measure
of the width of the distribution of relaxation times of
the long-time tail of the time correlation function. A low
value of § indicates a broad distribution of relaxation
times. The effect of surfactant addition on the value of
S is depicted for the unmodified and the hydrophobically
modified EHEC systems in Figure 5b. For both the
HMO-EHEC/SDS and HM4-EHEC/SDS systems j passes
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Figure 5. Effects of SDS concentration on the slow relaxation
time 75 and the time of intersection 7* (a) and the stretched
exponent g (b).

through a well-pronounced minimum, which is located
at the SDS concentration where the viscosity enhance-
ment of the system is highest. In the case of the EHEC/
SDS system, the value of 5 rises at low and moderate
SDS concentrations and § assumes gradually a constant
value (approximately 0.9) at high surfactant concentra-
tions. We may note that at high levels of surfactant
addition g is large and virtually the same for the three
systems. These results can be rationalized in the
framework of the coupling approach of Ngai.243!

In this coupling model, which provides a general
description of the dynamics in constrained and interact-
ing systems,32 the value of j or the value of the coupling
parameter n (5 = 1 — n) is a direct measure of the
coupling strength of the relaxation mode to its complex
environments. A high value of n or a low value of
indicates strong coupling effects. Although the general
derivation of the coupling model for complex systems
from first principles is not known yet, this approach has
shown to be powerful in the analysis of various dynami-
cal features of polymer systems. The model treats the
system under consideration as a combination of “basic
units” that interact nonlinearly with each other. The
coupling model recognizes short and long time domains
that are separated by a crossover time t.. At short times
(t < to) “basic units” relax independently; their relax-
ation is characterized by a temporal correlation function
(an example is the field autocorrelation function) of the
general form

¢(t) =exp(-tr) t=<t ®3)

where 10 is the characteristic time for unconstrained
relaxation, and this quantity exhibits a g% dependence.
At t > t;, cooperative constrains between the “basic
units” come into play. In this case the relaxation
function ¢(t) depends on the coupling strength (0 < n <
1) between basic units, so that this function is charac-
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terized by the slowed stretched exponential function
¢(t) = exp[-(Uz)" " t>t, )

Here 7z* is the characteristic time for constrained
relaxations. The basic prediction of this model is that n
rises (or  decreases) as the strength of the interaction
between the basic units is increased. A continuity
condition on ¢(t) at t = t. yields

Ts* — [tc—nTO] 1/1—-n (5)

This relationship links the effective relaxation time zs*
to the independent relaxation time 7o and the crossover
time t..

In view of the coupling model, the observed effects of
surfactant addition on the stretched exponent S (Figure
5b) and on the slow relaxation time (Figure 5a) can be
rationalized. The fact that the intermolecular hydro-
phobic interactions are strengthened at moderate levels
of surfactant addition for the HMO-EHEC/SDS and
HM4-EHEC/SDS systems should, in terms of the cou-
pling model, imply that the coupling strength increases.
The predictions from the coupling model under these
conditions are that 3 drops, and the slow relaxation time
should increase (see eq 5) with decreasing 5. These
predictions are both in accordance with the experimen-
tal findings (see Figure 5). At high surfactant concen-
trations, where the polymer—polymer hydrophobic in-
teractions are disturbed by the high surfactant binding
to the polymer, the coupling strength or the intermo-
lecular interactions should be diminished, and we expect
that  rises and the slow relaxation time falls off. These
predictions are consistent with the experimental obser-
vations.

The angular dependence of the correlation function,
for the HM4-EHEC/SDS system at different levels of
surfactant addition, is illustrated in the form of a
reduced plot in Figure 6. The same type of behavior is
also observed for the other two polymer—surfactant
systems. The general trend is that correlation function
data practically condense onto a single curve at short
times, reflecting the diffusive character (g2-dependent)
of the fast mode, while the long-time tails of the
correlation functions are more or less separated, de-
pending on the surfactant concentration, indicating a q
dependence stronger than that of a diffusive process. A
guantitative determination of the complex g dependence
of the slow mode is given below.

The g dependence of inverse slow relaxation time may
be expressed as 757! 0 g% , and in Figure 7a a plot of
this type has been constructed for the HMO-EHEC/SDS
system in the presence of different amounts of surfac-
tant. It is obvious that the angular dependence of the
slow mode is a function of the level of SDS addition.
Actually, the strongest q dependence of the slow mode
is observed at the surfactant concentrations where the
systems have their respective optimum in polymer—
surfactant interaction (see Figure 7b). A strong angular
dependence of the slow relaxation mode has previously
been interpreted as arising from large clusters of various
sizes or the presence of large-scale “heterogeneities”.33-35
Several DLS studies!1:1820.22.36-39 gn gssociating polymer
systems and gelling systems have revealed that the g
dependence of the slow mode is stronger than that of
the fast mode.
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Figure 6. Plot of the first-order electric field correlation
function versus gt (every third point is shown) for 1 wt %
solutions of HM4-EHEC at the SDS concentrations indicated.
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Figure 7. (a) lllustration of the wave vector dependence of

the slow (z5s71) inverse relaxation times for HMO-EHEC at the

surfactant concentrations indicated. (b) Effect of SDS concen-

tration on the quantities 2/3 (see main text for explanation)

and as, illustrating the g dependence of the slow inverse
relaxation mode.

Another unique feature of the coupling model is that

it predicts®* the g dependence of the slow relaxation time
through the relationship

5@ = [t "r@]" " 0q?C " 0g®  (6)
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Since the characteristic time for unconstrained relax-
ation g is diffusive (ro(q) O q~2), a stronger q dependence
of the slow relaxation time is predicted if there is
coupling effects, that is, § < 1. In the case of enhanced
interactions, as the above-discussed surfactant-induced
interactions, we expect a concomitant increase in the
coupling parameter n, or a decrease of 3, and a stronger
g dependence of the slow relaxation time. The g depen-
dence of the slow mode is illustrated in Figure 7b, where
the values of os and the predicted values (2/3) are
plotted as a function of surfactant concentration. Al-
though the numerical agreement between the experi-
mental and calculated values is not perfect, the trends
of the systems are well captured.

The q dependence of the reduced amplitude (As/As) for
solutions of EHEC, HMO-EHEC, and HM4-EHEC con-
taining different amounts of SDS is shown in Figure
8a—c. The general picture that emerges at all conditions
is the increase of the ratio as the value of q decreases.
This trend, which indicates the existence of large
clusters, suggests the presence of large aggregates even
at high levels of surfactant addition. A conspicuous
feature in Figure 8b for the EHEC—SDS system is that
the values of the reduced amplitude, over the considered
g range, are significantly higher at 50 mm SDS than
the corresponding values of the ratio at lower surfactant
concentrations.

The effect of surfactant addition on the reduced
amplitude is further illustrated in Figure 8d, where the
ratio (at a scattering angle of 90°) is plotted as a function
of SDS concentration for the three polymer—surfactant
systems. It should be mentioned that although the
numerical values of the ratio are angular dependent,
the ratios of the systems exhibit the same pattern of
behavior at the considered scattering angles upon SDS
addition. For the EHEC—SDS system, we observe a
progressive rise of Ag/As with increasing SDS concentra-
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Figure 9. Effect of SDS concentration on the cooperative
diffusion coefficient (a) and the hydrodynamic correlation
length & (b).

tion. A rise of the ratio is also observed for the HMO-
EHEC/SDS and HM4-EHEC/SDS systems at surfactant
concentrations above 10 mm. However, for the hydro-
phobically modified polymers there is indication of peaks
at moderate SDS concentrations, where a pronounced
viscosity enhancement occurs for these systems. Intu-
itively, one would expect that the contribution of the
amplitude of the slow mode should diminish due to
weaker associations at higher surfactant concentrations.
However, the picture may be more intricate due to
polyelectrolyte effects of these systems. In this context
it may be interesting to note a recent light scattering
study“? on polyelectrolyte solutions, where a fast and a
slow relaxation mode were observed in the decay of the
correlation function. A complex interplay between the
amplitudes of the fast and the slow mode was reported.
It was shown that the amplitudes of both the fast and
the slow modes respond to electrostatic interactions,
each in a different way. The amplitude of the slow mode
was found to be sensitive to charge interaction param-
eters such as ionic strength of the solution. The present
polymer—surfactant systems possess polyelectrolytic
character, and in this type of mixture, involving an ionic
surfactant, it has been found?® that the free surfactant
often dominates and gives important contributions to
the ionic strength. Our conjecture is that a change of
the electrostatic interactions with surfactant addition
may contribute to the observed feature of the ratio at
higher surfactant concentrations.

The fast relaxation mode (74 = D.q?) is diffusive for
all systems at all conditions and yields the cooperative
diffusion coefficient D.. The effect of surfactant addition
on D, for 1 wt % solutions of the systems EHEC/SDS,
HMO-EHEC/SDS, and HM4-EHEC/SDS is depicted in
Figure 9a. The behavior of the cooperative diffusion
coefficient is similar for the three systems, at least at
higher levels of surfactant addition, with increasing
values of D at higher surfactant concentrations. This
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Figure 10. (a—d) Log—log plots of the q dependence of the
scattered intensity for the polymers and surfactant concentra-
tions indicated. (e) Effect of surfactant concentration on the
fractal dimension (see eq 7).

diffusion process is governed by the interplay between
hydrodynamic and thermodynamic properties through
the expression*! D, = s dI1/dc, where s is the sedimenta-
tion coefficient and dI1/dc is the inverse osmotic com-
pressibility. In light of this relationship, the conjecture
is that the thermodynamic factor (6I1/oc) dominates, and
D, rises due to the gradually improved thermodynamic
conditions (increasing values of oI1/dc) of the systems*?
with increasing amount of surfactant.

In the framework of the “blob” model for semidilute
solutions, a cooperative diffusion coefficient associated
with network deformations can be defined by*! D, O kg T/
6a1705h, Where kg is Boltzmann’s constant, T is the
absolute temperature, 7 is the solvent viscosity, and
&n is the dynamic screening length. The latter quantity
can be viewed as a characteristic mesh size of the
transient network. The general picture that emerges
from Figure 9b is that the mesh size decreases as the
surfactant concentration increases, and no obvious
difference in behavior between the three systems can
be detected at higher levels of surfactant addition. This
decrease may be rationalized in the following scenario.
At low surfactant concentrations, where strong polymer—
polymer hydrophobic associations persist in the systems,
a heterogeneous network containing bundles of close-
packed chains is formed, and as a result, the effective
mesh size of the network becomes large. As the level of
surfactant addition increases, the bundles are progres-
sively disrupted, and the polymer network undergoes a
gradual structural reorganization to a more homoge-
neous structure (see Figure 11). In this process the
average mesh size of the network is expected to de-
crease. The correlation length calculated with the aid
of the equation above yields a value of about 1 nm at
high surfactant concentrations. This is a very low value
of &, but we should bear in mind that the factor 67 in
the above equation has no precise meaning*! but is a
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Figure 11. Illustration of the structural reorganization of the
polymer network from homogeneous (high SDS concentrations)
to heterogeneous (low SDS concentrations). In the latter stage,
bundles of polymer chains are formed in the network, and the
average spacing between bundles are larger than the average
mesh size of the homogeneous network.

convenient reminder of the similarity with the Stokes
law for viscous motion of a sphere. Therefore, we should
not pay too much attention to the numerical value of
&n, but rather on the relative change of this parameter
with surfactant addition.

A close inspection of the correlation length data for
the EHEC—SDS system reveals a maximum at moder-
ate surfactant concentrations, while no pronounced peak
can be discerned for the hydrophobically modified
polymers. One may argue that the tendency of forming
bundles should first rise as SDS is added in the low
surfactant concentration regime, reach a maximum, and
then decrease as the bundles are gradually disrupted
and a more homogeneous network is evolved. This
scenario suggests that the correlation length should
initially rise at low surfactant concentrations, attain a
maximum, and then decrease. This trend is consistent
with the feature observed for the EHEC—SDS system.
A reasonable conjecture is that this effect is associated
with the onset of surfactant binding to the polymer (cac).
The value of cac is about 3 mm?2 for the EHEC—SDS
system, which is not far away from the location of the
maximum in Figure 9b. When it comes to the hydro-
phobically modified analogues, the onset of surfactant
binding to the polymer occurs at a much lower surfac-
tant concentration.?8 It is possible that the optimum of
bundle formation occurs at very low levels of SDS
addition for the HMO-EHEC and HM4-EHEC systems
so that the maximum is not visible at the SDS concen-
trations considered here. We may note that, in the
absence of SDS and at low surfactant concentrations,
&n is larger for the systems containing the hydrophobi-
cally modified polymers.

Intensity Light Scattering. To obtain further in-
formation about the network structure, we may use
intensity light scattering to probe the local structural
properties of the systems. If we consider the systems in
the regime g&s > 1, the length scale g~ is related to
local properties, and the scattered intensity depends
strongly on the length scale. In this regime, a semidilute
solution can be viewed as an irregular fractal network,*3
formed by more or less interpenetrating clusters. In this
case the scattering intensity decays with the wave
vector as

I(g) O g™ ©)

where the slope of the scattered intensity in the power-
law region yields the fractal dimension ds.
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Figure 10a—d shows the intensity profiles in form of
log—log plots of the scattered intensity versus q for 1
wt % solutions of EHEC, HMO-EHEC, and HM4-EHEC
in the presence of different amounts of SDS. We can
see that the scattered intensities for the solutions
containing the hydrophobically modified polymers at low
surfactant concentrations are significantly higher than
for the intensities of the corresponding EHEC solutions,
while at higher levels of SDS addition this difference
disappears. This is probably another manifestation of
strong associations of the hydrophobically modified
polymers, giving rise to large domains with high scat-
tering ability.

The effect of surfactant addition on the fractal dimen-
sion for 1 wt % solutions of EHEC, HMO-EHEC, and
HM4-EHEC is depicted in Figure 10e. The values of d¢
are, except at the highest surfactant concentration,
higher for the hydrophobically modified polymers than
the corresponding ones for the unmodified EHEC. This
suggests that the networks formed from the hydropho-
bically modified polymers are more “tight”, which may
be due to branching effects of the HMO-EHEC and HM4-
EHEC networks. The rise of d; with increasing SDS
concentration, a common feature for the three polymer
systems, indicates that the networks undergo structural
reorganizations from “open” to more “tight” networks#**
as the amount of added surfactant increases. This is
consistent with the picture discussed above. The sce-
nario outlined above is reminiscent of a recent model*5:46
developed to describe the temperature-induced gelation
of EHEC—surfactant systems.
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