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Abstract

Turbidity and small-angle neutron scattering (SANS) measurements have been carried out over an extended temper-

ature range (10–60 �C) on thermoreversible gelling and non-gelling semidilute aqueous systems of ethyl(hydroxy-
ethyl)cellulose (EHEC) in the presence of various amounts of sodium dodecyl sulfate (SDS). EHEC dissolved in

D2O exhibits a lower consolute solution temperature with an abrupt change of the turbidity upon heating the sample.

The turbidity transformation is shifted toward higher temperatures (the cloud point temperature rises) and it becomes

gradually gentler as the level of surfactant addition increases. Precision turbidity measurements demonstrate the exis-

tence of hysteresis effects when heating and cooling scans are conducted. This effect is reduced with SDS addition and

disappears at a sufficiently high SDS concentration where most aggregates are disrupted. It is shown from temperature

quench turbidity experiments that it takes a very long time for the temperature-induced complexes to disintegrate. The

scattered intensity results from SANS at low values of the scattering vector (q) disclose that elevated temperature and

low SDS concentration promote the formation of large-scale associations, and at higher levels of surfactant addition the

tendency to form aggregates is suppressed. At high surfactant concentrations (8 and 16 mm), an interaction peak

appears in the spectrum at intermediate values of q. For the EHEC sample with 8 mm SDS, the peak disappears at

higher temperatures because of enhanced hydrophobicity of the polymer. The analysis of the SANS data for the gelling

sample (EHEC with 4 mm SDS) reveals that the inhomogeneity of the gel becomes more pronounced in the post-gel

region.
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1. Introduction

The synergism between polymers and ionic surfac-

tants in aqueous solutions has attracted significant inter-

est in recent years in fundamental and applied research

[1–11]. This research field is driven by the importance of

mixtures of amphiphilic polymers and ionic surfactants
ed.

mailto:a.l.kjoniksen@kjemi.uio.no


A.-L. Kjøniksen et al. / European Polymer Journal 41 (2005) 1954–1964 1955
in a number of industrial applications including deter-

gents, pharmaceuticals, and paints [1]. The behavior of

this type of system is governed by a delicate balance be-

tween hydrophilic, hydrophobic, and ionic interactions

[7]. Ethyl(hydroxyethyl)cellulose (EHEC) is one of sev-

eral non-ionic amphiphilic water-soluble polymers that

exhibit a lower consolute solution temperature (LCST)

(demixing upon heating). This polymer is characterized

by mixed hydrophobic (low amount) and hydrophilic

structural units. These elements are normally unevenly

distributed along the polymer backbone and the substit-

uents may consist of shorter or longer subchains. This

arrangement leads to a complex structure with an irreg-

ular distribution of hydrophobic microdomains, and the

interactions between polymer chains and ionic surfac-

tant give rise to the formation of micellar-like clusters

[12] involving substituents from one or more EHEC

chains. In the presence of ionic surfactants, the surfac-

tant is bound to the polymer and this endows an appar-

ent polyelectrolyte character to the originally non-ionic

EHEC. The binding of an ionic surfactant (such as so-

dium dodecyl sulfate (SDS) or cetyltrimethylammonium

bromide (CTAB)) to EHEC has been reported [3,10,13]

to increase the cloud point temperature (CP) because of

improved thermodynamic conditions of the systems.

In previous studies [2,3,10,13] of turbidity and phase

separation of EHEC-surfactant systems, the principal

objective was to estimate CP at various conditions and

this was accomplished by slowly heating or cooling the

systems and visually observing the incipient turbidity

of the mixtures. Although this simple method usually

yields an approximate CP it is not appropriate for a

thorough description of turbidity changes and possible

hysteresis effects. In this work, we will make use of a spe-

cial apparatus to accurately monitor temperature-

induced alterations of the turbidity in semidilute EHEC

solutions (1.0 wt%) in the presence of different levels of

SDS addition. By this precision cloud point analyzer

instrument, we will report a detailed picture, with some

novel features, of the phase separation process of the

EHEC–SDS system under various conditions. This type

of investigation has not been conducted on this system

before. The turbidity of a material is a macroscopic phe-

nomenon, which is linked to formation of large aggre-

gates. To gain access to local structural features of the

association complexes at different temperatures and lev-

els of SDS addition, we have carried out small-angle

neutron scattering (SANS) experiments on these sys-

tems. SANS measurements on EHEC-ionic surfactant

solutions and gels have been reported previously [8,12],

and based on these results a model has been elaborated

to understand temperature-induced association and

gelation in semidilute solutions of EHEC in the presence

of an ionic surfactant. However, to gain a more detailed

insight about the network structure of the EHEC-surfac-

tant system at different conditions, the scattering from
the polymer in the mixture has also been probed in this

study by using contrast-matching conditions, adding

deuterated sodium dodecyl sulfate (d-SDS) instead of

SDS to EHEC. Under these conditions, the scattering

length densities of the surfactant and the solvent are vir-

tually the same, and therefore scattering from d-SDS is

strongly suppressed. As a result, only the scattering from

the polymer, without the contribution from the surfac-

tant, is observed as the surfactant concentration is chan-

ged. The aim if this combined turbidity and SANS study

is to characterize in detail the phase separation process

and structural alterations induced by temperature and

surfactant addition to a semidilute solution of EHEC.

Furthermore, the SANS results for a gelling EHEC–

SDS sample will be analyzed in the framework of a re-

cent model [14–16], where the effect of heterogeneity of

the system on the scattered intensity will be addressed.
2. Experimental section

2.1. Materials and solution preparation

The EHEC sample used in this study is designated

DVT 89017 and was supplied by Akzo Nobel Surface

Chemistry AB, Stenungsund, Sweden. For this sample

the average degree of substitution of ethyl groups was

DSethyl = 1.9/anhydroglucose unit, and the molar substi-

tution of ethylene oxide groups was MSEO = 1.3/anhy-

droglucose unit. The number average molecular weight

(Mn) of this sample is approximately 80,000 and the

polymer is polydisperse with a polydispersity index

(Mw/Mn) of about 2. All these data have been given by

the manufacturer. The anionic SDS was obtained from

Fluka and the deuterated sodium dodecyl sulfate (d-

SDS) was purchased from Cambridge Isotope Labora-

tories, Andover, USA. Both samples were used without

further purification. Heavy water (D2O) was used as sol-

vent for the samples containing SDS, whereas for the

d-SDS samples a contrast matching D2O/H2O mixture

(91/9 vol.%) was utilized.

Dilute EHEC solutions were dialyzed against pure

water for at least 1 week (until the conductivity of the

expelled water showed no further decrease) to remove

salt (impurity from manufacturing) and other low

molecular weight components, and were thereafter

freeze-dried. As the dialyzing membrane, regenerated

cellulose with a molecular weight cutoff of 8000 (Spec-

trum Medical Industries) was utilized. After being

freeze-dried, the polymer was redissolved in D2O with

the desired SDS or d-SDS concentration. The samples

were prepared by weighing the components, and the

solutions were allowed to stand in a refrigerator for a

few days and thereafter homogenized by slow stirring

at room temperature for several days. All the measure-

ments were carried out on a semidilute (1 wt%) EHEC
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sample in the presence of various amounts of SDS or

d-SDS at temperatures in the interval 10–60 �C. The
polymer concentration is well above the overlap concen-

tration c*, estimated from c* = 1/[g], where [g] is the
intrinsic viscosity. Depending on temperature and levels

of surfactant addition, the value of c* is in the range 0.2–

0.4 wt% [11].

2.2. Turbidity experiments

The turbidities and cloud points (CP) were deter-

mined by means of an NK60-CPA cloud point analyzer

from Phase Technology, Richmond, BC, Canada. This

instrument makes use of a scanning diffusive light scat-

tering technique, where a light beam (AlGaAs light

source with a wavelength equal to 654 nm) is focused

on the sample, to characterize phase changes of the sam-

ple with high sensitivity and accuracy. Directly above

the sample, an optical system continuously monitors

the scattered intensity signal (S) from the sample as it

is subjected to prescribed temperature alterations. The

test solution (0.15 mL) is applied onto a coated glass

plate and the sample surface is covered with 0.15 mL

of highly transparent silicon oil (the density of the oil

is lower than that of the sample) to avoid evaporation

of solvent at elevated temperatures. The temperature

of the sample is probed accurately by a platinum resis-

tance thermometer and the cooling and heating of the

sample over an extended temperature range (�60 to
+60 �C) is accomplished by a compact array of Peltier
elements. With this arrangement, the temperature can

be changed very fast (up to 30 �C/min) and the cooling
or heating rate can also be set to very low values. The

measured signal S from the cloud point analyzer can

empirically be related to the turbidity s, which was
determined from measurements of the transmittance

on a standard spectrophotometer in a 1 cm cuvette using

the expression s = (�1/L) ln (It/I0), where L is light path
length of the cuvette, It is the transmitted light intensity,

and I0 is the incident light intensity. A direct relationship

between the determined turbidity from the spectropho-

tometer measurements and S from the cloud point ana-

lyzer is found to be given by: s = 9.0 · 10�9 S3.751.
Henceforth, all data from the cloud point analyzer will

be presented in terms of turbidity. A more detailed

description of the operation of the instrument and the

calibration procedure has been given elsewhere [17].

The temperature at which the first deviation of the scat-

tered intensity from the baseline occurred was taken as

the cloud point of the considered sample.

2.3. Small-angle neutron scattering (SANS)

Small-angle neutron scattering (SANS) experiments

were carried out on 1 wt% solutions of EHEC at differ-

ent temperatures (temperature controlled to within
±0.1 �C) and in the presence of various levels of SDS
addition at the SANS installation at the IFE reactor at

Kjeller, Norway. The instrument is equipped with a li-

quid hydrogen moderator, which shifts the D2O moder-

ated thermal neutron spectrum (intensity maximum at

approximately 1 Å) toward longer wavelengths. The

wavelength was set with the aid of a velocity selector

(Dornier), utilizing a high FWHM for the transmitted

beam with a wavelength resolution (Dk/k) of 20% and
maximized flux on the sample. The beam divergence

was set by an input collimator (18.4 or 12.2 mm diame-

ter) located 2.2 m from the sample, together with a sam-

ple collimator that was fixed at 4.9 mm. The detector

was a 128 · 128 pixel, 59 cm active diameter, 3He-filled
RISø type detector, which is mounted on rails inside

an evacuated detector chamber.

The solutions with D2O as a solvent were filled in

2 mm Hellma quartz cuvettes, which were placed onto

a copper-base for good thermal contact and mounted

in the sample chamber. The chamber was evacuated to

reduce air scattering.

Each complete scattering curve is composed of three

independent series of measurement, using three different

wavelength–distance combinations (5.1 Å/1.0 m, 5.1 Å/

3.4 m, and 10.2 Å/3.4 m). By using these combinations,

scattering vectors q = (4p/k) sin (h/2) (where h is the scat-
tering angle) in the range of 0.008–0.25 Å�1 were cov-

ered. Standard reductions of the scattering data,

including transmission corrections, were conducted by

incorporating data collected from the empty cell, the

beam without the cell, and the blocked-beam back-

ground. The data were transformed to an absolute scale

(coherent differential cross-section (dR/dX) which is pro-
portional to the reduced intensity I(q)) by calculating the

normalized scattered intensity from direct beam mea-

surements [18].
3. Results and discussion

3.1. Turbidimetry and cloud points

Before the results are presented and discussed, it may

be instructive to give some fundamental aspects of the

characteristic physical properties of the EHEC–SDS sys-

tem. A semidilute solution of EHEC in the absence of

SDS exhibits a macroscopic phase separation at suffi-

cient heating, whereas in the presence of a moderate

concentration of SDS (4 mm, mmolal) a thermorever-

sible gel is formed at elevated temperatures [9]. The gel

temperature is usually somewhat lower than the corre-

sponding cloud point temperature. The temperature-

induced gelation process in semidilute EHEC solutions

with an ionic surfactant can be rationalized in the frame-

work of a model [8], where the permanent connectivity

of the gel network is provided by the growing ‘‘lumps’’
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and the necessary swelling is generated by the electro-

static repulsions of the ionic surfactant. Each lump is

formed by the loose association of polymer segments

belonging to different polymer molecules, and the

adsorption of ionic surfactant endows a polyelectrolyte

character of the lump. Previous SANS experiments

[8,12] have shown that the lump sizes increase at ele-

vated temperature and decrease with increasing surfac-

tant concentration. At higher concentration of the

surfactant, the connectivity of the network is lost and

a temperature increase only leads to a viscosification

of the solution.

Fig. 1 shows the temperature dependence of the tur-

bidity for an aqueous EHEC (1.0 wt%)–SDS (0.5 mm)

mixture at different heating and cooling rates. The tran-

sition from a transparent to a turbid solution is sharp at

this low surfactant concentration. The heating or cool-

ing rate has no influence on the turbidity curve, but

the heating and cooling cycles reveal a clear difference

in the position of the curves. The results show that the

heating and the subsequent cooling of the sample gives

rise to a hysteresis effect. This finding indicates that

the association structures formed upon heating to a high

temperature do not break down directly, but rests of

these structures persist over long time during the subse-

quent cooling cycle until low temperatures are reached.

The inset plot to the left shows the time evolution of

the turbidity for a sample (1 wt% EHEC–0.5 mm SDS)

that first was quenched from 10 to 35 �C and after

12 h heated to 60 �C before it was quenched to 35 �C
(35 �C is close to the point of maximum slope on the

heating curve). The plot shows that after a fast (1 min)

heating to 35 �C the turbidity approaches an asymptotic
value after approximately 7.5 h, whereas it takes a short
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Fig. 1. Effect of temperature on the turbidity upon heating

(open symbols) and subsequent cooling (solid symbols) of

1 wt% EHEC solution in the presence of 0.5 mm SDS. The inset

plots illustrate the effects of different magnitudes of temperature

quenching on the time evolution of the turbidity.
time (�1 h) for the turbidity to reach the asymptotic
value when the sample is quenched from 60 to 35 �C.
This shows that it takes a long time for the association

complexes to be built-up when the system is quenched

from 10 to 35 �C, whereas the partial break-up at
35 �C of structures formed at 60 �C is faster. When the
system is quenched to a lower temperature (32 �C), a dif-
ferent picture emerges (inset plot to the right). In this

case, the turbidity curve obtained from quenching (10–

32 �C) levels out after about 6 h, whereas the asymptotic
value is approached after about 30 min when the sample

is quenched from 60 to 32 �C. Furthermore, the curves
do not condense onto each other. A separation of the

curves is observed over long times and it is possible that

they converge after times much longer than 20 h. How-

ever, we should bear in mind that this difference is small

and can not be detected by a visual inspection of the

sample with the naked eye. These findings demonstrate

that the processes of formation and disruption of lumps

operate on different time scales, and at temperatures

close to CP it takes a very long time to reach the equilib-

rium. As will be discussed below, similar hysteresis ef-

fects are also observed at higher levels of surfactant

addition.

To illustrate how the hysteresis behavior is affected

by the level of surfactant addition, the heating and cool-

ing cycles for EHEC–SDS mixtures at different SDS

concentrations are depicted in Fig. 2a. At low or no sur-

factant addition, the samples turn turbid sharply upon a

temperature increase, whereas at higher surfactant con-

centration the transition is gradual and shifted toward

higher temperature. At moderate SDS concentrations

(2 mm and 4 mm), the profile of the turbidity curves

upon cooling is different, and it is obvious that large

lumps exist in the samples until low temperatures have

been reached. The magnitude of this hysteresis effect is

reduced as the level of surfactant addition increases,

and at 16 mm SDS the effect has disappeared. This

observation shows that the large ‘‘lumps’’ formed at

low surfactant addition and elevated temperature do

not respond directly to cooling but the disruption of

them is delayed, whereas at high SDS concentration

the lumps are smaller (or non-existent) and easier to dis-

solve when the temperature is lowered.

In Fig. 2b, a quantitative illustration of the abrupt-

ness of the transition zone of the turbidity upon heating

is displayed at different levels of surfactant addition by

plotting the turbidity as a function of temperature in

the form of a log–log plot. At surfactant concentrations

up to 8 mm, the turbidity rise can be well represented

by a power law s � Tm, where m is a positive number.

The inset plot shows that m exhibits a strong drop at

surfactant concentrations up to 2 mm, after which a

more moderate decrease occurs. This demonstrates how

the turbidity transition becomes gradually smoother

as the surfactant concentration increases, suggesting
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that the temperature-induced growth of large-scale heter-

ogeneities is reduced at higher levels of SDS addition.

This behavior is ascribed to improved thermodynamic

conditions (solubilization of hydrophobic microdo-

mains) and enhanced polyelectrolyte character of the

polymer.

The effect of SDS addition to 1 wt% EHEC sample

on the cloud point, determined from heating scan, is de-

picted in Fig. 3. A salient feature is that the cloud point

curve passes through a minimum at approximately 2 mm

surfactant concentration. This effect has previously been

detected by visually observing the incipient clouding of

the sample (CP) [10] and the behavior was attributed

to enhanced polymer-surfactant interactions as the crit-

ical aggregation concentration (cac) of the system

(�2 mm) was approached. The progressive surfactant
binding to EHEC results in an increase in the cloud
point temperature of the system; that is, the solubility

of the polymer increases. The conjecture is that at higher

surfactant concentrations, the hydrophobic micro-

domains are solubilized and the polymer becomes more

hydrophilic. From a pulsed field gradient NMR investi-

gation [4] on the EHEC–SDS system, strong interactions

between the polymer and the surfactant were found and

the amount of SDS bound to EHEC is roughly indepen-

dent of temperature.

3.2. SANS results

Before the results are presented and discussed, some

aspects concerning the analysis of the SANS data will

be given. It is only the 1 wt% EHEC system with

4 mm SDS that forms a thermoreversible gel upon heat-

ing to 37 �C [9,19]. No gel is developed at the other sur-
factant concentrations, but a temperature increase

induces viscosification of the solutions and the degree

of turbidity of the solutions depends on the level of sur-

factant addition. In a semidilute polymer solution, the

chains overlap and a transient network with a character-

istic mesh size n, the screening length, is formed. In some
cases, large-scale associations evolve in the solutions,

giving rise to an upturn of the scattered intensity I(q)

at low values of q. These features can be analyzed by fit-

ting the data to the following functional form [20,21]

IðqÞ ¼ IP
qn

þ IL
1þ q2n2

þ P ð1Þ

where the first term on the right-hand side depicts the

Porod scattering from large objects, and the second term

is a Lorentzian (Ornstein–Zernike law) describing scat-

tering from the polymer network. The factors IP and

IL, the incoherent background P, and the exponent n

are used as fitting parameters. The introduction of

cross-links in the formation of a gel may induce effects
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such as an increase of inhomogeneities, topological

memory constrains, and reduction of chain mobility.

The spatial, topological, and connectivity inhomogenei-

ties that can arise may lead to the emergence of frozen

inhomogeneities and non-ergodic features. For gels

composed of flexible chains, the scattered intensity can

be described by a sum of dynamic and static components

in the form of Lorentz and squared-Lorentz functions

[15,16,22]

IðqÞ ¼ IL
1þ q2n2

þ ISL
ð1þ q2N2Þ2

þ P ð2Þ

where IL and ISL are factors describing the amplitudes of

the dynamic and static concentration fluctuations,

respectively. The parameter n is the dynamic correlation
or screening length and N is the characteristic length rep-
resenting inhomogeneities. Changes in the second term

on the right-hand side of Eq. (2) essentially reflect the

redistribution of the polymer within the gel at large

length scales.

The effect of temperature on the scattered intensity

for EHEC (1 wt%) systems at different levels of SDS

addition is displayed in Fig. 4. At surfactant concentra-

tions (0 and 0.5 mm) below the critical aggregation con-

centration (cac), the upturn of the scattered intensity

becomes gradually stronger as the temperature in-

creases. The values of the power law exponent n,

describing the upturn of I(q) in the low q domain, are

close to 4 which is a feature characteristic of Porod scat-

tering [23] caused by smooth interfaces. This suggests

that larger lumps are developed at elevated temperature

and this picture is consistent with the turbidity results

presented above and the scenario elaborated previously

[8] from SANS studies of EHEC-surfactant systems.

At moderate (2 and 4 mm) SDS concentrations (above

cac), the rise of the scattered intensity in the low q range

is less and the curves seem to level off at higher temper-

atures. This is probably a harbinger of that the growth

of the lumps has stagnated because of binding of surfac-

tant to the polymer. At higher levels of SDS addition (8

and 16 mm), the tendency of the intensity to level off is

strengthened. It is evident from Fig. 4 that the amplitude

of the scattered intensity falls off at low q values with

decreasing temperature and increasing surfactant con-

centration. Since most of the scattering curves exhibit

strong upturns at low q values, it is not possible to deter-

mine the size of the corresponding association struc-

tures. However, it may be instructive to consider how

the amplitude of the scattering curves at a low q value

is affected by temperature and surfactant concentration

(see Fig. 5). The amplitude displays a strong rise with

increasing temperature at low levels of surfactant addi-

tion. This trend diminishes as the surfactant concentra-

tion increases and at the highest SDS concentration

virtually no temperature effect is observed. These
findings are consistent with the turbidity results pre-

sented above. At lower levels of surfactant addition,

the higher temperatures of the measurements are far

above the values of CP for these systems and large lumps

are formed, whereas at the highest SDS concentration

the measurements are conducted at temperatures that

are much lower than the CP of this system, and the asso-

ciations are suppressed. The strong drop of the ampli-

tude of the scattered intensity at a given high

temperature with increasing SDS concentration indi-

cates that even at an elevated temperature the multi-

chain associations are disrupted by surfactant addition.

This can be ascribed to amended thermodynamic condi-

tions and probably electrostatic repulsive forces.

Another conspicuous feature in Fig. 4 is the interac-

tion peak observed at intermediate q values for the higher

two surfactant concentrations (8 and 16 mm). In Fig. 6,

a direct comparison of the influence of surfactant addi-

tion on the scattered intensity at some different tempera-

tures is displayed. We notice that the interaction peak is
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only visible at 8 mm and 16 mm SDS and the amplitude

of the peak decreases with increasing temperature but the

position of the maximum is almost not affected by tem-

perature (see the discussion below). SANS is sensitive
to structures with length scales of order 2p/q and the
mean interaggregate distance d can be estimated from

d = 2p/qmax, where qmax is the location of the maximum
of the peak. For EHEC in the presence of 8 mm SDS,

the peak disappears at the highest temperature and only

a shoulder in the scattered curve is visible. This probably

reflects the competition between hydrophobic and elec-

trostatic interactions. At 55 �C (above CP) the hydro-
phobic associations are dominant, whereas at lower

temperatures the intensity of the hydrophobic interac-

tions are weaker and the repulsive forces are expected

to play an important role for the evolution of the peak.

An interaction peak in the intermediate q domain of

the SANS spectrum has been observed for many systems

with polyelectrolyte character [24–31] and this behavior

has been attributed to electrostatic interactions and the

formation of more or less ordered arrangement of ionic

structures. In theoretical approaches [14,16,32–34], the

interaction peak issue has been addressed in terms of a

competition between macroscopic and microscopic

phase separation. In EHEC solutions without ionic sur-

factant, a temperature raise induces a macroscopic phase

separation of the solution into a polymer-rich phase and

an excess aqueous phase. Upon addition of SDS to the

EHEC solution, adsorption of the surfactant to the

polymer chains occurs and the phase-separation behav-

ior of EHEC is modified because the surfactant causes

fragmentation of the large regions of the polymer-rich

phase into microscopic lumps (bundles of associating

chains) [8] which are stabilized by the bound ionic sur-

factant on the surfaces of these lumps. The binding of

surfactant to the lumps endows a polyelectrolyte charac-

ter of the lumps. In this scenario, the microphase-sepa-

rated state is made of lumps of the polymer-rich state

that are kept apart from each other by the binding of

ionic surfactant. At a given SDS concentration, an in-

crease in temperature promotes growth of lumps,

whereas SDS addition at a fixed temperature makes

the lumps smaller. Hence, microscopic or macroscopic

phase separation of the EHEC–SDS system can be

tuned by changing the temperature and/or the level of

surfactant addition. The prediction from the theoretical

approaches is that the peak in the scattered intensity at

intermediate q values signalizes the characteristic length

scale of the microphase separation. The hypothesis is

that the structural reorganization in connection with

the transition from macroscopic to microscopic phase

separation gives rise to density fluctuations that are

damped on length scales larger than d and the peak in

the scattering function is caused by this effect.

Since the interference peak for the EHEC–SDS sys-

tem appears at SDS concentrations equal to the critical

micelle concentration (8 mm) of SDS and above, it is

crucial to check whether the peak is only a result of sur-

factant micelles in the bulk and not from electrostatic

interactions generated by the polymer. Fig. 7 shows a
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comparison the SANS spectra of EHEC (1 wt%) in the

presence of SDS (8 and 16 mm ) and EHEC with d-

SDS, which represents contrast-matched conditions

where the surfactant is ‘‘invisible’’ and only the polymer

contributes to the signal. Although the scattered inten-

sity is weaker with d-SDS, the profiles of the curves

are similar with peaks located at practically the same

positions as the corresponding peaks in the presence of

SDS. However, the shoulder in the spectrum that is vis-

ible around 0.09 Å�1 in the presence of 8 and 16 mm

SDS cannot be detected with d-SDS. These results seem

to indicate that although the free SDS micelles in the

bulk significantly contribute to the scattered intensity,

the peaks observed with d-SDS may represent structural

arrangements, induced by electrostatic interactions of

the polymer itself.

Effects of temperature and surfactant concentration

on the position of the peak maximum and the average

interchain distance are shown in Fig. 8. At 16 mm

SDS, qmax and d are virtually independent of tempera-

ture over the studied temperature interval. The reason

for this behavior is probably that in this temperature

range, well below CP of the system, the thermodynamic

properties and the structural rearrangements are very lit-

tle influenced by a temperature change. At 8 mm SDS, a

smaller number of larger lumps are formed and the aver-

age interchain distance d is longer than at 16 mm. Only

two data points are displayed in the presence of 8 mm

SDS, because at temperatures above 35 �C the interac-
tion peak turns into a shoulder and eventually disap-

pears at higher temperatures. The conjecture is that at

temperatures approaching CP, the microphase-sepa-

rated state characterized by the lumps is transformed

into a macroscopic phase separation. Fig. 8b shows that

the position of the maximum of the interaction peak is

shifted toward higher values (i.e., the value of d de-

creases) as the surfactant concentration increases. At
higher levels of SDS addition, a large number of frag-

mented lumps exist in the solution and this leads to lower

values of d because the average interchain distance will

decrease.

As mentioned earlier, the EHEC sample with 4 mm

SDS forms a transparent thermoreversible gel at 37 �C
[7,9], whereas no gel is formed at the other considered

surfactant concentrations. The formation of a gel is gov-

erned by a delicate interplay between swelling caused by

the adsorbed ionic surfactant and connectivity estab-

lished by lumps or hydrophobic associations [8,12]. This

prerequisite is only satisfied at certain EHEC–SDS com-

positions. At high levels of SDS addition, the lumps are

disrupted and the connectivity is lost, while at too low

surfactant concentration, the swelling is insufficient

and a macroscopic phase separation is favored upon a

temperature rise. The scattered intensity data at 4 mm

SDS have been analyzed with the aid of Eq. (2) and

the temperature dependencies of the fitted parameters

are depicted in Fig. 9. Only scattered intensity data up

to a temperature of 45 �C have been analyzed with Eq.
(2) since at higher temperatures poor fits are obtained,
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probably because of problems when the macroscopic

phase separation is approached. The decrease of the cor-

relation length n at elevated temperatures can be as-
cribed to the growth of the lumps and the compaction

of the network. A similar trend has previously been ob-

served [35] for the dynamic correlation length from

dynamic light scattering measurements on the EHEC

(1 wt%)/SDS system. The characteristic length N, repre-
senting inhomogeneities of the system rises with temper-

ature because larger lumps are formed and a more

heterogeneous network evolves. It is also found (Fig.

9) that the amplitude of the static contribution of Eq.

(2) increases with increasing temperature, suggesting

that the frozen-in inhomogeneities of the gel network be-

come more important at elevated temperature.

By using Eqs. (1) and (2) the scattered intensity data

for various surfactant concentrations at 25 �C have been
fitted and the effect of SDS addition on n is illustrated in
Fig. 10. If the correlation length is visualized [36] as a

measure of the average mesh size of the network, the ob-

served decrease of n with increasing level of surfactant
addition may be associated with a combination of repul-
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gelling EHEC (1 wt%)/D2O/SDS (4 mm) system.
sive Coulomb forces and amended thermodynamic con-

ditions. The conjecture is that a reorganization of the

network occurs from a heterogeneous network com-

posed of bundles of close-packed chains to a homoge-

neous network of distributed chains when the SDS

concentration increases.
4. Conclusions

In this work, we have provided some novel informa-

tion about turbidity and SANS features in gelling and

non-gelling semidilute systems of EHEC (1 wt%) in the

presence of various amounts of SDS. It has been shown

from turbidity measurements that the building-up and

breaking-down of association complexes can be a slow

process at low and moderate surfactant concentrations.

An abrupt change of the turbidity with increasing tem-

perature is observed without and at low levels of surfac-

tant addition, whereas a gradually gentler transition is

found at higher surfactant concentrations and the hys-

teresis effect is suppressed. The cloud point is shifted to-

ward higher temperature as the amount of SDS

increases.

The delicate interplay between macroscopic and

microscopic phase separation can be affected by the tem-

perature and the level of surfactant addition, and the

accompanying structural alterations appear in the

SANS results. The upturn of the scattered intensity at

low q values reveals that elevated temperature and small

amounts of SDS addition promotes the growth of large-

scale structures. This is a prominent feature at tempera-

tures well above the cloud point of the system. At a

given high temperature, the association complexes are

usually disrupted at a sufficiently high level of SDS addi-

tion. At high surfactant concentrations, an interaction
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peak, characteristic for polyelectrolyte systems, was ob-

served at intermediate q values. The position of the max-

imum of the peak is shifted toward higher values of q

with increasing SDS concentration. At temperatures

approaching the cloud point for the system, the peak

turns into a shoulder and this shoulder disappears at still

higher temperatures. For the gelling system, large heter-

ogeneities evolve in the post-gel region.
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