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Associative networks of cholesterol-modified dextran with

short and long micelles

Hala Afifi, Marcelo A. da Silva, C�ecile Nouvel, Jean-Luc Six,
Christian Ligoure and C�ecile A. Dreiss*

Short (rod-like) and long (wormlike) micelles based on the
cholesterol-modified dextran to form solid-like networks.
50
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The strong associative behaviours between cholesterol-modified d

polyoxyethylene cholesteryl ether (ChEO10) micelles were investig

neutron scattering (SANS). In solutions of short rod-like micelles

wt% CMD induced a remarkable transition from a Newtonian sys

network, with an increase in zero-shear viscosity of over 5 orders

at ChEO10 concentrations above 2.5 wt% were fitted to a Maxwe

remarkably, fell onto a single master curve, while no network wa

Viscoelastic solutions of wormlike micelles (WLMs) were obtaine

triethylene glycol monododecyl ether (C12EO3) to ChEO10 soluti

ratio of 5/1. The introduction of CMD into the WLM solutions in

like behaviour (G00/G0 increased), however both moduli increased

lowest ChEO10 concentration (2.5%), the solid-like behaviour wa

rheological response was obtained for the WLM and the short ro

CMD behaviour suggested a wider spectrum of relaxation processe

plateau moduli. SANS data from the polymer/micelles mixtures di

were remarkably identical for both ChEO10/CMD and ChEO10/C

a very similar type of network structure, independently of the initi

results taken together show a very high affinity between the poly

a breakup of the WLM induced by CMD. The resulting network

connected by micellar aggregates through hydrophobic interactio

cores and the pendent cholesterol moieties of the polymer.

Introduction

Wormlike micelles (WLMs) are very long, semi-flexible surfac-

tant aggregates, which, above a system-dependent concentration,

known as the overlap concentration, entangle into a transient

network, imparting remarkable viscoelastic properties to their

solutions.1–3 Their behaviour is analogous to the one observed in

polymer solutions, however unlike polymers wormlike micelles

constantly break and reform, providing additional relaxation

mechanisms. One obvious advantage over polymers therefore is

that they are stable under high shear rates and can recover their

supramolecular structure. They have therefore been referred to

as ‘living polymers’.4,5The rich rheological response ofWLMhas
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to a highly solid-like viscoelastic

agnitude. The frequency sweeps

odel with 3 elements and, quite
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one order of magnitude. At the

st. Overall, a comparable

with CMD, however the WLM/

onger relaxation times and higher

ayed a strong structural peak and

O3/CMD systems, suggesting
and the micelles and suggest

constituted by polymeric chains

between the micellar cholesterol

led to their exploitation in various industrial processes such as

fracturing fluids in oil fields, cooling fluids, liquid dish-washing

detergents and personal care products such as shampoos and

body soaps.6–12

Similarly, a rich rheological behaviour has been observed in
polymers (HMPs), which are water-soluble polymers with

hydrophobic pendant groups13–21 (often referred to as ‘stickers’).

Interest in HMP primarily started for applications in oil recovery

and rheological control of paints and coatings22–25 but their

interest now extends to the biomedical field.26–28

In view of the above, the combination of HMP and wormlike

micelles seems to be an attractive option. In fact, it has been

shown that combining WLM and hydrophobically modified

polymers can lead to significantly enhanced viscoelastic proper-

ties compared to the individual components at the same

concentration.29,30 This has obvious environmental and cost

consequences as rheological control can be achieved with less

material. Surfactant/polymer interactions have been studied

intensively in the past decades and are used in numerous tech-

nological applications,31–36 but most of these studies have dealt
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with low concentrations of surfactant or spherical micelles, while

a much more limited number of reports can be found on poly-

mer/wormlike micelle interactions.14,29,30,34,37–43

Polymers can either destroy or strengthen the transient

networks formed by wormlike micelles. Polyethylene glycol and

poly(propylene glycol) for instance were reported to induce the

disruption of the micellar network in aqueous solutions of

potassium oleate34 and cetyltrimethylammonium salicylate,44 due

to the transition from cylindrical to spherical micelles. This

behaviour was attributed to the wrapping-up of the hydrophobic

polymer chains around the surface of the surfactant micelles. As

the surface/volume ratio is larger for spherical micelles than for

cylindrical, rod-to-sphere transition takes place, optimising the

shielding of the polymer from water. In other scenarios, oppo-
sitely charged polymer added to the anionic surfactant potassium

oleate favoured micellar growth instead,37 while the hydrophobic
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polymer poly(propyleneglycol) led to a drastic reduction in the

viscoelastic properties of cetyltrimethylammonium bromide

wormlike micelles without notable structural change.40

With hydrophobically modified polymers (HMPs), where the

hydrophobic moieties are distributed along the polymeric chains,

different effects on the wormlike micelle structures have been

reported, which are reflected by changes in the rheological

properties.41 For instance, HMP can cross-link WLM by inter-

calation of the stickers into the WLM cores, forming a network

where some relaxation modes are linked to sticker pullout

time.41,45 The opposite behaviour—surfactants cross-linking the

polymer—has also been observed.14 In this case, the WLMs

break down and reform as shorter (spherical or cylindrical

micelles) in order to better shield the stickers from the solvent.

In this contribution, we report a considerable enhancement of

the rheological response in a system based on biocompatible and

biodegradable components, namely, the association between

cholesterol-modified dextran (CMD) and the surfactant poly-

oxyethylene cholesteryl ether (ChEO10). We investigate and

compare two types of networks formed in the presence of the

modified dextran: one formed with short (rod-like) micelles and

one formed with long entangled wormlike micelles.

Polyoxyethylene cholesterol surfactants (ChEOn) are unique

nonionic surfactants which are characterised by a strong segre-

gation between their hydrophilic headgroups and hydrophobic

tails compared to conventional alkyl ethoxylated surfactants.46

Long EO-chain cholesterol surfactants form ellipsoids or short

cylindrical micelles.47,48 However, when they are mixed with

short-chain polyoxyethylene alkyl ether-type nonionic surfac-

tants, such as triethylene glycol monododecyl ether (C12EO3) or

monoglycerides, they form viscoelastic solutions of long worm-

like micelles.49–51

Dextran is a biocompatible polymer which was modified in

order to optimise the associative interactions with the surfac-

tant’s tails, through hydrophobic substitution by cholesterol

stickers. By blending CMD and ChEO10 micelles, cholesterol–

cholesterol interactions between the pendant units of the modi-

fied polymer and the hydrophobic cores of the micelles were

expected to take place, leading to synergistic effects in the

rheological response of the polymer/micellar mixtures.

In the first part of this paper, the rheological behaviour of both

the short (ChEO10) and long (ChEO10/C12EO3) micelles with

CMD is studied and compared using both oscillatory and steady
shear experiments. Remarkable changes in the viscoelastic

properties of both systems are observed upon addition of CMD,

demonstrating a strong association between the polymer and the

micelles. In the second part, small-angle neutron scattering

measurements are used to bring structural insight into the
enables us to propose a picture of the organisation of the polymer

chains and micelles.

Materials and methods

Materials

Polyoxyethylene cholesteryl ether (ChEO10) was purchased from

Ikeda Corporation, Yokohama, Japan. Triethylene glycol

monododecyl ether (C12EO3) was obtained from Aldrich

Chemical Co. Ltd., UK. Dextran T40 (M̄n ¼ 33 800 g mol�1,

polydispersity index (I) ¼ 1.27, as characterised by size exclusion

chromatography coupled to multi-angle laser light scattering

(SEC-MALLS) in water (0.1 M NaNO3, 6.15 � 10�3 M NaN3))

was purchased from Pharmacia Biotech and dried under reduced

pressure at 100 �C overnight. Cholesterol and 1,6-hexyl diiso-

cyanate were purchased from Aldrich and used without any

further purification. Toluene (VWR), pyridine (Aldrich) and

dimethyl sulfoxide (DMSO, Fischer scientific 99%) were

vacuum-distilled before use.

All solutions of surfactants, polymers and their mixtures were

made in D2O (99% purity, Sigma Chemical Co. UK), except

those for the cryo-TEM measurements which were prepared in

deionised water. All chemicals were used as received unless

stated. A glass pycnometer was used to measure the density of

ChEO10.
Samples preparation

All surfactant solutions were prepared by mixing specific

amounts of stock solutions of ChEO10 and C12EO3 (20 wt%) in

D2O at room temperature and were vortex-mixed. The polymer-

containing samples were prepared using a 10 wt% stock solution

of the CMD. All solutions were left to rest at least 48 hours at

room temperature and were equilibrated at 25.0 �C (in a water-

bath) for 24 hours before conducting the rheological

measurements.

Polymer synthesis

The synthetic pathway of the cholesterol-modified dextran

(CMD) is a two-step procedure. First, cholesteryl N-(6-iso-

cyanatohexyl)carbamate was synthesised using a procedure

previously established52 followed by its condensation with

dextran T40. Cholesterol (10 g, 25.8 mmol) was reacted with 1,6-

hexyl diisocyanate (62.5 mL, 0.37 mol) in 256 mL of dry toluene

in the presence of 5 mL pyridine at 80 �C for 48 hours. The

reaction was monitored by thin-layer chromatography (TLC)

and after the reaction was completed the solvent was removed

in vacuo. After adding 600 mL of petroleum ether, the residue

was stored overnight at �10 �C. The precipitate obtained was

separated and dried in vacuo at 30 �C overnight to give a white

powder of cholesteryl N-(6-isocyanatohexyl)carbamate.
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The second step in the synthetic procedure was carried out by

adding 0.169 g (0.3 mmol) of cholesteryl N-(6-isocyanatohexyl)

carbamate to a solution of 4 g dextran (24.8 mmol equiv.) in 100

mL dry dimethyl sulfoxide (DMSO) containing 8 mL pyridine,

the reaction mixture was left to stir for 8 hours at 80 �C. The
disappearance of cholesteryl N-(6-isocyanatohexyl)carbamate

was monitored by TLC. Ethanol (500 mL) was added to the

reaction mixture and the resulted suspension was left at 4 �C
overnight. After filtration, the precipitate was purified by dialysis

against ethanol/water (1 : 1) for 48 hours, followed by pure water

for another 48 hours. The obtained suspension was then freeze-

dried to give a white powder of cholesterol-modified dextran

(CMD) with a degree of substitution of 1 cholesterol group per

100 glucose units as determined by 1H NMR in CDCl3.

Rheological measurements

Steady shear and small-amplitude dynamic shear measurements

were performed on a dynamic strain-controlled rheometer ARES

(TA instruments) using cone-and-plate geometry (25 mm, 0.02

rad), with a Peltier unit for temperature control and a solvent

trap to minimise evaporation. Samples were allowed to rest

before the start of the experiment to ensure dissipation of any

pre-shearing due to loading.

The frequency sweep tests were performed within the linear

viscoelastic regime (determined previously by dynamic strain

sweep measurements). Measurements were carried out in dupli-

cate or triplicate, with very good reproducibility. The results
reported in this work are examples of typical data obtained, not 30

35

40

45

50
averages. The zero-shear viscosity (h0) was obtained by extrap-

olation from the flow curves. Values of the relaxation time sr and
plateau modulus G0 were obtained by fitting the frequency

sweeps with a multi-element Maxwell model:

G0ðuÞ ¼
X
k

Gk

u2s2k
1þ u2s2k

(1)

G00ðuÞ ¼
X
k

Gk

usk
1þ u2s2k

(2)

where G0 and G00 are the storage and loss moduli, respectively; Gk

and sk are the G0 and sr for the kth element, respectively; u is the

oscillation frequency and G0 is defined as:

G0 ¼
X
k

Gk (3)

The fitting was done using the non-linear fitting tool from

Microcal Origin� 6.0 software. Initially, a set of parameters

were obtained for the G0 curves; this set was then used as initial

parameters for fitting G00 and the results were used to generate

a new fit for G0 data. This process was repeated until a single set

of parameters was obtained that provided the best fit for both
moduli (which was not necessarily the best fit for each modulus

55

individually). The purpose of the fitting with multiple elements is

to provide a more quantitative interpretation of the rheological

data. The number of elements chosen was based solely on the

minimal number needed to obtain a good fit and they are not

attributed a physical meaning. However, they give a useful

measure of the departure from the pure Maxwell behaviour.
Samples for rheological measurements were vortex-mixed and

kept in a water bath at 25 �C for 24 hours to ensure equilibration

before performing the measurements. Samples were made in

D2O to ensure that they were equivalent to the samples used for

SANS measurements.

SANS measurements

Small-angle neutron scattering experiments were performed on

a LOQ instrument at ISIS pulsed neutron source (ISIS, Ruth-
a V4 instrument at the Hahn-Meitner Institute, Berlin, Germany.

The LOQ uses incident wavelengths from 2.2 to 10.0�A, sorted by

time-of-flight, with a fixed sample–detector distance of 4.1 m,

which provided a range of scattering vectors (q) from 0.009 to

0.29 �A�1. V4 covers a scattering vector (q) range from 0.004 to

0.37 �A�1; the neutrons are collected on a two-dimensional posi-

tion sensitive detector which was placed at 1, 4 and 12 m hori-

zontally from the sample.

The samples used in the SANS experiments were prepared in

D2O to optimise the contrast with the protonated surfactants and

polymer. The samples were placed in clean disc-shaped quartz

cells (Hellma) of 1 and 2 mm path length and the measurements

were carried out at 25 �C. All scattering data were first normal-

ised for sample transmission and then background-corrected

using a quartz cell filled with D2O (this process also removes the

inherent instrumental background arising from vacuum,

windows, etc.) and finally corrected for the linearity and effi-

ciency of the detector response using instrument-specific software

package. The data were then converted to the differential scat-

tering cross-sections (in absolute units of cm�1) using the stan-

dard procedures at ISIS53 and HMI.

SANS data fitting

Data presenting a typical Kratky behaviour in a [q2I(q) vs. q]

representation (‘bell-shaped’ scattering curve with a linear slope at

low q)were tested against theKratky–Porodwormlike chainmodel,

which describes the scattering from elongated objects characterised

by their local rigidity.54,55 In the q range q > b�1, where b is the

statistical unit length (or persistence length), the scattering cross-

section of an infinitely thin wormlike chain is expressed by:

vS

vU
ðqÞzpcðDrÞ2

NAd
2

�ML

q
(4)

where Dr is the contrast, ML the mass per unit length, equal to

(M/n), where n is the number of segments and M the total mass.

This expression can be modified by incorporating a Guinier-like

factor to take into account a finite cross-section.54

vS

vU
ðqÞzpcðDrÞ2

NAd
2

�ML

q
� exp � q2R2

g

2

!
(5)

whereRg is the cross-sectional radius of gyration, which is related

to the cross-sectional radius by R ¼ ffiffiffi
2

p
Rg. By plotting the data

as ln

�
q� vS

vU
ðqÞ
�
vs. q2, a linear plot is obtained with a gradient

of

�
�R2

g

2

�
and an intercept of ln

�
pcðDrÞ2ML

NAd
2

�
.



SANS data were also fitted using a model for cylinders. For N

randomly oriented rods of length L and radius R the form factor

P(q) is given by:

PðqÞ ¼ N

ðp=2
0

F 2ðqÞsin ðgÞd g (6)

with FðQÞ ¼ ðDrÞV
sin

�
1

2
qL cos g

�
1

2
qL cos g

2J1ðqR sin gÞ
qR sin g

(7)

where J1(x) is the first order Bessel function and g is the angle

between the q vector and the axis of the rod.

The data modelling program FISH56 was used to fit the SANS

data. FISH uses standard iterative least-squares fitting in which

selected parameters of the chosen model can be refined to opti-

mise the fit. Parameters were refined from several starting points

to ensure that a global (rather than a local) minimum was found.

A pre-factor, referred to as the ‘scale’ factor, containing

parameters such as volume fraction and contrast was left to float

and the value returned by the fit checked against its calculated

value to confirm consistency of the fit. A margin of �20%

difference was deemed acceptable. Samples were measured in

D2O to maximise the contrast. Scattering length densities of 4.19

� 10�7 �A�2 and 1.33 � 10�8 �A�2 were used for ChEO10 and

C12EO3, respectively. A volume-averaged scattering length

density was calculated for the wormlike micelles, using the

experimental volume fractions of each surfactant.

Cryogenic Transmission Electron Microscopy

Cryo-TEM measurements were performed with a Zeiss TEM

902A instrument, operating at 80 kV in zero-loss bright-field

mode. Digital images were recorded under low dose conditions

with a BioVision Pro-SM Slow Scan CCD camera system. An

underfocus of 1–2 mm was used in order to enhance the contrast.

The preparation procedure has been described in detail else-

where.57 Specimens for examination were prepared in a climate

chamber with temperature and humidity control (temperature 25
�C and a relative humidity of approximately 98–99%). Thin films

of sample solution were prepared by placing a small drop of the

sample on a copper grid supported perforated polymer film,

The polymer concentration is kept constant at 5.0 wt%. The

micellar concentration (based on the amount of ChE10) is varied

from 2.5 to 10 wt%, while keeping ChEO10/C12EO3 weight ratio

constant at 5 : 1. Upon mixing the different stock solutions,

highly viscoelastic solutions form almost instantaneously. In the

first part of this study, the linear and non-linear rheological

properties of these solutions are discussed. In the second part, the

results from SANS measurements on the same systems are ana-

lysed, from which a structural arrangement of the micelles/

polymer networks is proposed.

Rheological properties

Viscoelastic behaviour. In this study, we compare both the

linear and non-linear rheological behaviour of the ChEO10/

CMD and ChEO10/C12EO3/CMD systems. ChEO10 has been

found to aggregate in solution as ellipsoids or short rods of ca.

170 �A length.48 Solutions of ChEO10 micelles show a Newtonian

behaviour with a viscosity of ca. 2 mPa s at 25 �C, hence very

close to pure water. The polymer solutions display a very weak

shear-thinning response with a viscosity only slightly higher than

water (data not shown), even at 5.0%. Unlike other HMPs which

have been found to self-assemble and lead to a strong viscoelastic
58,59
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covered with thin carbon layers on both sides. After the drop was

blotted with filter paper, thin sample films (10–500 nm) spanned

the holes in the polymer film. Immediately after blotting, the

samples were vitrified by plunging them into liquid ethane, held

just above its freezing point. Samples were kept below �165 �C
and protected against atmospheric conditions during both

transfer to the TEM and examination. Several images were taken

of each sample studied, which were all consistent (a representa-

tive example is presented here).

Results and discussion

In this work, we compare the effect of cholesterol-modified

dextran (CMD) on the associative structures and viscoelastic

properties of two types of micelles: short micelles (ChEO10) and

wormlike micelles (formed by mixtures of ChEO10 with C12EO3).
response, CMD does not form a network on its own. Instead,

its solutions are slightly turbid, with the presence of particles

visible to the eye, showing limited solubility of the polymer,

probably due to aggregation driven by hydrophobic interactions

between the cholesterol pendant groups. Note that dextran T40,

which was modified to give CMD, is well below the entanglement

molecular weight at the concentration studied,17 which therefore

should also be the case for CMD.17,60 We therefore do not expect

to see relaxation processes due to polymer reptation in our

systems. The addition of 5.0% CMD to ChEO10 or ChEO10/

C12EO3 solutions at concentrations above 2.5% induces

a remarkable increase in the viscoelastic properties of the

micellar solutions and leads to the disappearance of undissolved

polymeric particles, as already observed for other HMP/surfac-

tant micelles mixtures.61 At 2.5% micellar concentration instead,

the short ChEO10 solutions remain liquid-like, while the ChEO10/

C12EO3 wormlike solutions, originally solid-like, become more

liquid-like upon addition of the polymer.

Fig. 1 shows the frequency sweep curves for the ChEO10/CMD

systems studied in this work: 5.0% CMD with 5.0, 7.5 and 10%

ChEO10. All samples show a characteristic viscoelastic behav-

iour, reminiscent of the Maxwell model. However, the data do

not fit to a single-element Maxwell model and a multi-element

model was used instead. The straight lines show the fits obtained

for a 3-element Maxwell model (Fig. 1). The values of the

parameters obtained are reported in Table 1. There is a very

clear, nearly linear increase of the moduli G01, G02, G03 and the

relaxation times sr1, sr2, sr3 with the concentration of ChEO10.

For simplicity, the rest of the discussion focuses onG0, the sum of

all three moduli obtained from the fits (eqn (3)), and on sr, the
longest relaxation time, which is substantially higher than the

other two, and correlates with the hydrophobic junctions life-

time.62 This clear trend with concentration is reflected by the

construction of a master curve from all three mechanical spectra,

obtained by dividing all frequencies by the frequency value at the

cross-over point, where G0 ¼ G00, and equally dividing all the



dynamics of the junctions: as the frequency increases, this

process becomes less important, while breathing or Rouse-like

Fig. 1 Variation of the storage modulus G0 (filled symbols) and loss

modulus G00 (open symbols) as a function of the oscillatory shear

frequency in solutions of 10% (-), 7.5% (C) and 5.0% (+) ChEO10 with

5.0 wt% CMD. Solid lines are fits to the Maxwell model with 3 elements.
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Table 1 Summary of the rheological parameters extracted from the
frequency sweep measurements and viscosity curves of ChEO10/CMD
and ChEO10/C12EO3/CMD solutions at 10%, 7.5% and 5.0% of ChEO10

and fixed ChEO10/C12EO3 ratio (5 : 1)

ChEO10/CMD ChEO10/C12EO3/CMD

5.0% 7.5% 10% 5.0% 7.5% 10%

G1/Pa 14.7 59.3 109 20.2 29.4 54.3
G2/Pa 23.7 75.6 123 31.4 34.0 60.9
G3/Pa 12.5 68.6 110 28.8 56.9 62.8
G4/Pa — — — 23.7 55.3 66.1
G5/Pa — — — 14.6 24.5 138
G0/Pa 50.9 204 342 119 200 382
moduli by the respective moduli value at the cross-over point.

The curve obtained is shown in Fig. 2. All the frequency sweep

curves overlap remarkably well, except at very high frequency,

thus suggesting that the rheological changes observed are linked

to a concentration effect rather than structural rearrange-

ments.63–65 As mentioned before, CMD aqueous solutions are

turbid, suggesting the presence of aggregates of collapsed coils.

CMD/ChEO10 solutions instead are free of particles. This

suggests that the micelles protect CMD’s hydrophobic stickers

from the solvent, allowing the coils to expand. Increasing the

amount of surfactant correlates directly with an increase in active

junction sites, by binding of the stickers from the polymer into

the micelles, thus demonstrating a strong affinity of the polymer

stickers for the micelles, as they associate with them rather than

with themself.64,66 This linear dependence of the rheological

response with ChEO10 concentration also supports the absence

G00
dip/Pa 11.3 19.6 25.5 19.4 43.9 —

sr1/s 1.2 2.9 4.0 52.2 72.0 34.0
sr2/s 0.24 0.61 0.81 6.70 5.55 4.70
sr3/s 0.05 0.14 0.16 0.92 0.730 0.69
sr4/s — — — 0.15 0.120 0.097
sr5/s — — — 0.02 0.013 0.008
sr/s 1.2 2.9 4.0 52.0 72.2 34.0
h0/Pa s 29.9 367 688 — — —
of entanglements; relaxation processes seem to be dominated by

the association/dissociation of the hydrophobic stickers from the

micellar aggregates. Note however that this concentration effect

breaks up at 2.5% micelles, since the solutions remained liquid-

like after adding the polymer, suggesting that this concentration

of micelles is insufficient to provide connectivity. The master

curve also highlights the departure from the model at high

frequencies. For the systems studied here, theMaxwell behaviour

holds as long as the relaxation processes are dominated by the

Fig. 2 Amaster curve of the three curves presented in Fig. 1: solutions of

10% (-), 7.5% (C) and 5.0% (+) ChEO10 with 5.0 wt% CMD. The

master curve was obtained by dividing all frequencies by the frequency

value at the cross-over point (G0 ¼ G00), and equally dividing all the

moduli by the respective moduli value at the cross-over point.
motion starts to dominate.67 In the frequency sweeps, the tran-

sition is marked by a sudden increase of G00 in the high frequency

range, deviating from the expected behaviour of the Maxwellian

model. This departure taking place at the same frequency for all

samples reflects the fact that while rheological parameters such as

sr and G0 depend on ChEO10 concentration, the transition to

breathing or Rouse-like relaxation processes depends on the

nature of the supramolecular structures and not on their

concentration.

The combinationofChEO10withC12EO3 leads to the growthof

shortChEO10micelles into elongatedwormlikemicelles, as shown

previously.48,49Amoredetailed structural characterisation of each

type of micelles is presented in the next section (SANS measure-

ments). For these WLM solutions, the ratio of surfactant/co-

surfactant was kept constant at 5 : 1 (corresponding to the

zero-shear viscosity peak) and ChEO10 was varied from 2.5 to 10

wt% with 5.0 wt% of CMD, as for the shorter micelles.

The frequency sweeps for ChEO10/C12EO3 alone are presented

in Fig. 3. The systems behave as viscoelastic solids within the

frequency range investigated with no visible cross-over point for

G0 andG00. Upon addition of the polymer, both moduliG0 and G00

increase by one order of magnitude, however the solutions also

become less solid-like with a larger G00/G0 ratio throughout most

of the frequency ranges studied. With the 2.5% ChEO10/C12EO3
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Fig. 5 A master curve of all three curves presented in Fig. 4 of solutions

of CMD (5.0 wt%) with 10% ChEO10/2.0% C12EO3 (-), 7.5% ChEO10/

1.5% C12EO3 (C) and 5.0% ChEO10/1.0% C12EO3 (+). The master

curve was obtained by dividing all frequencies by an arbitrarily chosen

frequency, and equally dividing all the moduli by the respective moduli

value at the chosen frequency.
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system however, the addition of CMD induces a transition from

a viscoelastic solid to a viscoelastic liquid, therefore showing the

most significant contrast between ChEO10/C12EO3 and ChEO10/

C12EO3/CMD systems. This drop in rheological response can be

explained either by drastic structural changes, such as the

breakup of micellar connectivity, or as dynamic changes giving

rise to faster relaxation processes, such as branching.68 As

mentioned in the Introduction, both situations have been

reported in WLM and polymer mixtures,34,37,40,43 and it is diffi-

cult to distinguish one case from another based solely on the

rheological data. However, given the striking change in the

frequency sweep data (Fig. 4), together with the absence of

Fig. 3 Variation of the storage modulus G0 (filled symbols) and loss

modulus G00 (open symbols) as a function of oscillatory shear frequency

in solutions of 10% ChEO10/2.0% C12EO3 (-), 7.5% ChEO10/1.5%

C12EO3 (C), 5.0% ChEO10/1.0% C12EO3 (+) and 2.5% ChEO10/0.5%

C12EO3 (;).

Fig. 4 Variation of the storage modulus G0 (filled symbols) and loss

modulus G00 (open symbols) as a function of oscillatory shear frequency

in solutions of 5.0% CMD with 10% ChEO10/2.0% C12EO3 (-), 7.5%

ChEO10/1.5% C12EO3 (C), 5.0% ChEO10/1.0% C12EO3 (+) and 2.5%

ChEO10/0.5% C12EO3 (;). Solid lines are fits to the Maxwell model with

five elements.
a network formation at the same concentration of ChEO10 short

micelles (thus showing that this amount of short micelles is

insufficient to provide junction points), we favour the hypothesis

of a breakup of the WLM induced by CMD. SANS data pre-

sented in the next section give further support to this assumption.

For all concentrations above 2.5%, the addition of CMD leads to

a behaviour closer to the Maxwell model compared to the pure

WLM, not too dissimilar to the one observed for the ChEO10/

CMD systems (Fig. 1), but with a larger spectrum of relaxation

processes. Despite the obvious departure from the Maxwell

behaviour, fits to a multi-elements Maxwell model were also

performed here, purely as a mathematical tool, in order to extract

and compare plateau modulus and relaxation time values and

‘quantify’ departure from the pure Maxwell model. Five

elements were indeed needed to fit the frequency sweep curves

(Table 1), which are presented in Fig. 4 as solid lines. The quality

of the fits was much lower than for the ChEO10/CMD system,

even with the two additional elements. This clearly suggests

a system with a wide range of relaxation times. This could

possibly be explained by the presence of long, entangled micelles

that are ‘‘sticked’’ by HMP, inducing several extra reptative

relaxation modes of the entangled micelles by analogy with those

predicted by the sticky reptation theory.69,70 However another

feature of this system that distinguishes it from the previous one

(short micelles/CMD) is the presence of the co-surfactant, which

may also influence the junctions lifetime. As for the ChEO10/

CMD system, we attempted to construct a master curve from the

normalised frequency sweeps (Fig. 5). Due to the lack of a well-

defined cross-over, the normalisation was based on an arbitrarily

chosen frequency. The master curve for this system however does

not show such a good superposition as the one observed for the

ChEO10/CMD systems (Fig. 2). This suggests that the changes

seen in the rheological behaviour between 5.0% and 10% WLM
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are not simply due to concentration effects. Given the complexity

of the mixtures, it is difficult to pinpoint the structural differences

which lead this result, however some hypotheses can be

proposed. In the 2.5% WLM system, the change from a visco-

elastic solid to a viscoelastic liquid suggested that CMD reduces

end-cap energy, leading to micellar break up, therefore sup-

pressing, or strongly reducing, their entanglement. Under this

assumption then, it would be expected that at lower polymer/

surfactant ratio (i.e. increasing ChEO10 from 2.5% to 10%),

micelles long enough to entangle may still be present. Therefore

at increasing concentration, not only the number of polymer/

micelles associative junctions is affected, but also the length of

the micelles present, thus the balance between relaxation due to

junction association and dissociation on one hand and micelles

reptation is modified. If we suppose instead that micelles have

been shortened down enough to suppress reptation, the possi-

bility of a distribution of lengths, leading to slightly different

junction dynamics (compared to the short micelles) could explain

the non-linear change with concentration.

In the ChEO10/CMD solutions, while all relaxation times sr
followed a clear linear dependence with surfactant concentration,

the same is not observed for the ChEO10/C12EO3/CMD systems,

where sr at the intermediate ChEO10 concentration (7.5%) is

higher than at the highest ChEO10 concentration (10%), and sr at
10% of the surfactant is slightly lower than that at 5.0% (Table 1).

The relaxation times are also much longer than for the equivalent

short micelles system (ChEO10/CMD), by an order of magnitude

(Table 1). In comparison also, the breathing or Rouse modes are

less clearly visible, although a slight upturn of G00 at high

frequency would suggest that they are still present. Unlike the

relaxation time, there is a clear trend in the plateau modulus G0,

which increases with concentration across the range studied.

Without yet making any assumption on the type of network

formed, it is quite clear that junctions are created between the

dextran cholesterol pendant groups and the hydrophobic tails of

the surfactants, also cholesterol groups. The different viscoelastic
behaviour between the two systems can be attributed to the

different dynamics between short (rod-like) micelles and longer

(broken wormlike) micelles: wormlike micelles have slow

dynamics, implying longer hydrophobic junction lifetimes, thus

longer relaxation times (Table 1). In addition, the density of

connections is expected to be higher with the longer micellar

aggregates than with the shorter near-spherical ones. The same

long micelle could connect in several points along its length to

either one or several polymer chains, thus giving rise to

a combination of relaxation processes, both from the polymer

and the longer micelles. These observations are reflected by the

values of G0, which relates to the junction density.71 In both

systems, G0 increases with surfactant concentration and tends to

reach similar values for both ChEO10/C12EO3 and ChEO10/

C12EO3/CMD systems (G0 values at 5.0% are quite different,

while they are much closer at 7.5% and 10%, cf. Table 1). This

reflects the different junction potential of both micellar aggre-

gates: for the longer micelles, a larger number of connection sites

is already established at the lowest concentration (G0 ¼ 118 Pa

against 50.3 Pa for ChEO10/CMD); as the concentration

increases, the difference between G0 for both systems is drasti-

cally reduced at the highest concentration (G0 ¼ 382 Pa against

341 Pa for ChEO10/CMD).
The large deviation from the Maxwell behaviour for the

ChEO10/C12EO3/CMD when compared to the ChEO10/CMD is

not clear, but not surprising since the combination of long

micelles with polymer is likely to give rise to a large spectrum of

relaxation times. The nature of the distribution of the hydro-

phobic side chains along the polymeric backbone, probably

irregular, may create local micro-domains with specific

dynamics. For solutions of telechelic associative polymers and

surfactants, a two-element Maxwell behaviour has been deter-

mined and was attributed to the existence of two relevant

dynamics affecting the relaxation process: disruption of the

hydrophobic junction and reptation of the micellar aggregates.43

For telechelic associative polymers alone, one single relaxation

time is expected, related to the dissociation of the hydrophobic

junctions.72 Curiously enough, both surfactant/polymer systems

show a behaviour closer to the expected Maxwellian behaviour

than the wormlike micelles alone, strongly suggesting that the

polymer itself directs the overall system dynamics through the

hydrophobic junction dissociation. Also, as mentioned above, in

the ChEO10/C12EO3 systems at 2.5% ChEO10 concentration,

CMD induces remarkable changes in the rheological behaviour,

which we suggest is due to the loss of network connectivity

caused by the breakup of the micellar aggregates.

Flow behaviour. The ChEO10/CMD and ChEO10/C12EO3/

CMD systems studied in this work present a typical shear-thin-

ning behaviour (Fig. 6). For the ChEO10/CMD systems, a New-

tonian plateau is observed in the lower shear rate range, up to

a critical shear rate value where shear-thinning starts. The zero-

shear viscosities (h0) determined from the Newtonian plateau are

very high (Table 1): at 10% ChEO10/CMD, the viscosity is 688 Pa

s, an increase of over 5 orders of magnitude compared to the pure

micellar solutions (ca. 2 mPa s) at the same concentration,

showing a remarkable synergistic effect. The viscosity increases

linearly with concentration, from 5.0 to 10%.

The zero-shear viscosity (h0) and the plateau modulus (G0) are

given by, respectively, h0 ¼
P
k

Gksk#G0sr73 and G0 ¼ veffRT,
71

where R is the universal gas constant, T is the temperature and
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Fig. 6 Steady shear viscosity as a function of shear rate for a fixed

concentration of CMD (5.0 wt%) and 10% (-), 7.5% (C) and 5.0% (+)

ChEO10.



veff is the number of effective or active elastic chains, which is

related to the junction density. Thus, the h0 dependence on

ChEO10 concentration reflects the longer relaxation times and

the higher junction density as the surfactant concentration

increases. By using the relationship between G0 and neff it is

possible to estimate a mesh size x, with xz
ffiffiffiffiffiffiffiffiffiffiffiffi
1=neff

3
p

. For the short

micelles (with G0 ¼ 50.9, 206 and 342 Pa), we obtain x z 432 �A,

271 �A and 229 �A for 5.0, 7.5 and 10%, respectively. For the long

micelles (G0 ¼ 119, 353 and 382 Pa), we obtain 326 �A, 227 �A and

201 �A, respectively, therefore (as expected) a decrease in mesh

size with increasing micellar concentration and slightly denser

networks with the long micelles, however more similar at the

highest concentration studied (10%).

The flow curves for the ChEO10/C12EO3/CMD system (Fig. 7)

also show a typical shear-thinning behaviour. However, within

the range of shear rates studied, no Newtonian plateau was

a decrease of the lifetime of junction points.74 At high enough

shear rates, the dissociation of the junction points may lead to

a breakup of the supramolecular structures. Thus at very high

shear rates the hydrodynamic contribution of the oriented

remaining aggregates is likely to be the major component,

instead of the network junctions. The viscosity values at high

shear for the ChEO10/CMD and ChEO10/C12EO3/CMD systems

fall within a small region (1.9 to 5.6 Pa s at a shear rate of 100

s�1), with the exception of the 10% wormlike micelle system

(ChEO10/C12EO3), which shows a value lower by an order of

magnitude (�0.5 Pa s at 100 s�1). This suggests that, once the

bridging between the supramolecular aggregates is broken, the

remaining elements are of similar size and shape for both systems

within the concentration range studied, except perhaps for 10%

ChEO10/C12EO3, where we may have smaller aggregates. The

shoulder seen in the ChEO10/C12EO3/CMD at 10% of ChEO10

flow curves can be attributed to the formation of shear-induced

structures75 or shear-banding,76 as this flow instability at inter-

mediate shear rates is a signature pattern of these types of

phenomena and has been observed both in wormlike micelles77,78

and associating polymer solutions.79,80

The rheological data show the remarkable effect of intro-

ducing CMD into the micellar solutions, both for the short and

the long micelles. The strong synergy observed denotes very

favourable associations between the micellar aggregates and the

polymer, which is not surprising since their hydrophobic moieties

are identical. Bridging between the polymer and the micelles is

expected, which could be of two types, as described in the

Introduction: in one scenario, the polymer creates bridges

between large entangled micellar aggregates,41 in another

scenario, smaller spherical or rod-like micellar aggregates act as

bridges between expanded polymer coils.14We could envisage the
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observed. This may be a reflection of the larger increase of both

relaxation time and entanglement density from ChEO10/CMD to

ChEO10/C12EO3/CMD systems, increase larger enough to shift

the Newtonian plateau to a lower shear region, outside the

experimental window. The flow curves of the WLM without

CMD are also quite similar (Fig. 7): the solutions shear-thin,

without a measurable Newtonian plateau. The addition of

polymer however increases the viscosity values by one order of

magnitude, except at 2.5% of ChEO10/C12EO3 where the pres-

ence of CMD causes a drastic viscosity reduction. This behaviour

suggests that the CMD may disrupt the micellar aggregates,

breaking them below entanglement level, and the amount of

micelles and polymer in solution is below the percolation

threshold43 (as observed for 2.5% rod-like micelles). The small-

angle neutron scattering results in the next section bring more

support to this argument.

At low shear rates, the major contribution to viscosity comes

from the junction points. As the shear rate increases, the

macromolecules will orient under shear, possibly leading to

Fig. 7 Steady shear viscosity as a function of shear rate for a fixed

concentration of CMD (5.0 wt%) and 10% ChEO10/2.0% C12EO3 (-),

7.5% ChEO10/1.5% C12EO3 (C), 5.0% ChEO10/1.0% C12EO3 (+), 2.5%

ChEO10/0.50% C12EO3 (;) and for the wormlike micelle solutions of

10% ChEO10/2.0% C12EO3 (,), 7.5% ChEO10/1.5% C12EO3 (B), 5.0%

ChEO10/1.0% C12EO3 (*), 2.5% ChEO10/0.50% C12EO3 (P).
first type of network for the wormlike micelles (ChEO10/C12EO3)

and the second for the pure ChEO10 shorter micelles. However

the rheological data alone do not provide a clear picture of how

the interactions take place. The SANS measurements presented

in the following section provide a structural characterisation of

the systems which enables us to clarify the nature of the asso-

ciative networks formed.

Structural study by small-angle neutron scattering measurements

Fig. 8 shows the SANS patterns from 1.0, 5.0 and 10% ChEO10

solutions with and without the co-surfactant C12EO3. Structural

information can be extracted from the dilute solutions (1.0%). At

higher concentrations, the effect of the structure factor becomes

clearly dominant as seen from the appearance of a marked

interaction peak. The ChEO10 micelles have been described as

short rods or ellipsoids48,49 and we were able to obtain reasonable

fits with polydisperse spheres or ellipsoids (with an axial ratio of

�2), but the best fits were obtained with short rods of 42.5 � 2.5
�A radius and 180 � 20 �A (Fig. 8a). The length is in good

agreement with the previously reported value of 17 nm.48 The line

of the fit does not follow the experimental plot closely in the high

q region (Fig. 8a), which is in part due to instrumental smearing

of the data as well as the possibility of an elliptical cross-section

of the rods. These data are analysed in more detail in another

publication,51 however for our purpose here, assimilating the

micelles to dense cylinders is a sufficient approximation, giving



an aggregation number Nagg of ca. 800 by using the measured

density of ChEO10 of 1.065 g cm�3. Addition of C12EO3

promotes the one-dimensional growth of ChEO10 micelles by

intercalating between the large polyoxyethylene headgroups and

thus decreasing the headgroup surface area. This leads to a clear

change of the scattering pattern in the low q region, where the

intensity follows a q�1 power law (1% ChEO10/0.2% C12EO3),

which is a clear signature of rods (Fig. 8b). The scattering at high

tering maxima q* to a Bragg peak, with d ¼ 2p/q*, where d is an

Fig. 8 (a) SANS experimental curves from ChEO10 micellar solutions at 10% (-), 5.0% (+) and 1.0% (*) in D2O. Solid lines are fits to the monodisperse

rod model (for 1.0% ChEO10) and to the hard-sphere model for the 10% ChEO10 solutions. (b) Scattering intensity I(q) from SANS experiments on

wormlike micellar solutions at 10% ChEO10/2.0% C12EO3 (,), 5.0% ChEO10/1.0% C12EO3 (*) and 1.0% ChEO10/0.20% C12EO3 (*) in D2O. The solid

line is a fit to a monodisperse rod model (1.0% ChEO10/0.20% C12EO3). Inse
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q remains unchanged, showing that the cross-section is not

affected by the growth. A Kratky–Porod representation of the

data in ln (qI) vs. q2 gives a linear plot over a wide q-range

(Fig. 8b, inset), confirming the presence of elongated cylindrical

structures, from which the radius of the cross-section and the

mass per unit length can be extracted and were R¼ 41� 2 �A and

ML ¼ 3.0 � 0.5 kg mol�1 �A�1. By considering a volume of

cylinder of length 1 �A and of the density of ChEO10, we obtain

a reasonably close value of 4 kg mol�1 �A�1. Fitting the data to

a monodisperse rod model confirms a cross-section of R ¼ 40 �
2.5 �A and contour length L z 400 �A (the fit however is not

sensitive to the value of L because it is outside the SANS

measurement window, as seen by the absence of a plateau at low

q). At a higher WLM concentration of 5.0% ChEO10/1.0%

C12EO3 (ratio unchanged), the q�1 behaviour is still detectable

but interactions start to modify the pattern. In comparison, the

scattering from the ‘short’ micelles at the same concentration

(Fig. 8a) shows a flat plateau, indicative of a finite length. At

higher concentrations (10%), the scattering in both systems is

dominated by strong interactions. A reasonable fit is obtained for

the short ChEO10 micelles with a model of spheres of 42.5 � 2.5
�A interacting through a hard-sphere potential (Fig. 8a). Given

that the rods are short (the length is about twice the cross-section

diameter) and that interactions dominate the scattering pattern,

it is not surprising that a simple hard-sphere model is sufficient to

describe the data. At the same concentration in the mixed

surfactants system (Fig. 8b) very long wormlike micelles are

observed, with lengths well above 1 mm, as seen from the cryo-

TEM image of 10% ChEO10 with 2.0% C12EO3 (Fig. 9).

The addition of 5.0% modified dextran to the solutions of both

short (ChEO10) and long (ChEO10/C12EO3) micelles is expected

to give rise to a connected network, through cholesterol–

cholesterol hydrophobic interactions between the dextran

stickers and the micelles interiors. Given the different rheological
behaviour obtained for these two systems (short and long

micelles with CMD), quite different SANS patterns were

expected. Quite surprisingly instead, the scattering curves from

all samples at each concentration are seen to superimpose almost

perfectly (Fig. 10) at each polymer/micelles ratio, suggesting

a similar type of organisation. To show this more clearly, the

scattering from 7.5% solutions of both short and long rods with

CMD is presented in the inset of Fig. 10. The scattering of

a filtered solution of polymer alone is also reproduced as

a reference; it clearly shows no similarity with the patterns

obtained from the mixed systems. The scattering of the polymer/

micelles networks is dominated by strong interactions, with

a clear structural peak. The peak position only shifts slightly with

concentration, and is reminiscent of the peak observed in pure

ChEO10 micellar solutions at 10%, which is reproduced in Fig. 10

for comparison purposes; however, the interactions are stronger,

as seen from the stronger depression of the intensity at low q. The

data can be approximated to a system of interacting hard spheres

(Fig. 10), with a radius of 42.5 � 2.5 �A and polydispersity s/R ̄¼
0.2, accounting for the possibility of more elongated structures

(short rods) rather than spheres. Closer examination of the data

shows that the structural peak shifts very slightly to lower q from

10% to 7.5% micelles, and in a more pronounced way from 7.5%

to 5.0%, with a slight decrease of the intensity in the latter case.

The narrow shape of the peaks suggests assimilating the scat-

t: Kratky–Porod fit for 1.0% ChEO10/0.20% C12EO3 scattering curve.

Fig. 9 Cryo-TEM image of wormlike micelles in 10% ChEO10 and 2.0%

C12EO3 aqueous solution.
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estimate of the average size of the scattering density fluctuations,

or network mesh size. A similar scattering pattern and inter-

pretation have been reported for lysozyme gels.81 With this

approach, we obtain mesh sizes of 273 �A, 233 �A and 217 �A for

5.0, 7.5 and 10% micelles, respectively (corresponding to q ¼
0.023, 0.027 and 0.029 �A�1), independently of the nature of the

micelles. Although a very rough approximation, these mesh sizes

are comparable to the ones obtained from the plateau modulus

G0 in the previous section and very close to the values calculated

assuming that the micelles are simply arranged in a cubic lattice

with Nagg z 800 (cf. above): 278 �A, 243 �A and 221 �A for 5.0, 7.5

and 10% micelles, respectively. It is of course expected that given

the polydispersity of the micelles and polymer, heterogeneity of

the cholesterol stickers distribution along the chains, the network

is not perfectly uniform and regular as the value of a ‘mesh size’

would suggest. However, the picture emerging from the SANS

data is overall the one of a network dominated by the scattering

from a relatively ordered distribution of junctions of finite size,

roughly the size of the individual ChEO10 micelles. The most

striking result is that the structure of the network seems to be

identical in the case of the short (rods) and the long (wormlike)

micelles. On the basis of this evidence, we tentatively propose

that the network is dominated by the polymer chains which act as

bridges between the micelles, as represented in Scheme 1, rather

than the polymer cross-linking the wormlike micelles, as was

found in other studies.41,45,69 Neutrons in this case are sensitive to

the higher density regions formed by the junction zones (which

we suggest are short rods) rather than the extended polymer

chains, which scatter less. In this scenario, the association

between CMD and the mixed-surfactant wormlike micelles leads

to the breakup of the long (wormlike) micelles in order to shield

more efficiently the pendent cholesterol groups from the solvent.

In the case of the WLM, favourable interactions between the

Fig. 10 SANS experimental curves from 5.0 wt% CMD (:), with short

rod-like micelles (7.5% ChEO10 (C), 5.0% ChEO10 (+)) and wormlike

micelle solutions (ChEO10/C12EO3 at 10% ChEO10 (,), 7.5% ChEO10/

1.5% (B) and 5.0% ChEO10/1.0% C12EO3 (*)) in D2O. For comparison

10% ChEO10 micelles without CMD (-) are also shown. The solid line is

a fit to the hard-sphere model. Inset: scattering curves of 7.5% ChEO10

(C) and 7.5% ChEO10/1.5% C12EO3 (B) with 5.0 wt% CMD.
Scheme 1 Schematic representation of the proposed networks formed by

adding the modified dextran to solutions of (A) short ChEO10 rods and (B)

ChEO10/C12EO3 wormlike micelles. In both cases, the elasticity of the

network arises from polymer chains connected by micellar junctions

throughcholesterol–cholesterol interactions. In the caseofChEO10/C12EO3

mixtures (B), the worms break down by interacting with the polymer, but it

is expected that a distribution of lengths is still present, thus explaining the
cholesterol groups from the ChEO10 surfactant and the polymer

could lead to the extraction of the co-surfactant (C12EO3) from

the micelles, therefore favouring the rod-to-sphere transition.

The hypothesis of a breakup of the wormlike micelles by CMD is

strongly reinforced by the observation that at 2.5% WLMs, the

solutions lost their solid-like behaviour when adding the poly-

mer. Since, in the equivalent 2.5% ChEO10 system, the samples

remained liquid-like, this suggests that short rod-like micelles are

present in both, and an insufficient number of them to provide

a network connecting the CMD chains through their stickers. By

assimilating the micelles to cylinders of 42.5 �A radius and 180 �A

length, we would have at 2.5% concentration 2.3 � 1016 micelles
3 18
junctions to form a network and at 10% (9.3 � 1016 micelles

per cm3) still a large excess of CMD hydrophobes (1 micelle per

�20 stickers), suggesting that networks of higher strength could

still be obtained at higher micellar concentrations.

Given however the different rheological response of the two

systems, it is expected that some distribution of lengths still exists

in the ChEO10/C12EO3 micelles (Scheme 1B), accounting for the

larger spectrum of relaxation times observed from the frequency

sweep data (Fig. 4 and Table 1); in addition the presence of the

co-surfactant may also influence the junctions lifetime. It is

unlikely that slightly longer rods would be detected by SANS,

since the scattering is dominated by strong interactions arising

from the junction points; however the presence of long wormlike

micelles would be expected to change the patterns to some extent.

Therefore, we cannot exclude the presence of longer micelles in

the ChEO10/C12EO3/CMD systems, however the combination of

the SANS data with the rheology experiments, which suggested

a micellar breakup at 2.5% WLM (Fig. 4), as well as the occur-

rence of structural rearrangements with increasing ChEO10/

C12EO3 concentration (Fig. 5), all concur to give the picture that

we propose in Scheme 1. We note that small structural differ-

ences that are undetected by SANS (or cryo-TEM) can lead to

a very different rheological behaviour, as we have previously

reported in a system of wormlike micelles with hydrophobic

solutes.40 Very subtle changes in self-assembly structures can lead

to large changes in the rheological response by adding or

removing relaxation processes. This is a point that we feel would

deserve more discussion in the literature. This highlights again

the necessity of using both techniques in combination to achieve
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a better understanding of the systems: probing bulk and dynamic

aspects (rheology) as well nanoscopic organization (scattering).

Overall, the dynamics of the system are therefore dominated

by the association/dissociation processes of the polymer/micelles

junctions. By anchoring into the micellar cores, and possibly

partially wrapping around the micelles, the polymer creates

strong repulsions between the micelles, evidenced by the struc-

tural peak in the scattering pattern. The synergy between poly-

mer and micelles is such that micelles are able to uncoil the

polymer chains, which were collapsed and aggregated in solu-

tion, and act as connecting points between the long polymeric

chains, building-up a strong mixed network.

Conclusion

In this work we have reported that the addition of a cholesterol-

modified dextran (CMD) to short and long micelles of

polyoxyethylene cholesteryl ether (ChEO10) leads to a strong

synergistic behaviour, inducing the formation of a strong

network. ChEO10 forms short (rod-like) micelles in aqueous

solutions, which exhibit a weak Newtonian behaviour in the

concentration range studied. The addition of 5.0 wt% CMD to

these solutions (up to 10 wt% micelles) induces a strong visco-

elastic behaviour, with a significant increase of the zero-shear

viscosity, from ca. 2 mPa s to 688 Pa s. The frequency sweep

curves follow a near-Maxwellian behaviour (with 3 elements),

suggesting the formation of a solid-like network of mixed poly-

mer and micelles. At the lowest concentration studied of 2.5 wt%

micelles however, the behaviour remains liquid-like, suggesting

that the number of cross-links is insufficient to form a network. A

remarkable superposition of the frequency-sweep curves (when

normalised by the G0 and G00 cross-over points) suggests that

changes in rheology with increasing micelle/polymer ratio can be

attributed solely to concentration effects, namely, the addition of

connection points.

The addition of small amounts of the lipophilic co-surfactant

triethylene glycol monododecyl ether (C12EO3) to ChEO10

solutions (in a 1 : 5 ratio) leads to the uni-dimensional growth of

the short rod-like micelles into wormlike micelles (WLMs),

which show strong viscoelastic properties. The addition of

5.0 wt% CMD to the WLM solutions leads to a strong associa-

tive behaviour, characterised by the increase of G0 and G00 by one
order of magnitude in addition to higher low-shear viscosity,

reaching ca. 10 000 Pa s. However, CMD/WLM solutions exhibit
a more liquid-like behaviour than the pure WLMs, as suggested

by the decrease of the G00/G0 ratio. Interestingly at the lowest

WLM concentration studied (2.5 wt%), the samples become

more liquid-like when adding the polymer, suggesting a breakup

of the long micellar aggregates and an insufficient number of

crosslinks to form a network, as was observed at the same

concentration with the short micelles. The frequency sweep data

depart from the Maxwellian behaviour, pointing to a wide

spectrum of relaxation times. The frequency-sweep curves do not

superimpose as well as for the previous system, suggesting that

structural changes are occurring with increasing micelle/polymer

ratio, which are quite likely linked to the breakup of the worms.

Overall, the rheological data show the remarkable effect of

introducing CMD into the micellar solutions, both for the short
and the long micelles, due to cholesterol–cholesterol associations

between the micellar aggregates and the polymer.

Small-angle neutron scattering (SANS) measurements reveal

a very similar network for both systems: one dominated by the

scattering of micellar junctions which act as cross-links between

the polymeric chains, through cholesterol–cholesterol hydro-

phobic interactions. The combination of rheology results with

SANS therefore concur to suggest that the WLMs are broken-up

into shorter rods by the polymer, therefore giving a rheological

response not too dissimilar from the one in the network of

shorter micelles, with however a wider spectrum of relaxation

processes attributed to a distribution of lengths and possibly the

presence of the co-surfactant.
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