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The rheological properties of surfactant solutions play an important role in their applications. Here we study
systematically how diﬀerent cosurfactants aﬀect the rheological properties of mixed solutions of the anionic
surfactant sodium laurylether sulfate (SLES) and the zwitterionic cocoamidopropyl betaine (CAPB). Mixed SLES
+ CAPB solutions are used in various formulations due to their excellent foaming and cleaning properties. These
solutions possess nearly Newtonian behavior and low viscosity. However, the addition of cosurfactants in low
concentrations may signiﬁcantly increase the viscosity of these solutions and even transform them into viscoelastic gels. Here we study systematically a wide range of ionic and nonionic cosurfactants with diﬀerent headgroups, chain-lengths and structures of the hydrophobic tails (linear, branched, double bonded). We reveal an
optimal chain-length of 8–10 carbon atoms of the cosurfactant molecules which ensures the highest viscoelasticity of the triple SLES + CAPB + cosurfactant solutions. Cationic cosurfactants and nonionic ones with small
head-group (e.g. fatty alcohols and fatty acids) are most eﬃcient in increasing the solution viscoelasticity. There
is a hierarchy in the parameters of the cosurfactant molecules which govern this behavior − most important is
the head-group charge, then the chain-length and, ﬁnally, the presence of branching and double bonds in the
hydrophobic tails. The observed trends are explained with the eﬀect of the cosurfactant molecules on the
properties of the entangled wormlike micelles formed in these solutions.
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1. Introduction

between the surfactant-cosurfactant tails with diﬀerent lengths which,
in turn, leads to less compact and less stable micelles.
Kamada et al. [20] studied the mixture of SDS + C12EO3 (as main
surfactants) and found a maximum in the solution viscosity at a certain
SDS to C12EO3 ratio. In the presence of cosurfactants (e.g., polar fragrance molecules) this maximum is shifted toward other ratios of the
two main surfactants. These authors explained their results with solubilization of the polar cosurfactant molecules in the palisade layer,
which changes the curvature of the micellar surface and, thus, shifts the
surfactant ratio corresponding to maximum solution viscosity.
Parker and Fieber [12] studied the eﬀect of cosurfactants (fragrances and other short- chained additives) on solution of SLES-2EO, in
the presence of NaCl. In this system, a maximum in the viscosity is
observed at a certain NaCl concentration. The authors showed that the
addition of fragrance or oily cosurfactants can change the magnitude
and/or the position of the viscosity maximum which is also explained
with the solubilization of the cosurfactant molecules and the related
change in the micelle ﬂexibility (persistent length).
In our previous study [21] we reported that medium-chain fatty
acids (C8 and C10 FAc) induce the formation of wormlike micelles
when added to mixed surfactant solutions of SLES + CAPB. The triple
solutions exhibit viscoelastic rheological response [21], while the
double solutions of SLES + CAPB have low viscosity and (almost)
Newtonian behavior. In contrast, the longer chain fatty acids (C12 to
C18 FAc) have no such eﬀect on solution rheology [21]. This phenomenon was explained with the mismatch between the hydrocarbon
tails of the main surfactants (containing mainly C12 chains) and the
cosurfactants with C8 or C10 tails. This mismatch seems to be essential
for the formation of wormlike micelles, when cosurfactant is added in
this system.
In an independent series of papers, Kralchevsky et al [22,23]. observed a well pronounced peak in the solution viscoelasticity, when
varying the concentration of the cosurfactants (fatty acids added to
SLES + CAPB mixture) and used electron cryo-microscopy to clarify
how the peak position and height are related to the transformations in
the micellar shape and size.
The aim of the current paper is to study systematically how the
cosurfactant molecular parameters aﬀect the rheological behavior of
SLES + CAPB solutions. We show that highly viscous and viscoelastic
solutions could be formed by adding several classes of cosurfactants
which diﬀer substantially in their molecular charactersistics. We observe a clear hierarchy in the parameters of the cosurfactant molecules
which govern this rheological transition – most important is the cosurfactant head-group charge, followed by its chain-length and, ﬁnally,
the presence of branching and double bonds in the hydrophobic tails.
An optimal chain-length of 8–10 carbon atoms of the cosurfactant
molecules is revealed, independently of the speciﬁc cosurfactant headgroup, which ensures the highest viscoelasticity of the triple SLES
+ CAPB + cosurfactant solutions. These trends are explained by analyzing the eﬀects of the cosurfactants on the properties of the wormlike
micelles formed in these solutions.
The paper is organized as follows: In Section 2 we describe the
materials and methods used. In Section 3 we present the main experimental results. Their molecular interpretation is described in section 4.
The main conclusions are summarized in section 5.

Concentrated micellar solutions ﬁnd applications in various industries and consumer products. Usually, there are speciﬁc requirements to their rheological properties, e.g. in dish-washing detergents
and personal care products. One approach to control these properties is
to ensure the formation of entangled wormlike micelles (WLM) which
increase the solution viscosity and may even lead to the appearance of
certain viscoelasticity of the solutions [1]. The micellar shape is governed primarily [2] by the packing parameter, p = v/(a0lc), which depends on the surfactant molecular characteristics: the molecule volume,
v, the area-per-molecule, a0, and the length of the hydrophobic tail, lc.
Increasing this parameter above p = 1/3 leads to change in the micellar
shape from spherical to rod-like and, eventually, to worm-like micelles
with the related increase of solution viscosity and elasticity [3,4]. The
theoretical models [5–11] which relate the micellar properties (such as
shape, length and various relaxation times) with the overall rheological
properties of the respective micellar solutions are brieﬂy explained in
Section 3 below and are used to interpret our experimental data.
There are several approaches to increase the packing parameter and
to induce the formation of wormlike micelles. One possibility is to decrease the area of the surfactant head-group. With ionic surfactants this
approach is often realized by adding electrolytes of high concentration
[12,13]. The electrolytes screen the electrostatic repulsion between the
head-groups of the neighboring molecules in the micelles and, thus,
lead to the formation of more compact head-group arrangement on the
micelle surface. Similar eﬀect is observed when mixing oppositely
charged ionic surfactants, e.g. cationic and anionic surfactants, or cationic/anionic with zwitterionic surfactants [14]. For ethoxylated
nonionic surfactants, the area per head-group depends on the number
of ethoxy groups in the surfactant head-group. For example, in the work
of Acharya et al. [16] it is shown that there is an optimal number of EO
groups which leads to highly viscous solutions of the SDS + C12EO3
mixture.
Another approach to vary the packing parameter is to increase the
volume of the hydrocarbon fraction of the surfactant molecules. Well
known examples are the double-tailed lipids which tend to form planar
self-assembled structures due to the doubled volume, v, at (almost)
ﬁxed a0 and lc [2].
Several papers studied the eﬀect of cosurfactant chain-length on the
micellar solutions of sucrose esters. Thus, Aramaki et al. [16] studied
the eﬀect of alcohol cosurfactants with chain-length varied between C3
and C9, on the viscosity of sucrose monohexadecanoate solutions, viz.
for a main surfactant with C16 alkyl chain. They showed that the
longer-chain alcohols are more eﬃcient to increase the viscosity of such
solutions. However, the cosurfactant chain-length was limited to 9
carbon atoms in these studies, because precipitates were formed and
phase separation was observed at longer chain-lengths of the alcohols.
In a separate study [17], the same group analyzed the eﬀect of fatty
acids (FAc) with chain-length varied between C6 and C12. An optimal
ratio between FAc and sucrose monopalmitate was observed and the
highest viscosity was obtained when using fatty acids with 10 and 12
carbon atoms (C10Ac and C12Ac). In addition, these authors showed
that changing the lauric acid into sodium laurate increases solution
viscosity, due to electrostatic repulsion between the micelles and to the
related “excluded volume” eﬀect.
In another study, Raghavan et al. [18] showed for oppositely
charged surfactants that the solution viscosity increases when increasing the asymmetry between the alkyl chains of sodium oleate
(NaOA) and alkyltrimethylammonium bromide (CnTAB). The largest
eﬀect was observed for C8TAB. In Ref. [19], the eﬀect of chain-length
of various CnTABs on the micellar solutions of C16TAB was studied in
the presence of KBr. The results showed that increasing the fraction of
shorter-chain additive leads to lower solution viscosity, due to formation of micelles with shorter persistence length and higher ﬂexibility.
These results were explained with reduced van der Waals attraction

2. Materials and methods
2.1. Materials
The basic surfactant system, denoted hereafter as BS, is a mixture of
sodium lauryl ether sulfate, SLES (product of Stepan Co., IL, USA, with
commercial name STEOL CS-170, which contains around 1 EO group
per molecule on average) and cocoamidopropyl betaine, CAPB (product
of Goldschmith, commercial name Tego Betaine F50). The concentration of the main surfactants in the studied solutions was 10 wt% of
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Table 1
Cosurfactants studied.
Name

Abbrev.

Head-group

Alkyl trimethyl ammonium
bromide
Fatty alcohols

CnTAB

N+(CH3)3(Br)−

CnOH

OH

3,7-dimethyl-6-octen-1-ol

C8OH_1
Citronellol

Structure

Chain length

Surfact type

Compound type

Producer

C6, C8, C10, C12,
C14
C6, C7, C8, C9,
C10, C12
C8
C8

cationic

Alkyl trimethyl ammonium
bromide
Alcohol

Sigma-Aldrich

nonionic

3,7-dimethyl-1,6-octadien-3-ol

Linalool

3,7-dimethyl-2,6-octadienal
Fatty acids

Citral
CnAc

CH2O
COOH

C8
C6, C8, C10, C12

Aldehyde
Organic acid

Octyl gallate

C8Gallate

OOCC6H2(OH)3

C8

Ester

Alkyl acetate
Methyl octanoate

CnAcetate
C8Methyl

OCOCH3
COOCH3

C6, C8, C10
C8

2-(ethylhexyl)-acrylate

EHA

OOCCHCH2

C6

Poly (ethylene glycol) octyl
ether
N,N-dimethyldecyl amine Noxide
Sodium octyl sulfonate
Sodium alkyl sulfate

C8PEG

C8

C10AO

[OCH2CH2]nOH
n = 2÷9
N+- > O−(CH3)2

C10

C8NaSO3
CnNaSO4

OSO2− Na+
OSO3− Na+

C8
C8,C10

Sodium alkylate

NaAlkylate

COO− Na+

C8,C10

Sigma-Aldrich

C8

SLES + CAPB, at ﬁxed weight ratio of 2:1. These concentrations correspond to approx. 200 mM SLES and 100 mM CAPB.
Diﬀerent cosurfactants with concentration of 1 wt% were afterwards solubilized in these 10 wt% SLES + CAPB solutions. As seen in
Table 1, the studied cosurfactants diﬀer by their charge (cationic, anionic, zwitterionic, nonionic), by the type of their hydrophilic headgroup, and by the length, branching and double-bond presence in their
hydrophobic chain. In one series of experiments, the cosurfactant
concentration was varied, whereas the concentration of the main surfactants was still ﬁxed at 10 wt%.
Most solutions were prepared by mild stirring at room temperature.
The fatty acids and fatty alcohols with chain length between 8 and 12
carbon atoms, as well as the sodium alkyl sulfate, sodium octyl sulfonate, and octyl gallate were dissolved at 40 °C. The stirring continued
until a homogeneous solution was obtained. These solutions were
stored at room temperature for further studies and they remained
homogeneous, without any visible phase separation or precipitation.
Exceptions were the solutions of C8TAB and C8acetate with concentrations higher than 1 wt% and 70 mM, respectively, which were
unstable upon long shelf-storage and precipitates were observed after
ca. 2 months.
For measuring the trends in changing the micellar size and shape, in
one series of experiments the concentrated solutions were diluted 20
times in de-ionized water (1 part of the stock solution of BS and 19 parts
of de-ionized water) or in 112 mM NaCl solution. This particular electrolyte concentration was chosen because the used CAPB samples
contains NaCl as admixture and the salt concentration is 112 mM NaCl
for 100 mM CAPB [22].
All experiments were performed at 20 °C. The chemicals were used
as received, without further puriﬁcation.

Fluka, TCI, Alfa
Aesar
Sigma-Aldrich

Merck
Ether

Sigma-Aldrich

zwitterionic

Aminoxide

Sigma-Aldrich

anionic

Alkyl sulfonate
Alkyl sulfate

Merck

Sodium Carboxylate

TCI

sample. First, frequency sweep (dynamic experiment) was performed
and the storage, G’, and loss, G”, moduli were measured, as functions of
the frequency of oscillations, varied between 0.1 and 10 Hz, at ﬁxed 2%
amplitude of shear deformation. These measurements are in the linear
viscoelastic regime, as determined previously by dynamic strain-sweep
measurements. Second, a steady shear measurement was performed
and the shear stress was measured as a function of the shear rate which
was varied logarithmically between 0.01 and 300 s−1. At each shear
rate, the plate was rotated for 5 s – the ﬁrst 2 s were used to obtain a
steady response, while the following 3 s were used to measure the mean
shear stress. Control experiments conﬁrmed that the results remain the
same if these times are taken longer.
2.3. Viscosity of diluted surfactant solutions
Some of the studied solutions were diluted 20 times to check for the
expected relation between the micelle size and solutions viscosity, see
section 2.4. All diluted solutions were with Newtonian rheological behavior and relatively low viscosity. Their viscosity, η, was measured
with thermostated capillary viscometer at 20 °C, after calibration with
pure water.
2.4. Size determination by Dynamic light scattering
The dynamic light scattering (DLS) measurements of the micelle size
were made with Malvern 4700C (Malvern Instruments, UK) goniometric light scattering system with a solid state laser (532 nm). The
hydrodynamic diameter, dh, of the micelles in the studied systems was
determined from the measured micelle diﬀusion coeﬃcient. The DLS
experiments were performed at a measuring angle of 90°. Control
measurements at 60° and 130° were also performed to conﬁrm that the
measured micelle size does not depend on the scattering angle. The
signal analyzer was used in a multimodal regime and the volume
averaged values are reported and analyzed in the current paper.

2.2. Rheological properties of the surfactant solutions
The rheological properties of the surfactant solutions were characterized by Gemini rotational rheometer (Malvern Instruments, UK),
using cone-and-plate geometry (diameter 20 mm and cone angle 4° or
0.07 rad), at 20 °C. The samples were kept between the rheometer
plates for 5 min before each measurement to equilibrate the temperature. Two types of experiment were performed consecutively with each

2.5. Optical microscope observations
Observationsof the studied systems were performed with optical
microscope Axioplan (Zeiss, Germany), equipped with a long-distance
175
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Fig. 1. (A) Shear stress as a function of the shear rate
and (B) Apparent shear viscosity as a function of the
shear rate for 10 wt% BS + 1 wt% cosurfactant solutions. Lines represent the theoretical description of
the experimental data by eq. (1) or eq. (2), respectively. The referent BS system is shown with black
circles in (A). All experiments are performed at
T = 20 °C.

objective Zeiss Epiplan 50×/0.50. The system is equipped with a CCD
camera, connected to a video-recorder and monitor. Small amount of
the solution was placed between two glass slides and observed in regular transmitted or polarized light. In the latter experiments, the samples were observed by slowly rotating the second polarizer at relative
angle between 0° and 90° to check for the possible presence of birefringent liquid crystalline phases.

level oﬀ at a constant value, η∞, but these rates were not reached in our
experiments. Such shear thinning behavior is associated with the formation of entangled wormlike micelles in the solutions [17–18,25–29].
The ﬁrst range, in which the viscosity remains constant, corresponds
to the so-called “zero-shear viscosity”, η0, which can be determined by
ﬁtting the experimental data with the Cross model [30] for the apparent
solution viscosity vs. the shear rate, γ̇ :

3. Experimental results

η = η∞ +

3.1. Typical rheological curves at steady shear

Here η0 is the viscosity at γ = 0, η∞ is the viscosity at γ → ∞, m is a
power-law index and K is consistency. Eq. (2) describes well the rheological curves for the systems with shear-thinning behavior and wellpronounced plateau region at low shear rates, see Fig. 1B. From the
rheological curves in Fig. 1B we can determine η0, to conclude that
η∞ < < η0, and to estimate that m ≈ 1 for all systems shown in this
graph. The main diﬀerences between the various systems are in the
values of η0 and K.

The 10 wt% SLES + CAPB solutions, containing diﬀerent cosurfactants, exhibit a wide variety of rheological properties – from Newtonian
to highly viscoelastic. The main surfactant system, SLES + CAPB
without cosurfactant, exhibits Newtonian behavior in the studied range
of shear rates and has a moderate viscosity of ≈10 mPa.s, see Fig. 1.
The mixed SLES + CAPB solutions contain spherical and/or rod-like
micelles, depending on the ratio and the total concentration of the two
surfactants [24].
Some of the studied cosurfactants do not change qualitatively the
rheological behavior of the solutions, Fig. 1A. For these systems a linear
relation between the shear stress, τ, and shear rate, γ̇ , is observed and
can be used to determine the solution viscosity, η:
·

τ = ηγ

η0 − η∞
1 + (Kγ˙ )m

(2)

3.2. Eﬀect of cosurfactant concentration
To ﬁnd an optimal concentration for studying the observed eﬀects,
we ﬁrst varied the cosurfactant concentration for several systems which
exhibit pronounced viscoelastic behavior. Four types of cosurfactants
with C8 chain-length were compared: alcohol, fatty acid, acetate and
trimethylammonium bromide, in the range between 0.1 and 3 wt%, see
Fig. 2A. For all these systems we observed a clear maximum in the zeroshear viscosity at around 1 wt% of cosurfactant added. Similar maximum at around 1 wt% was observed with all cosurfactants for which
such concentration dependence was studied (e.g. C10Ac, alcohols with
various chain lengths).
For most of these cosurfactants 1 wt% ≈ 70 mM, viz. to around 4
times lower molar concentration than that of the main surfactants
(≈300 mM). Only for the cationic C8TAB, which has much larger
molecular mass, the molar concentration is about twice lower,
≈40 mM. To check how important the molar ratio is in the studied

(1)

In Fig. 1A we show illustrative experimental data for such systems,
along with their ﬁt by eq. 1.
Other cosurfactants increase the solution viscosity by several orders
of magnitude and lead to non-Newtonian solution behavior, see Fig. 1B.
For these systems, the dependence η vs. γ̇ consists of two well deﬁned
regions. At low shear rates the viscosity remains almost constant up to a
given shear rate, followed by a steep viscosity decrease with the further
increase of the shear rate. Remarkably, at high shear rates, all experimental curves merge around a single master line, with a slope very
close to −1. At even higher shear rates these curves are expected to

Fig. 2. (A) Zero shear viscosity, as a function of cosurfactant concentration for C8OH (green squares),
C8TAB (red circles), C8Ac (pink diamonds), and
C8Acetate (blue triangles) (B) Zero-shear viscosity
for C8 cosurfactants with concentrations of 70 mM
(blue squares) and 1 wt% (red circles). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of
this article.)
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experiments which support this classiﬁcation are presented in Section
3.3.3). The lists of cosurfactants which fall in each of these groups are
shown in Table S1 in Supporting information.
The solutions with the highest values of η0 are viscoelastic gels with
predominantly elastic response. These solutions do not ﬂow in the time
frame of minutes, even after applying small shear stress or under
gravity. The bubbles which are captured in such gels ﬂoat very slowly
− days are needed for their travel under the eﬀect of buoyancy, due to
the very high apparent solution viscosity. The rheological measurements showed that the threshold value of η0 which governs the transition to such a gel-like behavior is around 100 Pa s.
The cosurfactants from the second group lead to formation of viscous solutions with a viscosity in the range between ca. 50 mPa.s and
100 Pa s. These solutions ﬂow slowly under applied low shear stress or
under gravity, see Fig. 3.
The third group of systems represents solutions with (almost)
Newtonian behavior and viscosity which is lower than ca. 50 mPa.s.

surfactant mixtures, we performed a comparative series of experiments
at ﬁxed molar concentration of 70 mM cosurfactant, see Fig. 2B. One
sees that the main experimental trends, with respect to the eﬀect of
cosurfactant head-group type, are the same for 1 wt% and for 70 mM
solutions. The biggest diﬀerence for the two concentrations is observed
with C8TAB – increasing the concentration of C8TAB from 1 wt%
(36 mM) to 1.95 wt% (70 mM) leads to a two-fold decrease in η0.
Based on the above results, in all further experiments, aimed to
compare the cosurfactant eﬀect on solution properties, we use 1 wt%
cosurfactant in 10 wt% SLES + CAPB solution, because the studied
eﬀects are very well pronounced. Furthermore, the results shown in this
section prove that the main observed eﬀects are governed mostly by the
cosurfactant molecular structure, while the cosurfactant concentration
has a secondary eﬀect, when the latter is maintained in the range between 1 and 1.5 wt%.
3.3. Eﬀect of cosurfactant type on solution properties
3.3.1. Solution appearance and cosurfactant solubility
Most of the initial solutions containing 1 wt% cosurfactant with
chain-length between 6 and 10 carbon atoms were transparent.
Exceptions were C8OH and C9OH which were slightly opalescent.
Nevertheless, these solutions appeared homogeneous, without forming
visible precipitates upon long-term shelf-storage. We studied the temperature dependence of these solutions and found that the BS + fatty
alcohol solutions possess a cloud point (viz. appearance of visual opalescence upon temperature increase) – phenomenon which is typically
associated with ethoxylated nonionic surfactants [31]. We determined
the cloud points for SLES + CAPB solutions in presence of 1 wt% fatty
alcohols to be ≈8.5 °C for C8OH; ≈16.5 °C for C9OH, and ≈25.5 °C for
C10OH. Note that the latter solution is transparent at the temperature
of the rheological measurements, 20 °C, whereas the other two solutions are opalescent at this temperature. Only a slight decrease in the
concentration of C8OH, down to ≈0.9 wt%, led to the formation of
clear, yet still very viscous solution at 20 °C. Therefore, the solubility
limit of C8OH in 10 wt% SLES + CAPB is 0.95 ± 0.05 wt%, corresponding to ≈ 74 ± 4 mM, and the observed eﬀects are aﬀected
slightly by the formation of opalescent alcohol solutions.
For the longer (C12) chain-length cosurfactants we observed that
the solutions containing 1 wt% C12OH were turbid at room temperature which is due to the limited solubility of this cosurfactant in the
mixed SLES + CAPB micelles. The solutions containing C12Ac and
C12TAB were transparent. Tzocheva et al. [32,33] studied systematically the solubility of FAc and fatty alcohols in SLES + CAPB micelles and showed that, at a given cosurfactant chain-length, the micelles solubilize higher amount of FAc than fatty alcohol, due to more
favorable interactions of the head-groups of the surfactant with the
carboxylic group of the fatty acids.
All solutions were colorless, except for those containing Citral which
appeared yellowish.

3.3.3. Shear moduli
Oscillatory measurements in shear deformation were performed
with all systems between C10TAB and C10Acetate which belong to the
groups of viscoelastic gels or highly viscous liquids (Groups 1 and 2).
No results are shown for the low viscosity solutions (Group 3) as the
rheometer sensitivity is too low for this type of measurements with such
solutions.
In Fig. 4A we show illustrative results for BS + C8OH and BS
+ C8OH_1 solutions. One sees that these solutions have viscoelastic
behavior in the studied frequency range with prevailing loss modulus at
low frequencies and higher storage modulus at higher frequencies. The
intersection of G‘(ω) and G“(ω) curves in the studied frequency interval
gives information for the characteristic frequency, ωC, and the respective relaxation time of the micelle network, τR = 1/ωC.
For the viscous liquids which have zero-shear viscosity lower than
that of C8Gallate, G“(ω) > G‘(ω) in the entire frequency range studied,
viz. no crossing point between the curves was observed. Thus no
characteristic relaxation time could be determined and these solutions
are classiﬁed as predominantly viscous.
To compare the rheological behavior of the various systems, we plot
in Fig. 5 the storage and loss moduli at a frequency of 1 Hz (for the
respective complex moduli see Fig. S1 in Supplementary information).
One sees that the gel systems in Group 1 have storage modulus which is
higher than 100 Pa and which is higher by more than 3 times than the
loss modulus. This result justiﬁes our classiﬁcation in which these solutions are considered as predominantly elastic. The systems in Group 2
have similar loss and storage moduli and for some of these systems the
loss modulus is even higher than the storage modulus.
Note that our classiﬁcation diﬀers from the one proposed by Kumar
et al. [34] where the gels are deﬁned as elastic systems, G‘ > G“, in the
entire frequency range from 0.01 to 10 rad s. The latter authors [34]
use such more restrictive deﬁnition because the frequency independent
elastic modulus implies lack of relaxation even at very long time scales.
Our classiﬁcation also makes sense in view of the wide variety of systems studied here and their applications.
Results for the characteristic relaxation time, τR, for the various
cosurfactants studied, are compared in Fig. 6 (see also Table 2). The
relaxation time is directly related to the density of micelle entanglements and the time for their restructuring. The longest period is observed for the solutions deﬁned as viscoelastic gels in our consideration
(Group 1), for which this time is ≥1 s. One sees a positive correlation
between τR and η0 for the solutions from Groups 1 and 2, demonstrating
that the more viscous samples have longer relaxation times of the micellar network which, in turn, leads to viscoelastic response of these
solutions.
In the case of Maxwellian ﬂuids, this positive correlation is reﬂected
in a theoretically derived linear dependence between the zero- shear
viscosity and the characteristic relaxation time η0 = G0τR. Here G0 is

3.3.2. Zero-shear viscosity and general rheological appearance
The eﬀect of diﬀerent cosurfactants with ﬁxed concentration of 1 wt
%, on the zero-shear viscosity of 10 wt% SLES + CAPB solutions, is
compared in Fig. 3. The solutions are ordered in decreasing order of the
respective viscosity value, η0. One should note that for all systems between C10TAB and C14TAB the shear viscosity is determined according
to Eq. (2), whereas the remaining systems have nearly Newtonian behavior and their viscosity is determined by Eq. (1). The highest value of
η0 is measured with C10TAB as a cosurfactant, and it is almost 5 orders
of magnitude higher (≈ 103 Pa s) than the viscosity of the basic surfactant solution (≈0.01 Pa s). On the other side, the lowest viscosity
(≈2 mPa s) is determined with C8NaSO4 and it is approx. 5 times lower
than that of the BS solution.
According to their rheological response, we divided these systems
into three distinct groups (additional results from dynamic rheological
177

Colloids and Surfaces A 537 (2018) 173–184

Z. Mitrinova et al.

Fig. 3. Zero-shear viscosity, η0, as a function of cosurfactant type for solutions of 10 wt% BS + 1 wt%
cosurfactant. The viscosity of the referent BS system
is 10 mPa.s. The vertical lines separate the three
groups of solutions, as explained in the text. The
horizontal dashed line indicates the viscosity of the
referent SLES + CAPB solution, without any cosurfactant added. The pictures illustrate samples
from the respective group, indicated by ellipses in
the graph. All experiments are performed at 20 °C.

the so-called “plateau modulus”, viz. the elastic modulus extrapolated
to inﬁnite frequency. For all systems in Group 1 we found that
G0 > 100 Pa. Thus, the zero-shear viscosity could be calculated also
from the data obtained in the dynamic oscillatory experiments. We
found that the values obtained from the two types of rheological experiments (steady and oscillatory shear) are in a very good agreement,
within 3%, which supports the assumption that the viscoelastic properties of our solutions are governed by the characteristics of the
wormlike micelles (WLM) present in these solutions [7].
For such solutions, the plateau modulus, G0, brings information
about the mesh size, ξ = (kBT/G0)1/3, of the network of entangled WLM
micelles [25]. The calculated mesh-size values for the systems, which
exhibit measurable solution elasticity, are shown in Table 2 below.
They are discussed in section 4 after presenting all other relevant
parameters for these solutions.
The visco-elastic response of such entangled micellar solutions was
explained and theoretically described by Cates [7–9], who considered
two processes of stress relaxation – “reptation” and “reversible scission”
of the micelles. At low oscillation frequency, these micellar solutions
are predicted to obey Maxwell model, with single combined relaxation
time [35]. At high oscillation frequencies, the rheological response of
the wormlike micelles deviates from the Maxwell model, due to faster
relaxation mode described by Rouse model [36].
To check whether our solutions have the characteristic rheological
response of worm-like micelels, we plot the experimental data from the
oscillatory experiments in the Cole-Cole plot, Fig. 7, showing the loss
modulus as a function of the storage modulus [8]. Both moduli are
plotted in dimensionless form, divided by GC, which is the modulus at
the crossing point of G’ and G”. This plot shows that, indeed, at low
frequencies all studied systems are described by a single relaxation time
(the data lye on a semi-circle), whereas at high frequencies the experimental data deviate from the respective theoretical curve. This

deviation indicates the presence of wormlike micelles with multiple
relaxation times.
From the experimental curves in Fig. 7 one can determine some
characteristic times which include the contributions of two processes –
reversible scission (breaking) of the micelles, τbr, and micelle reptation,
τrep. We used the numerical plots, calculated by Kern et al. [26], shown
as continuous curves in Fig. 7, to determine numerically the ratio

ζ = τbr / τR

(3)

From the values of ζ and τR, determined as explained above, we
could determine the characteristic time for micelle scission, τbr, see
Table 2. For two of the systems, C10TAB and C8OH, we could determine
also the reptation time using an additional relation [26], τR =
(τbr.τrep)1/2, which is valid only if τbr < τrep. For all other systems, we
found that τbr ≥ τrep and we cannot use this approach to determine τrep.
These rheological results conﬁrm the presence of wormlike micelles
in the solutions studied – see e.g. Refs. [3,9,12] for extensive discussions of the speciﬁc rheological properties of such solutions. To exclude
completely the possibility that some non-isotropic, liquid crystalline
phases might be present in the solutions studied, we performed observations by optical microscopy in transmitted polarized light. All
studied solutions were optically clear and isotropic, without any visible
birefringent objects, and the variation of the angle between the polarizers did not reveal the existence of any textures that would indicate the
presence of liquid crystals. Hence, we conclude that the rheological
behavior of the studied solutions is governed entirely by the presence of
isotropically distributed wormlike micelles.
We made various attempts to correlate the solution zero-shear
viscosity, η0, and the other rheological parameters with the cosurfactant
partition coeﬃcient, logP, which reﬂects the polarity of cosurfactant
molecules – see Section 4.2 for explanation of the procedure used. Such
correlations are reported in previous studies [12] and could be
Fig. 4. Elastic and viscous moduli as functions of the
deformation frequency for diﬀerent systems. (A)
Viscoelastic gels; (B) Viscous liquids. ωC is the frequency at which the elastic and viscous moduli are
equal and τR = 1/ωC is the characteristic relaxation
time of the micelle network. All systems contain
10 wt% SLES + CAPB and 1 wt% cosurfactant; the
measurements are performed at 20 °C.

178

Colloids and Surfaces A 537 (2018) 173–184

Z. Mitrinova et al.

Fig. 5. (A) Elastic G‘ (empty symbols) and viscous,
G“ (full symbols) moduli, and (B) Ratio G‘/G“ for the
various cosurfactants. The symbols denote gels (red
circles) and viscous liquids (green squares), separated by a vertical line. All systems contain 10 wt%
BS and 1 wt% cosurfactant. Experiments performed
at a frequency of 1 Hz and temperature of 20 °C. (For
interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

expected, as the molecular polarity aﬀects the preferred cosurfactant
localization in the mixed micelles – in the micelle core for the most
hydrophobic ones, or in the palisade layer for the polar ones. However,
all our attempts to ﬁnd a simple clear correlation between the values of
logP and the solution rheological properties failed (see Section 4.2 for
examples) which shows that other factors, beside the molecule polarity
are also very important.
To clarify the eﬀects of the various cosurfactant molecular parameters on the formation of wormlike micelles in the SLES + CAPB
solutions, and on the respective solution rheological properties, we
describe in the following sections the eﬀects of the head-group type and
of the tail length and structure.

studied chain-lengths, between C6 and C14, increase signiﬁcantly the
solution viscosity with a maximum observed at C10. In other words, the
cationic surfactants are very eﬃcient to increase the solution viscosity
for a very wide range of chain-lengths, due to the strong electrostatic
attraction with the main surfactant. Still, this eﬀect is most pronounced
around C8 to C10 chains – a result which shows that the chain-length
mismatch is also important for this class of cosurfactants.
We conclude that cosurfactant chain-length of 8–10 carbon atoms is
optimum for formation of long worm-like micelles, despite the fact that
the tails of these cosurfactants are signiﬁcantly shorter than the C12
tails of the main surfactants (SLES and CAPB). These trends are explained in section 4 below.

3.4. Eﬀect of cosurfactant chain-length on solution viscosity

3.5. Eﬀect of the double bonds and branching in the cosurfactant tail

In Fig. 8 we present the eﬀect of cosurfactant chain-length on solution viscosity. In this series of cosurfactants we have included fatty
alcohols, fatty acids, alkyl trimethyl ammonium bromides, and alkyl
acetates, with chain-lengths varied between 6 and 14 carbon atoms. For
all these classes of cosurfactants, we observed a sharp maximum in the
apparent solution viscosity which appears at a speciﬁc chain-length of
around 8–10 carbon atoms.
From Fig. 8A one sees that this maximum is at 8 carbon atoms for
fatty alcohols, fatty acids, and alkyl acetates. The C8 fatty acids and
alcohols are much more eﬃcient in increasing the solution viscosity
when compared to their C10 homologues. When the cosurfactant is
with C12 tail and its chain-length is similar to the one of the main
surfactants, no eﬀect on the micelle size and on the solution rheological
properties is observed. On the other side, C6 cosurfactants have the
bigger molecular mismatch with the main surfactant, but their eﬀect on
viscosity is lower than that for C8 acids and alcohols. Thus we see that
the molecular mismatch (optimal diﬀerence in the chain-length) is
extremely important for the rheological behavior of the solutions studied.
Concerning the cationic cosurfactants CnTAB, one sees that all

Next, we analyzed the eﬀect of the hydrocarbon chain structure on
the solution viscosity, at ﬁxed chain length of 8 carbon atoms. For this
purpose, in Fig. 8B we compare the zero-shear viscosity of solutions
containing C8OH, C8OH_1, Citronellol, Linalool and Citral as cosurfactants. One sees that the solution viscosity decreases signiﬁcantly
with the increase of the number of double bonds and with branching in
the cosurfactant molecules.
3.6. Eﬀect of the cosurfactant head-group
In Fig. 9 we compare the results obtained with BS solutions, containing cosurfactants with 6, 8, 10 and 12 carbon atoms in their tails,
for several types of cosurfactant head-groups. Results for cationic,
nonionic (alcohols, fatty acids, esters) and anionic cosurfactants are
shown in the order of viscosity decrease. One sees similar trends for all
chain-lengths studied. The highest viscosity is observed for the cationic
cosurfactants and the alcohols, whereas the lowest viscosities are
measured with the anionic cosurfactant.
The observed trends could be explained with two diﬀerent eﬀects.
In the case of the CnTAB, strong electrostatic attraction occurs between
Fig. 6. Characteristic relaxation time, τR, as a function of (A) system type and (B) zero shear viscosity.
All systems contained 10 wt% BS and 1 wt% additive. All experiments are performed at T = 20 °C.
The vertical lines separate the surfactants in Groups
1 and 2.
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Table 2
Values of the zero-shear viscosity, η0, characteristic frequency, ωC, relaxation time, τR, plateau modulus, G0, mesh size of the micelle network, ξ, minimum in the viscous modulus as a
function of frequency, Gm“, number of entanglement points per micelle, nent, micelle breakage time, τbr, and micelle reptation time, τrep, for the various chemical classes of cosurfactants.
The data, corresponding to a maximum in the values of η0 for a given class of cosurfactant, are shown in bold.
Cosurfactant

η0 [Pa s]

ωC [rad s−1]

τR [s]

G0 [Pa]

ξ [nm]

Gm” [Pa]

nent

τbr [s]

C6TAB
C8TAB
C10TAB
C12TAB

26.5
408
1750
80.6

2.3
0.3
0.1
0.3

0.43
3.6
14.61
3.30

61.3
113.1
119.5
22.4

40.4
32.9
32.3
56.5

33.2
17.3
8.0
11.8

1.8
6.5
15
1.9

4.4
4.4
5.6
16.6

< 4.4
< 4.4
38.4
< 17

C6OH
C7OH
C8OH
C9OH
C10OH

2.0
151
640
18.4
6.3

34.3
0.7
0.2
2.7
2.5

0.03
1.48
4.54
0.38
0.39

70.0
101.5
141.0
48.9
16.0

38.7
34.1
30.6
43.6
63.2

–
25.8
9.0
20.4
13.6

–
3.9
16
2.4
1.1

0.3
1.8
1.7
1.7
1.8

< 0.3
< 1.8
11.9
< 1.7
< 1.8

C6Ac
C8Ac
C10Ac

2.3
124
12.5

26.0
1.1
3.5

0.04
0.95
0.28

58.6
130.3
43.8

41.0
31.4
45.2

–
18.4
18.1

–
7.1
2.4

0.4
1.2
1.3

< 0.4
< 1.2
< 1.3

C8OH_1
Citronellol
Linalool
Octyl gall

223
50.1
2.8
1.2

0.5
1.6
20.6
29.8

2.11
0.63
0.05
0.03

105.8
79.7
58.5
38.7

33.7
37.0
41.0
47

21.2
32.7
–
–

5.0
2.4
–
–

2.6
2.9
0.5
0.3

–
–
–

of magnitude.
Note that the cationic CnTABs cosurfactants have rather voluminous
head-group and still have strong eﬀect on solution viscosity. Thus we
conclude that the eﬀects of the catioinic and nonionic cosurfactants are
related to diﬀerent packing in the mixed micelles. Nevertheless, both
eﬀects are comparable in magnitude and are most pronounced at 8–10
carbon atoms in the cosurfactant tails. Further discussion on the differecnes between CnTAB and the nonionic surfactants is presented in
Section 4.
In the system with anionic cosurfactants, there is a prevailing
electrostatic repulsion between the molecules of the cosurfactant and
SLES in the mixed micelles. This leads to larger average area-per-molecule and lower packing parameter, compared to the referent system
without cosurfactant. Hence, the micelle size is reduced and the viscosity decreases when compared to the reference SLES + CAPB solution,
as expected.

the main anionic surfactant SLES and the cationic cosurfactant molecules. This is a known eﬀect in literature, related to a decreased repulsion between the head-groups and closer packing inside the surface
layer of the mixed micelles. Eﬀectively, this corresponds to reduced
area-per-molecule and increased packing parameter [2]. As a result,
wormlike micelles are formed upon addition of the cationic cosurfactant.
On the other hand, the nonionic cosurfactants with small headgroups (fatty alcohols, fatty acids [37] at the studied pH ≈6) could also
enhance signiﬁcantly the packing in the surface layer of the mixed
micelles, because the cosurfactant molecules are able to ﬁll the gaps
and displace water between the surfactant molecules. In agreement
with this explanation, the increase in the head-group size of the nonionic cosurfactant (e.g. methyl acetate) leads to much smaller eﬀect on
the solution viscosity. Therefore, for the nonionic cosurfactants the
small head-group size is very important for observing strong eﬀects.
To quantify the latter explanation, in Fig. 9B we show the molecular
structures of the nonionic surfactants studied (fatty acid, alcohol, and
acetate) with chain-length of 8 carbon atoms, optimized with the Chem
3D oﬃce package. One sees that the molecule with the lowest excluded
head-group area is C8OH (18.9 Å2) which is very close to the crosssectional area of the hydrocarbon chain (18.9 Å2), followed by the fatty
acid (22.3 Å2) and the acetate (25.2 Å2). This comparison conﬁrms that
the nonionic cosurfactant molecules with the smallest area-per-headgroup leads to the most signiﬁcant eﬀect on solution viscosity, presumably due to the better packing of the head-groups on the surface of
the mixed micelles. The signiﬁcantly smaller eﬀect of octyl acetate indicates that there is a threshold area-per-molecule of the cosurfactant
(around 23 ± 1 Å2) above which the viscosity decreases by two orders

3.7. Properties of diluted solutions
To check for the expected relation between the micelle size and
solution viscosity, we performed additional experiments after diluting
the original 10 wt% solutions. This dilution was necessary, as the micelle size could not be determined in the original solutions by dynamic
light scattering (DLS) – most of these solutions were too viscous.
The micelle size was analyzed for the surfactant mixtures containing
C8 cosurfactants, used to construct Fig. 9. The original solutions were
diluted 20 times either with water or with 112 mM NaCl solution. The
latter concentration was chosen, as previous studies [22] showed that
10 wt% SLES + CAPB solution contains also 112 mM NaCl, introduced
Fig. 7. Cole-Cole plot for 10 wt% BS + 1 wt% cosurfactant for the solutions behaving as (A) gels or
(B) viscous liquids. The continuous theoretical
curves represent numerical results, calculated in Ref.
[15], and the numbers indicate the ratio τbr/τR (see
Eq. (3)).
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Fig. 8. (A) Zero-shear viscosity as a function of cosurfactant chain lengths for TABs (blue squares), alcohols (green triangles), fatty acids (red circles) and
acetates (purple squares). (B) Zero-shear viscosity for
several cosurfactants which all have a chain-length
of 8 carbon atoms and small head-group (alcohol or
aldehyde). The results are shown in the order of increasing number of double bonds and branching in
the cosurfactant molecules. (For interpretation of the
references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

which is denoted as Gm“, and of the number of entanglement points per
micelle, nent ≈ G0/Gm“ (see Fig. 11 for illustration and Ref. [38] for
explanations of the latter estimate).
One sees from Table 2 that the maxima in η0 and G0 (for a given
class of cosurfactant) are related to clear maxima in the following
characteristics of the micelles – relaxation time, τR, reptation time, τrep,
and number of entanglement points, nent, see Fig. 12 for illustrative
results. All these parameters are interrelated, and the observed maximum values correspond to longest entangled micelles for the given
class of cosurfactants. Just as examples, the number of entanglement
points is proportional to the micelle length, nent ∝ L, and the reptation
time is proportional to the cube of micelle length, τrep ∝ L3. Therefore,
we conclude that the observed viscoelastic behavior is governed exclusively by the length of the entangled micelles, L, and the related
number of entanglement points per micelle, nent. From these data we
can deduce also that viscoelastic solutions (Group 1) are formed when
nent > 5, whereas highly viscous solutions (Group 2) are in the range
of approx. 3 < nent < 5. Only for the micelles with nent > 10 we
could determine the reptation time, τrep, as the micelles are so long that
τrep > τbr.
Interestingly, for a given class of cosurfactant, we do not observe a
maximum in the estimated micelle breakage time, τbr. For the shortest
chain-lengths alcohols and fatty acids, C6OH and C6Ac, we observe
systematically smaller values of τbr. This result shows that the excessive
mismatch in the chain-lengths of the main surfactants and the cosurfactant, for C6OH and C6Ac, reduces the cohesion energy between
the molecules in the micelles, thus facilitating micelle breakage. Indeed,
as discussed in Ref. [2], the molar cohesive energy between alkyl chains
in bulk alkanes increases by ≈6.9 kJ mol−1 per one eCH2− group. For
the longer chain-length alcohols and acids, C7 to C10, as well as for
C6TAB to C10TAB cosurfactants, the values of τbr are almost the same
within a given class of cosurfactant. Thus we conclude that the variations in the values of τbr could not be used to explain the observed
variations in η0 and G0. On the other hand, the values of τbr for CnTABs
are systematically longer than those of the other classes of cosurfactants

with the CAPB. Thus we could clarify whether the electrolyte, introduced with the CAPB in the mixed surfactant solutions, plays a role
in the micelle structure and in the solution rheological properties.
One can see in Fig. 10 that all solutions diluted with deionized water
contain small spherical micelles with diameter between 3 and 5 nm. In
contrast, dilution with 112 mM NaCl solution results in well pronounced diﬀerences between the solutions studied. The cationic cosurfactant gives the largest micelle size, in agreement with the observed
highest viscoelasticity of the respective concentrated solutions. The
order of micellar size decrease in the solutions, diluted with NaCl, is the
same as for the decrease of η0 of the concentrated solutions. There is
also a reasonable correlation between the viscosity of the diluted solutions and the respective micelle size, as expected (Fig. 10B).
Thus we conclude from these experiments that: (1) the electrolyte,
introduced with CAPB in these systems, plays an important role in the
micelle size and solution viscosity; (2) the high viscoelasticity and
viscosity of the concentrated solutions reﬂect the largest size of the
respective mixed micelles; and (3) the main role of the cosurfactants is
to induce the formation of entangled worm-like micelles with long relaxation times.

4. Discussion
4.1. Relation between micelle properties and solution viscoelasticity
To understand better the origin of the variations in the viscoelastic
properties of the solutions studied, in the current section we analyze the
properties of the worm-like micelles. Their characteristics, as determined from the rheological measurements, are summarized in
Table 2 where they are grouped according to the type of the cosurfactant head-group. In Table S2 in the Supplementary materials we
show the same data, in the order of descending values of the zero-shear
viscosity of the solutions.
Along with the values, calculated as explained in Section 3, in
Table 2 and S2 we include data for the minimum in the curves G“(ω)

Fig. 9. Zero-shear viscosity as a function of (A) cosurfactant head-group type for diﬀerent chainlengths: C6 (green squares), C8 (blue squares), C10
(red circles); and C12 (pink stars); (B) head-group
area for the nonionic C8OH, C8Ac and C8Acetate.
(For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 10. (A) Micelle diameter for cosurfactants with
C8 chain-length and diﬀerent head-groups. The red
circles are for dilution with deionized water, whereas
the blue triangles are for dilution with 112 mM NaCl.
(B) Zero-shear viscosity of the concentrated solutions
vs. the micelle size in solutions diluted with 112 mM
NaCl. The horizontal lines in (A) indicate the size of
the SLES + CAPB micelles, without cosurfactant; the
curve in (B) is guide to the eye. (For interpretation of
the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

reduces the breakage rate of micelles and, thus, additionally increases
the viscoelasticity of the respective solutions.
To analyze a step deeper the eﬀect of cosurfactants in these systems,
we note [5,12,39] that the micelle length, L, depends on the energy of
the end-cap formation, εec:

2ε
L ∝ ϕ1 2 exp ⎡ ec ⎤
⎣ kT ⎦
Fig. 11. Illustrative presentation of the micellar network, formed from entangled wormlike micelles. Upon applied stress, the micelles could relax either via diﬀusion within this
network (reptation) or via micelle scission (breakage) at the entanglement points and
subsequent reforming which eliminates these points.

where kT is the thermal energy. This simple relation shows that the
maximum length L should correspond to a maximum in the end-cap
energy, 2εec. The latter shows what energy penalty is paid upon the
formation of two end-cap regions.
Why the end-cap energy, εec, has a maximum at C8 to C10 cosurfactant chain-length is a very interesting (and challenging) question
which deserves a separate study via the methods of molecular computer
modelling. It is certainly related to the diﬀerence in the molecular
packing in the cylindrical region and in the (spherical) end-cap region
of the wormlike micelles. However, for such multi-component surfactant mixtures, the molecules could be distributed diﬀerently in these
micelle regions, with accumulation of a given component preferentially
in the cylindrical or in the spherical regions, which makes the analysis
very diﬃcult. Nevertheless, the fact that we observe a preferred cosurfactant chain-length at similar cosurfactant concentrations, despite
the large diﬀerence in the cosurfactant head-groups studied, indicates
the existence of a generic mechanism by which C8-C10 cosurfactants
facilitate the formation of end-cap regions.
One possible generic mechanism, illustrated schematically in
Fig. 13, is that these “optimal” in length cosurfactant molecules pack
very well between the main surfactant molecules in the cylindrical body
of the micelle, thus relaxing the stress along the center line of the hydrophobic micelle core, created by its overcrowding by surfactant tails.
The longer cosurfactants, C12, have similar in length tails to those of
the main surfactants, so that this packing-relaxation eﬀect is lost,
whereas the too-short cosurfactants, C6, reduce the cohesion energy in

Fig. 12. Correlation plots for the zero-shear viscosity of the surfactant solutions and the
number of entanglement points of the micelles in these solutions.

which is reﬂected in the higher values of η0 and G0 for this class of
cosurfactants (see Fig. 8A). This comparison indicates that the electrostatic attraction between the cationic TAB head-group and the anionic SLES increases the molecular cohesion within the micelles,

Fig. 13. Schematic presentation of the most probable
mechanism by which C8-C10 cosurfactants increase
the end-cap energy, εec. (A) Reference system in
which the C12 tails of the main surfactant molecules
overlap severely both in the cylindrical body and in
the spherical end-cap regions of the micelles; (B) The
nonionic cosurfactants with small head-group and C8
tails ﬁt between the main surfactant molecules and
reduce signiﬁcantly the tail overcrowding in the
center of the cylindrical body of the micelles, thus
increasing the energy for end-cap creation; (C) The
cationic cosurfactants act in a similar mode, however, due to their larger head-groups and electrostatic attraction with the anionic surfactant, they sit
on top of the head-groups layer of the main surfactant molecules. For simplicity, the two main surfactants (SLES and CAPB) are not distinguished and their charges are not displayed in the ﬁgure.
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Fig. 14. Correlation plots of η0 and G0 vs. logP for
the cosurfactants studied.

4.2. Lack of direct correlation between the polarity of cosurfactant
molecules and solution viscoelastic properties

the cylindrical body of the micelles, as evidenced by the shorter relaxation times for these cosurfactants. Indeed, if the inclusion of the
cosurfactant molecules with C8-C10 tails leads to better packing-stress
relaxation in the cylindrical body of the micelles, as compared to the
spherical end-caps, then the cosurfactants will reduce the energy of the
cylindrical part and will thus increase the energy diﬀerence between
the spherical and the cylindrical regions, viz. the values of εec (see
Fig. 13B,C for schematic illustration of this explanation). Thus we explain the eﬀect of the C8-C10 cosurfactants with an optimal chain
packing in the cylindrical region of the micelles which reduces the
energy of this region.
Note that the packing of the small head-group and large head-group
cosurfactants in the mixed micelles is diﬀerent (cf. Fig. 13B and C). The
small head-groups of the fatty acids and fatty alcohols are known to ﬁt
well in between the head-groups of the main surfactants, Fig. 13B, as a
result of strong hydrogen bonding and inter-tail hydrophobic attraction
[21,32,33,37]. The large head-groups of the CnTAB do not allow these
cosurfactants to ﬁt in the space between the heads of the main surfactant molecules. Instead, one could expect that the TAB head-groups
lay over the plane in which the head-groups of the main surfactants are
located, as shown in Fig. 13C. The strong electrostatic attraction between the oppositely charged head-groups of CnTAB and SLES stabilizes
this conﬁguration. This diﬀerence in the cosurfactant arrangement
could explain the maximum at longer C10 tail for CnTAB cosurfactants,
as compared to the optimal C8 tail for fatty alcohols and acids. Indeed,
the size of the head-groups of the main surfactants is comparable to the
chain-length of a fragment of two neighboring eCH2− groups (≈
0.25 nm).
On the other hand, τbr depends on the activation energy for end-cap
formation, ε#, and the micelle length via the expression [7,12]:

At the end, let us prove our statement that there is no simple direct
correlation between the cosurfactant eﬀect on the solution viscoelasticity and the polarity of the cosurfactant molecules, characterized by
their logP parameter. By deﬁnition, this parameter is determined from
the ratio of the solubilities of the respective substance in octanol and in
water:

log10 P =

[Cin octanol , mol/1]
Cin water , mol/1

(4)

We calculated logP for the various cosurfactants using the free
chemical structure database ChemSpider© (Royal Society of Chemistry
2015) and the software package ChemAxon which is based on the QSAR
approach.
The results for logP showed that most of the studied cosurfactants
are predominantly hydrophobic, with a partition coeﬃcient greater
than 2. This means that the cosurfactants have low solubility in water
and are predominantly incorporated inside the micelles. The only negative coeﬃcients are those for C6TAB (lgP = −1.76) and C8TAB
(lgP = −0.87), meaning that these molecules are more soluble in the
aqueous phase than in octanol, due to the charged quaternary ammonium ion in their head-group and the relatively short hydrophobic
chain. Nevertheless, these molecules have a very strong eﬀect on the
solution rheological properties which is a clear indication that their
positive charge enhances the cosurfactant incorporation inside the
micelles, in line with the discussion in Section 4.1.
Illustrative correlation plot between the values of η0 and logP is
shown in Fig. 14. One sees that the data for a given class of surfactant
show a maximum viscosity at a given intermediate value of logP.
However, the data for the diﬀerent classes of surfactants do not group
around a single master curve. This lack of direct correlation is not
surprising, because we observe strong eﬀects on the micelle properties
of molecules with very diﬀerent polarities (e.g. C6TAB with lgP = −
1.76 and C8OH with lgP = + 2.58).
Note that no such wide range of cosurfactants has been reported
until now in the literature – limited correlations are seen for similar in
head-group cosurfactants but these correlations cannot be generalized
for a wider set of chemical structures.

(ε # − 2εec ) ⎤
ε#
τbr ∝ L−1 exp ⎡ ⎤ ∝ exp ⎡
⎢
⎥
⎥
⎢ kT ⎦
kT
⎣
⎣
⎦
The fact that τbr remains almost constant within a given class of
cosurfactant, as discussed above, shows that the variations in εec and ε#
are highly correlated − the increase of εec is related to similar increase
in ε# and vice versa.
Such correlations between equilibrium and transition states are well
known in physical organic chemistry and are used when considering the
kinetics of organic reactions. They are generally termed as “linear free
energy relationships” and popular examples are the Hammett equation
and Taft equation [40,41]. Furthermore, the existence of such correlation means that there is a close structural similarity between the
highest energy transition state before micelle scission (breakage) and
the ﬁnal state of the broken micelle. In other words, the energy maximum in the process of micelle breakage, expressed via ε#, appears in
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5. Conclusions
We studied systematically the eﬀect of cosurfactants with various
molecular structures on the rheological properties of SLES + CAPB
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could be divided into three groups:
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•
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and

There is a clear hierarchy in the parameters of the cosurfactant
molecules which aﬀect the rheological behavior of these solutions:

• Most important are the head-group charge and the alkyl chain•
•
•
•

length, followed by the presence of branching and double bonds in
the hydrophobic tails.
For the same head-group, highest viscosity is observed with cosurfactants with chain-length of 8–10 carbon atoms.
At given tail, highest viscoelasticity is observed with positively
charged cosurfactants and with nonionic cosurfactants having small
head-groups.
Increasing number of double bonds and/or branching of the cosurfactant tails leads to lower solution viscosity.
No simple correlation trend was found between solution rheological
properties and any single property of the cosurfactant molecules
(e.g., logP).

The observed trends are analyzed by considering the properties of
the entangled wormlike micelles, formed in these solutions.
Cosurfactants which form viscoelastic gels, lead to the formation of
largest micelles with more than 10 entangling points per micelle and
very slow relaxation, τR > > 1 s. Highly viscous solutions are formed
when 3–5 entangled points are formed per micelle and τR is between 1
and 10 s. Newtonian behavior of the solutions is observed at low
number of entangled points (< 3) and relaxation time < 1 s.
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