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The rheology of wormlike micelles (“worms”) formed by surfactants in water often follows nonmonotonic trends as
functions of composition. For example, a study by Raghavan et al. (Langmuir 2002, 18, 3797) on mixtures of the anionic
surfactant sodium oleate (NaOA) and the cationic surfactant octyl trimethylammonium bromide (OTAB) reported a
pronounced peak in the zero-shear viscosity �0 as a function of NaOA/OTAB ratio at a constant surfactant
concentration (3 wt %). In this work, we study the origins of rheological changes in the NaOA/OTAB system and
the relations between the composition and structural characteristics using cryo-transmission electron microscopy
(cryo-TEM). When either surfactant is in large excess, the dominating morphology is that of spherical micelles. As
oppositely charged surfactant is added to the mixture, the spheres grow into linear worms and these continue to elongate
as the viscosity peak (which occurs at a 70/30 NaOA/OTAB ratio) is approached from either end. At the viscosity peak,
the sample shows numerous long worms as well as a small number of branched worms. Taken together, NaOA/OTAB
rheology can be primarily understood on the basis of micellar growth, which is explained primarily by packing
arguments. While the size of the hydrophobic micellar core continuously decreases as the short amphiphile OTAB
is added at the expense of NaOA, screening of charges goes through a maximum, which contributes to the asymmetry
of the viscosity curve. With regard to micellar branching, there is no significant difference in the density of branched
worms on either side of the viscosity peak. Therefore, it appears that in contrast to the behavior of some surfactant/salt
systems, branching does not have a significant influence on the rheology of this mixed catanionic surfactant system.
Instead, our data clearly indicate that the origin of the viscosity peak is linked with micellar growth and micellar
shortening.

1. Introduction
Wormlike micelles (“worms”) make up a fascinating class of

self-assembled structures formed by surfactants in water. These
long, flexible cylindrical chains, with contour lengths as long as
several micrometers, can entangle into transient networks, lead-
ing to the appearance of viscoelastic properties in the fluid.1-3

Accordingly, worms have attracted much attention from industry
as rheology modifiers in commercial products.4 They have also
been of great interest to soft matter physicists because of their
similarities to high-molecular weight polymers. Unlike polymers,
whose chain length is fixed by covalent bonds, worms are
considered to be “living” polymers because they can break and
re-form, and their length is thus controlled by thermodynamics
(composition and temperature).2,3

There are several ways to create worms. One is to combine a
long-tailed ionic surfactant [e.g., cetylpyridinium chloride

(CPyCl)] with salt. Both inorganic salts (like sodium chloride)
and organic salts [like sodium salicylate (NaSal)] can be used.5-8

Alternatively, it is possible to combine two surfactants, either one
ionic and the other nonionic,9 or surfactants of opposite charge.10

An example of the latter is the study by Raghavan et al.11

on mixtures of sodium oleate (NaOA), a C18-tailed anionic
surfactant, and octyl trimethylammonium bromide (OTAB), a
C8-tailed cationic surfactant. The principle behind the above
approaches is the same: “binding” of salt counterions or the
second surfactant to the micelles of the former ionic surfactant,
reducing the net charge and thereby the electrostatic repulsions
between headgroups. In turn, the net surfactant geometry be-
comes conductive to growth from spheres to cylinders/worms.3

An intriguing feature of wormlike micellar systems is the
existence of nonmonotonic trends in rheological properties. For
example, consider the zero-shear viscosity �0, i.e., the viscosity in
the limit of low shear rates. A plot of �0 versus salt concentration
in surfactant/hydrotrope systems like CPyCl/NaSal1,12 and
C16TAB/NaSal13 generally shows a first pronounced peak, fol-
lowed by a trough, and then a second moderate peak. A peak
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is also often created when inorganic salts are added to surfac-
tants.5,14,15 Both the growth rate and the peak viscosity value
strongly depend on molecular characteristics as well as on phy-
sicochemical parameters of the system. Although these param-
eters strongly vary between studies, it is generally found that the
changes induced by nonpenetrating additives are more moderate,
and the peak viscosity in those systems typically reaches 10-100
Pa 3 s, compared with a zero-shear viscosity value of >1000 Pa 3 s
observed with the penetrating, organic aromatic salts.

A single pronounced peak has also been reported in numerous
charged16,17 and uncharged systems18 and in mixed surfactant
systems.10,11,19 In the NaOA/OTAB system, for example, a peak
in the plot of �0 versus composition is obtained at a NaOA/OTAB
ratio of 70/30 when the total surfactant concentration is fixed at
3 wt%, with a peak �0 that is 1 million-fold higher than the vis-
cosity of pure NaOA or OTAB solutions.11 A detailed review of
these studies was recently published by Dreiss.20

Why does the viscosity of worms go through a peak as a
function of surfactant ratio or salt content? Two hypotheses
dominate the literature. The first is that the worms grow
while staying linear up to the peak, whereas beyond the peak,
linear worms transform into branched (also called connected)
networks.5,6,11,19,21-25 Theoretical studies have predicted that
branching of worms should lower the viscosity, and so there is
a foundation for this hypothesis.26 The second hypothesis is that
the worms grow up to the peak and shrink beyond the peak.4,27,28

Currently, which of the models described above is right is an open
question. One reason why this problem is complicated is because
it is not easy to distinguish between linear and branched worms
using conventional techniques such as rheology, light scattering,
or neutron scattering.5,29,30 The most reliable way to confirm
branches in worms is the technique of cryo-transmission electron
microscopy (cryo-TEM), which allows unambiguous direct vi-
sualization of the structures present in a micellar sample.5,29-32

So far, to the best of our knowledge, only a few studies have
applied cryo-TEM to investigate the viscosity peak in a wormlike
micellar system.5,30,33,34 In particular, Croce et al.5 studied worms
formed by the cationic surfactant, erucyl bishydroxyethylmethyl-
ammonium chloride (EHAC), and potassium chloride (KCl).

EHAC/KCl worms at 1.5% EHAC showed a single peak in �0
when plotted as a function of KCl concentration. Cryo-TEM
conducted on selected samples along this viscosity curve revealed
mainly linear worms to the left of the peak, and mostly branched
worms to the right of the peak. These data support the idea that
the peak in �0 signifies a transition from linear to branched worms
and that the drop in viscosity occurs when branched worms
emerge as the dominant structure in the sample.

In this study, we apply cryo-TEM to the mixed NaOA/OTAB
system, which was thoroughly studied by Raghavan et al.11 using
rheology and neutron scattering. From the various rheological
parameters determined in that study, we selected specifically the
zero-shear viscosity, whose trends are the hallmark of changes in
the nanostructure of the micelles, with the aim of clarifying the
origin of the viscosity peak and the viscosity drop reported as a
function of surfactant composition. Specifically, we fix the total
surfactant content at 3 wt% and vary the NaOA/OTAB ratio (the
corresponding data for �0 are replotted in Figure 1). We seek to
correlate sample microstructure, as determined by cryo-TEM,
with the zero-shear viscosity. On the basis of our results, we
conclude that the rheology in this system is primarily impacted by
changes in micellar length rather than by transitions from linear to
branched micelles.

2. Experimental Section
Materials and Sample Preparation. The compounds n-

hexyl trimethylammonium bromide [C6H13N(CH3)3Br, C6-
TAB], n-octyl trimethylammonium bromide [C8H17N(CH3)3Br,
OTAB], n-dodecyl trimethylammonium bromide [C12H25N-
(CH3)3Br, C12TAB], and sodium oleate (cis-9-octadecanoate,
C9H18dC8H15COONa, NaOA) were obtained from TCI Amer-
ica (>99% pure) and used as received. C6TAB does not form
micelles and has no CMC. OTAB is the surfactant with the
shortest alkyl chain in the TABþ family. Distilled and deionized
water was used in preparing the mixed surfactant solutions. First,
3 wt% solutions of each surfactant were made. After equilibration
for 24 h at room temperature, mixtures of the two solutions
(OTAB and NaOA) at various ratios were prepared. The samples
we studied were completely clear and transparent, with a pH of

Figure 1. Zero-shear viscosity �0 of NaOA/OTAB mixtures as a
function of OTAB weight fraction in the mixture. The total
surfactant concentration is 3 wt%. The structures of the individual
surfactants, NaOA and OTAB, are also shown. This figure was
reproduced from ref 11. Copyright 2002 American Chemical
Society.

(14) Cappelaere, E.; Cressely, R. Colloid Polym. Sci. 1998, 276, 1050–1056.
(15) Candau, S. J.; Khatory, A.; Lequeux, F.; Kern, F. J. Phys. IV 1993, 3,

197–209.
(16) Tobita, K.; Sakai, H.; Kondo, Y.; Yoshino, N.; Iwahashi, M.; Momozawa,

N.; Abe, M. Langmuir 1997, 13, 5054.
(17) Danino, D.; Weihs, D.; Zana, R.; Or€add, G.; Lindblom, G.; Abe, M.;

Talmon, Y. J. Colloid Interface Sci. 2003, 259, 382–390.
(18) Acharya, D. P.; Kunieda, H. J. Phys. Chem. B 2003, 107, 10168–10175.
(19) Acharya, D. P.; Hattori, K.; Sakai, T.; Kunieda, H. Langmuir 2003, 19,

9173–9178.
(20) Dreiss, C. A. Soft Matter 2007, 3, 956–970.
(21) Schubert, B. A.; Kaler, E. W.; Wagner, N. J. Langmuir 2003, 19, 4079–4089.
(22) Ali, A. A.; Makhloufi, R. Phys. Rev. E 1997, 56, 4474–4478.
(23) Hartmann, V.; Cressely, R. Rheol. Acta 1998, 37, 115–121.
(24) Khatory, A.; Kern, F.; Lequeux, F.; Appell, J.; Porte, G.; Morie, N.; Ott,

A.; Urbach, W. Langmuir 1993, 9, 933–939.
(25) Croce, V.; Cosgrove, T.; Dreiss, C. A.; King, S.; Maitland, G.; Hughes, T.

Langmuir 2005, 21, 6762–6768.
(26) Lequeux, F. Europhys. Lett. 1992, 19, 675–681.
(27) Imae, T.; Kohsaka, T. J. Phys. Chem. 1992, 96, 10030–10035.
(28) Cappelaere, E.; Cressely, R. Rheol. Acta 2000, 39, 346–353.
(29) Ambrosone, L.; Angelico, R.; Ceglie, A.; Olsson, U.; Palazzo, G. Langmuir

2001, 17, 6822–6830.
(30) Lin, Z. Langmuir 1996, 12, 1729–1737.
(31) Danino, D.; Bernheim-Groswasser, A.; Talmon, Y. Colloids Surf., A 2001,

183, 113–122.
(32) Danino, D.; Talmon, Y.; Levy, H.; Beinert, G.; Zana, R. Science 1995, 269,

1420–1421.
(33) Clausen, T. M.; Vinson, P. K.; Minter, J. R.; Davis, H. T.; Talmon, Y.;

Miller, W. G. J. Phys. Chem. 1992, 96, 474–484.
(34) Lin, Z.; Cai, J. J.; Scriven, L. E.; Davis, H. T. J. Phys. Chem. 1994, 98,

5984–5993.

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
A

R
Y

L
A

N
D

 C
O

L
L

 P
A

R
K

 o
n 

O
ct

ob
er

 1
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 J

ul
y 

2,
 2

00
9 

| d
oi

: 1
0.

10
21

/la
90

11
89

k



DOI: 10.1021/la901189k 10485Langmuir 2009,25(18), 10483–10489

Ziserman et al. Article

� 11.5 in OTAB-free samples, and decreasing down to a pH
of � 8.3 at 10/90 NaOA/OTAB samples. Similar procedures were
used to prepare C6TAB/NaOA mixtures at ratios near the
viscosity peak and C12TAB/NaOA mixtures at a cationic surfac-
tant excess.

Cryo-TEM. Specimens were prepared in a controlled envir-
onment vitrification system (CEVS) at 25 � C and 100% relative
humidity. A drop of solution was placed on a TEM grid covered
with a perforated carbon film and blotted with a filter paper to
form a thin solution film on the grid. The exact amount of blotting
and its mode of application were adjusted so as to obtain films
ranging between 100 and 250 nm in thickness. The blotted samples
were allowed to stand in the CEVS for 10-30 s to relax from
shearing effects caused by the blotting. The relaxed samples
were then plunged into liquid ethane at its freezing temperature
(-183 � C) to form vitrified specimens and stored at -196 � C in
liquid nitrogen until examination. Specimens were examined in a
Philips CM120 transmission electron microscope optimized for
cryo-TEM work. The microscope was operated at an accelerating
voltage of 120 kV using an Oxford CT3500 cryo-specimen holder
that maintained the vitrified specimens below -175 � C. Specimens
were examined in the low-dose imaging mode to minimize elec-
tron-beam radiation damage. Images were recorded digitally at
nominal magnifications up to 175000� on a cooled Gatan Multi-
Scan 791 CCD camera, using the DigitalMicrograph software.31,35

3. Results
Rheological data on the NaOA/OTAB system at a total

surfactant concentration of 3 wt % are reproduced in Figure 1.

The data show the zero-shear viscosity �0 of the mixtures versus
the OTAB content in the mixture. As noted earlier, �0
peaks at a 70/30 NaOA/OTAB weight ratio, which corresponds
to � 2:1 NaOA/OTAB molar ratio. The peak �0 is � 1 million-fold
higher than the viscosities of pure NaOA and pure OTAB
solutions.

We use cryo-TEM to probe the microstructures in the NaOA/
OTAB mixtures described above. We start with samples on the
NaOA-rich end of Figure 1 (to the left of the viscosity peak). First,
consider 3 wt% NaOA alone (i.e., 100/0 NaOA/OTAB). In this
sample, spherical micelles � 4 nm in diameter prevail. Several such
micelles are marked by white arrowheads in Figure 2A. The
existence of only spherical micelles is consistent with the low
viscosity of 1.5 mPa 3 s of this sample. Note that 3 wt % is well
above the critical micelle concentration (CMC) of NaOA, which
is 0.06 wt%.

Next, we turn to the 90/10 NaOA/OTAB solution, which is
again a Newtonian, low-viscosity solution with a viscosity of
3 mPa 3 s. In this case, cryo-TEM shows spherical micelles coex-
isting with short, flexible, worms (Figure 2B). The end caps of
several worms (black arrows in Figure 2B) can be distinguished,
and the end-to-end or contour length L of those worms can thus
be estimated: L ranges from 50 to 300 nm. In addition, a few
branch points (junctions), typically 3-fold, are seen in this
sample. The presence of junctions is intriguing since spherical
micelles and junctions represent limits of high and low curva-
ture, respectively, in micellar solutions.36 However, occasional

Figure 2. Cryo-TEM images of NaOA/OTAB structures left to the viscosity peak. OTAB concentrations equal 0 (A), 10 (B), 15 (C), and
20 wt% (D). The images show the gradual decrease in the number of spherical micelles (denoted with white arrowheads) coupled with the
formation of worm micelles with increasing length, as more OTAB is added to the mixture. Also evident is the decreasing number of end caps
as the OTAB concentration increases (black arrows). Micellar growth is further accompanied by the formation of junction points, as denoted
with the white arrows. While all junctions are of the three-fold variety, they display diverse local connection angles (compare for example the
angles in panels C and D). Bars are 50 nm.

(35) Cui, H.; Hodgdon, T. K.; Kaler, E. W.; Abezgauz, L.; Danino, D.;
Lubovsky, M.; Talmon, Y.; Pochan, D. J. Soft Matter 2007, 3, 945–955. (36) May, S.; Bohbot, Y.; BenShaul, A. J. Phys. Chem. B 1997, 101, 8648–8657.
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