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Abstract The rheological properties of aqueous systems

composed of each of the four homologous cationic sur-

factants (3-alkoxy-2-hydroxypropyl trimethyl ammonium

bromides, CnHTAB, n = 12, 14, 16 and 18) in the presence

of an anionic surfactant, sodium octanoate (SO), have been

studied by using steady state and frequency sweep rheo-

logical measurements. The effects of surfactant concen-

tration, hydrophobic chain length and temperature were

investigated. In C14HTAB solution, the viscosity shows

shear thinning in the concentration range of CC14HTAB

[320 mmol/kg. Addition of SO promotes the micellar

growth and results in the generation of wormlike micelles.

Zero-shear viscosity (g0) of the binary surfactant system

exhibits a maximum point in the investigated concentration

range, suggesting the interaction between C14HTAB and

SO molecules is strongest at the optimal ratio of C14HTAB

with SO. The decrease in viscosity was attributed to be the

transition from entangled wormlike micelles to branching

micelles after the maximum point, cryo-TEM images

revealed the changes in the structure of the wormlike

micelles.

Keywords 3-Alkoxy-2-hydroxypropyl trimethyl

ammonium bromide � Sodium octanoate � Rheological

property � Wormlike micelles

Introduction

It is known that the mixtures of oppositely charged surfac-

tants can self-assemble into such microstructures as

micelles, vesicles, lamellae, columnar and the cubic meso-

phases, depending on the different groups and the shape of

the surfactant molecules. Among these microstructures,

viscoelastic wormlike micelles formed in surfactants and its

mixed systems have many potential applications, thus, there

has been much interest in studying the properties of the

wormlike micelles, in particular those stimuli-responsive

surfactants systems in recent years [1–6].

The addition of one oppositely charged surfactant, even

a small amount, to another surfactant solution is expected

to enhance the formation of wormlike micelles because

counterions reduce the micellar surface potential via charge

neutralization and also increases the ionic strength by vir-

tue of the released counterions [7, 8]. Thus, the rheological

property of the binary solution of cationic and anionic

surfactants is better than that of either parent surfactant.

However, so far studies on the rheological behavior of the

aqueous mixed system of counterionic surfactants are

rather scarce [9–13], and this is in contradiction to the

increasing development of mixed wormlike micellar solu-

tions both in fundamental and in practical aspects. There-

fore, we focus our attention in this work on the interactions

of such a class of cationic surfactants, 3-alkoxy-2-hy-

droxypropyl trimethyl ammonium bromides (referred to as

CnHTAB, n = 12, 14, 16 and 18) and a counterionic sur-

factant. One of the readily available anionic surfactant,

sodium octanoate (SO), is selected to form a mixed

wormlike micelles solution with C14HTAB. The influences

of the hydrophobic effect, electrostatic interaction and

hydrogen bonding on the viscoelastic behaviors of charged

wormlike micelles have been investigated. The obtained
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experimental data should be helpful not only for a solid

understanding of cationic/anionic surfactant mixed sys-

tems, but also for further broadening of the potential

applications of these mixed systems in the fields of

household chemicals and functional materials.

Experimental

Materials

3-Alkoxy-2-hydroxypropyl trimethyl ammonium bromides

(CnHTAB, n = 12, 14, 16 and 18) were synthesized in our

laboratory according to the methods reported in the liter-

ature [14]. The products were purified by recrystallization

from acetone five times, and then dried under a vacuum for

2 days. The purity of these products was confirmed by the
1H-NMR spectrum and elemental microanalysis. The

detailed descriptions are available in the Electronic Sup-

plementary Information 1, 2 (ESI 1, 2). Sodium octanoate

(SO, Aldrich Chemical Reage Co.) was a special grade

reagent and was used as received. The molecular structures

are shown in Scheme 1.

Methods

Rheological Measurements

Samples were prepared by mixing CnHTAB, SO and water

at a given molality and were homogenized by a magnetic

stirrer at 50 �C, and then they were stored in a constant

temperature water bath at 25 �C to equilibrate. A stress

controlled rheometer (AR2000ex, TA instruments, USA)

with cone-plate geometry of 2� cone angle and 20 mm

diameter was used for rheological measurements. The gap

between the center of the cone and plate was 50 lm. The

measuring unit was equipped with a temperature unit

(Peltier plate) providing rapid change of the temperature

and giving accurate temperature control (uncertainty:

±0.05 �C) over an extended time. Frequency sweep mea-

surements were performed in the linear viscoelastic regime

of the samples, as determined previously by dynamic stress

sweep measurements for all samples, and the frequency (x)

varying from 0.01 to 100 rad/s. For the steady-shear

experiments, an equilibration time of 90 s was given at

each data point. Each measurement was repeated three

times to ensure good reproducibility (the deviation was less

than 1 %).

Cryogenic Transmission Electron Microscopy (Cryo-TEM)

Aggregate structures were determined by cryo-TEM.

Samples for cryo-TEM measurement were prepared in a

controlled environment vitrification system (CEVS, Cry-

oplunge TM3, Gatan, USA) at 25 �C at 95 % relative

humidity. A drop of solution (1–5 ll) 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. Samples were quenched rapidly in liquid ethane to

form a vitrified sample and then transferred to liquid

nitrogen until examination and were examined on a JEOL

JEM 1400 TEM operating at 120 kV. The cryo transfer

holder temperature was maintained below -166 �C during

imaging. Images were recorded on a high-resolution cooled

CCD camera.

1H-NMR Measurements

1H-NMR spectra of CnHTAB were measured using an MP-

400 nuclear magnetic resonance spectrometer (Varian

Company, US) at the proton resonance frequency of

400.15 MHz. All spectra were determined in deuterium

oxide containing TMSP as an internal reference.

Results and Discussion

Effect of Surfactants Concentration

Transparent viscoelastic solutions were formed in all

determined samples and a systematic study was carried out

using steady state and frequency sweep rheological
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Scheme 1 The molecular

structures of CnHTAB (n = 12,

14, 16, 18) and SO
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measurements. The steady shear viscosities of pure C14-

HTAB aqueous solutions at different concentrations are

shown in Fig. 1 at 25.0 ± 0.2 �C. At low concentrations,

these solutions form spherical micelles with very low vis-

cosity and show Newtonian fluid behavior. However, when

the surfactant concentration were higher than 320 mmol/

kg, the systems formed long micelles, which can be proved

from shear thinning behavior in steady shear viscosity [15,

16]. When SO was added to C14HTAB aqueous solution at

100 mmol/kg, the area per head group of each monomers

markedly decreased due to the ion pairing formation which

facilitates long micelles formation. The long micelle

solution had higher viscosity than that of the system in the

absence of SO and the steady shear viscosity exhibited

shear thinning behavior (steady shear viscosity of C14-

HTAB/SO is shown in ESI 3). By extrapolating the plateau

value, the zero-shear viscosity (g0) at different SO con-

centrations were obtained and are shown in Fig. 2. It was

observed that with increasing concentration of SO, the g0

increases quickly and reaches a maximum at 60 mmol/kg

SO and then decreases at high SO concentration. The

maximum g0 value (214.3 Pa�s) is 5 orders of magnitude

larger than its initial viscosity without SO (0.002 Pa�s). The

relationship between g0 and SO concentration obeys the

power law, g0 / C3:49 before the maximum, which was

close to those wormlike micelles formed by nonionic sur-

factants investigated by Cates and co-workers (about 3.5)

[17, 18]. The similar curve of a single pronounced peak

was also observed in other cationic surfactant systems [7,

11–13, 19] and some conventional ionic surfactant/salt

aqueous systems [20, 21]. For the viscosity going through a

maximum as a function of surfactant ratio or salt content,

there are two hypotheses in the literature. The first is that

the micelles grow up to the peak and shrink beyond the

peak [22–24]. The second hypothesis is that the micelles

grow while staying linear up to the peak, remain linear

micelles transform into a branched networks structure [8,

11, 15, 25–27] as observed from the presence of 3-way

connections on the Cryo-TEM images [19, 27, 28]. Theo-

retical studies have predicted that branching of wormlike

micelles should lower the viscosity [29]. For our system,

the addition of the SO screens the interaction between the

head groups and promotes an increase in micellar size,

which further gives rise to an entangled network of

wormlike micelles, but decreases g0 surpassing the maxi-

mum. For the decision on which model described above is

right, Raghavan pointed out that the most reliable way to

confirm branches in wormlike micelles is the technique of

cryo-transmission electron microscopy (cryo-TEM). In

order to further confirm the structural changes in the

micelle, we completed the cryo-TEM experiments. Pho-

tographs for several typical samples of the 100 mmol/kg

C14HTAB solutions containing different relative amount of

SO, 0, 40, 60 and 70 mmol/kg, respectively, are shown in

Fig. 3.

Figure 3a shows that some spherical micelles exist in

the system, their diameter is smaller than 10 nm. When SO

is added to the system (Fig. 3b, 40 mmol/kg SO), the

micrograph shows a number of cylindrical micelles of

different length. In Fig. 3c, very long wormlike micelles

are observed in the system, some wormlike micelles

overlap and become entangled. As a consequence, it is

impossible to identify where they begin and end. After the

maximum (Fig. 3d), a micellar network formed by bran-

ched micelles was found and the micrograph shows a

number of three-dimensional connections (red arrows). So

the results from the cryo-TEM observation support the

second hypothesis for our system in which the decrease in

viscosity was attributed to be a shift from entangled

wormlike micelles to branched micelles, which was in

good agreement with the results from the steady shear

rheology.

Significantly, the maximum viscosity occurs at a mole

ratio of CSO/CC14HTAB about 0.6 where one SO molecule
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Fig. 1 Plot of steady shear viscosity (g) versus shear rate (ý) as a

function of C14HTAB concentration at 25 �C
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roughly connects with two C14HTAB molecules in the

micelle (illustrated in Fig. 2). The peak shows the optimal

composition of C14HTAB and SO for the formation of the

longest micelle or the strongest network structure. Obvi-

ously, it does not reflect an optimal extent of charge neu-

tralization in the micelle where the counterions of

C14HTAB micelle are substituted completely by SO

anions. A possible mechanism for the micellar branching

may come from the transition of curvature of the micellar

interface. The curvature of the aggregate is strongly

influenced by the packing parameter p:

p ¼ v=la ð1Þ

where v is the hydrophobic volume, l is the hydrophobic

chain length of the surfactant molecule, and a the head

group area of that molecule. When p is between 1/3 and

1/2, the surfactant molecules will packed into cylindrical

micelles. When p is between 1/2 and 1, flexible bilayers or

vesicles form [30]. Wormlike micelles correspond to a

locally cylindrical geometry with two end caps that are

generally thought to be of hemispherical geometry having

higher curvature. At low SO concentrations, the

electrostatic repulsion between headgroup of C14HTAB

molecules are partially screened and short rodlike micelles

are formed which have a weak rheological response (low

viscosity). As the SO content is increased, because of the

strong interaction between C14HTAB and SO, a is reduced

and thus the packing parameter is increased, micelles grow

rapidly into wormlike ones until the maximum. After that,

continuing to increase SO to the solution, the electrostatic

interactions are more effectively enhanced, the head group

area could be further reduced and the tail volume

increased. This provides favorable conditions for cross-link

structure forming, rather than highly curved end-caps to

promote branched micelle formation, leading to the

decrease in zero shear viscosity. In addition, increasing the

anionic surfactant concentration increases the concentra-

tion of counterions released into the solution. The effect is

thus similar to salt addition and the maximum is initiated at

a lower SO content for a higher C14HTAB concentration.

Such a mechanism could explain the observed results.

When CSO[ 90 mmol/kg, viscosity of the solution

drops off slowly and then without obvious change,

Fig. 3 Cryo-TEM micrographs

of wormlike micelles formed by

C14HTAB (100 mmol/kg) with

a no SO, b 40 mmol/kg SO,

c 60 mmol/kg SO, and

d 70 mmol/kg SO. Scale bar

100 nm
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suggesting that the long micelle is damaged gradually and

the shape and structure of C14HTAB/SO micelles change

no further upon addition of SO. In an equimolar ratio, there

are no precipitate or packed vesicles formation like those of

catanionic systems [8, 31, 32], indicating that a dense

packing is sterically favorable for long micelles instead of

precipitates or vesicles [10, 33, 34].

The frequency sweep is a popular method for studying

the formation of long micelles or network structure. Fig-

ure 4 shows the dynamic rheological spectrum of

100 mmol/kg C14HTAB/60 mmol/kg SO aqueous solution

where the zero-shear viscosity shows a maximum (the

dynamic rheological spectra of the 100 mmol/kg C14-

HTAB and 30–150 mmol/kg SO are shown in ESI 4).

Oscillatory shear measurements of viscoelastic micelles

generally have single stress relaxation time (sR) at low

shear frequency which is consistent with Maxwell fluids.

The storage modulus (G0), and the loss modulus (G00), are

given by the following relations [35–38].

G0 ¼ xsRð Þ2

1 þ xsRð Þ2
G0

1 ð2Þ

G00 ¼ xsR

1 þ xsRð ÞG
0
1 ð3Þ

sR is obtained from x�1
C , and G0 is equal to G00 in the

frequency xC At high x, G0 becomes a constant plateau

module. Figure 3a represents a good fitting result for the

typical case of 100 mmol/kg C14HTAB/60 mmol/kg SO

aqueous solution in the range of low and medium fre-

quencies (solid lines). Viscous modulus (G00) appears as a

maximum in xC, then decreases, and then passes through a

minimum with increasing frequency. After this minimum,

G00 increases again indicating at least a second relaxation

time at a frequency beyond the limit of the rheometer

(100 rad s-1), but there is not enough high-frequency data

to accurately determine the second maximum in the

process of our measurements. The semicircular curve of

G00–G0 is another way of verifying viscoelastic wormlike

micelles behavior [38]. It can be expressed as Eq. (4).

G002 þ G0 � G0

2

� �2

¼ G0

2

� �2

ð4Þ

Figure 4b shows the Cole–Cole plot from the data pre-

sented in Fig. 4a, and the solid lines correspond to Max-

wellian evolution. Compared with the standard model, the

experimental curve of G0–G00 behaves as a Maxwell fluid,

having stress relaxation behavior characterized by a single

terminal relaxation time except for G00 at high angular

frequencies. We can see a departure in the measured evo-

lution corresponding to the contribution of the breathing

and Rouse modes. This accord with the fact that wormlike

micelles are in a dynamic equilibrium and in the rapid

breaking and recombination processes [35, 39, 40].

In this mixed system the directive driving force of long

micelle-formation comes mainly from the strong interac-

tion between the two surfactants with opposite charges,

including the hydrophobic effect and electrostatic attrac-

tion. Besides, the role of hydrogen bonding appears to

merit attention. In our recent publications, the amphiphilic

molecule with substituted hydroxyl group was used in

studies to analyze the effect of intermolecular hydrogen

bonding on the wormlike formation. It was found that the

intermolecular hydrogen bonding interaction increased the

cohesive strength between the molecules and sped up the

micellar growth [41]. In this work, C14HTAB molecule and

SO molecule contain respectively the hydroxypropyl group

and carboxy group, so hydrogen-bonding interactions

among the C14HTAB, SO and water molecules possibly

play an important role for the wormlike micelle formation.

When the concentration of SO is fixed at 60 mmol/kg

(corresponding to the peak in Fig. 2), the solution of

60 mmol/kg SO is Newtonian fluid, the zero-shear vis-

cosities and the plateau modulus of C14HTAB/SO mixed

solutions monotonically increase with increasing C14-

HTAB concentration and show the power law dependence

with the exponents of 1.3 and 0.96 (shown in Fig. 5),

respectively. While the relaxation time sR as a function of

C14HTAB concentration exhibits a downtrend in a power

law -2.59 (inserted figure). Although the rheological

properties are monotonic functions of C14HTAB concen-

tration, the behavior still does not follow that predicted for

ionic micelles. All exponents are very low compared with

the theoretical value which predicted by Turner in some

reversible scission wormlike micelles [36], namely,

g0 / C3:7, G0 / C2:3 and sR / C1:3. This is a behavior of

typical polyelectrolyte solutions that the increasing in g0

and decreasing in sR with increasing surfactant concen-

tration [21]. These results are similar to that from mixed
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solution of CTAT/SDBS and a fixed sodium dodecylben-

zenesulfonate concentration [39]. The increase of viscosity

can be taken as evidence of micellar growth. The plateau

modulus G0
1 usually depends on the number density of the

aggregates qe by the equation G0
0 ¼ qeKBT [39]. The lin-

early increase of plateau modulus G0
1 with the increasing

C14HTAB corresponds to the increase of connection degree

or branching and therefore reflects the decreasing mesh

size nM (shown in ESI 5) of the network. The increase of

G0
1 suggests that increasing C14HTAB concentration at the

fixed C14HTAB/SO ratio does not radically alter the

wormlike micellar structure in the examined concentration

range, only decreasing the crimp degree of wormlike

micelles.

Kaler had mentioned that the total persistence length

of ionic micelles, lp can be calculated from the intrinsic

persistence length, l0p, and electrostatic contribution, lep, by

the formula lp ¼ l0p þ lep [8]. The electrostatic persistence

length, lep, depended on micellar charge and Debye

length, k�1. The mean distance between charged groups

L0 and k�1 determine lep according to the Odijk–Skol-

nick–Fixman (OSF) theory, as lep ¼ ðlB=4Þðk
�1
=L0

Þ2
, here

lB is the Bjerrum length. Thus in this mixed system

increasing C14HTAB concentration decreases the k�1,

results in a decrease of lp and reduces the longest

relaxation time, sR.

Effect of the Alkyl Chain Length of the Surfactant

As a comparison, we investigated the behaviors of cationic

surfactants with different alkyl chain length. The aqueous

solutions of 100 mmol/kg CnHTAB, n = 12, 14, 16 and

18, coexisting with 60 mmol/kg SO were selected as model

systems. Figure 6 shows the steady shear viscosities of

C12–18HTAB/SO aqueous solutions at 25 �C. The steady

shear viscosity increase successively, on the whole, with

increasing alkyl chain length. The steady shear viscosity of

C12HTAB/SO, however, shows Newtonian fluid behavior

with low viscosity and that of C14HTAB/SO shows shear-

thinning. For C16–18HTAB/SO solutions, we note that the

curves of the shear viscosity vs shear rate display a sharp

shear thickening at a very low shear rate (Fig. 5). The

cause may be that the temperatures of both the solutions are

lower than the Kraft point of the two surfactants (26 �C for

C16HTAB and 32 �C for C18HTAB). Although both the

mixed systems seem to be transparent, the molecular chains

of C16HTAB and C18HTAB are not fully extended, upon

shear rate increasing, the interaction between C16–18HTAB

and SO can be enhanced, and so peaks appear in the curves

of shear viscosity vs shear rate (Fig. 6).

The dynamic shear modulus G0 and G00 of 100 mmol/kg

C14–18HTAB/60 mmol/kg SO as a function of angular

frequency at 25 �C are shown in Fig. 7. It can be seen that
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no cross-over points can be detected for the samples

n = 16 and 18, but the curves of G0 have plateau and G0

wholly exceed G00 throughout the examined frequencies,

which is in accordance with the gel-like behavior [42, 43].

For the samples of n = 14, the changing trend of storage

modulus (G0) and loss modulus (G00) fits the Maxwell

model and has the characteristic of wormlike micelles, i.e.,

elastic modulus G0 dominating over viscous modulus G00 at

high x and viscous modulus G00 dominating over elastic

modulus G0 at low x [40]. While C12HTAB/SO aqueous

solution has not showed well elasticity. In other words, the

CnHTAB/SO mixed aqueous solutions change from New-

tonian fluids to non-Newtonian fluids (solution of wormlike

micelles), then to solutions of gel-like micelles with the

increasing chain length of cationic hydrophobic group at

25 �C. These experimental results fully show that the

hydrophobic interaction is strengthened with increasing

alkyl chain length and long wormlike micelles and a gel is

easier to form in the system. This gelation behavior may be

attributed to the crystallization of wormlike micelles,

which is related to the strong synergic interaction between

both the surfactants under the Kraft point of C16–18HTAB

[44, 45]. When the temperature is increased to above

35 �C, both the samples exhibits characteristic wormlike

micelle features with strong viscoelastic behavior.

Effect of Temperature

The viscoelasticity of 100 mmol/kg CnHTAB/60 mmol/kg

SO solution was studied from 15 to 35 �C. In the examined

temperature range, a sample of 100 mmol/kg C12HTAB/

60 mmol/kg SO did not show good rheological behavior.

Figure 7 shows the variation of the dynamic rheological

properties of 100 mmol/kg C14–16HTAB/60 mmol/kg SO

as a function of angular frequency at different tempera-

tures. For the sample 100 mmol/kg C14HTAB/60 mmol/kg

SO (Fig. 8a), G0 dominates over G00 at high x and G00

exceed G0 at low x, which is a typical viscoelastic response

of wormlike micelles. And the x value of the crossover

point increases from 0.1834 rad s-1 at 15 �C to 3.960 rad

s-1 at 35 �C, indicating a relaxation time decrease and

viscoelasticity is damaged when the temperature of the

sample is enhanced. The higher angular frequency at which

G0 and G00 cross, the faster the relaxation process of

micelles and the more difficult is the formation of a net-

work structure [36, 46] However the sample 100 mmol/kg

C16HTAB/60 mmol/kg SO (Fig. 8b) shows gel-like

behavior at 15–25 �C and wormlike micelles behavior at

35 �C, indicating that the solution changes from gel-like to

wormlike micelles with the increasing temperature. The

dynamic rheological properties of 100 mmol/kg C18-

HTAB/60 mmol/kg SO (shown in ESI 6) shows the same

trend with that of C16HTAB/SO system. These

experimental results of the above fully consistent with the

expected results that thermodynamic free energy in turn

reduce in the following order, C18HTAB[C16-

HTAB[C14HTAB[C12HTAB, i.e., longer and more

tightly packed micelles can be more easily formed at low

temperature.

In addition, the steady shear viscosity is also investi-

gated. For example, the viscosities of C14HTAB/SO

aqueous solutions at different temperatures show the typi-

cal shear thinning non-Newtonian fluid behavior. The zero-

shear viscosities g0 (shown in ESI 7) decrease successively

with the increasing temperature, but the maximum g0 value

at CSO = 60 mmol/kg does not change with a different

temperature, indicating that the similar structure of

micelles is in existence in our examined temperature range.

It is easy to understand that the increasing thermal motion

reduces the viscosity of the solution and decreases the

average micellar length [22, 47]. The activation energy, Ea,

can be obtained from the Arrhenius plot according to

Eq. (5).

g0 ¼ AeEa=RT ð5Þ

Activation energy, Ea is the necessary energy of an

individual micelle to move in an environment of
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Fig. 8 Variations of G0 and G00 with the shear frequency for

100 mmol/kg C14HTAB (a), C16HTAB (b) and 60 mmol/kg SO

mixed aqueous solutions at different temperatures
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surrounding micelles. Therefore Ea is given by the inter-

actions between individual aggregates [16]. Figure 9 pre-

sents the plot of ln g0 versus the reciprocal of the

thermodynamic temperature for 100 mmol/kg C14HTAB/

60 mmol/kg SO mixed aqueous solutions. The plot is linear

and demonstrates that the main g0 follows Arrhenius-type

behavior. A value of 136.35 kJ/mol for Ea obtained from

the slope falls into the wide range of Ea values

(70–300 kJ/mol) reported for surfactant micellar systems

[27, 48–50].

Conclusion

In summary, the viscoelastic properties of CnHTAB

aqueous systems and their mixed solutions with SO were

studied using viscosity measurements. Influences of sur-

factant concentration, alkyl chain length of CnHTAB and

temperature on the properties were investigated. In C14-

HTAB solution at 100 mmol/kg, only spherical micelles

can be formed. The addition of SO can promote the

micellar growth from spherical ones into rodlike ones and

to wormlike ones by the synergistic effect of hydrophobic

effect, electrostatic interaction and hydrogen bonds

between the oppositely charged surfactants. Zero-shear

viscosity of mixed solutions as a function of SO concen-

tration shows a maximum peak behavior. The decrease in

viscosity can be attributed to be the transition from

entangled wormlike micelles to branching wormlike

micelles after the maximum. Cryo-TEM observation con-

firmed the micellar structure changes with SO concentra-

tion increases. The viscosity and elasticity can be flexibly

adjusted by selecting the suitable concentration, the ratio of

the two surfactants, hydrophobic chain length of the sur-

factant molecule and the temperature. The steady and

dynamic rheological curves show great differences with

increasing the hydrophobic chain at a same ratio of

CnHTAB/SO mixed solution. The activation energy, Ea,

obtained from the Arrhenius plot falls into the range

reported for surfactant micellar systems. These results may

be regarded as an important reference in theoretical

research and the practical application of mixed surfactants

in several new fields.
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