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Small-angle neutron scattering (SANS) and rheology are used to probe the wormlike micelles formed in
mixtures of a cationic (cetyl trimethylammonium tosylate, CTAT) and an anionic surfactant (sodium dodecyl
benzene sulfonate, SDBS). For a fixed composition of 97/3 CTAT/SDBS, the zero-shear vigeastiplly
increases rapidly with surfactant concentration, but decreases beyond an intermediate concentsation
The solutions show a scattering peak in SANS and the height of the scattering peak also exhibits a maximum
arounde¢max. These results are interpreted in terms of a maximum in the linear micellar contour leagth

¢max and suggest that the hydrodynamic and electrostatic correlation lengths reach an optimal ratio at this
point. For a fixed total surfactant concentration, the viscagitglso reaches a maximum at an intermediate
SDBS fraction. The decreasesjg at high SDBS fractions is interpreted in terms of the polyelectrolyte nature

of the micelles and the increased chain flexibility caused by the rising ionic strength of the solutions. An
alternate possibility may involve a progression from linear to branched micelles with increasing SDBS content.

1. Introduction WATER

lonic surfactants in aqueous solution can self-assemble into
long flexible wormlike or threadlike micellés3 These micelles
are generally formed in the presence of high concentrations of o/
salt which screens the electrostatic repulsions between the
charged surfactant headgrofgsTypical examples include the
cationic surfactant, cetyl trimethylammonium bromide (CTAB),
and analogues of CTAB with hydrophobic counterions such as
salicylate, tosylate, or dichlorobenzoate. In the latter cases,
wormlike micelles are formed even in the absence of salt, with
the counterions apparently inserting between the headgroups
and facilitating micellar growtt:8

This study focuses on one such cationic surfactant, cetyl
trimethylammonium tosylate (CTAT), and we report here the
effects of incorporating small amounts of an anionic surfactant,
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sodium dodecyl benzene sulfonate (SDBS), into salt-free CH, §6-45-CH f branched o,
solutions of CTAT. The addition of oppositely charged SDBS can—;Ihi-CHS_@— ) equimolar C.H.~O~SO/Na
to CTAT is expected to enhance the formation of wormlike CH,

micelles because SDBS reduces the micellar surface potentialrigure 1. Water-rich corner of the phase diagram of CTAT/SDBS in
via charge neutralization and also increases the ionic strengthH,0. A rodlike micellar phase (R) is present on the CTAT-rich side,
by virtue of the released counterioh® Thus, a mixture of and adjacent to this are two micelle/vesicle two-phase coexistence
oppositely charged surfactants can show a synergistic enhancetegions (. Il). There are also two vesicle lobes symmetrical around
ment of rheological properties over that of either parent the equimolar I|_ne. Spherical micelles (M) are found in the SDBS-rich
surfactant, an effect which may be exploited in applicatitris. corner of the diagram.

Few rheological studies, however, have focused on such mixedCTAT-rich corner of the phase diagram (marked-a} higher
surfactant systems. SDBS concentrations, spontaneous vesicles (V), and lamellar
The phase diagram of the CTAT/SDBS system (Figure 1) is structures (k) occur, and in the SDBS corner, spherical micelles
known? Rodlike or wormlike micelles are formed only in the are found? In D,O the vesicle regions are much smaller and

the boundary of the CTAT-rich micellar phase is slightly
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rich micellar phase through a combination of rheology and hydrodynamic correlation length, typically identified with the
small-angle neutron scattering (SANS). We focus on the network mesh size. It can be estimated from the plateau modulus
semidilute regime of the solutions (above the overlap concentra-G,, vial®

tion ¢*) in which the wormlike micelles are entangled into a
mesh-like network.

Theory. A mean-field thermodynamic treatment of wormlike
micelles predicts an exponential distribution of micellar lengths,
with the average contour length varying with surfactant
volume fractiong as?

L ~ ¢ expEJ/2kT] €Y

Here,E. is the energy required to create two end caps,kafid
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Scaling relations can be deduced for key rheological quantities
as a function of surfactant volume fractign For the plateau
modulus G, and the reptation timep, the results are the
same as for polymer solutioi$:

is the thermal energy. The above relation is only valid for G, ~ ¢9’4 @
electrostatically screened micelles. As micelles grow, they begin
to entangle, and in the semidilute regime their rheology can be Trop™ L3¢ (8)

described by the Cates modéf1°In this model, the reversible
nature of the micelles allows scission (breaking) and recombina-
tion processes to act in addition to micellar reptation. The
behavior of the micellar solutions is determined by the ratio of
the characteristic breaking timep) to the characteristic time
taken by a micelle of mean lengthto reptate ).t When
breaking occurs often over the time scale of reptatigg, &

7p), the solution behaves as a Maxwell fluid with a single
relaxation time 1g) given by

te = (TyTrep) - 2)

Under oscillatory shear, the elastic modulGs and the
viscous moduluss” for a Maxwell fluid obey the following
relations as a function of the oscillation frequeney®

The breaking time of a micelle is assumed to be independent
of surfactant concentration and varies inversely with micellar
length2i.e.,zp ~ (L)~L This assumption, when combined with
egs 8, 1, and 2, yields the relaxation titaén the fast-breaking
limit. In turn, the zero-shear viscosity, of a Maxwell fluid,
which is the product oftg and G,, can be obtained. The
resultant scaling relations adre

tR ~ [¢3/4 ~ ¢l.25 (9)

Mo = Gilg ~ L¢" ~ ¢*° (10)
Rheology of Wormlike Micelles. Experiments on some
model systems, such as CTAB micelles in 0.25 M KBr have
verified many of the above theoretical predictions, including
the exponent of 3.5 fayo.1” However, significant discrepancies
from this “classical picture” have also emerged, as briefly

discussed below. Further details can be found elsevfhéié: 20

2

Gl(w) = Gw(uztR
e 1+ o%?

R
Here, G, is the high-frequency plateau modulus, and the - > L .
relaxation timetg can be estimated am{~* whereay is the The first set of anomalous findings pertain to the effect of

frequency where the two moduli crossover. Equivalently, a salt concentrations on the rheology. Several cationic surfactant
Cole—Cole plot G vs G) for a Maxwell fluid describes a solutions show maxima in wscosV_tw(() as a function of;_S at
semicirclel.15 a constant surfactant concentratiop.82--24 The solutions
The rheology of wormlike micelles deviates from Maxwellian P€have as Maxwell fluids beyond the viscosity maximum, and
behavior at high frequencies, showing an upturn in the viscous the plateau modulug, is independent of;. These effects are
modulusG". These deviations result from a transition in the tYPically explained using the hypothesis of micellar branching
relaxation mode from reptation at longer time-scales to “breath- &t Nigh salt. The “cross-links” in the resulting multi-connected
ing” or Rouse modes at short time-scales. The frequency atmlcellar network can slide along the micelles and hence serve
which G shows a deviation is- 1/zp, wherery is the micellar as stress release points. Such a micellar network will therefore
breaking timet The value ofG" at ’the minimum, i.e.G" show a reduced viscosity compared to entangled linear mi-

can be related to the micellar contour lengtvial® m celles? Thus, the maximum iro with increasingss is supposed
to signify a shift from linear to branched micelles. Branching

is expected to occur when the free energy cost associated with
cross-link formation becomes comparable to that for end €aps.
Some evidence for branched micelles has been provided by cryo-
TEM microscopy?’—2°

The second class of anomalous findings deals with the effect
f surfactant concentratioo, on the rheology. Cationic sur-
actants that can form wormlike micelles in the absence of salt
(e.g., cetyl trimethylammonium salicylate) typically show a
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This equation allows the micellar contour lengithran important
and otherwise inaccessible quantity be estimated from

. : 0
rheological measurements. To do this, the entanglement Iengthf
le, i.e., the average contour length between two entanglement

points, must first be determined accordingto

5/3
. °H

e™ @ (5)

P

Here, |, is the persistence length of the micelles. The micelles
act as rigid entities over length scale$, and are flexible at
longer length scales (typically > 1,). The parameteéy is a

maximum in rheological propertiet( 7o) with increasingp.3—8
Viscosity maxima as a function af are also found at constant
c/cp for certain surfactant/salt pairs (e.g., cetyl trimethylam-
monium chloride/sodium tosylaté}.2 In all these cases, the
plateau moduluss), steadily rises with surfactant concentra-
tion over the entire range and conforms to eq 6. At the same
time, the paramete®;,;/G., describes a minimum as a func-
tion of cp. These findings have been interpreted in terms of a
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maximum in the micellar length4® or alternately, in terms of
micellar branching beyond thg maximum? Neither phenom-
enon is understood quantitatively.

A limited number of rheological studies have been performed
on mixed surfactant systems containing wormlike miceffe%
Herb et af® reported interesting results for mixtures of a
nonionic and an anionic surfactant. At a constant total surfactant
concentration, the viscosity4) showed a maximum as the mole
fraction of anionic surfactant was varied. For a constant ratio
of the surfactants, the viscosity again described a maximum as
a function of the total surfactant concentration. These results
are analogous to the effects observed for single surfaetants

the first case corresponding to the salt effect and the second to

the concentration effect. Hoffmann et 3lreported similar
findings for mixtures of a zwitterionic surfactant with either a
cationic or anionic surfactant. The data in the above studies
were not analyzed using the Cates framework.

Synergism in cationic/anionic surfactant mixtures is well-
known19:33At low concentrations, micellar aggregation numbers

increase as surfactant of opposite charge is added, and this is

reflected in higher viscositie¥:3> Few systematic studies at

higher concentrations have been conducted thus far, possibly
because these mixtures often exhibit phase separation or

precipitation even at low concentrations. This study is the first
detailed exploration of the high concentratian> c*) regime

for cationic/anionic wormlike micelles using both rheology and
SANS.

2. Experimental Section

Materials. Cetyl trimethylammonium tosylate (CTAT) was
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Figure 2. Effect of varying the ratio of CTAT to SDBS on the dynamic

frequency response. The total surfactant concentration is held constant

obtained from Sigma and was recrystallized from a 50/50 4 1 5 wt %.

ethanol/acetone mixture. Soft-type (linear chain) sodium dodecyl
benzene sulfonate (SDBS) was used as received from TCI.
Surfactant solutions were prepared in distitteionized water.
For the SANS experiments, samples were prepared @ D
(deuteration 99.9%, low paramagnetism, low conductivity)
purchased from Cambridge Isotope Laboratory.

Small-Angle Neutron Scattering (SANS).SANS experi-

at which point there is a transition to a two-phase rodlike
micelle/vesicle region (Figure P10 The wormlike micellar
solutions are clear and their viscoelasticity is evidenced from
the recoil of trapped air bubbles in the sample. Such recoil is
observed in samples containing as low as 0.25 wt % surfactant.
The solutions also show streaming birefringence when viewed

ments were performed on the NG-7 and NG-3 spectrometers athetween crossed polarizefs.

the Cold Neutron Research Facility of the National Institute of
Standards and Technology (NIST) in Gaithersburg, MD. The
incident neutron wavelength wais= 6 A with a spread in
wavelengthA1/1 of 15%. Quartz cells with 2 mm path lengths

3.1. Rheology Effect of Surfactant Compositioifhe effect
of progressively adding SDBS to CTAT was studied by varying
the CTAT/SDBS ratio at a constant total surfactant concentration
of 1.5 wt %. Figure 2a compares the dynamic frequency

were used and the samples were placed in a temperaturetggponse for pure CTAT with that for 97/3 CTAT/SDBS. The

controlled chamber held at 25 0.1 °C. The scattering spectra
were corrected for background radiation, detector efficiency,

response for pure CTAT indicates a spectrum of relaxation
times, with the longest relaxation tintg being about 6 s. On

empty cell scattering, and sample transmission. The spectra werg, . ;sion of just 3 parts SDBS, the relaxation spectrum narrows

radially averaged and placed on an absolute scale using
calibration standards provided by NIST.
Rheology.Steady and dynamic rheological experiments were

performed on a Rheometrics SR 500 stress-controlled rheometerCorrespondingly

A couette geometry with a 32 mm diameter cup and a bob of

29.5 mm diameter and 44.5 mm length was used. The frequency

spectra were conducted in the linear viscoelastic regime of the
samples, as determined previously by dynamic stress swee
measurements. For the steady-shear experiments, an equilibr.

indicated this amount of time to be sufficient for attainment of
equilibrium at the shear stresses investigated. All experiments
were performed at 25 0.1°C

3. Results

The CTAT-rich wormlike micellar region extends from the
pure CTAT/water axis to approximately 90/10 CTAT/SDBS,

and shifts to longer time scales. Further increase in SDBS
content leads to fluids with a single relaxation time and a
monoexponential stress decay, i.e., Maxwell fluids (Figure 2b).
the zero-shear viscosityincreases by an
order of magnitude over that of pure CTAT (Figure 3a).

For SDBS fractions beyond an intermediate ratio of 96/4
CTAT/SDBS, howevertgr and o begin to decrease (Figures

Pp and 3b). There is a drop i by nearly 3 orders of magnitude

tion time of 90 s was given at each data point; creep experimentzon proceeding from 96/4 to 91/9 CTAT/SDBS (Figure 4a).

Increasing the SDBS fraction beyond 91/9 causes the samples
to phase separate. In the regime of decreasing relaxation times,
the solutions are Maxwell fluids. The plateau modul@s
remains virtually unchanged over the entire composition range
while the paramete&;,, /G., shows a minimum with increas-

ing SDBS content (Figure 4b). The main result here is the
maxima in key rheological parametets, ¢j0) at an intermediate
surfactant composition.
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Figure 4. Rheological quantities as a function of the SDBS weight

raction in the added surfactant, i.e., [SDBS]/([CTAF]SDBS]). The
otal surfactant concentration is constant at 1.5 wt %.

Figure 3. Effect of varying the ratio of CTAT to SDBS on the steady-
shear response. The total surfactant concentration is held constant a{
1.5 wt %.

Effect of Surfactant Concentratioithe effect of surfactant  modulusG], monotonically increases over the range of surfac-
concentration (0.25 to 4.0 wt %) was studied at a fixed ratio of tant concentrations according to a power la@, ~ ¢>!
97/3 CTAT/SDBS. At low concentrations (0.75% or less), the (Figure 7b). This is close to the theoretical value of 2.25 (eq
samples show predominantly viscous behavior in dynamic shear7). The ratioGy, /G.,, on the other hand, exhibits a minimum
(G" > G' over the range of frequencies) (Figure 5a). The 0.5% at an intermediate concentration (Figure 7b).
sample shows shear-thickening in steady shear (Figure 6a). 3.2. Small-Angle Neutron Scattering (SANS)Static SANS
Wormlike micellar solutions are known to shear-thicken at spectra for CTAT/SDBS solutions in;D are shown in Figures
concentrations close tg*, and the phenomenon has been 8 and 9. The spectra are lotpg plots of the scattered intensity
extensively studied for pure CTAT solutio?fs?” The shear- I (cm™1) on an absolute scale as a function of the scattering
thickening disappears at 0.75% surfactant and the viscosity vectorg, where
exhibits a Newtonian plateau followed by shear-thinning at
higher shear rates (Figure 6a). Further addition of surfactant q= iﬂsinlgl (11)
results in a dramatic enhancement of the zero-shear viscosity A 2
no. Concomitantly, the samples exhibit viscoelastic behavior in
dynamic shear and the longest relaxation tigimcreases with Herel is the wavelength of the neutrons, afts the scattering
concentration. The relaxation spectrum also begins to narrow angle. Qualitatively, the SANS spectra are typical of a wormlike
and for concentrations higher than ca. 2% surfactant, the samplesnicellar system with unscreened electrostatic interacfiérfs.
are Maxwell fluids with a single relaxation time. Figure 5b The slope of-1 in the log-log plot at intermediate (i.e., | ~
illustrates the Maxwellian response of fluids with 2.5% and 4% q™%) is a distinctive characteristic of long, flexible cylindrical
surfactant. micelles. The extent of thig ! region is quite small due to the
Beyond an intermediate surfactant concentration (ca. 2%), existence of unscreened electrostatic interactions between the
tr and 7o begin to decrease (Figures 5b, 6b). A plot of these charged micelles. As a result of these interactions, the curves
guantities against surfactant volume fractip(Figure 7a) shows  exhibit a scattering peak at logv The data at higly is consistent
a steep rise img at low ¢ according to a power lawyf ~ with scattering from the circular cross-section of the micelles.
¢°Y), while at highg there is a drop imjo by a factor of about Shear-SANS measurements of these micellar solutions also
3. For charged micelles, the concentration at which a steepsupport the presence of wormlike micelles that align in a fldw.

viscosity rise is initiated is the overlap concentratigh(the The effects of varying the surfactant composition from pure
onset of the semidilute regime) and the relative viscogitys CTAT to 94/6 CTAT/SDBS for a fixed total surfactant
(whereys is the solvent viscosity) is ca. 2 at this pofri€ As concentration (1.5 wt %) are shown in Figure 8. (Samples at

the micelles grow longer, they eventually begin to entangle, SDBS content higher than 94/6 were not studied since they form
and at the entanglement concentratirthe relative viscosity two phases in BD.) The scattering peak for CTAT is sharper

no/ysis ca. 505 From these considerationss and ¢ are about and more intense than for the SDBS-containing samples, and
0.0027 and 0.0064, respectively, for this system. The plateauas more SDBS is incorporated into the micelles the scattering
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Figure 5. Effect of varying the total surfactant concentration on the
dynamic frequency response. The weight ratio of CTAT to SDBS is
held constant at 97/3.
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peak progressively becomes weaker. However, the peak positiorihe fitted linear portions of the curves, the micellar radigdss

(gmax) does not change with surfactant composition (Figure 10).

22.54+ 0.5 A, and this is the same for both micelles of pure

The height of the scattering peak can be characterized by theCTAT and for the mixed CTAT/SDBS micelles. This value of

ratio Imaxlo, wherelnax is the intensity atgmax and lp is the
intensity in the plateau atf — 0. The peak height drops
exponentially with increasing SDBS content (Figure 10).

The effects of varying the surfactant concentration in the

range 0.5 wt % for a fixed ratio of 97/3 CTAT/SDBS are
illustrated in Figure 9. At very low concentrations (0.1 wt %)
the data shows a monotonic decreaskevsiq. A weak scattering

peak first becomes noticeable at a concentration of 0.25 wt %.

res is slightly less than the length of a fully extended CTAT
molecule, which is ca. 25 A* Thus, incorporation of low
amounts of SDBS apparently does not alter the micellar radius.

4. Discussion

Our goal is to elucidate how the microstructure and rheology

As the concentration is increased further, the scattering peakof these mixed micellar solutions evolve in response to changes

becomes stronger and its positiam4y) shifts to highemq. The
peak position varies with surfactant volume fractip@s gmax
~ ¢%5 (Figure 11). The scattering peak height#/{lo) shows a
maximum as a function of surfactant volume fractip(Figure

in system constitution. The principal findings from rheology
are the maxima in viscosityy§) and relaxation timetg) as a

function of both surfactant concentration and composition.
Analogies with earlier findings are highlighted by organizing

11). The maximum occurs at approximately the same concentra-these results into two classes (Table 1). Class A refers to systems

tion at which the rheological properties are maximized.
The cross-sectional radiusgs of the wormlike micelles can

be obtained by analyzing the highportions of the scattering

plots using the Guinier approximation for the form factdr:

q1(0) ~ expo’R .42)

Here, Rycs is the cross-sectional radius of gyration of the
cylindrical micelles. For a circular cross-section, the micellar
radiusrcs is obtained as

(12)

= V2R, o6

Cross-sectional Guinier plots (I vs ¢?) are shown in Figure
12 for 1.5% CTAT and 1.5% 99/1 CTAT/SDBS in,D. From

(13)

for which there is a viscosity maximum as a function of a
compositional variable at constant surfactant concentration.
These include the maxima as a function of salt in cationic
surfactant systems and as a function of SDBS fraction in this
study. In this case, the plateau modul@§ and the SANS
peak positiorgmax remain constant even as the viscosity changes.
Class B refers to systems for which there is a viscosity maximum
as a function of surfactant concentration. In this case, there is
a steady increase in the plateau moduisand the SANS
peak positiongmax accompanying the viscosity changes. The
guestion then is whether there are common microstructural
threads underlying these analogous effects.

Length ScalesThe data admits characteristic microstructural
length scales. First, the scattering peak positigrx dictates
the correlation lengtl§ = 2 7/gmax Which represents the mean
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with G, ~ ¢?1 (Figure 7). Thus, the mesh siz&y also
decreases with concentration, but at a sharper rate than the mean
separatiorg.
The persistence length, which characterizes the flexibility
 in the semidilute regime follow& of the wormlike micelles, is the key remaining length scale. A
description ol, must account for the fact that wormlike micelles
o (m\2 in salt-free solution behave as polyelectrolytes. Indeed, there
£= rCS(g) are striking similarities between wormlike micelles and poly-
electrolytes; for example, salt-free polyelectrolyte solutions also
which describes the data (Figure 13). Next, the plateau modulusreveal a scattering peak in SANS, with their corresponding
G., dictates the hydrodynamic correlation lendth (i.e., the correlation lengttE ~ ¢~Y245More significantly, the relaxation
mesh size of the micellar network) through eq 6. A plo&af time tr of polyelectrolyte solutions also shows an initial increase
against¢ (Figure 13) follows the relatiody ~ ¢~ %7 in line and then an extended decreagte{ ¢ 12 as a function of

distance between cylindrical micelles. The variatior afith

(14)
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Figure 11. Analysis of SANS scattering peaks at various surfactant
concentrations. Data are shown for the peak posiligrand the peak
height (ma{lo) as a function of the total surfactant (CTAF SDBS)
volume fraction.

concentratiorf>48 This effect is linked to the transition from
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Figure 12. Cross-sectional Guinier plots for 1.5% CTAT and 1.5%
CTAT/SDBS 99/1 in RO. From the slopes of the fitted lines, the cross-

sectional radiuscs of the micelles is found to be 225 0.5 A, invariant
of micellar composition.

rods to more compact coils as charge is screened at higherconcentration of free counterions, thus increasingctfeg term

polymer concentrations.

The total persistence length for a polyelectrolyte chain is the
sum of an intrinsic and an electrostatic contributidpn= 1,0 +
[,.447 The intrinsic persistence lengkl? can be relatively high
(~90 A) for micelles because of their large cross-sectiofise
electrostatic persistence lendghvaries with the Debye length
«~1 of the system, with the predictions being eithgr~ («1)?
(OSF theory"9 or 1.6 ~ («~1) (Rubinstein et at?). The Debye
length for micellar solutions as a function of the surfactant
concentratiorcp and the salt concentratian is given by the
following equation, withlg being the Bjerrum lengtt?-38

Kt = [4mlgep(a + 2¢dcy)] 2 (15)
The micelle ionization degree. is predicted to increase
monotonically with concentration for cylindrical micelle@ur
estimates of from SANS modeling indicate an initial increase
and then a leveling off around 0.85If o is constant and the
salt concentration is lowk™! ~ cp~Y2. On the basis of these
equations, flexibility effects can be evaluated in our system.
Increasing the SDBS fraction at constary increases the

and lowering«™%. An increase in total surfactant content at a
constant SDBS/CTAT ratio fixes theJcp term, butx1 is
lowered by the highetp (and by any increases ). In either
case the decreasesn results in a lowet,® and hence a lower
total l,. This implies that the micelles become more flexible at
higher concentrations and at higher SDBS ratios.

In principle,l, can be extracted from SANS or light scattering
data (e.g., from inflection points in different representations of
the scattering datdd, but this is not possible here due to the
influence of unscreened electrostatic interactions on the structure
factor. An interesting possibility is to associate the SANS
correlation lengttE with the persistence length, as assumed in
the Rubinstein theofy for salt-free polyelectrolytes (sindg
~ 1,8 ~ k=1 ~ c~¥2which is the same scaling observed &r
However, the intrinsic persistence lengtl may have a
relatively large influence for micelles and, therefore, the
equivalence betweehand the total, cannot be assumed. The
lack of a constant, complicates the calculation of the micellar
contour length L. Moreover, the Cates model necessitates
Maxwellian behavior of the micellar solutions, which is true
only over limited ranges of concentration and composition

TABLE 1: Classification of Nonmonotonic Rheological Behavior Exhibited by Wormlike Micellar Systems

class observed phenomena system effect examples
A SANS: cationic+ salt f(salt) refs 2-4, 21-24
Omax CONStant cationie- anionic f(ratio) at fixed this study
total surfactant
RHEOLOGY : nonionic+ anionic " ref 30
G/, constant zwitterioniet anionic " ref 31
G/ G., shows minimum zwitterionier cationic " ref 31
tr, 770 Show maximum
B SANS: cationic f(surfactant) refs 58, 50
Omax~ ¢°° cationic+ salt f(surfactant) at fixed salt refs 3, 24
or at fixed ratio of
salt/surfactant
RHEOLOGY : cationic+ anionic f(surfactant) at fixed this study
surfactant ratio
G, ~ ¢ a=1.7-2.3) nonionict+ anionic " ref 30

G/i/G., shows minimum

tr, 770 ShOw maximum

2 gmax COrresponds to the peak in the SANS spectra that is observed only in absence of salt.
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Figure 13. Comparison of correlation lengths obtained from SANS
and rheology for 97/3 CTAT/SDBS micelles. The filled points represent
the values of the SANS correlation lengtlobtained from the scattering
peak positions and the straight line through the points is a plot of eq
14. The unfilled points represent the hydrodynamic correlation lengths
&, obtained from the plateau modul@3, using eq 6 and the straight
line is a best fit through the points. At the point of maximum relaxation
time tg, &n is observed to be- 3&.

(Figures 4, 7). Therefore, only qualitative trendsLircan be
identified, assuming eqgs 4 and 5 to be valid.

Surfactant Concentration. Consider first the effect of
surfactant concentratiop on L. If I, is constant, the entangle-
ment lengthle ~ £ ~ ¢~116 If insteadl, is a function of
concentration, scaling either #s%5 (Rubinstein) ok~ (OSF),
then by eq 5J. would scale ag—283 or as¢25 respectively.

In all cases]e is a weakly decreasing function, which means
thatL(¢) is basically related toG;,;/G.,) "%, i.e., theL(¢) plot

is an inversion of theGy, /G, vs ¢ plot (Figure 7b). The
minimum in Gy, /G,, as a function ofg therefore implies a
maximumin L at the corresponding, suggesting that the
micelles grow to an optimum length and thereafter become
shorter.

The maximum irL follows from the application of the Cates
model to the rheology data; however, the validity of the model
may be questioned. Consider, in this regard, the micellar
breaking timery, which ~ L1 in the Cates model, meaning
that longer micelles break more quickly. A rough indication of
Ty IS given by the inverse of the frequeney, at which G”
shows a minimum. Although the shallow nature of @Giecurve
around its minimum point precludes accurate estimationgf
Figure 5b clearly reveals a shift iny, to higher frequencies for
concentrated samples, implying thgtdecreasesvith ¢ in this
regime. A decrease inwith ¢ in the same regime would mean
that the micelles are becoming shortnd breaking more
easily—in violation of the earlier assumptions.

Several studies on salt-free cationic surfactants have inter-

preted the rheology maxima in terms of a maximum in the length
of linear micelles, despite similar anomalies concerning the
trends inty.>78 Thus, these studies report a decreasisg) in

Koehler et al.

Alternately, the maximum inyo(¢) may be attributed to
micellar branching; thus the micelles are expected to be linear
in the regime of increasingo and branched in the regime of
decreasingjo.58 For branched or cross-linked micelles, the
derived from rheology data is interpreted as a characteristic arc
length L. of the cross-linked micellar netwof&.However, the
breaking timery, should still vary inversely with_.; thus, a
simultaneous decrease g and L. at high ¢ is inconsistent
with branching as weft.Moreover, recent studies on a trimeric
surfactant by In et aP? which revealed branched micelles under
cryo-TEM, found an anomalous scaling relationship for the
plateau moduluss,, (¢) (a much steeper variation than the
¢%25 observed typically). The authors also studied a dimeric
surfactant which manifested only linear micelles under cryo-
TEM. While both surfactants gave rise to viscosity maxima as
a function ofg, only the trimeric system showed the anomalous
scaling of G,.. This suggests that the nonmonotonic behavior
of no(¢) cannot, as a general rule, be attributed to branching.

A maximum in linear contour length is therefore the more
likely explanation, and changeslinmust be driven by changes
in the parameters controlling self-assembly, in particular, the
scission energ¥scis For neutral or screened micelldsss is
equal to the end-cap ener@y, and the micellar length(¢) is
given by eq 1. For charged micelles, in addition to the end-cap
energyEc which favors micellar growth, there is an electrostatic
contribution E, to the effective scission energy which favors
the breaking of the micell€$:>! The modified expression for
L(¢) in the semidilute regime %%

- 172 1 _

L~¢ eXF{_ZkBT(EC E,)]
The electrostatic contributiorite, which arises due to the
repulsive energy of the surface charges, is given by

kBTI Brcsv2
1/2
¢

Here v is an effective charge per unit length. Kern et°al.
speculated that may increase witky because of the screening
introduced by other micelles, thus tending to increBseOn
the other hand, an increase in the effective micellar charge may
reduce the end-cap ener@y itself (this may be linked to the
number of condensed counterions per surfactaBgth these
effects will tend to inhibit micellar growth and redute

If indeed the micellar contour length (and equivalently,
rheological properties such gsandro) reach an optimum, the
challenge is to predict the concentratighax at which this
occurs. The governing factor is speculated to be the ratio of
¢maxto the overlap concentratiapr. 85051 Experimental values
of ¢pma®* range from 2.3 to 10 with inconsistencies in the
definition of ¢gmax and ¢* contributing to the breadth of this
range. In our system, definingmax as the concentration where
tr reaches a maximum, we firfha/¢* ~ 6 which is consistent
with the value found by In et &P for their salt-free surfactant

(16)

E,=

e

(17)

the high concentration range where the solutions are Maxwell solutions. The ratiogpma/¢* appears to capture some of the

fluids and the Cates model predicts a decreak{gg. At lower

correct qualitative trends including the effect of temperature on

concentrations, they report a steep viscosity rise with a power the position of the viscosity maxima. Thus, increasing the
law exponent much higher than the 3/2 predicted for screenedtemperature causes a risedt (theory® predictsg* ~ T109)

micelles (eq 8); indeed, we correspondingly find an exponent

and there is correspondingly an increasepiny also, with a

ca. 9 (Figure 7b). The higher exponent is related to the rapid constant value apma/¢* being nearly maintaine®® The critical
increase in the length of charged micelles at low concentrationsvalue of pnma/¢* may represent the point when the end-cap

(see eq 16%:%8 Moreover, at lowg, the system may be in the
slow breaking regimerf, > 7p) due to the small micellar size,
and in this regime theobypredictsyg ~ ¢3L°.

energyE. overcomes the electrostatic energy®
An alternate possibility is thatnaxis related to characteristic
length scales, in particular to a ratio &f to £. The hydrody-
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namic correlation lengtlg from rheology reflects the mesh  Moreover, the phase diagram (Figure 1) confirms that further
size of the entangled network. The SANS correlation lerdggth  increases in SDBS content beyond that investigated here
corresponds to a mean distance between rigid rods, and it careventually causes a transition to bilayer phassmsistent with

be viewed as an electrostatic correlation length, as assumed forfurther increases in the packing parametén values approach-
polyelectrolytes? The fact thatéy is typically larger thang ing 1° Before forming bilayer phases, the branched micelles
implies that not every interchain contact point represents a first undergo phase separation, which is also consistent with
topological constraint. The ratiéy/E continuously decreases the theoretical predictions of Drye and Caté&vidence from

with ¢ (Figure 13) and our empirical observation is tat& cryo-TEM also suggests that branched micelles can form in a
~ 3 at¢max INSpection of the data reported for other salt-free mixed cationic/anionic systef.
micellar system&® shows this relationship to be generally valid. An alternate explanation for these results focuses on the

An interpretation is that at this critical ratio between the analogy with salt effects in polyelectrolytes. Experiments on
hydrodynamic and electrostatic length scales, the micelles maypolyelectrolyte solutions reveal thag is initially independent
be so close that not only do their counterion clouds overlap, of salt, but decreases at high salt concentrattéit$iis decrease
but also the micelles may themselves be acting as polyions andis associated with the increased flexibility of chains on adding

contributing to the electrostatic screeniig. salt. A similar scenario may be envisioned for wormlike
P0|yi0n Screening may, in turn, exp|ain Why the SANS peak m!CeIIeS. Note -that when SDBS IS |nC0rp0ratEd into CTAT
height also shows an overturn in the vicinity ¢« (Figure micelles, there is the concomitant release of “salt” formed from

9). The SANS scattering peak arises due to intermicellar the oppositely charged counterions into the bulk solution.
repulsions. At low surfactant concentrations, the size and densityAssuming that all of the SDBS is in the micell¥sthe

of charged entities is low, which is why the peak is absent concentration of salt generated is proportional to the SDBS
initially. The average distance between micelles decreases agoncentration. Increasing the SDBS fraction thus introduces
the micelles grow and at the onset of the semidilute regime More salt, decreasing™ (eq 15) and thereby loweririgf. The

(c*), the micellar size is equal to the mean distance between Peneétrating SDBS molecules may also lower the bending
rods, i.e.L ~ &, at which point a scattering peak first appears. modylus of the mixed micel#® and th.ereby its intri.nsiq
Further increase in surfactant content leads to an overlap inPersistence length?. Both these factors imply a reduction in
micellar screening lengths, thus enhancing the peak height. Thelp: -€., more flexible micelles, at high SDBS content.
decrease in peak height at higher concentrations would result These changes in micelle properties will be reflected in the
from polyion screening. Simulations of scattering functions for rheology. At low SDBS content, flexibility effects may be
rodlike polyelectrolyte® also appear to show a decrease in peak Masked by strong electrostatic interactions between pairs of
height at highc/c*. A maximum in SANS peak height §a{l0) oppositely charged surfactant headgroups. The lowering of
with concentration was observed earlier by Hoffmann et al. for repulsions between headgroups favors growth into longer

solutions of a catanionic surfactefitalthough the effect was ~ Mmicelles, which contribute to a higher viscosity. At high SDBS
not correlated with the solution rheology. content, the increase in micellar flexibility may become the

Our results demonstrate clear consistency between the staticominant effect, thus reducing the viscosity, as is the case for
properties of the system, as measured with SANS, and the!oolye_lectrolytes. Thu_s a scenario based on an |_n|t|al increase
dynamic properties, as estimated from rheology. Unresolved in micellar length with added_SDl_BS to an optimum \_/alue,
issues include the different scaling exponents exhibited by followed by an enhancement in micellar flexibility at higher

micelles foré and&y: the former~¢~12 as for polyelectrolytes, SDBS content can explaln_ the rheological data.
while the latter~¢~34 as for neutral polymers. In et @recently There are thus two conflicting hypotheses that could account

suggested that the systemfigly entangledonly beyond the for the ovengrn in viscosity with varyi.ng surfactant composjtion.
rheology maximarat lower concentrations, the mesh size may The branching hypothesis is certainly more prevalent in the

depend on micellar length implying that the system is not strictly 'ltérature, but it is by no mc—:;ns definitive. For example, cryo-
in the semidilute regime. The precise nature of the micelle- 1 EM studies by Clausen et &found no evidence for branched

polymer analogy thus remains an open theoretical question. micelles even at high salt. The polyelectrolyte-micelle analogy

. . is certainly interesting, and worthy of further theoretical
Surfa(_:t_ant Composmon._Movmg to th_e eﬁ(_act of sqrfactant investigation such as by applying the theory of Rubinstein et
composition, the explanation for the viscosity maximum as a

. . ) ) al#? to micelles. A comprehensive theory should also be able
function of thef tShDI?S“fraptlon _(Flgutre Lta) allg?fln ie.ntt()ars arhc_)und to explain other experimental intricacies (e.g., a second viscosity
one ormore of the tollowing microstructural elects: branching, - y,»yimum observed for certain surfactant/salt combinations), for
length changes, or flexibility changes. The possibility of micellar

branching at high salt content was discussed in the Introduction,Wh'Ch no explanation presently exists.
and considering the analogy between the composition results
and salt effects (Table 1), the same hypothesis may be valid
here also. For branching to occur, cross-links must become Addition of small amounts of anionic SDBS to cationic CTAT
energetically favorable over hemispherical end-caps, and thispromotes the growth of wormlike micelles and thereby enhances
may indeed be the case when oppositely charged surfactantshe viscoelastic character of the system. This synergy is brief,
are combined. More quantitatively, consider the surfactant however, since at higher SDBS fractions, the rheological
packing parametqy = v/la wherev is the hydrophobic volume,  properties are diminished. There are two possible explanations
| is the hydrophobic chain length, aads the headgroup area.  for this phenomenon. Considering the polyelectrolyte nature of
A value of p between 1/3 and 1/2 implies formation of the wormlike micelles, the rise in ionic strength at high SDBS
cylindrical micelles, whilg between 1/2 and 1 implies flexible  content may lead to more flexible chains which would then be
bilayers®? Strong interaction between anionic and cationic able to relax faster. Alternately, the strong mutual interaction
surfactant molecules causes an increaseand a decrease in  between cationic and anionic counterparts may facilitate a
a.527%4 Thus, increasing the SDBS fraction increapesvhich transition from linear micelles to a branched micellar network
tends to promote cross-links over the highly curved end-aps. of reduced viscosity.

5. Conclusions
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Increasing the concentration of surfactant at a fixed composi-

tion of the mixed micelles again reveals an optimal rheological

behavior at an intermediate concentration. The solutions also
show a scattering peak in SANS and the peak height also

exhibits a similar nonmonotonic trend with concentration. The

Koehler et al.
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most probable microstructural explanation for these phenomenal99s 269, 1420.

is that the micellar contour length goes through a maximum. It
is likely that the optimal contour length corresponds to a delicate

balance in the length scales representing hydrodynamic and

electrostatic screening.
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