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Polymerizable anionic wormlike micelles are obtained upon mixing the hydrotropic saltp-toluidine hydrochloride
(PTHC) with the reactive anionic surfactant sodium 4-(8-methacryloyloxyoctyl)oxybenzene sulfonate (MOBS).
Polymerization captures the cross-sectional radius of the micelles (∼2 nm), induces micellar growth, and leads to the
formation of a stable single-phase dispersion of wormlike micellar polymers. The unpolymerized and polymerized
micelles were characterized using static and dynamic laser light scattering, small-angle neutron scattering,1H NMR,
and stopped-flow light scattering. Stopped-flow light scattering was also used to measure the average lifetime of the
unpolymerized wormlike micelles. A comparison of the average lifetime of unpolymerized wormlike micelles with
the surfactant monomer propagation rate was used to elucidate the mechanism of polymerization. There is a significant
correlation between the ratio of the average lifetime to the monomer propagation rate and the average aggregation
number of the polymerized wormlike micelles.

Introduction

Hydrotropic molecules can be used as additives in surfactant
solutions to promote structural transitions such as the transition
from micelles to vesicles or from spherical micelles to wormlike
micelles.1-5Hydrotropesbindstrongly to thesurfactantheadgroup
region of the micelles, which reduces the headgroup-headgroup
repulsions and causes spherical micelles to be transformed into
aggregates of lower curvature.6,7 Although the effect of hydro-
tropes on the formation of wormlike micelles in mixtures of
cationic surfactant solutions has been extensively studied,1-5

much less is known regarding the ability of anionic surfactants
to form wormlike micelles upon the addition of a hydrotropic
salt. The majority of these studies have focused on sodium dodecyl
sulfate (SDS) solutions,8,9 although more recently anionic
wormlike micelles made of sodium oleate in the presence of
triethylammonium chloride have been reported.10

Wormlike micelles display rheological behavior similar to
that of flexible polymers, and this is often a desired property for
a number of applications.11-16 However, the use of wormlike

micelles in applications is often limited by the fact that the
equilibrium between the micelles and unimers is governed by
a delicate balance of intermolecular forces, which can be easily
disrupted by changes in temperature, dilution, salt concentration,
and the addition of oils or polymers.6,7This issue of stability can
be addressed by chemically fixing the structure of the wormlike
micelles through the polymerization of a polymerizable group
located either in the hydrophobic portion of the micelles, in the
micelle headgroups, or in the micelle counterions.17-21

Reports on the polymerization eitherin orofwormlike micelles
are rare.17-22 Kline et al. showed that rodlike micelles made of
cetyltrimethylammonium 4-vinylbenzoate (CTVB) could be
polymerized.18-21The counterion used contains a polymerizable
vinyl group that binds to the hydrophilic ammonium headgroup
of the wormlike micelles. Upon polymerization, the linked
counterions form a shell that retains the cross-sectional structure
of the resulting micelle, although there is a reduction in the
overall lengthof thepolymerizedmicelles.Becerraetal.22reported
the polymerization of styrene in wormlike micelles of cetyl-
trimethylammonium tosylate (CTAT). They concluded that the
polymerization of a hydrophobic monomer in the core of the
micelles cannot capture the original micellar microstructure,
especially at high CTAT concentrations.22

Previously,17 we reported the structural fixation of stable
wormlike micelles formed in mixtures of a polymerizable cationic
surfactant with an oppositely charged hydrotropic salt. The tail
of these wormlike micelles can be successfully polymerized to
yield stable dispersions of polymerized micelles whose structure
and properties are insensitive to dilution. The cross-sectional
radius of the wormlike assemblies (∼2 nm) remains constant,
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but their length increases considerably upon polymerization.
Using a similar approach, we report here the growth and structural
fixation of anionic wormlike micelles made of a polymerizable
anionic surfactant, namely, sodium 4-(8-methacryloyloxyoctyl)-
oxybenzene sulfonate (MOBS), and the hydrotropic saltp-
toluidine hydrochloride (PTHC). Polymerization leads to the
uniaxial growth of the micelles and allows for the formation of
stable dispersions of polymerized wormlike micelles. The average
lifetime of the unpolymerized wormlike micelles was also
measured using the stopped-flow method to further understand
the interplay of the dynamic exchange of micelle-surfactant
unimers and the fast surfactant monomer propagation rate on the
change in micellar length during polymerization.

Materials and Methods

Materials. 1,8-Octanediol, phenol-4-sulfonic acid sodium de-
hydrate, andp-toluidine hydrochloride (PTHC) were purchased from
Fluka. The initiator, 2,2′-azobis(2-methylpropionamide) dihydro-
chloride (V50, Wako Pure Chemical Industries, Ltd), was recrystal-
lized from methanol. Dowex 50W-X8(H) ion-exchange resin was
obtained from BDH. Methacryloyl chloride was prepared by reacting
methacrylic acid with phosphorus trichloride.23

Preparation of the Polymerizable Surfactant. 8-Bromo-1-
octanol.A mixture of 1,8-octanediol (25.38 g, 0.174 mol) and 40%
aqueous hydrobromic acid (75 mL) was held at 75°C for 72 h while
being continuously extracted with cyclohexane. The cyclohexane
extract (500 mL) was washed with a 5% aqueous sodium bicarbonate
solution (250 mL), water (250 mL), and brine (250 mL) and then
dried with MgSO4. The solvent was removed in vacuo to obtain pure
8-bromo-1-octanol in 85% yield.

4-(8-Hydroxyoctanyl)oxybenzene Sulfonic Acid (HOBS).Phenol-
4-sulfonic acid sodium dehydrate, KOH (7.07 g, 0.126 mol), and
H2O (120 mL) were mixed in a 500 mL round-bottomed flask
equipped with a condenser. 8-Bromo-1-octanol (30.15 g, 0.12 mol)
in 180 mL of ethanol was added, and the reaction mixture was
refluxed overnight. A white precipitate of 4-(8-hydroxyoctyl)oxy-
benzene sulfonate formed when the reaction mixture was cooled in
an ice water bath. The solid was filtered and washed with chloroform
to remove 8-bromo-1-octanol and was purified by recrystallization
from hot water. The resulting white product was dissolved in hot
distilled water and eluted through a Dowex 50WX8(H) ion-exchange
column preheated to 60-70 °C. After elution, 4-(8-hydroxyoctyl)-
oxybenzene sulfonate was converted to its sulfonic acid form. The
effluent was freeze dried to obtain a white, fluffy solid.24

Sodium 4-(8-methacryloyloxyoctyl)oxybenzene Sulfonate (MOBS).
4-(8-hydroxyoctyl)oxybenzene sulfonic acid (20 g, 0.066 mol) was
dissolved in dry THF (200 mL) in a 500 mL, three-necked, round-
bottomed flask equipped with an air-leak and dropping funnel.
Methacryloyl chloride (15.14 mL, 0.156 mol) and a solution of
hydroquinone (0.14 g, 0.00127mol) in dry THF (30 mL) were added
dropwise. The reaction mixture was stirred for 48 h under N2

protection. Unreacted methacryloyl chloride and THF were removed
in vacuo. Ether was added to the orange-brown oil residue, and then
a saturated brine solution was added to convert the sulfonic acid into
its sodium salt form. MOBS was washed with ether and dried before
it was recrystallized from methanol. Purified MOBS was obtained
as a white powder with an overall yield of 70%. The chemical
structures of the synthesized MOBS and PTHC are shown in Figure
1. Their structures and purity were verified by1H NMR. The spectra
of these species are discussed in detail in the1H NMR discussion
below.

Polymerization of Wormlike Micelles. Micelles for polymer-
ization were prepared with water or D2O and depleted of oxygen
by bubbling with nitrogen for about 20 min. After dissolution at
room temperature of the desired MOBS and PTHC compositions,
the solution mixtures were heated to 60°C. The water-soluble initiator

V50, predissolved in degassed water or D2O, was injected (the molar
ratio of MOBS to V50 was fixed at 100), and the polymerization
was carried out at 60°C for 1 h.

Laser Light Scattering (LLS). A commercial LLS spectrometer
(ALV/SP-125) equipped with an ALV-5000 multitau digital time
correlator and a He-Ne laser (Uniphase, 22 mW atλ ) 632.8 nm)
was used. Samples were measured at 25°C. Dynamic LLS
measurements were made at eight different angles ranging from 15
to 150°. Each intensity-time correlation function was analyzed by
the method of cumulants to provide the average decay rate〈Γ〉 )
q2Da and the normalized varianceν ) [(〈Γ2〉 - 〈Γ〉2)/〈Γ〉2], which
is a measure of the width of the distribution of the decay rates.38

Here,Da is the apparent diffusion coefficient, andq is the magnitude
of the scattering vector given byq ) (4πn/λ) sin(θ/2), wheren is
the refractive index of the solvent,λ is the wavelength of light, and
θ is the scattering angle. Each stock solution of pure surfactant and
salt was filtered through 0.45µm Millipore Acrodisc-12 filters prior
to preparing samples.

In static LLS, the angular dependence of the excess absolute
time-averaged scattered light intensity, known as the Rayleigh ratio
Rvv(q), of a series of diluted polymerized vesicle solutions
(concentrations ranging from 9.8× 10-5 to 2.2× 10-4 g/mL) led
to the apparent weight-average molar massMw,appand the root-mean
squarez-average radius of gyration〈Rg

2〉z
1/2 (written asRg). The

dn/dc value (0.169 mL‚g-1) of polymerized wormlike micelles was
measured at 25°C using an interferometric refractometer (λ ) 632.8
nm) for a range of concentrations.

Small-Angle Neutron Scattering (SANS).SANS measurements
were made at the National Institute of Standards and Technology
(NIST) in Gaithersburg, MD. An average radiation wavelength of
6 Å with a spread of 11% was used. Samples were held at 25°C
in quartz “banjo” cells with 1 mm path lengths. Three sample-
detector distances were used to give a scattering vector range of
0.005-0.5 Å-1. The data were corrected for detector efficiency,
background, and empty cell scattering and placed on an absolute
scale using NIST procedures.25The semiflexible model uses Pedersen
and Schurtenberger’s calculation of the form factor for a wormlike
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Figure 1. Chemical structures of sodium 4-(8-methacryloyloxy-
octyl)oxybenzene sulfonate (MOBS) andp-toluidine hydrochloride
(PTHC).
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chain with excluded-volume interactions. This model allows the
estimation of the contour length (Lc) and the persistence length (lp)
of the micelle, which are an indication of micellar flexibility.26 The
SANS modeling details are described in a previous publication.17

1H NMR Spectroscopy.1H NMR measurements were performed
at 25°C on a Bruker AC300 NMR spectrometer (resonance frequency
of 300 MHz for 1H) operating in the Fourier transform mode.

Stopped-Flow Light Scattering. Stopped-flow studies were
carried out using a Bio-Logic SFM300/S stopped-flow instrument.
The SFM-300/S is a three-syringe (10 mL) instrument in which all
step-motor-drivensyringes (S1,S2,S3)canbeoperated independently
to carry out single to double mixing. This device is attached to the
MOS-250 spectrometer, and the collected kinetic data are fitted
using the program Biokine (Bio-Logic). For light-scattering detection,
both the excitation and emission wavelengths were adjusted to 335
nm with 10 nm slits. Either an FC-08 or an FC-15 flow cell was
used, and the typical dead times were about 1.1 and 2.6 ms,
respectively.

Surface Tensiometry.Equilibrium surface tensions were mea-
sured using a JK99B tensiometer with a platinum plate. The measuring
accuracy of the device as reported by the manufacturer is(0.1
mN/m. The surface tension of pure water (ca. 71 mN/m) was checked
periodically between measurements. The reported surface tension
at each concentration was the average of three to five measurements
that were taken after allowing each of the solutions to equilibrate
in the instrument at a temperature of 25.0( 0.1 °C.

Results and Discussion

Pure MOBS surfactant in water has a critical micelle
concentration (cmc) of 13.4 mM at 25°C. With the addition of
PTHC, the critical aggregation concentration (cac) of MOBS as
measured by surface tension monotonically drops from 13.4 mM
(atxPTHC) 0) to 5.7 mM (atxPTHC) 1.0), wherexPTHCis defined
as the molar ratio of PTHC to MOBS. (See Figure S1 in
Supporting Information.) This reduction in cac is relevant because
the stability of polymerized wormlike solutions must be probed
for concentrations much lower than the cac.

Below the cmc and cac, isotropic micellar solutions of low
viscosity form, but for MOBS concentrations ranging from 10
to 20 to 100 mM and for [PTHC]/MOBS] molar ratios (i.e.,
xPTHC g0.7), the samples display a slightly bluish tinge that
indicates apparent micellar growth (i.e., a transition from spherical
to wormlike micelles). AtxPTHC > 1.2, a turbid dispersion is
formed that eventually phase separates. This phase behavior is
similar to that reported by Hassan et al. for mixtures of SDS and
PTHC.9 In that case, a bluish tinge is visually discernible at
[PTHC]/[SDS] molar ratios as low as 0.4, and upon addition of
PTHC to SDS, a 1:1 complex forms followed by the presence
of a precipitate region for [PTHC]/[SDS] molar ratios higher
than 1.9 Clearly, increasing the electrostatic interactions between
the hydrotropic salt and surfactant headgroup drives the transition
from spherical micelles to wormlike micelles to precipitate.

1H NMR Studies
1H NMR studies show that the formation of SDS wormlike

micelles induced by PTHC results from the insertion of this
hydrotrope into the micelles.9 Here, we expect PTHC to insert
into the micelles in a similar way. Furthermore, because the
polar headgroups of MOBS and PTHC both bear one benzene
ring, π-π interactions between the benzene ring of MOBS and
the benzene ring of PTHC are likely. Such interactions should
be reflected in significant changes in the corresponding NMR
signals as compared to the signals of each of the pure species
in solution.

Thus, 1H NMR spectra of MOBS, PTHC, and mixtures of
these species in D2O were measured (Figure 2). In the spectrum

of 50 mM PTHC, the resonances atδ ) 7.38-7.40 ppm are
ascribed to the two ortho protons on the benzene ring, whereas
the signals atδ ) 7.29-7.31 ppm are ascribed to the aromatic
meta protons. The three methyl protons at the para position are
observed atδ ) 2.39 ppm (Figure 2b). In the mixture of 25 mM
PTHC with 50 mM MOBS (xPTHC ) 0.5), the ortho and meta
protons as well as thep-CH3 resonances of PTHC are both shifted
upfield from their original positions to 6.99-6.97, 6.84-6.82,
and 2.08 ppm, respectively (Figure 2c). This∼0.4 ppm upfield
shift is very large compared to that seen for mixtures of SDS/
PTHC. For the latter, the upfield shift is about 0.1 ppm.9,28 At
xPTHC ) 0.5, the signals for the protons on the MOBS benzene
ring at 7.8-7.6 and 6.9-6.7 ppm also shift upfield about 0.2-
0.3 ppm. These shifts are evidence of a strong interaction between
the polar heads of MOBS and PTHC, which is partially due to
theπ-π interaction between the benzene ring of MOBS and the
benzene ring of PTHC. Such interactions would enhance the
insertion and binding of PTHC to the micelle surface.

At xPTHC) 1.0 (Figure 2d), the signals of benzene ring protons
of MOBS move further upfield, whereas the ortho and meta
protons as well as thep-CH3 resonances of PTHC all shift
downfield slightly compared to that atxPTHC ) 0.5 (Figure 2c).
The less-prominent upfield shift is probably due to the contribution
of free (unbound) counterions to the total signal.17

With increasing PTHC, the triplet observed at aroundδ )
3.86, which is the resonance of two protons in the-CH2O-
PhSO3Na group of MOBS, also shows an increasing upfield
shift. This shift agrees with the upfield shift of thep-CH3resonance
of PTHC and clearly indicates that PTHC strongly binds to the
surface of the micelles with its benzene ring andp-CH3 group
intercalated into the micellar interior (in close proximity with
benzene ring of MOBS), whereas the-NH3

+ headgroup of PTHC
is protruding from the micelle surface.

Significant changes are also seen in the NMR spectra of the
micelles before and after polymerization, and these are evidence
of the changes suffered by the micelles during the reaction. Before
polymerization (Figure 2a), the signals atδ ) 1.83 (CH3 on the
methacrylate group of MOBS) andδ ) 5.4-6.0 (CH2 on the
double bond) characteristic of protons of methacrylate groups
can be clearly seen. After polymerization (Figure 2e), all of the
signals characteristic of the methacrylate groups disappear, which
indicates complete polymerization of the surfactant monomers.
Another interesting feature of the polymerized wormlike micelles
is that the signals due to the surfactant tail (<1.8 ppm) are barely
noticeable, suggesting that the mobility of the surfactant tail has
been greatly restricted by polymerization. This is understandable
given that polymerization has covalently linked the hydrophobic
tails together such that the fluidity of the hydrophobic core is
largely reduced.17,27

Figure 2. 1H NMR spectra of a 50 mM MOBS solution, a 50 mM
PTHC solution, MOBS/PTHC mixtures, and a polymerized wormlike
micellar solution. The MOBS concentration in the mixture is constant
at 50 mM.
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After polymerization, the resonances from protons on the
benzene ring of MOBS appear only as a broad band when
compared to that observed for the unpolymerized wormlike
micelles. A more careful examination of parts d and e of Figure
2 shows that the ortho and meta protons as well as thep-CH3

resonances of PTHC show further upfield shifts, indicating their
stronger intercalation with MOBS after polymerization. This
also partially explains the broadening of the MOBS benzene
proton signals after structural fixation. As discussed in the
following section, much longer wormlike micelles are obtained
after polymerization, and this size increase may also lead to the
broadening of1H NMR signals.

LLS Studies

Dynamic LLS was used to probe the variation in micellar size
upon addition of PTHC to MOBS. The approach has been
previously described by Hassan et al.9 and Liu et al.17 and has
proven to be applicable to the characterization of relatively short
unpolymerized micelles. Briefly, from the average decay rateΓh
andq, the apparent diffusion coefficient,Da, of the micelles can
be determined (Figure S2 in Supporting Information).Da

decreases with increasingxPTHC, which suggests the formation
of wormlike micelles of increasing length.9,17

To extract information about the micellar size (i.e., the length
of the wormlike micelles) fromDa, the effect of interactions
between neighboring micelles was considered, and a set of
equations outlined by Hassan et al.9 that relate the micellar length
(L) to Da was solved. The micelle length was calculated via an
iterative procedure under the assumption that the cross-sectional
radius is preserved. The micellar radius (r) was set at 2.05 nm,
which is roughly the length of the hydrocarbon chain of MOBS.6

Figure 3 shows that the addition of PTHC leads to significant
micellar growth. WhenxPTHC < 0.7, the growth is moderate;
upon further increasingxPTHC, there is a monotonic increase in
the micellar length up to∼100 nm atxPTHC ) 1.1, which
corresponds to an axial ratio ofp) L/2r ≈ 25. The dynamic LLS
data thus suggest a structural transition from spherical to wormlike
micelles.

The variation of the scattering intensities of the polymerized
wormlike micelles upon dilution reveals an inflection point at
∼2.5 mM, which likely signals the onset of micellar overlapping
(Figure 4).6,27At lower concentrations (<2.5 mM), the scattering
intensity varies linearly with concentration, whereas at higher
concentrations the slope decreases considerably. Consequently,
all of the light-scattering measurements of the polymerized
wormlike micelles were made at concentrations below 2.5 mM.
Polymerized wormlike micelles exhibit a much lowerDa(Figure

S2 in Supporting Information) than the unpolymerized ones,
which indicates the presence of substantially longer wormlike
micelles in solution after polymerization.

Figure 5 shows the concentration dependence of the average
hydrodynamic radius (〈Rh〉, directly measured by dynamic LLS)
of the polymerized wormlike micellar solutions atxPTHC ) 1.0.
It is clear that〈Rh〉 remains nearly constant in the concentration
range from 0.05 to 1.25 mM, indicating that the wormlike micellar
structure remains after polymerization. If the structural fixation
had not been successful, then the wormlike micelles would have
dissociated into unimers at concentrations well below the cac of
MOBS at xPTHC ) 1.0 (5.7 mM). After the structure of the
wormlike micelles is fixed, static LLS (Figure 6) can be used
to calculate their weight-average molar mass (Mw) and average
radius of gyration (〈Rg〉). The data indicate thatMw ≈ 3.1× 106

g‚mol-1 and 〈Rg〉 ≈ 92 nm, results that suggest that each
polymerized wormlike micelle contains approximately 7900
MOBS surfactant molecules. As also shown in Figure 5, the
apparent〈Rg〉 of the polymerized wormlike micelles remains
constant (∼92 nm), whereas the average sphere hydrodynamic
radius〈Rh〉 is ∼44 nm. The ratio of〈Rg〉/〈Rh〉 reflects the density
distribution of the scatterers in space;〈Rg〉/〈Rh〉 ≈ 1.5 for
monodisperse random coil chains and∼1.3-4.0 for elongated
micelles.29-31Here the high value of〈Rg〉/〈Rh〉 ≈ 2.1 is consistent
with an extended wormlike micellar structure.6

Figure 3. Calculated average length of the wormlike micelles (L)
and the average equivalent average sphere hydrodynamic diameter
(〈Rh〉) as a function of the molar ratio of PTHC to surfactant,xPTHC.

Figure 4. Scattering intensity vs concentration for wormlike micelles
polymerized at 50 mM MOBS andxPTHC ) 1.0 during dilution.

Figure 5. Variation of the values of the apparent〈Rg〉, 〈Rh〉, and
〈Rg〉/〈Rh〉 with concentration during dilution. The polymerization
was carried out at 50 mM MOBS withxPTHC ) 1.0.
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The polymerized wormlike micelles at low concentrations are
well separated from each other. As the concentrationC increases,
they are concentrated and eventually come into contact. At the
so-called overlap concentration (C*), the whole volume of the
solution is filled with these wormlike chains. The overlap
concentration can be calculated using eq 1, assuming each
wormlike chain occupies the volume equal to a sphere with a
radius of〈Rg〉, so

whereM/NA is the mass of each chain andNA is Avogadro’s
number.31 The calculated value ofC* is 4.0 mM, which is close
to the inflection point (2.5 mM) in the plot of the scattered light
intensity versus concentration (Figure 4).17

Small-Angle Neutron Scattering (SANS) Studies.Figure
7a shows the SANS spectrum of the polymerized wormlike
micelles, where [MOBS]) 50 mM andxPTHC) 1.0. The scattered
intensity has aq-1 dependence in the intermediate range ofq,
which is the signature of the scattering from 1D objects. The

spectrum qualitatively confirms the wormlike micellar structure.
Because of the screening effect of PTHC, the SANS intensity
profile shows no Coulomb interaction peak at lowerq values.

The cross-sectional radiusrcsof the wormlike micelles can be
obtained by analyzing the intermediate portion of the scattering
curve using the Guinier approximation for the form factor (Figure
S3 in Supporting Information). The fitting of the linear portions
of the cross-sectional Guinier plot of ln(Iq) versusq2 leads to
rcs≈2.2 nm, which considering experimental uncertainties agrees
with the 2.1 nm calculated length of a fully extended MOBS
molecule. The best fit using a semiflexible cylinder model to the
scattering spectrum yields a cross-sectional diameterrcs of
2.1( 0.1 nm, a contour lengthLc of 203( 15 nm, a persistence
length (lp) of 26 ( 3 nm, and a reduced error of 2.0. There is
a slight discrepancy in the fit at highqwhere the scattered intensity
is very low. Evidence of the flexibility of the micelles is obtained
from a Holtzer plot (Figure 7b), which is constructed to highlight
the deviation of the scattering data from that of ideal, rigid
cylinders. In this plot, the upturn in the low-q region indicates
that the micelles are best described by a semiflexible cylinder
model. A rigid cylinder model did not give a good fit to the
SANS scattering profile, particularly in the low-q range (data
not shown).

For a wormlike chain with a contour lengthLc of 203 nm and
a persistence lengthlp of 26 nm,Lc . lp, so the radius of gyration,
Rg, can be calculated as31

The calculatedRg is ∼73 nm, whereas the〈Rg〉 determined by
static LLS is∼92 nm. The discrepancy between these two values
reflects the fact that the surfactant concentration used in SANS
was 10 mM, which is higher than the micellar overlap
concentration, so the intermicellar interactions should have a
large effect on the model calculation, especially in the low-q
range. Furthermore, in SANS and static LLS, the number- and
weight-averaged values are measured, respectively, and for a
polydisperse sample, the weight-average value will be higher.

For the polymerized wormlike micelles, on the basis of the
average aggregation number deduced from static LLS, the micellar
length deduced from SANS fitting, and the cross-sectional
diameter, we estimated the surface area (ao) of the headgroup
per MOBS surfactant to be 0.34 nm2. However, using the chemical
structure of the MOBS surfactant, the calculated lengthl and
volume V of its hydrocarbon tail are 2.1 and 0.41 nm3,
respectively.6 The estimated packing parameter (Ns ) V/aol) of
MOBS in the presence of PTHC (atxPTHC) 1.0) is∼0.57, which
is close to the theoretical value (0.5) for an infinitely long
cylinder.6,36

Stopped-Flow Studies.The above sections provide detailed
structural information about unpolymerized and polymerized
wormlike micelles. Here, the formation and dissociation kinetics
of wormlike micelles before and after polymerization are
discussed. The kinetics of forming spherical micelles has been
extensively studied by a variety of methods including stopped-
flow,32 temperature-jump,33 pressure-jump,34 and ultrasonic
absorption.35 Reports suggest that a micellar solution can be
characterized by two relaxation processes, namely, fast and slow
relaxation processes.6,36 The fast relaxation (τ1, which is on the
order of microseconds) is associated with the exchange between
monomers in the micelles and in the dispersion medium. The
slow relaxation (τ2, which is on the order of milliseconds) is
related to the formation and breakdown of the micelles. In other
words,τ1 andτ2 are respectively related to the residence time
of a surfactant molecule in the micelle and the average lifetime

Figure 6. Zimm plots of polymerized wormlike micelles (polym-
erized at 50 mM MOBS with a molar ratio ofxPTHC) 1.0). A series
of dilute polymerized wormlike micelle dispersions (concentrations
ranging from 9.8× 10-5 to 2.2× 10-4 g/mL) were used for the SLS
measurements.

Figure 7. (a) SANS spectra of the polymerized wormlike micelles.
The solid line represents the best fit to the experimental data using
a semiflexible model with excluded volume interactions. (b) Holtzer
plot of polymerized wormlike micelles, with the upturn at lowq
values indicating a semiflexible wormlike microstructure. The
polymerization was carried out at 50 mM MOBS with a molar ratio
of xPTHC ) 1.0 and then diluted 5-fold.
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or stability of the micelle. There are only a few experimental
studies of the kinetics of the spherical-to-wormlike micelle
transition.37-40

Kinetics of Wormlike Micelle Formation.The transition from
spherical to wormlike micelles upon mixing different amounts
of PTHC with MOBS was probed (Figure 8) using a stopped-
flow device coupled with light-scattering detection. At lowxPTHC

ratios, no relaxation was observed at all, whereas at higherxPTHC

ratios (>0.7), the relaxation had a negative amplitude that is
indicative of a decease in the length or number of wormlike
micelles. The expected initial increase in the scattered light
intensity due to micelle growth was not observed, which implies
that the initial relaxation is too fast to be observed by stopped-
flow mixing. Such rapid relaxation must reflect the short
hydrocarbon chain of MOBS because we observed a relaxation
process with a positive amplitude for SDS solutions upon the
addition of PTHC (τ is typically ∼60 ms at 50 mM SDS and
xPTHC ) 0.5) (data not shown).

Dissociation Kinetics of Wormlike Micelles before and after
Polymerization.The light-scattering intensity versus time plots
of a wormlike solution originally at 50 mM MOBS and
xPTHC) 1.0 and diluted several times are shown in Figure 9. Up
to 10-fold dilution, a relaxation process can barely be detected,
which is indicated by the lack of any decay of the intensity with
time. With further dilution, (e.g., 12-fold or more), a relaxation
process with negative amplitude is observed. Such a transition
is most likely due to the dissociation of wormlike micelles to
unimers, and the results suggest a cac of MOBS atxPTHC ) 1
of ∼4-5 mM. Note that this value is in good agreement with
the value deduced from the surface tension measurements (∼5.7
mM). Also note that 25- or 40-fold dilution leads to overlapping
kinetic traces that are a signature of the complete dissociation

of the wormlike micelles to unimers. The relatively good
agreement between the cac values obtained from surface
tensiometry and stopped-flow dilution indicates that both methods
reflect the cac of the wormlike micelles. For spherical micelles,
this stopped-flow technique for measuring cac values is probably
not applicable because micellar dissociation is much more rapid
(typically τ < 1 ms).6,36

As expected, the polymerized wormlike micelles exhibit no
observable relaxation processes after 25-fold dilution with water
(Figure 10). The equilibrium light-scattering intensity is also
much higher than that from the unpolymerized micelles, further
confirming the successful fixation of the wormlike micellar
microstructure. If the micelles were not polymerized, then they
would disintegrate into unimers after dilution to concentrations
well below the cac.

AVerage Micelle Lifetime.The polymerization of the wormlike
micelles was carried out at 60°C. To deduce the average micelle
lifetimeor/andstabilityof thewormlikemicellesand tounderstand
the polymerization mechanism, we measured the dissociation
kinetics at different temperatures by carrying out 25-fold stopped-
flow dilution with water (Figure 11). Analysis yields the estimated
dissociation rate constantskdiss.

The time dependence of the light-scattering intensityIt can be
converted to a normalized function, namely, (I∞- It)/I∞ versus
t, whereI∞ is the value ofIt at an infinitely long time. Empirically,
we found that such a function could be well fit by a double-
exponential function

wherea1 anda2 are the normalized amplitudes (a2 ) 1 - a1)
andk1andk2are the relaxationconstants.6,35Themeandissociation

(39) Ilgenfritz, G.; Schneider, Grell, E.; Lewitzki, E.; Ruf, H.Langmuir2004,
20, 1620.

(40) Imae, T.; Ikeda, S.J. Phys. Chem.1986, 90, 5216.

Figure 8. Time dependence of the light-scattering intensity after
mixing MOBS with PTHC at different molar ratios,xPTHC. The final
concentration of MOBS is 50 mM.

Figure 9. Time dependence of the light-scattering intensity of an
unpolymerized wormlike micellar solution at different times of
dilution with water. The initial wormlike micellar solution contains
50 mM MOBS atxPTHC ) 1.0.

Figure 10. Time dependence of the light-scattering intensity after
25-fold dilution with water at 25°C for polymerized and unpo-
lymerized wormlike micelles. The initial wormlike micellar solution
contains 50 mM MOBS atxPTHC) 1.0. Higher sampling frequencies
are used for the first few seconds.

Figure 11. Time dependence of the light-scattering intensities after
25-fold dilution with water at different temperatures. The initial
wormlike micellar solution contains 50 mM MOBS atxPTHC ) 1.0.
Much higher sampling frequencies are used for the first few seconds.
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constant,kdiss, can be calculated as

where 1/kdissequals the characteristic delay timeτdiss. Figure 12
shows the temperature dependence of ln(1/τdiss). With increasing
temperature, 1/τdissincreases. Extrapolation to the polymerization
temperature at 60°C leads to a good estimate ofτdiss≈ 0.13 s.
For concentrations near cac,τdissshould be very close toτ2.41,42

Polymerization Mechanism.Wormlike micelles and unimers
coexist in dynamic equilibrium. Such a dynamic nature can be
better described in terms of the average micelle lifetime (i.e., the
time required for the association of surfactant unimers into the
micelles). During polymerization, the mean lifetime of the
unpolymerized wormlike micelles (tm) can be calculated as43-45

whereN is the average aggregation number in each unpolymerized
wormlike micelle, which can be estimated from the length (Figure
3) and the cross-sectional radius (2.1 nm) of the wormlike micelles
as well as the surface area occupied per surfactant (∼0.36 nm2

per surfactant).17 Thus, for 50 mM MOBS atxPTHC ) 1.0,N is
∼2150 andtm is ∼280 s.

The actual aggregation number of each micelle fluctuates
aroundN as a result of the diffusion of surfactant unimers into
and out of the micelle. As discussed in our previous paper,17 this
migration of surfactant is important because the unreacted unimers
can move from one micelle to another during polymerization.
The time scale for the association of a unimer,ta, is given by
(k+cac)-1, where the association rate constant isk+ ≈ 109

(M‚s)-1.45 Thus,ta ≈ 2 × 10-7 s, so unimers are continuously
exchanged and thus can be incorporated into the polymerized
micelle.

Finally, let us examine the rate of growth of the oligomeric
chains. This growth should mainly depend on the propagation
time (tp) during which a monomer is added to the growing chain.
tp≈ (kp[M]) -1, wherekp≈1000 (M s)-1 for n-alkyl methacrylates
with a degree of polymerization of 10 or higher and [M] is the
monomer concentration.46 For 50 mM MOBS atxPTHC ) 1.0,
tp ≈ 2 × 10-2 s in the initial stage of the reaction. This value

is 4 orders of magnitude smaller than the micelle lifetime (280
s) but much longer than the association time of a surfactant
unimer to the micelle (2× 10-7 s).

The polymerization of wormlike micelles resembles a typical
microemulsion polymerization, where monomer-swollen micelles
are replaced by wormlike micelles containing polymerizable
double bonds inside the hydrophobic core.47,48 The number of
micelles far exceeds the number of radicals. Therefore, the
probability of more than one radical entering a micelle is
negligible. It is quite likely that radicals formed by the
decomposition of water-soluble initiators rapidly partition into
the micelles.

Because the propagation time step is 4 orders of magnitude
faster than the average micelle lifetime, oligomeric radicals are
formed during the average micelle lifetime. The length of these
oligomeric radicals, given by the ratio oftm/tp, is∼104 units. The
aggregation number of the polymerized wormlike micelles from
50 mM MOBS atxPTHC ) 1.0 is 7900. The good agreement
between these two values strongly supports the proposed
polymerization mechanism for the wormlike micelles, namely,
that the average length of polymerized wormlike micelles is
mainly determined bytm/tp and not by the average length of the
original wormlike micelles. One may argue that at lowerxPTHC

shorter wormlike micelles (lowerN) are formed with a lower
tm ) Nτ2. The situation is more complex becauseτ2 also changes
with xPTHC for a given MOBS concentration. A detailed
investigation of the correlation betweentm/tp and the aggregation
number in the polymerized wormlike micelles is currently
ongoing.

Conclusions
The micellar structural transition from spherical to wormlike

anionic micelles can be accomplished upon addition ofp-toluidine
hydrochloride (PTHC), a hydrotropic salt, to aqueous solutions
of sodium 4-(8-methacryloyloxyoctyl)oxybenzene sulfonate
(MOBS), a polymerizable anionic surfactant. The polymerization
of wormlike micelles leads to stable dispersions of polymerized
wormlike micelles. After polymerization, the cross-sectional
radius remains unchanged (∼2 nm), but the micelle length
increases from several tens of nanometers to several hundred
nanometers. The average micelle lifetime of the wormlike micelles
before polymerization was measured and combined with the
surfactant monomer propagation rate to elucidate the mechanism
of polymerization.
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Figure 12. Temperature dependence of ln(1/τdiss) obtained from
the data shown in Figure 11.
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