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Polymerization of Anionic Wormlike Micelles
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Polymerizable anionic wormlike micelles are obtained upon mixing the hydrotropip-galliidine hydrochloride
(PTHC) with the reactive anionic surfactant sodium 4-(8-methacryloyloxyoctyl)oxybenzene sulfonate (MOBS).
Polymerization captures the cross-sectional radius of the micel2sifn), 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 scattisiifig,
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 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 polymefs.This issue of stability can
be addressed by chemically fixing the structure of the wormlike
micelles through the polymerization of a polymerizable group
Yocated either in the hydrophobic portion of the micelles, in the

micelle headgroups, or in the micelle counteriéhg!

Reports on the polymerization eithieior ofwormlike micelles
are raret’-22Kline et al. showed that rodlike micelles made of

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!~>Hydrotropes bind strongly to the surfactant headgroup
region of the micelles, which reduces the headgrehgadgroup
repulsions and causes spherical micelles to be transformed int
aggregates of lower curvatuté Although the effect of hydro-
tropes on the formation of wormlike micelles in mixtures of
cationic surfactant solutions has been extensively studied,
much less is known regarding the ability of anionic surfactants ) X )
to form wormlike micelles upon the addition of a hydrotropic C€t/trimethylammonium 4-vinylbenzoate (CTVB) could be

salt. The majority of these studies have focused on sodium dodecyPPlymerized:*"2 The counterion used contains a polymerizable
sulfate (SDS) solution®? although more recently anionic vinyl group that binds to the hydrophilic ammonium headgroup

wormlike micelles made of sodium oleate in the presence of ©f the wormlike micelles. Upon polymerization, the linked
triethylammonium chloride have been reportéd. counterions form a shell that retains the cross-sectional structure

Wormlike micelles display rheological behavior similar to of the resulting micelle, al_though there is a reduction in the
that of flexible polymers, and this is often a desired property for overall length of the polymerized micelles. Becerra étegported

a number of applications=6 However, the use of wormlike the polymerizatipn of styrene in wormlike micelles of cetyl-
PP trimethylammonium tosylate (CTAT). They concluded that the

@ polymerization of a hydrophobic monomer in the core of the
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but their length increases considerably upon polymerization.
Using a similar approach, we report here the growth and structural 0\/\/\/\/\

fixation of anionic wormlike micelles made of a polymerizable 0@ SO3Na
anionic surfactant, namely, sodium 4-(8-methacryloyloxyoctyl)- 0

oxybenzene sulfonate (MOBS), and the hydrotropic galt

toluidine hydrochloride (PTHC). Polymerization leads to the MOBS

uniaxial growth of the micelles and allows for the formation of

stable dispersions of polymerized wormlike micelles. The average CH3—@NH2.HCI

lifetime of the unpolymerized wormlike micelles was also

measured using the stopped-flow method to further understand

the interplay of the dynamic exchange of micelgurfactant
play y 9 é:igure 1. Chemical structures of sodium 4-(8-methacryloyloxy-

unimers _and _the fast surfactan_t monomer prop_aganon rate onth octyl)oxybenzene sulfonate (MOBS) apdoluidine hydrochloride
change in micellar length during polymerization. (PTHC).

PTHC

Materials and Methods V50, predissolved in degassed water g@Dwas injected (the molar

Materials. 1,8-Octanediol, phenol-4-sulfonic acid sodium de- ratio of MOBS to V50 was fixed at 100), and the polymerization
hydrate, ang-toluidine hydrochloride (PTHC) were purchased from was carried out at 60C for 1 h.
Fluka. The initiator, 2,2azobis(2-methylpropionamide) dihydro- Laser Light Scattering (LLS). A commercial LLS spectrometer
chloride (V50, Wako Pure Chemical Industries, Ltd), was recrystal- (ALV/SP-125) equipped with an ALV-5000 multitau digital time
lized from methanol. Dowex 50V¥X8(H) ion-exchange resin was  correlator and a HeNe laser (Uniphase, 22 mW at= 632.8 nm)
obtained from BDH. Methacryloyl chloride was prepared by reacting was used. Samples were measured at°25 Dynamic LLS
methacrylic acid with phosphorus trichloriéfe. measurements were made at eight different angles ranging from 15

Preparation of the Polymerizable Surfactant. 8-Bromo-1- to 150°. Each intensity-time correlation function was analyzed by
octanol.A mixture of 1,8-octanediol (25.38 g, 0.174 mol) and 40% the method of cumulants to provide the average decayFale
aqueous hydrobromic acid (75 mL) was held atZ5or 72 h while g?D, and the normalized varianee= [(I'20— T'3)/T'H], which
being continuously extracted with cyclohexane. The cyclohexane s a measure of the width of the distribution of the decay réftes.
extract (500 mL) was washed with a 5% aqueous sodium bicarbonateqere D, is the apparent diffusion coefficient, agis the magnitude
solution (250 mL), water (250 mL), and brine (250 mL) and then of the scattering vector given liy= (4zn/1) sin(/2), wheren is
dried with MgSQ. The solvent was removed invacuo to obtain pure - the refractive index of the solveritjs the wavelength of light, and
8-bromo-1-octanol in 85% yield. o 0 is the scattering angle. Each stock solution of pure surfactant and

4-(8-Hydroxyoctanyl)oxybenzene Sulfonic Acid (HOBSgnol- salt was filtered through 0.48m Millipore Acrodisc-12 filters prior
4-sulfonic acid sodium dehydrate, KOH (7.07 g, 0.126 mol), and tg preparing samples.
H20 (120 mL) were mixed in a 500 mL round-bottomed flask — static LLS, the angular dependence of the excess absolute
equipped with a condenser. 8-Bromo-1-octanol (30.15 g, 0.12mol) time-averaged scattered light intensity, known as the Rayleigh ratio
in 180 mL of ethanol was added, and the reaction mixture was Ru(0), of a series of diluted polymerized vesicle solutions
refluxed overnight. A white precipitate of 4-(8-hydroxyoctyl)oxy- (concentrations ranging from 9:8 105 to 2.2 x 104 g/mL) led
benzene sulfonate formed when the reaction mixture was cooled in;, the apparent weight-average molar mdgs,pand the root-mean
anice water bath. The solid was filtered and washed with chloroform gq,arez-average radius of gyratiom?gzgﬂfz’(\?\'/)ritten asRy). The
to remove 8-bromo-1-octanol and was purified by recrystallization gn/qcvalue (0.169 mkg~1) of polymerized wormlike micelles was
from hot water. The resulting white product was dissolved in hot aasured at 2 using an interferometric refractometér£ 632.8
distilled water and eluted through a Dowex S0WX8(H) ion-exchange m) for a range of concentrations.

column preheated to 6670 °C. After elution, 4-(8-hydroxyoctyl)- Small-Angle Neutron Scattering (SANS)SANS measurements
oxybenzene sulfonate was converted to its sulfonic acid form. The were made at the National Institute of Standards and Technology

effluent was freeze dried to obtain a white, fluffy solfd. : : o
. ’ NIST) in Gaithersburg, MD. An average radiation wavelength of
Sodium 4-(8-methacryloyloxyoctyl)oxybenzene Sulfonate (MOBS)'ES A Wi)th a spread of 1gl% was used. Sgamples were held 3%25
4-(8-hydroxyoctyl)oxybenzene sulfonic acid (20 g, 0.066 mol) was in quartz “banjo” cells with 1 mm path lengths. Three sample

dissolved in dry THF. (200 m!_) ina 5QO mL, three-neck_ed, round- detector distances were used to give a scattering vector range of
bottomed flask equipped with an air-leak and dropping funnel. 0.005-0.5 A-1. The data were corrected for detector efficiency,

Methacryloyl chloride (15.14 mL, 0.156 mol) and a solution of back ;
) - ground, and empty cell scattering and placed on an absolute
hydroquinone (0.14 g, 0.00127mol) in dry THF (30 mL) were added scale using NIST procedurésThe semiflexible model uses Pedersen

dropwise. The reaction mixture was stirred for 48 h under N 4 scnyrtenberger's calculation of the form factor for a wormlike
protection. Unreacted methacryloyl chloride and THF were removed

in vacuo. Ether was added to the orange-brown oil residue, and then %) Barker J. G.- Pod 3 B Aol Crvstalloar 1995 28 108

a saturated brine solution was added to convert the sulfonic acid into 2263 Podorear. 3's ‘eS?:LSuerrt]ént.)ergep&écrgyritg‘le?:%éstgga 50, 7002

its sodium salt form. MOBS was washed with ether and dried before  (27) Liu, S.; Gonzalez, . I.; Kaler, E. W.angmuir2003 19, 10732.

it was recrystallized from methanol. Purified MOBS was obtained (28) Bhat, M.; Gaikar, V. GLangmuir 1999 15, 4740. .

as a white powder with an overall yield of 70%. The chemical Acéiz)mc,g%rg-s';asg&lt%w Slcggt;e”ngf Basic Principles and Practi@ad ed.;

. — i : , .

itr#ﬁtqres of the Syntlziesa.Ed MOBS a.?.d ;TH’\?MaF';e_?Eown in Figure (30) Brown, W., EdLight Scattering: Principles and Delopmertt; Clarendon

. Their structures and purity were verified ¥y . The spectra Press: Oxford, England, 1996; Chapter 1.

of these species are discussed in detail in'thé&dMR discussion (31) Teraoka, IPolymer Solutions: An Introduction to Physical Properties

below. John Wiley & Sons: New York, 2002; Chapter 1. _ _
Polymerization of Wormlike Micelles. Micelles for polymer- ~,,{32) James. A. D Robinson, D. H.; White, N. €. Colloid Interface Sci

ization were prepared with water or,O and depleted of oxygen (33) Tondre, C.; Lang, J.; Zana, B. Colloid Interface Sci1975 52, 372.

by bubbling with nitrogen for about 20 min. After dissolution at (34) Hoffmann, H.; Nagel, R.; Platz, G.; Ulbricht, V€olloid Polym. Sci.
room temperature of the desired MOBS and PTHC compositions, 1976 254 812.

. . _ e (35) Adair, D. A. W.; Reinsboragh, V. C.; Plavac, N.; Valleau, JCAN. J.
the solution mixtures were heated to°€0 The water-soluble initiator Chem 1974 52, 429.

(36) Jonsson, B.; Lindman, B.; Holmberg, K.; Kronberg Surfactants and
(23) Labinger, J. A. i€omprehensie Organic Synthesigrost, B. M., Fleming, Polymers in Aqueous Solutignd/iley: New York, 1998.

I., Eds.; Pergamon Press: Oxford, England, 1991. (37) Lessner, E.; Frahm, J. Phys. Chem1982 86, 3032.
(24) Xu, X. J.; Goh, H. L.; Siow, K. S.; Gan, L. M.Langmuir2001, 17, 6077. (38) Lessner, E.; Teubner, M.; Kahlwelt, M. Phys. Chenml981, 85, 1529.
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chain with excluded-volume interactions. This model allows the
estimation of the contour lengthd) and the persistence length)(
of the micelle, which are an indication of micellar flexibili#yThe
SANS modeling details are described in a previous publicafion.
IH NMR Spectroscopy.'H NMR measurements were performed
at 25°C on a Bruker AC300 NMR spectrometer (resonance frequency
of 300 MHz forH) 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-driven syringes (S1, S2, S3) can be operated independently
to carry out single to double mixing. This device is attached to the
MOS-250 spectrometer, and the collected kinetic data are fitted PTHC solution, MOBS/PTHC mixtures, and a polymerized wormlike

using the program Biokine (Bio-Logic). For light-scattering detection, _icellar solution. The MOBS concentration in the mixture is constant
both the excitation and emission wavelengths were adjusted to 3355¢ 59 M.

nm with 10 nm slits. Either an FC-08 or an FC-15 flow cell was

;Jessege’cﬁcgl;he typical dead times were about 1.1 and 2.6 MS:of 50 mM PTHC, the resonances at= 7.38-7.40 ppm are

Surface Tensiometry.Equilibrium surface tensions were mea-  2SCribed to the two ortho protons on the benzene ring, whereas
sured using a JK99B tensiometer with a platinum plate. The measuringth€ Signals ab = 7.29-7.31 ppm are ascribed to the aromatic
accuracy of the device as reported by the manufacturefOid meta protons. The three methyl protons at the para position are
mN/m. The surface tension of pure water (ca. 71 mN/m) was checkedobserved ad = 2.39 ppm (Figure 2b). In the mixture of 25 mM
periodically between measurements. The reported surface tensioPTHC with 50 mM MOBS Xpthc = 0.5), the ortho and meta
at each concentration was the average of three to five measurementprotons as well as the CHz resonances of PTHC are both shifted
_that were taken after allowing each of the solutions to equilibrate upfield from their original positions to 6.9%.97, 6.84-6.82,
in the instrument at a temperature of 25:00.1 °C. and 2.08 ppm, respectively (Figure 2c). Thig.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 ppfi At

Pure MOBS surfactant in water has a critical micelle Xptic = 0.5, the signals for the protons on the MOBS benzene
concentration (cmc) of 13.4 mM at 2&. With the addition of ring at 7.8-7.6 and 6.9-6.7 ppm also shift upfield about 0:2
PTHC, the critical aggregation concentration (cac) of MOBS as 0.3 ppm. These shifts are evidence of a strong interaction between
measured by surface tension monotonically drops from 13.4 mM the polar heads of MOBS and PTHC, which is partially due to
(atXpthc=0) t0 5.7 MM (akpthc= 1.0), whereprhcis defined thesr— interaction between the benzene ring of MOBS and the
as the molar ratio of PTHC to MOBS. (See Figure S1 in benzene ring of PTHC. Such interactions would enhance the
Supporting Information.) This reductionin cac is relevant because insertion and binding of PTHC to the micelle surface.
the stability of polymerized wormlike solutions must be probed At xprc= 1.0 (Figure 2d), the signals of benzene ring protons
for concentrations much lower than the cac. of MOBS move further upfield, whereas the ortho and meta

(a) 50 mM MOBS

(5) 50 mM PTHC

8 7 6 g/psm 2 1

Figure 2. 'H NMR spectra of a 50 mM MOBS solution, a 50 mM

Results and Discussion

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 =0.7), the samples display a slightly bluish tinge that

protons as well as the-CH; resonances of PTHC all shift
downfield slightly compared to that &tnc = 0.5 (Figure 2c).
The less-prominent upfield shiftis probably due to the contribution
of free (unbound) counterions to the total sighal.

indicates apparent micellar growth (i.e., atransition from spherical  \yjith increasing PTHC, the triplet observed at aroune:

to wormlike micelles). Aberic > 1.2, a turbid dispersion is 386 which is the resonance of two protons in th€H,0—
formed that eventually phase separates. This phase behavior iphsgNa group of MOBS, also shows an increasing upfield
similar to that reported by Hassan et al. for mixtures of SDS and ghjft. This shift agrees with the upfield shift of theCHs resonance
PTHC? In that case, a bluish tinge is visually discerible at of pTHC and clearly indicates that PTHC strongly binds to the
[PTHC]/[SDS] molar ratios as low as 0.4, and upon addition of g rface of the micelles with its benzene ring gr@Hs group
PTHC to SDS, a 1:1 complex forms followed by the presence jntercalated into the micellar interior (in close proximity with

of a precipitate region for [PTHC]/[SDS] molar ratios higher penzene ring of MOBS), whereas th&iHs+ headgroup of PTHC
than 1° Clearly, increasing the electrostatic interactions between g protruding from the micelle surface.

the hydrotropic salt and surfactant headgroup drives the transition

. - . : o Significant changes are also seen in the NMR spectra of the
from spherical micelles to wormlike micelles to precipitate.

micelles before and after polymerization, and these are evidence
of the changes suffered by the micelles during the reaction. Before
polymerization (Figure 2a), the signalséat 1.83 ((H3z on the
methacrylate group of MOBS) anil= 5.4—6.0 (CH; on the

1H NMR Studies

H NMR studies show that the formation of SDS wormlike
micelles induced by PTHC results from the insertion of this double bond) characteristic of protons of methacrylate groups
hydrotrope into the micellesHere, we expect PTHC to insert  can be clearly seen. After polymerization (Figure 2e), all of the
into the micelles in a similar way. Furthermore, because the signals characteristic of the methacrylate groups disappear, which
polar headgroups of MOBS and PTHC both bear one benzeneindicates complete polymerization of the surfactant monomers.
ring, m— interactions between the benzene ring of MOBS and Another interesting feature of the polymerized wormlike micelles
the benzene ring of PTHC are likely. Such interactions should is that the signals due to the surfactant tail(8 ppm) are barely
be reflected in significant changes in the corresponding NMR noticeable, suggesting that the mobility of the surfactant tail has
signals as compared to the signals of each of the pure speciedeen greatly restricted by polymerization. This is understandable
in solution. given that polymerization has covalently linked the hydrophobic

Thus,™H NMR spectra of MOBS, PTHC, and mixtures of tails together such that the fluidity of the hydrophobic core is
these species inf® were measured (Figure 2). In the spectrum largely reduced’ 2"
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Figure 3. Calculated average length of the wormlike micellg} ( polymerized at 50 mM MOBS angbric = 1.0 during dilution.
and the average equivalent average sphere hydrodynamic diameter

(MR as a function of the molar ratio of PTHC to surfacta®tyc.

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 apiGéls
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 ofH 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 efand Liu et alt” and has
proven to be applicable to the characterization of relatively short
unpolymerized micelles. Briefly, from the average decay Fate
andg, the apparent diffusion coefficierid,, of the micelles can
be determined (Figure S2 in Supporting Informatio),
decreases with increasingryc, which suggests the formation
of wormlike micelles of increasing lengfi-’
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Figure 5. Variation of the values of the appareliRy[] (R[] and

[RyIMR,Owith concentration during dilution. The polymerization

was carried out at 50 mM MOBS witkbtic = 1.0.

S2 in Supporting Information) than the unpolymerized ones,

To extract information about the micellar size (i.e., the length which indicates the presence of substantially longer wormlike

of the wormlike micelles) fronD,, the effect of interactions

micelles in solution after polymerization.

between neighboring micelles was considered, and a set of Figure 5 shows the concentration dependence of the average

equations outlined by Hassan eP that relate the micellar length
(L) to D, was solved. The micelle length was calculated via an

hydrodynamic radiudR,C)directly measured by dynamic LLS)
of the polymerized wormlike micellar solutions>tryc = 1.0.

iterative procedure under the assumption that the cross-sectional is clear thatR,[remains nearly constant in the concentration

radius is preserved. The micellar radiusWas set at 2.05 nm,
which is roughly the length of the hydrocarbon chain of MOBS.

Figure 3 shows that the addition of PTHC leads to significant
micellar growth. Whemxpryc < 0.7, the growth is moderate;
upon further increasingetHc, there is a monotonic increase in
the micellar length up to~100 nm atxptyc = 1.1, which
corresponds to an axial ratiopf= L/2r ~ 25. The dynamic LLS
datathus 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)827 At lower concentrations{2.5 mM), the scattering
intensity varies linearly with concentration, whereas at higher

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 xpric = 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 madsg )\ and average

radius of gyration(Ry[). The data indicate that,, ~ 3.1 x 10°
g-mol~! and (RyO~ 92 nm, results that suggest that each
polymerized wormlike micelle contains approximately 7900
MOBS surfactant molecules. As also shown in Figure 5, the
apparentlR,Jof the polymerized wormlike micelles remains
constant {92 nm), whereas the average sphere hydrodynamic
radius[R,(0s ~44 nm. The ratio ofRyI[R,[Teflects the density

concentrations the slope decreases considerably. Consequentlydistribution of the scatterers in spac&yUR,0~ 1.5 for

all of the light-scattering measurements of the polymerized
wormlike micelles were made at concentrations below 2.5 mM.
Polymerized wormlike micelles exhibita much lovigy(Figure

monodisperse random coil chains and.3—4.0 for elongated
micelles?®-3*Here the high value dRyIIIR,(x 2.1 is consistent
with an extended wormlike micellar structute.
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spectrum qualitatively confirms the wormlike micellar structure.
Because of the screening effect of PTHC, the SANS intensity
profile shows no Coulomb interaction peak at lowgevalues.
The cross-sectional radiug of the wormlike micelles can be
obtained by analyzing the intermediate portion of the scattering
curve using the Guinier approximation for the form factor (Figure
S3in Supporting Information). The fitting of the linear portions
of the cross-sectional Guinier plot of Igj versusg? leads to
0 1 3 3 res™ 2.2 nm, which considering experimental uncertainties agrees
sin’(6/2)+14300C with the 2.1 nm calculated length of a fully extended MOBS

Figure 6. Zimm plots of polymerized wormlike micelles (polym- molecqle. The best fit u§ing a semiflexible pylinder model to the
erized at 50 mM MOBS with a molar ratio &r.c= 1.0). A series scattering spectrum yields a cross-sectional diameteof
of dilute polymerized wormlike micelle dispersions (concentrations 2.1+ 0.1 nm, a contour length, of 203+ 15 nm, a persistence
ranging from 9.8< 105t0 2.2x 10~4g/mL) were used forthe SLS  length () of 26 + 3 nm, and a reduced error of 2.0. There is
measurements. aslightdiscrepancy in the fit at higfwhere 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 logifegion 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 logrange (data
not shown).

For a wormlike chain with a contour length of 203 nm and
apersistence lengthof 26 nm,Lc> |, so the radius of gyration,
Ry can be calculated #s

D Y Ry=vLd; 2)

The calculatedRy is ~73 nm, whereas thERjdetermined 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
0.00 e ' large effect on the model calculation, especially in the bpw-
0.0 0.1 0.2 0.3 0.4 range. Furthermore, in SANS and static LLS, the number- and
q/ A" weight-averaged values are measured, respectively, and for a
Figure 7. (a) SANS spectra of the polymerized wormlike micelles. Polydisperse sample, the weight-average value will be higher.
The solid line represents the best fit to the experimental data using For the polymerized wormlike micelles, on the basis of the
asemiflexible model with excluded volume interactions. (b) Holtzer average aggregation number deduced from static LLS, the micellar
plot of polymerized wormlike micelles, with the upturn at law  |ength deduced from SANS fitting, and the cross-sectional
values indicating a semiflexible wormlike microstructure. The diameter, we estimated the surface amj 6f the headgroup
polymerization was carried out at 50 mM MOBS with a molar ratio . .
of Xerie = 1.0 and then diluted 5-fold. per MOBS surfactant to be 0.34 Arilowever, using the chemical
structure of the MOBS surfactant, the calculated lerigtimd
The polymerized wormlike micelles atlow concentrations are volume v of its hydrocarbon tail are 2.1 and 0.41 #Him
well separated from each other. As the concentralimcreases,  respectively’. The estimated packing parametdk & v/agl) of
they are concentrated and eventually come into contact. At the MOBS in the presence of PTHC (atrc= 1.0) is~0.57, which
so-called overlap concentratiof¥), the whole volume of the i close to the theoretical value (0.5) for an infinitely long
solution is filled with these wormlike chains. The overlap cylinder8=3¢
concentration can be calculated using eq 1, assuming each Stopped-Flow StudiesThe above sections provide detailed
wormlike chain occupies the volume equal to a sphere with a structural information about unpolymerized and polymerized

mol/g >

N

A%

Kc/R <107

Intensity (cm‘l)

0.04
0.034

0.02]%

g*1(g) (A" em™)

0.01+4

radius of[Ry[] so wormlike micelles. Here, the formation and dissociation kinetics
of wormlike micelles before and after polymerization are

L—ler* IZIRglfi _M 1) discussed. The kinetics of forming spherical micelles has been

3 Na extensively studied by a variety of methods including stopped-

flow,32 temperature-jum@® pressure-jump$ and ultrasonic

whereM/N4 is the mass of each chain ahd is Avogadro’s absorptior?® Reports suggest that a micellar solution can be
numberd! The calculated value @* is 4.0 mM, which is close characterized by two relaxation processes, namely, fast and slow
to the inflection point (2.5 mM) in the plot of the scattered light relaxation processés® The fast relaxationzq, which is on the
intensity versus concentration (Figure'4). order of microseconds) is associated with the exchange between

Small-Angle Neutron Scattering (SANS) StudiesFigure monomers in the micelles and in the dispersion medium. The
7a shows the SANS spectrum of the polymerized wormlike slow relaxation €, which is on the order of milliseconds) is
micelles, where [MOBS¥ 50 mM andketic=1.0. The scattered  related to the formation and breakdown of the micelles. In other
intensity has ay~! dependence in the intermediate rangeof  words,7; andz, are respectively related to the residence time
which is the signature of the scattering from 1D objects. The of a surfactant molecule in the micelle and the average lifetime
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Figure 8. Time dependence of the light-scattering intensity after Figure 10. Time dependence of the light-scattering intensity after
25-fold dilution with water at 25C for polymerized and unpo-

lymerized wormlike micelles. The initial wormlike micellar solution
contains 50 mM MOBS atthc= 1.0. Higher sampling frequencies
are used for the first few seconds.

mixing MOBS with PTHC at different molar ratiogstnc. The final

concentration of MOBS is 50 mM.
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unpolymerized wormlike micellar solution at different times of
dilution with water. The initial wormlike micellar solution contains
50 mM MOBS atxptuc = 1.0.

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 MOBStrc = 1.0.

or stability of the micelle. There are only a few experimental Muchhigher sampling frequencies are used for the first few seconds.

studies of the kinetics of the spherical-to-wormlike micelle _ ) _ )
transition37-40 of the wormlike micelles to unimers. The relatively good

Kinetics of Wormlike Micelle FormatioThe transition from ~ @greement between the cac values obtained from surface
spherical to wormlike micelles upon mixing different amounts tensiometry and stopped-flo_vv dllu_tlon indicates that_both methods
of PTHC with MOBS was probed (Figure 8) using a stopped- 'eflect the cac of the wormlike micelles. For spherical micelles,
flow device coupled with light-scattering detection. At lamc this stopped-flow technique for measuring cac valuesis probably
ratios, no relaxation was observed at all, whereas at highge not applicable because micellar dissociation is much more rapid
ratios (+0.7), the relaxation had a negative amplitude that is (typically 7 < 1 ms)©<° _ _ _ .
indicative of a decease in the length or number of wormlike ~ AS expected, the polymerized wormlike micelles exhibit no
micelles. The expected initial increase in the scattered light Observable relaxation processes after 25-fold dilution with water
intensity due to micelle growth was not observed, which implies (Figure 10). The equilibrium light-scattering intensity is also
that the initial relaxation is too fast to be observed by stopped- much higher than that from the unpolymerized micelles, further
flow mixing. Such rapid relaxation must reflect the short confirming the successful fixation of the wormlike micellar
hydrocarbon chain of MOBS because we observed a relaxationmicrostructure. If the micelles were not polymerized, then they
process with a positive amplitude for SDS solutions upon the would disintegrate into unimers after dilution to concentrations

addition of PTHC ¢ is typically ~60 ms at 50 mM SDS and ~ Well below the cac. o _
Xprrc = 0.5) (data not shown). Average Micelle Lifetimelhe polymerization of the wormlike

Dissociation Kinetics of Wormlike Micelles before and after Micelles was carried out at 8C. To deduce the average micelle
PolymerizationThe light-scattering intensity versus time plots lifetime or/an_d st_ablhty ofthe yvormhke micelles and to ur_]derst_an_d
of a wormlike solution originally at 50 mM MOBS and the polymerization mechanism, we measured the dissociation
xethc= 1.0 and diluted several times are shown in Figure 9. Up Kinetics atdifferenttemperatures by carrying out 25-fold stopped-
to 10-fold dilution, a relaxation process can barely be detected, flow dilutionwith water (Figure 11). Analysis yields the estimated
which is indicated by the lack of any decay of the intensity with dissociation rate constanksiss o _
time. With further dilution, (e.g., 12-fold or more), a relaxation ~_The time dependence of the light-scattering interigitan be
process with negative amplitude is observed. Such a transitionconverted to a normalized function, namell, 11)/l., versus
is most likely due to the dissociation of wormlike micelles to 1 Wherel.isthe value of:atan infinitely long time. Empirically,
unimers, and the results suggest a cac of MOBS-aic = 1 we found that such a function could be well fit by a double-
of ~4—5 mM. Note that this value is in good agreement with €Xponential function
the value deduced from the surface tension measuremebis (

mM). Also note that 25- or 40-fold dilution leads to overlapping =1 = g6
kinetic traces that are a signature of the complete dissociation | e

+ae (3)

00

(39) ligenfritz, G.; Schneider, Grell, E.; Lewitzki, E.; Ruf, Hangmuir2004
20, 1620.
(40) Imae, T.; Ikeda, SJ. Phys. Chem1986 90, 5216.

wherea; anda, are the normalized amplitudeg,(= 1 — a;)
andk; andk; are the relaxation constar§t®The mean dissociation
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) . —013s is 4 orders of magnitude smaller than the micelle lifetime (280
T=60"C diss,60°C : iati i
20 ' s) but much longer than the association time of a surfactant
unimer to the micelle (2« 1077 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 c6fé8 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
1 a, a oligomeric radicals, given by the ratiotfft,, is~10* units. The

— =4 = 4) aggregation number of the polymerized wormlike micelles from
kiss Ki K 50 mM MOBS atxptuc = 1.0 is 7900. The good agreement
between these two values strongly supports the proposed
where lkiissequals the characteristic delay tim@s Figure 12 polymerization mechanism for the wormlike micelles, namely,
shows the temperature dependence of in(l). Withincreasing  that the average length of polymerized wormlike micelles is
temperature, khssincreases. Extrapolation to the polymerization - mainly determined byiy/t, and not by the average length of the
temperature at 60C leads to a good estimate ofss~ 0.13S.  original wormlike micelles. One may argue that at lowefic
For concentrations near cagissshould be very close .42 shorter wormlike micelles (lowel) are formed with a lower

P0|ymerizati0n MeChaniSI”Wormﬁke mice”es and Unimers tm = NTZ. The s|tuat|0n |S more Comp|ex becausalso Changes

coexist in dynamic equilibrium. Such a dynamic nature can be \jth xeruc for a given MOBS concentration. A detailed

better described in terms of the average micelle lifetime (i.e., the jnyestigation of the correlation betwetyit, and the aggregation
time required for the association of surfactant unimers into the nymbper in the polymerized wormlike micelles is currently
micelles). During polymerization, the mean lifetime of the gngoing.

unpolymerized wormlike micelles.() can be calculated &s4°

3.0 3.1 32 3.3
10°T <K'>
Figure 12. Temperature dependence of Inld) obtained from
the data shown in Figure 11.

constantkgiss can be calculated as

Conclusions

tn = Nz, ) The micellar structural transition from spherical to wormlike
anionic micelles can be accomplished upon additigntofuidine
whereNis the average aggregation number in each unpolymerized hydrochloride (PTHC), a hydrotropic salt, to aqueous solutions
wormlike micelle, which can be estimated fromthe length (Figure of sodium 4-(8-methacryloyloxyoctyl)oxybenzene sulfonate
3) and the cross-sectional radius (2.1 nm) of the wormlike micelles (MOBS), a polymerizable anionic surfactant. The polymerization

as well as the surface area occupied per surfactadi36 nr_ﬁ of wormlike micelles leads to stable dispersions of polymerized
per surfactant)! Thus, for 50 mM MOBS akprrc = 1.0,Nis wormlike micelles. After polymerization, the cross-sectional
~2150 andty, is ~280 s. radius remains unchanged-Z nm), but the micelle length

The actual aggregation number of each micelle fluctuates increases from several tens of nanometers to several hundred
aroundN as a result of the diffusion of surfactant unimers into nanometers. The average micelle lifetime of the wormlike micelles
and out of the micelle. As discussed in our previous papeis before polymerization was measured and combined with the
migration of surfactantis important because the unreacted unimerssurfactant monomer propagation rate to elucidate the mechanism
can move from one micelle to another during polymerization. of polymerization.

The time scale for the association of a unintgrjs given by

(k*cacyL, where the association rate constantkis ~ 10° Acknowledgment. This workis supported by an Outstanding
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