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Controlling Dimensions of Polymerized Micelles: Micelle Template
versus Reaction Conditions
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The polymerization of elongated micellar structures offers a novel approach to the production of high aspect ratio,
water-soluble amphiphilic nanoparticles. Three different surfactants were synthesized consisting of a cationic surfactant
of the form (GHox+1)trimethylammonium (wher& = 14, 16, or 18) and a vinyl-containing counterion, 4-vinylbenzoate.

The resulting polymersurfactant aggregates have been polymerized to produce high aspect ratio nanoparticles which
are insensitive to changes in solution conditions. The radius of the initial template is maintained on polymerization,
whereas the template length is not. The aggregate radius is varied by changing the length of the surfactant tail, in
this case producing aggregates with radii of 1.7, 2.0, or 2.4 nm. Variation of the initiator decomposition half-life,

by means of using different initiators and varying temperature, is used to control the aggregate length between
80 and 500 nm. Through the process discussed here, both the radius and length of the aggregates are controlled
independently.

Introduction miniemulsion polymerizatio®® and microemulsion polymeri-
zation. Here, we generate amphiphilic polymeurfactant
aggregates through the polymerization of the counterions bound

' to the surface of cationic surfactant micell€8°The resulting
polymerized aggregates have a high aspect ratio and are stable
over arange of temperatures and concentrations. To utilize these

; > . . . . 'materials, however, greater understanding of their synthesis and

pertinent to this WQI’k, provide a linear, anisotropic template for independent control of both the radial and length dimension are

materials processing. . . . required. In this work, systematic variation of processing
The structure of these dynamic systems is defined by a parameters allows for quantification of the effects of varying the

precarious balance of hydrophobic and electrostatic forces. Thismce|le template size and polymerization conditions on aggregate
balance results in micelle dimensions that are a strong function gimensions.

of system conditions. For example, the length of the micelles
increases with increasing surfactant concentration and decreases Background
with increasing temperatufé. The flexibility and length of
wormlike micelles are a function of ionic strenéfttand added
polymer, even relatively simple nonionic polyniéf2 Thus,
small variations in solution properties affect micelle dynamics

The addition of hydrotropic counterions to ionic surfactant
systems often leads to the formation of elongated, or wormlike
micelles at only a few times the critical micelle concentrafich.
These wormlike micelles form viscoelastic solutiéns$ retain
the solubilizing properties common to surfactant systems, and

Wormlike micelles have been polymerized in systems with
both polymerizeable surfactaftsind polymerizeable counter-
ions12-20.22Here we focus on the ability to control both aggregate
. . Lo L . dimensions for the latter case. When polymerizing the counterions
and dimensions, limiting many applications of these materials, . I . .

. . : . in a cationic surfactant system, the resulting aggregate consists
especially those that involve multistep processing. . ’ - ) .
of a negatively charged “counterion” polymer held in solution

To maintain the amphiphilic nature of awormlike system and 1, jis association with the cationic surfactant. This counterion
generate aggregates with a stable, controllable nanoscale structur(?mlymer is formed in the micelle through free radical polym-

a common approach has been the inclusion of polymerizeableg ization of vinyl-containing counterions, and the resulting

m0|et|es.and subsequentpolymerization to capture the str&éture. polyelectrolyte-surfactant aggregates maintain the basic rodlike
Polymerizeable surfactants have been used in a variety Ofgpane of the pre-reaction micelles, held together by a sterically
apphcatlons including c_a_pturl_ng the _structure o_f spherical nindered polymer chain. NMR studies have shown that the
micelles*15and as a stabilizer in emulsion polymerizatiéa? polymer is trapped and immobile within the aggregate, whereas
the surfactant is still free to dissociate into the bulk agueous
*To whom correspondence should be addressed. E-mail: Iwalker@ gojytion2°Overall, the aggregates remain stable due to the strong

andrew.cmu.edu. . - .
(1) Israelachvili, J. NIntermolecular and Surface ForceAcademic Press: hydrOphOb'C and electrostatic attractions between the surfactant

London, 1985.

(2) Gamboa, C.; Rios, H.; Sepulveda, l.Phys. Chem1989 9, 5540. (14) Summers, M.; Eastoe, J.; Davis, S.; DuLZngmuir2001, 17, 5388—
(3) Gamboa, C.; Sepulveda, 1. Colloid Interface Sci1986 113 566. 5397.
(4) Magid, L. J.J. Phys. Chem. B998 102, 4064. (15) Dufour, M.; Guyot, A.Colloid Polym. Sci2003 97—104.
(5) Rehage, H.; Hoffmann, HMol. Phys.1991, 74, 933-973. (16) Green, B. W.; Sheetz, D. B. Colloid Interface Scil97Q 32, 96.
(6) Cates, M. E.; Candau, S.J.Phys.: Condens. Matte99Q 2, 6859. (17) Liu, J.; Chem, C. H.; Gan, L. M.; Teo, W. K.; Gan, L. Eangmuir1997,
(7) Soltero, J. F. A.; Puig, J. EEangmuir1995 11, 3337. 13, 4988-4994.
(8) Tanford, C.The Hydrophobic EffecWiley: New York, 1980. (18) Boisson, F.; Uzulina, I.; Guyot, Macromol. Rapid Commu2001, 22,
(9) Lequeux, FJ. Colloid Interface Sci1996 1, 341—-344. 1135-1142.
(10) Magid, L.; Han, Z.; Li, Z.Langmuir200Q 16, 149. (19) Kline, S. R.Langmuir1999 15, 2726-2732.
(11) Truong, M. T.; Walker, L. MLangmuir2002 18, 2024-2031. (20) Gerber, M. J.; Kline, S. R.; Walker, L. M.angmuir 2004 20, 8510.
(12) Truong, M. T.; Walker, L. MLangmuir200Q 16, 7991—7998. (21) Liu, S. Y.; Gonzalez, Y. |.; Danino, D.; Kaler, E. Wlacromolecules
(13) Paleos, C. MPolymerization in Organized Medi&ordon and Breach: 2005 38, 2482-2491.

Philadelphia, 1992. (22) Kline, S. R.J. Appl. Crystallogr.200Q 33, 618-622.

10.1021/1a052297q CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/23/2005



942 Langmuir, Vol. 22, No. 3, 2006 Gerber and Walker

and polymer. Unlike wormlike micelles, the dimensions and Materials and Methods

structure of the polymerized aggregates are insensitive to changes - cetyjrimethylammonium hydroxide and 4-vinylbenzoic acid were
in temperature and surfactant concentration (above a critical pyrchased from Fluka (Ronkonkoma, NY).@ 99.9 mol %
aggregate concentration) because the length is determined byenriched, potassium bromide, and potassium bromate were purchased
the molecular weight of the stabilizing polymer chain rather than from Sigma-Aldrich (St. Louis, MO). Myristyltrimethylammonium
an energetic balance at the end-caps of the micelles. bromide (G4TAB), methanol, and Dowex 550 microsphere ion

By polymerizing the counterions, rather than the surfactant, $>)<<(;hgn?edresil?r_l wc;r]elpurchaged frrclnlm_gis{ig/t;\g;:(ﬁntific d(leciuston,

; . Octadecyltrimethylammonium chloride rqua

\évc)eur?tr:rizglemtgngsrfei le?gvlveinzuligarcttggt St;?t]ﬁ (leastii 2?%%2%;? e50) was donated by Akzo-Nobel (Chicago, IL). The water-soluble

: . ) . ._free-radical initiator VA-44 (2,2azobis[2-(2-imidazolin-2-yl)pro-
polymers using this method. The system used in this study is pane] dihydrochloride) was donated by Wako Chemicals (Richmond,

comprised of a series of common cationic surfactantg:i¢&.1)- VA). The second initiator used, Vazo-56 (2&zobis-(2-amidino-
trimethylammonium (wherX has values of 14, 16, or 18), with  propane)dihydrochloride) was purchased from DuPont (Wilmington,
a polymerizeable counterion, 4-vinylbenzoate. When mixed in DE). The two initiators will be referred to as V-44 and V-56,

a 1:1 molar ratio, the resulting surfactantxtGx.1)trimethyl- respectively. All materials were used as received. Water from a
ammoniun 4-vinylbenzoate (TVB), forms a clear, viscoelastic ~ reverse osmosis source was purified in a Millipore filtration system
solution of wormlike micelles. After polymerization, the resulting immediately before use. _ _
polyelectrolyte-surfactant aggregates are rigid witha cylindrical ~ C14aTABwas converted to the hydroxide form,{LOH, by passing
cross section and a high aspect ratio. The polymerization of the@ 10 Wt % solution of GTAB in methanol through a column of
counterion is the most efficient means to produce these potymer Dowex ion-exchange resin three times. The ion exchange was

factant tes. Anoth his t lubili confirmed at the exit of the column by observing a shift to a pH
surlactant aggregates. Another approach IS (o solubilize pre'greaterthan 12.5. Conversion to the hydroxide counterion was further

made poly(4-vinyl benzoate) in a surfactant solution, resulting confirmed through a Volhard titration for bromié@eThe G,TOH

in stable aggregates which have been observed with light \yas dried in a vacuum oven and then freeze-dried to recover the
scattering. However, this synthesis route is less desirable becauseurfactant as a powder,§F AC was dried from the received Arquad
the bulk polymerization of poly(4-vinylbenzoic) acid is slower solution in a vacuum oven and converted tgKOH in the same
than polymerization in a micellar template and a second manner.

redispersion step would be needed. The in situ polymerization  (CxHax+1)trimethylammonium 4-vinylbenzoate {TVB), the

Previous work shows that successfukTVB reactions pass neutralization of 4-vinylbenzoic acid in the presence of a slight

h h bid ph duri | ization. Small | stoichiometric excess of JCAOH using a method described
through aturbid phase during polymerization. Small-angle Neutron g|qe\yherd?20 The neutralization is performed in cold water, and

scattering (SANS) experiments suggest that this turbid regime tne gitference in Krafft temperature betweegl¥B and GTAOH

is composed of polymerized rodlike aggregates associating inis used to separate the surfactant crystals. Ethylene glycol must be
“pundles” which later dissolvé? The current work will show added to the GTVB solution in order for the Krafft temperature
that this state does not occur during all reactions and that its (Tx ~ —5 °C) to be approached without freezing. Once th&\ZB
existence has no effect on the final product. is precipitated, it is washed three times with deionized water and

Our previous work also shows that the length of the polymerized then freeze-dried. The molecular composition of surfactants prepared
C16TVB (or pCisTVB) aggregates is controlled by varying the using this procedure has been confirmed using NMR and shown to

, 0
concentration of initiator uset!.More specifically, for reaction be free of impurities:

o - Samples for polymerization were prepared with water which was
conditions of 60°C and [GeTVB] = 10 mg/mL, the average  pied for 10 min to remove residual G@nd then cooled under

polymerized aggregate length, is related to the initiator  pitrogen (grade 5.0) to deplete any oxygen. The surfactant was
concentration, [I], such that o [I] =% In all previous studies  dissolved and allowed to equilibrate at the reaction temperature with
of this system, care was taken to fix all other polymerization lightstirring under an atmosphere of continuously circulating nitrogen
conditions so that the micelle template length did not change. which had been bubbled through water. Three reaction temperatures
Due to the sensitivity of the TVB structure, the only variable ~ were used: 48, 60, and 7. These temperatures were chosen such
that was investigated without altering the micelle template was thatthe decompositionrates of the two initiators overlap. The reaction
initiator concentration. The time scale for breaking and reforming Was initiated by injecting 1 mL of initiator predissolved in water into

of the micelles £10° s1)13 is much faster than the bulk the homogeneous surfactant solution. Initiator concentration, [l],

ropagation rate for vinyl benzoate (on order = st these will be defined as the mole percent initiator relative to moles of
propagatiol y . w24 surfactant. Most polymerizations were carried out using a constant
concentrationgy or even bulk styrene (approximately 4%

. initiator concentration of [IF 2.5%. One sample was polymerized
The template length was therefore assumed to contribute ysing [I] = 0.5%. Three different GTVB concentrations were
significantly to the resulting degree of polymerization that can ysed: 10, 5, and 1.25 mg/mL corresponding to concentrations of 23,
be reached and, hence, the length of the resulting aggregatesi1.5, and 2.9 mM, respectively. Reactions usinglf@B and Gg
However, arecent study on a similar system with a polymerizeable TVB were performed using 5 mg/mL of surfactant, or 12.3 mM and
surfactant showed that the final polymerized aggregate length 10.8 mM, respectively. The reactions were run in a pure nitrogen
is longer than the initial micelles, demonstrating the complexity atmosphere and under constant stirring using a magnetic stir bar.
of the competition between reaction kinetics and micelle Successfulreactions using 10 mg/miT¥/B were observed to pass
dynamics?! The current work seeks to elucidate the exact th(ougl]h a turbid phase during the ﬁourSCie of tge reacl:)tllon. ngples
contribution that the template length has to the length of the final using lower concentrations okCVE showed no observable turbidity

i . o during the reaction. The polymerized aggregate product is a clear
product. The outcome of this work is a quantification of the  41,tion exhibiting none of the viscoelasticity of the initial solution

relationship between aggregate length and system variablesand which does not precipitate when chilled below the Krafft

including initiator decomposition rate, surfactant concentration, temperature of TVB.

and reaction temperature. To determine the conversion of vinyl groups in the polymerization
reaction, a bromine titration was used. Standard bromine solutions

(23) Kamachi, M.; Satoh, J.; Liaw, D. J.; NozakuraM&cromolecule4977,
10, 501-502. (25) Harris, D. CQuantitatve Chemcial Analysj3V. H. Freeman and Co.:
(24) Madruga, E. LMakromol. Chem. Rapid Comrhi993 14, 581-589. New York, 1996.
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were prepared by mixing potassium bromate with 10 times excess 10" £

potassium bromide. The bromine was titrated into solutions of F

pCisTVB until the pale yellow end point was detected using a

Spectronic Genesys 2 UWis spectrophotometer, measuring the

absorbance at a wavelength of 420 nm. Back-titration or iodometric

titration is not possible because iodine binds irreversibly with the

C16TAT surfactant and forms an insoluble precipitate. The con-

centrations of standard solutions of unpolymerizedT®@B were

measured with an accuracy #fl%, indicating that the presence of

vinyl groups within the micelle does not hinder this technique. The

minimum detectable concentration of vinyl groups using this method E .

is 45ug/mL or 0.1 mM. r Gest
Previous work has made use of static light scattering (SLS) to 103 . N 35

determine aggregate length. However, the longer aggregates produced 103 102 104

in this study are too large for the Debye approximation inherent to qah

SLS calculations to be valid. Thus, for this work, dynamic light

scattering (DLS) is employed. DLS experiments were performed gy mpo16) and pGTVB (closed circles) polymerized under various

using a Brookhaven Instruments Corporation BI-200SM goniometer ¢ongitions. Also shown is the rigid rod form factor for an infinite

with a4 = 532 nm laser source. Experiments were performed with cyjinder with radius 2 nm (solid line). The polymerized samples

a temperature of 25C and a sample concentration of 0.5 mg/mL.  from top to bottom are as follows: 2.5% V-56; 48; 10 mg/mL

The decay timel’, was measured over a range of scattering angles C,¢TVB, 2.5% V-44; 60°C; 5 mg/mL GgTVB, 2.5% V-44; 48°C;

from 60 to 130 at 10 intervals and shown to be a linear function 10 mg/mL GgTVB, 1.0% V-54 60°C; 10 mg/mL GeTVB.

of g2 An extrapolation of these data passes through the origin,

indicating that the contribution of rotational diffusion to the measured 5, frequencies ranging from2t0 10-3rad/s. Steady-state behavior

diffusivity is negligible and that the measured diffusivity is dominated 5 ysed to characterize lower viscosity samples; a steady shear rate

by translational diffusion. Thus, for all samples, the reported sizes ;a5 applied until the sample reached a stable value of stress.

are derived from DLS at a single angle {90n addition, there is Small angle neutron scattering (SANS) experiments were

no concentration dependence to the scattering in the dilute regime-performed on the NG3 30 m SANS instrument at the NIST Center

Samples were allowed to correlate for at least 6 min, using aninitial t5r Neutron Research in Gaithersburg, MD. A 1.2 cm diameter,

delay of 1.Qus and a final delay of 100 ms. The resulting correlation  gjiaminated beam of neutrons of wavelengthe 6 A (AVL =

-
o
=3

N
<

Intensity (cm'1)

¢ Polymerized CTVB
o Unpolymerized CTVB

-
o
N

Rigid Rod Form Factor

Figure 1. Small angle neutron scattering spectra @fT/B (open

function was analyzed using the CONTIN metffoih provide the 0.143) were incident on 2 mm thick samples in quartz cells. SANS
best fit size distribution with an average hydrodynamic radig, data is presented as scattered intensity as a function of normalized
The effective translational diffusion coefficienBt, from the scattering angley, defined asq = 4/4 sin(@/2) wherel is the

CONTIN analysis was used to calculate the average length of the 4yelength of incident radiation arfds the scattering angle. Two
aggregates using the Broersma relationship for diffusion offgés sample-to-detector distances were used to give an owgralige
of 0.0037< g < 0.23 A1, Sample scattering was corrected for
D, = KT [In(&) _ g] (1) background and empty cell scattering. The corrected data sets were
Bmnell \d circularly averaged and placed on an absolute scale using procedures
and software supplied by NIST.

wherek is the Boltzmann constant, is the absolute temperature,

1o IS the viscosity of the solvent (watet),is the aggregate length, Results

dis tht‘? a%grfﬁatf _?lalmet?rr] (rfrﬁasurgdswnh SI'?NS)' I‘fa{m a . Determination of Aggregate Radius.The impact of the
correction for the Jnite iengih of the rod. severa: formuations for polymerization reaction on the radius of the polymerized

& are available?=3° we use the function of Newman et al. as it is . . - .
most relevant in the aspect ratio range explored in this WoFr aggregates was first determined. Figure 1 shows the scattering

DLS, each sample was run atleast 10 times, and the resulting lengthdntensity, 1(q), dependence of neutron scattering for unpolym-
were averaged. The resulting size distributions were manually €fized GeTVB compared to a number of different polymerized
averaged using the following procedure. A spline fit of each aggregate samples, with a solid line representing the monodisperse
distribution was used to evenly space #walues. These fits were  rigid rod form factor for an infinite cylinder of radius 2 nfk32
normalized such that the integral under each curve was equal toThe aggregates were polymerized using a wide range of reaction
unity, and the 10 resulting curves were then averaged at each valuezonditions, including varied initiator concentration, surfactant
of x producing a single, composite curve. This curve was then concentration, and temperature. All data were taken using a dilute
Cg{lﬂagfz%ﬂ;%mé?:é the highest point represented a distribution g5 016 concentration of 1 mg/mL. For all cases, the data collapse
: onto a single curve aj > 0.02 AL, This range of scattering

Rheological experiments were performed on a Rheometric | bes th i Ldi . the radi f1h
Scientific ARES strain-controlled rheometer using a Couette (cup angie probes the cross-sectional dimension, or the radius, ot the

and bob) geometry. The bob has a length of 33 mm, a radius of 16 C16TVB micelles and polymerized aggregates. Over this range
mm, and a gap of 1 mm. The temperature of the sample was (4 > 0.02 A™%), the overlapping curves in Figure 1 are well
maintained using a circulating fluid bath. The rheometer was allowed described by a monodisperse rigid rod form factor for an infinitely
to equilibrate at the experimental temperature for at least 30 min. long cylinder of radius 2.0 nm. Thus, the initial micelle radius
Temperature equilibration and the relaxation of loading stressesis unperturbed by the polymerization reaction, regardless of the
were ensured by measuring the moduli at a fixed frequency and reaction conditions used. Previous work on rodlike micelles with
strain amplitudef = 10%,w = 10 rad/s) as a function of time to  ¢arhoxylate containing aromatic counterions has shown that the
verify time independent values. Once equilibrated, frequency sweeps, .o matic group resides at the organic/water interface, with, in
were performed using 10% strain (shown to be in the linear regime) this case, the vinyl group extending into the core of the miééﬁé. ’

Thus, since the radial dimension does not change with polym-

(26) Provencher, S. WComput. Phys. Commu982 27, 213-242.
(27) Broersma, SJ. Chem. Phys196Q 32, 1626-1635.

(28) Broersma, SJ. Chem. Phys1981, 74, 6989-6990. (31) Fournet, GBull. Soc. Fr. Mineral. Crist1951, 74, 37—172.
(29) Newman, J.; Swinny, H. L.; Loren, D. A. Mol. Biol. 1977, 116, 593~ (32) Higgins, J. S.; Benoit, H. ®olymers and Neutron Scatterir@larendon
606. Press: Oxford, U.K., 1994,

(30) Tirado, M. M.; Torre, J. G. d. 0. CHem. Phys1979 71, 2581-2589. (33) Rakitin, A. R.; Pack, G. RLangmuir2005 21, 837—840.
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) ) Figure 3. SANS for micelles with varying surfactant tail lengths.
Figure 2. Gunier plot of SANS data from three surfactants. From The solid lines represent rigid rod form factor scattering predictions
the linear fits we extract radii of 1. 0.1, 2.0+ 0.1, and 2.4+ based on the values for radius given in Figure 2.
0.1 nm, for G4TVB, C16TVB, and GgTVB, respectively. The data
have been vertically shifted to aid viewing, and the lines indicate aggregate lengthis determined from light scattering. Nonetheless,
the range of the liner fit. when compared with Figure 1, this plot shows clearly that the
o o . radial cross-section of the aggregates can be varied.
erization, we may assume that the polymer retains its position Varying the Template Length. Wormlike micelles are very
inside the micelle core. . _ sensitive to solution conditions, and thus the length of the
Since the aggregate radius is determined solely by the radiusynpolymerized micellar template is easily varied. In this work,
of the template micelle, we can vary this accurately by changing changes in both temperature and surfactant concentration are
the surf_actant _ta|I length used. To vary the radius of the \;5eqdto change the template length. The simplest way to qualify
polymerized micelles, two new surfactants,T/B and G- these effects is through the rheology a§TVB solutions. Like
TVB, were prepared. As with 6TVB, both of these surfactants  yany wormlike, entangled micelles; £TVB is viscoelastic and
form highly viscoelastic solutions of wormlike micelles with the strongly shear thinning® Assuming a flexible micelle in the
viscosity of the solution increasing qualitatively with increasing fast-breaking regime, the zero shear viscosity is roughly
tail length. This observation is expected because surfactants Withproportional to the micelle lengf.In other regimes of micelle
longer hydrophobic tails have a lower CMC resulting in longer gynamics, the dependence of viscosity on micelle length only
micelle lengths at a given surfactant concentrafitfihe three  pecomes stronger, whereas for more rigid systems, the viscosity
surfactants were polymerized using 5 mg/mL of surfactant and is proportional to rod length squard®iin this work, viscosities
2.5% VA-44 at 60°C to quantify the effect of micelle tail length - \yere determined using two methods. For higher viscosity samples,
on the final aggregate radius. . afrequency sweep was performed using oscillatory shear at fixed
Figure 2 shows a Gunier representation of the SANS results girain amplitudes within the linear limit. The frequency depen-
from the three surfactants. For a rodlike particle, the slope of the gence of the elastic modulug!, and the viscous modulu§”,
h?ghq Ii_near portion of this graph is d_i_rectly related to the radial  gpow the single-relaxation-time dominated behavior often
dimension of the aggregatéThe radii measured for GTVB, observed for wormlike micelle syster#fsThe complex viscosity
Ci6TVB, and GgTVB are 1.7+ 0.1, 2.0+ 0.1, and 2.4 0.1 reaches a plateau value at low shear rates, allowing for an
nm, respectively. As expected, the radius increases monotoni-gytrapolation to the zero deformation viscosities reported here.
cally with increasing surfactant tail length. For every two car- porthe less viscous solutions, experiments were performed using
bons added to the surfactant tail, the radius of the aggregatessteady shear. The applied shear rate was varied until the zero
increases by34 A. Thus, we have a method for controlling the shear viscosity was identified. Between 40 and °8&) both
radius of these aggregates. . _ methods are used to characterize the viscosity and are found to
The measured radii and rodlike nature of these particles is provide similar values. The viscosity reported is either the zero-
confirmed by analysis of the neutron scattering for the three gnear rate or zero-frequency value.
surfactant aggregates. Figurg 3 shows the scattering intensity, Figure 4 shows the viscosity of:€TVB as a function of
I(q), as afunction of the scattering vectgyrfor the three samples.  temperature for samples with two different surfactant concentra-
The solid lines are rigid rod form factor models of the scattering tions, 5 and 10 mg/mL. The figure shows the strong effect of
based on the radius measured using the Gunier plot. The model,arying temperature and concentration on the micelle rheology
fits the scattering well for most of thgrange, confirming the  ang, therefore, the template length. The solid line represents a
reported radii. The negative one slope in the intermediedage fit of the data assuming that the viscosity is determined by the

indicates the presence of long regions of rigidity in the aggregates, sym of the contributions from the micelles and the solvent (water),
confirming for all surfactants that the rodlike shape is maintained. gych that

The lowq data shows deviations from the rigid rod model. At
the surfactant concentration for_wh|ch_th|s SAN_S_ was performed, n(T) = ASEWRT nw(T) )
however, the effects of polydispersity, flexibility, and charge

interactions on the lovg- scattering cannot be separated or hereE,, is the activation energy of the viscosity of the micelle

uniquely identified. Thus, this region of the scattering curve in solution, R and T are the gas constant and absolute system
Figure 3 is not analyzed through scattering models, and the

(35) Kern, F.; Lequeux, F.; Zana, R.; Candau, $ahgmuirl994 10, 1714~
(34) Hamley, I. WSoft Matter: Polymers, Colloids, Amphiphiles, and Liquid ~ 1723.
Crystals John Wiley & Sons: Chichester, U.K., 2000. (36) Dhont, J. K. G.; Briels, W. Xolloids Surf., A2003 213 131-156.
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Figure 4. Viscosity of GgTVB solutions as a function of temperature

at two surfactant concentrations. The lines indicate the best fit of Figure S. Length of polymerized aggregates (DLS) as a function
eq 2. of polymerization temperature for three different initial surfactant

concentrations. All DLS experiments were performed using a

temperature respectivelj,is a scaling constant, angl is the polymerized aggregate concentration of 0.5 mg/mL.

viscosity of water as a function of temperatdfdy fitting the . .
high viscosity samples, where the micelle rheology dominates, runs O.f a CONTIN analysis, and the error shown is the stand.ard
Ey is found to be 254.3 k/mol for 10 mg/mLgTVB and 297.9 deviation of the mean of at least 10 repetitions for each point.
kgﬁlmol for 5 mg/mL GeTVB. These activation energies are One should note that polyelectrolyte scattering often results in

consistent with those reported for other micellar systems, which tglor:/iv ?;rdgfzeWC;?Se??ssTl(ﬁgv ?orr?g::tciglnarfmeéggagIsfgrlbgﬂfn
range from 70 to 300 kJ/m&i>38-41 This represents a strong g :

dependence ontemperature such thataé&6rease in temperature samples, howgver, do not show evidence of these SlOW. time
causes a 10-fold increase in the viscosity. In this work, the scal_es, most likely because pc_)lym_er charge concentration is
temperature of the micelle reaction was varied from 48 t&C,0 equivalent to the added S"fllt_ _(|n th's case surfgctant). )
representing, a 1000-fold change in viscosity and, therefore, an The effe_ct of varying the.'n't'al micelle Iength Is determined
enormous change in the template length. In addition, for wormlike PY €xamining the data ata given temperature, i.e., the dependence
micelles, a change in surfactant concentration affects the Iengtho_f final Iength on surfactant concentration, representing three
of micelles formed. For the case of GTVB, a decrease from different starting template lengths. The temperature dependence
10 to 5 mg/mL results in a 100-fold decrease in viscosity. The of the aggregate length is more complicated, as it involves
strong dependence of the length of the micelle template on variations in both the starting micelle length and the reaction
surfactant concentration and temperature will be utilized to vary rate, and it W'_” be discussed I:_:\ter_. In Flgure_s, the aggregate
this length and determine its effect on the dimensions of Iengths resulting from polymerlzatlons at a given temperature
polymerized GeTVB aggregates using surfactant concentrations of 10 and 5 mg/mL are statistically
Our previous work varied only the concentration of initiator 1dentical, with the errors in the measurement overlapping over
used, the one reaction condition that has no effect on the micelle‘?w'ge ran/gel._ForT(i;(gmple, :‘orhaggregates polylmenﬁecl(%(tﬁo
template?® To change the micelle template independently of t1e2 0 mg rl? Gs N samp/e as\?g averalgehengt of 188
reaction conditions, the surfactant concentration during the +0-2 "M, whereas the 5 mg/mL VB sample has an average
reaction was varied. Three;§TVB concentrations were used: Ie_ngth of 140+ 10_.O_nm, statistically the sa_lmevalue. Thus, even
10.0,5.0, and 1.25 mg/mL. In addition, to provide multiple points With the large shiftin template length, evidenced by the system
of comparison, reactions were carried out at three temperatureghec’logy shown in Figure 4, thgre IS no apparent effect on .the
for each surfactant concentration: 48, 60, an8G0n allcases, ~ Polymerized aggregate. For this concentration range, the final
the initiator, V-44, was kept at a constant molar ratio with respect producf[ IS mdep(_endent of the surfactant concentration used. As
to C16TVB of [I] = 2.5%. Thus at a specific temperature, the in previous stl_Jdles, the 1Q mg/mL sample is observed to pass
three GeT VB concentrations are assumed to experience the samethrough atgrbld phase during the reaction. The SamF"eS at Io_vver
reaction rate. Transport of the initiator could be influenced by concentrations, however, remained clear for the entire reaction.
the change in solution viscosity, but we do not expect that this Thus, the observa_tion of a turbid phase during the reaction has
would have a significant effect on the overall reaction kinetics. nol effec't on the fm_gl pr.Od:JCt’ as both the 10 and 5 mg/mL
Figure 5 shows the average lengths of polymerized aggregated’@YMerization are identical. _
formed when varying temperature at three different starting 1 N€Samples polymerized froma 1.25 mg/misT3/B solution
surfactant concentrations as measured using dynamic light2PPear to have a shorter average length at all three temperatures
scattering (DLS). The solid lines are present simply to guide the Studied. At1.25 mg/mL (18 times the cmc), the wormlike micelle
eye. After polymerization, all samples were diluted to 0.5 mg/ solutions are viscoelastic even at higher temperatures, indicating
mL, the concentration at which DLS experiments were performed. thatthe template is §t|II long enough.to be entangled. This shorter
Previous work has shown that the aggregate dimensions ardength of the resulting aggregates is due to a lack of complete
insensitive to dilution at this concentratiéhThe dimensions ~ conversion of these samples. Table 1 shows the conversion of
provided are the weight-average lengths obtained from multiple Viny! groups for all pGeTVB samples measured using a bromine
titration. Polymerization of [gsTVB] = 10 or 5 mg/mL achieve
(37) Bingham, E. CFluidity and Plasticity McGraw-Hill Book Co.: New essentially complete conversion, with measured conversions near

York, 1922. , 99%. Polymerizations using 1.25 mg/mksCVB, however, had
(38) Raghavan, S. R.; Kaler, E. Wangmuir2001, 17, 300-306.
(39) Prasad, C. D.; Singh, H. NColloids Surf.199Q 50, 37—45.
(40) Candau, S. J.; Hirsch, E.; Zana, R.; DelsantilLkhgmuir1989 5, 1225. (42) Foerster, S.; Schmidt, M.; Antonietti, NI. Phys. Chenml992 96, 4008.
(41) Berret, J. F.; Porte, G.; Decruppe, JPRys. Re. E: Stat., Nonlinear, (43) Beer, M.; Schmidt, M.; Muthukumar, Mlacromolecule4997, 30, 8375~

Soft Matter Phys1997, 55, 1668. 8385.
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Table 1. Final Conversion of Vinyl Groups in the Aggregate [
Product as Measured Using a Bromine Titratior? 250 |
[C16TVB] (mg/mL) € L
temperature°C) 10 5 1.25 ::’ 200 1
“5’ L
48 99.3 98.2 91.9 2 Va4
60 98.7 97.8 94.6 3 i —a— V56
70 98.9 98.6 95.5 T 150 1
a Temperatures and concentrations refer to the conditions during the § [
polymerization. % 100 {
only 92—96% conversion. Thus, there is a population of i
unpolymerized 4-vinyl benzoate counterions in solution with 50 I :
the polymerized aggregates. We expect this free counterion leads 10° 10 10° 104
to the formation of small micelles thereby lowering the average Initiator Half-Life (min)

length measured with DLS. The 1.25 mg/mL sample polymerized rigyre 6. Aggregate lengths (DLS) as a function of initiator half-
at 70°C had the highest conversion and also the length closest|ife for two different initiators.

to those of the aggregates formed using higher surfactant
concentrations. Clearly, the reaction must reach essentially full
conversion in order for the maximum average aggregate lengths f o \‘/’:gg
to be achieved for a given set of conditions. 250 1

Controlling Aggregate Length with Initiator Half-Life. Our
previous work showed that varying the concentration of initiator
during the polymerization reaction is an effective method of
controlling the lengths of the aggregates produfedhis
technique is limited by the diffusion of the initiator at low
concentrations. It is successful for concentrations of V-44 of
[l = 0.5% (mole percent relative to the monomer) or higher, t
resulting in polymerized aggregates with a maximum length of B0 e e e e
240 nm. To synthesize aggregates of greater length, we would 45 50 55 60 65 70 75
want to minimize the initiator half-life without hindering the Temperature (Celcius)
reaction by lowering the initiator concentration. . - .

The half-life of the initiator can be varied in two ways. First, f;ﬁ]“ggr;m,f ?Ogrrf\,%gtf,ifﬁ?g,ﬁ? i,ﬁ'i?i;tsgrs"’_‘s a function of reaction
the initiator itself can be changed. In this study, two initiators
are used: V-44 and V-56. Both have similar chemistries and Size when using V-56 is contrary to the trend in template length
produce free radicals by the same mechanism. The rate of thisa.nd we attribute it to initiator SOlUbI'Ity in the micelle core.
decomposition is a function of temperature and is faster for V-44  Figure 7 shows the same data as Figure 6 but plotted as a
than for V-56. The only other difference between the molecules function of reaction temperature. From the DLS results, it is
is that, based on functional groups present, V-44 is slightly more clear that the aggregate length is controlled by the reaction
soluble in the micelle core, though both are highly soluble in temperature, butthe variation in aggregate lengths is much smaller
water. The second method for varying the initiator half-life is than changes in the length of the micelle template over the same
to change the reaction temperature. As temperature decreasedemperature range (see Figure 4). Over this range, the lengths
so does the rate of decomposition, which results in longer Of the polymerized aggregates are changed by about a factor of
polymerized aggregates, as evidenced in Figure 5. Since2, Whereas by the most conservative estimate, the initial micelle
temperature also affects the template length, however, its exactengths can be changed by at least an order of magnitude. Thus,
effect on product dimensions is more complicated to predict the increase in aggregate length with decreasing temperature is
than other variables studied thus far. dominated by the slowing of initiator decomposition, with only

Figure 6 shows the lengths of aggregates polymerized usinga@n incidental, if any, contribution from the increased template
two different initiators as a function of initiator decomposition length.
half-life. The lengths increase monotonically with increasing Discussion
half-life, as one might expect for a typical free radical )
polymerizatior® Longer half-lives result in a smaller supply of ~ We have shown that the length of pCVB aggregates is
free radicals, having the same effect as decreasing the overal€ontrolled by the reaction conditions, with the initial micelle
initiator concentration and resulting in longer polymers and template length having essentially no effect. The propagation
aggregates. Ata given half-life, the aggregates polymerized usingStepP of the reaction is assumed to be very fast,.smce there is a
V-56 are longer than those polymerized using V-44. This observed Nigh local concentration of monomer in the micelle core. In
increase in size is most likely due to the difference in solubilities addition, these monomers are organized along the micelle
of the two initiators in the micelle core rather than changes in Packbone, allowing for an efficient propagation. This effect is
the micelle template. At a given half-life, the V-56 aggregates VerY pronounced, with othelr polymerizeable surfactant systems
are polymerized at a higher temperature, since the initiator Naving observed propagation rates on the order 8fstd?3
decomposition is slower. Thus, the V-56 aggregates are po- Even Wl_th_ varying tempera_tl_Jre, this rate |s_muc_h faster than the
lymerized from a micelle which is initially shorter than a V-44 fastest initiator decomposition rate used in this stueft@>

aggregate at the same half-life. The observed slight increase inS »)-*° Thus, the kinetics of the initiation step is the rate-limiting
step of the GTVB polymerization.

300 T

200 {

150 {

Measured Length (nm)

100 {

(44) Flory, P. JPrinciples of Polymer Chemistryornell University Press:
Ithica, NY, 1953. (45) DuPont.Vazo free radical product info
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120 T a decrease in reaction temperature results in a significant
c 100 _E 2 5% \V-44 at 70 C b_roadening of the distribution ir_1 additito)n tothe increased average
S L 2.5% V-44 at 48 C size. For aggregates polymerized at°48 most of the smaller
3 : 0.5% V-56at48 C rod lengths produced when running the reaction &78re still
= 80 1 .
2 represented. Thus, although lowering the temperature (or
a 60§ increasing the initiator decomposition half-life) does resultin a
§ E longer average aggregate size, the polydispersity of the product
S 407 is increased. This effect is even more apparent for samples
£ ; polymerized using V-56. As Figure 8 shows, the reaction which
S 20 produced the aggregates with the longest average size (0.5%
: SSel V-56 at 48°C) also resulted in the broadest distribution. The
U A S ’ increased polydispersity observed for reactions with slower
0 50 100 150 200 initiator decomposition rates also explains the large error bars
Hydrodynamic Radius (nm) for the V-56 samples in Figure 6, as broader distributions adversely
Figure 8. Distribution of particle size (DLS) for samples polymerized ~ affect the reproducibility of a CONTIN analysis. The observed
using three different reaction conditions. polydispersity represents another processing challenge. For

example, to produce a monodisperse particle with very long

In this study, the reaction kinetics is controlled by varying the |ength, some fractionation would be required. However, since

initiation step: either by varying the initiator concentration or the polymerization, and not the template or micelle dynamics,

the initiator decomposition half-life. The limits of varying initiator  dictates the final length of the aggregates, other polymerization

concentration were probed in previous wé?Rhe practicallow  chemistries that provide more control over molecular weight
limit of initiator concentration is [I}= 0.25%, the point at which distribution are feasible in this system.

diffusion starts to hinder the reaction, and the high limit is  Aside from greater flexibility in processing decisions, the
[l] = 10%, the point at which reaction conversion begins t0 independence of the reaction with respect to surfactant concen-
suffer due to the generation of a predominance of short oligomers.ration also allows us to explain the nature of the turbidity observed
Within this range, aggregates can be produced with lengths\yhen G4TVB is polymerized at concentrations greater than 5
between 90 and 340 nm (measured by a combination of SLS andmg/mL. We hypothesize that the observed turbid regime is the
SANS). Variation of initiator half-life offers an alternate route  ragyit of a temporary phase separation between polymerized
for controlling the micelle length, as shown in Figure 6. By aggregates and unpolymerized micelles. Turbidity during a
simply varying the reaction temperature, a similar range oflengths yeaction is observed to occur at times roughly equivalent to
of aggregates are produced. Smaller aggregates are obtained by,onomer conversions between 50 and $8%ince the initiation
reacting GeTVB at highertemperatures, as long as the temperature step is the rate-limiting step of the reaction and propagation is
is lower than the boiling point of the solvent. Conversely, reactions very fast, at 50% conversion, the solution should have two
performed using a low initiator concentration and a low- populations: completely polymerized aggregates (on#y2 1
temperature result in even longer aggregates. For example, &hains are necessary for aggregate stability) and free micelles
polymerization using 0.5% V-56 at a reaction temperature of 48 (the intermediate state being very rare). As previously noted,
°C yields aggregates with lengths of approximately 500 nm. these two populations would exist with two vastly differentlength
However, lowering the temperature can present processingscales. In addition, unpolymerizedidTVB exhibits stronger
challenges. Figure 4 shows the strong temperature dependencgnarge interactions than the polymerized aggregates, as evidenced
of the system viscosity. At low temperatures, the high viscosity by the presence of a Coulomb interaction peak in more
of Fhe solution hinders both mixing and difquion of initiator.  ~gncentrated SANS experimenfsThus, during the polymer-
This challenge can be overcome by lowering the surfactant jzation, a bimodal distribution exists consisting of long, flexible,
concentration in the reactor, thereby lowering the solution ang charged micelles as well as shorter, more rigid, and more
viscosity. o ~neutral aggregates. The resulting phase separation is therefore
Over a wide range, variation of the surfactant concentration not surprising. However, a critical concentration of aggregates
has no effect on the final product of the regctlon, as evidencedig required to drive phase separation, evidenced by its absence
by the [G¢TVB] = 10 and 5 mg/mL dataon Figure 5. Generally,  in |ow-surfactant concentration reactions. Since the separated
the reaction can be performed at any convenient surfactantmaterial has already reached full conversion, it does not affect
concentration such that solution viscosity and yields are optimized the progress of the reaction, supported by the observation that
for a given desired aggregate dimension. Although the low limit the final lengths obtained are constant irrespective of the
of surfactant concentration would ideally be the cmc, the practical ppservation of turbidity during the reaction. The separated material
limitin this case is approximately 1.25 mg/mL, the concentration redissolves readily as more monomer is converted (and the
below which reaction conversion is hindered. The longest proportion of charged, wormlike micelles decreases) and a
aggregates are therefore produced by performing reactions USi”gwomogeneous solution of polymerized aggregates is achieved.
low init_iator concentration, temperatures, and surfactant con- The turbidity appears to be a temporary phase separation of two
centrations. . . . . types of aggregates in solution; the hypothesis above is just one
The cost of this approach is that slowing the reaction rate possibility, and others are just as likely. One proposed mechanism
increases the polydispersity of the product. Much like an emulsion for the formation of the turbid phase is that the polymerized
polymerization, for which a longer nucleation time results in  micelles aggregate into large bundféAnother possibility is
greater polydispersit}/;slower initiator decomposition ratesresult  the formation of a nematic phase, but we have not observed any
in a broader particle size distribution. Figure 8 shows the pjrefringence in the sample to indicate the presence of an ordered

three different polymerized gTVB aggregate samples. Each

qlStrlbUtlon represents the averagg of 10 §eparat¢ PLS correla- (46) Kumar, SLiquid Crystals: experimental studies of physical properties
tions. For the two samples polymerized using the initiator V-44, and phase transitions<Cambridge University Press: New York, 2001.
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of the phase separation, however, it is temporary and does notthe reaction at low initiator concentrations and initiator decom-

impact the final aggregate structure. position rates. The cost of this approach is a broadening of the
) size distribution. Even so, lowering the polymerization temper-
Conclusions ature is the best method for generating the longest aggregates.

We have elucidated the parameters necessary to independentlypince this process is insensitive to template length, the surfactant
control the final radius and length of rodlike polymerized concentration can be lowered to avoid any mixing problems
aggregates. The radial dimension is not affected by reaction arising from increased viscosity at lower temperatures. Ideally,
conditions and is determined solely by the initial radius of the Stable amphiphilic rods of micron length should be obtainable.
micelle template. This can be varied by choosing surfactants The resulting long, linear hydrophobic regions offer a unique
with different tail lengths. Conversely, the length of the aggregate environment for templating or as a sight for organic phase
is independent of the template and is determined by the reactionpolymerizations.
conditions used. This fact allows surfactant concentration to be
afree variable, as it has no effect on the outcome of the reaction.  Acknowledgment. Special thanks to Dr. Steven R. Kline for
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The aggregate length is controlled by varying the initiator such id_entificatio_n imply recommendation or endorsement by
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been used to polymerize p§T'VB with lengths between 80 and purpose.
500 nm. Longer polymerized aggregates are obtained by operating A052297Q



