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Abstract: Solute exchange experiments for the pyrene-labeled triglyceride TG-Py solubilized in sodium
dodecyl sulfate (SDS) micelles in the presence and absence of salt show that the “observed” rate constant
kops for solute exchange varies by over 6 orders of magnitude as the free sodium ion concentration [Na*]aq
is varied between 10 and 850 mM. There is a sharp break in the log—log plot of kops versus [Na*]aq in the
range of [Na*]aq = 200 mM, with the exchange rate showing a weaker dependence on [Nat]aq above this
concentration. Up to 100 mM added NacCl, this exchange takes place essentially exclusively by a micelle
fission mechanism in which each submicelle carries off one of the solutes. At higher salt concentrations,
a bimolecular process becomes increasingly important. This fusion process, which involves formation of a
transient supermicelle followed by fission back to two normal micelles, becomes the dominant process at
high salt concentrations. The fission rate appears to level off for salt concentrations above 300—400 mM.
These fission and fusion processes are related in an intimate way to the changes in the size and shape of
the SDS micelles with increasing salt concentration.

Introduction Chart 1. (a) Exit-Re-entry Mechanism; (b)

Collision—Exchange—Separation Mechanism; and (c)
In this paper, we describe experiments which probe the fission—Growth Mechanism

influence of salt (sodium chloride) on the rate of solute exchange _

in sodium dodecyl sulfate (SDS) micelles. We focus on a range {Ej P i}

of salt concentrations near the transition from spherical micelles e , \
to rodlike assemblies. The solute is a water-insoluble pyrene

derivative. The pyrene chromophore allows us to monitor solute iy :
exchange kinetics by a change in the excimer fluorescence kz[mlcelle] fg}}
emission intensity. The lack of water solubility means that solute {j: @.

exchange cannot occur by the exie-entry mechanism, in * i’?
which the solute exits a micelle, diffuses through the aqueous

medium, and re-enters a different micelle. Solute exchange can {f} {:}

only occur by two alternative pathways. The first involves

fission of a micelle into two submicelles, which subsequently
grow back to proper (i.e., normal) micelles. The second
mechanism involves fusion of two micelles to form a short-
lived “supermicelle”, which rapidly fragments back to two
normal micelles. These two pathways have been invoked as
mechanisms to explain the influence of salt on the rate of the
slow relaxation pathway of SDS micelles as measured by
Fraditional chemical_ relaxation kinetics me_asurements (pr(_essure- (1) For reviews of dynamic processes in micelles, see: (a) Muller, N. In
jump, temperaturejump, stopped flobile these relaxation - SgUen Ehemsy o BB S s Se Penum, e fote
measurements provide precise values of the relaxation rates,  in Molecular InteractionsWiley: New York, 1980; Vol. 2, pp 143177.
one must resort to models to make inferences about the gico)nl;'azr;gri aJ,"RZ,?E%'_;Rm'as;ﬁéﬁaété‘ﬁk‘e??'ﬁ;‘wsyoﬁ‘ﬁvié”ge%?ggsgf@“?'%ﬁg
relaxation mechanism. Our experiments provide a direct measure  Huibers, P. D. T.; Oh, S. G.; Shah, D. O. Burfactants in Solutign

of the rates of fusion and fission of SDS micelles. \C,Eﬁ‘tgfagg‘%s/figi'_'\"'“a" K. L., Eds.; Marcel Dekker: New York, 1995;

(2) Infelta, P. P.; Giel, M.; Thomas, J. KJ. Phys. Chem1974 78, 190.
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k,

The three solute exchange mechanisms described above are
shown schematically in Chart 1. We write this scheme for the
case in which a micelle bearing two solutes (P) passes one of
its solute molecules to a neighboring empty micelle. The top
process (exitre-entry) will exhibit first-order kinetics (rate
constantkey), because exit is rate limitingy8 This process will
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be unimportantkex = 0) if P is insoluble in water. The second
process involves the collision of the two micelles in which
exchange occurs either in a sticky collision accompanied by
solute diffusion through the headgroup region or through
transient fusion in which the micelle contents are randomized.
This process will exhibit second-order kinetics (with rate
constantky). The third mechanism involves rate-limiting fission
of the micelle (with rate constark) in which each submicelle
carries one of the probe molecules P.

Micelle Size and ShapeThe presence of salt not only has
a profound effect on the rate of micelle relaxation kinetics, but

[Na'],q= a([SDS] — [SDS}eo) + [SDSkee + [NaCl] =
o[SDS] + B[SDS},.. + [NaCl] (2)

where [SDS] is the total surfactant concentratifrs 1 — a,

and [SDSj.¢ is the concentration of free surfactant monomers
in the solution. Bales et &P provide an expanded discussion

of this effect in the context of their electron spin resonance
experiments on SDS micelles in the presence and absence of
salt. They show that the hyperfine splitting parameigris
proportional toNagg over a wide range of salt and surfactant
concentrations. They argue thigtcan be determined with about

it also influences the size and shape of SDS micelles. This itself 2 orders of magnitude better precision théyggitself. Defining
is a topic of great interest, as the references cited below attestN,qq = «p(cme,)?, Bales et al. show that thef, values are

To place our own work in perspective, in the following

paragraphs, we summarize some of the relevant information

about SDS micelles.

In the absence of salt, SDS has a critical micelle concentration
(cmg) of 8.3 mM. The cmc decreases in the presence of salt.

An excellent discussion of this effect is given in the paper by
Quina et aP Based upon activity measurements, Sasaki &t al.

consistent with the expression

50{

For NaCl concentrations above 50 mM, [SR&k cmc. This
analysis presumes thatis independent of the concentration of

0.27[SDSH 0.73[SDS],, + [NaCl]| 025
agg } (3)

0.0083

found that the degree of dissociation of SDS micelles remained added salt over the entire concentration range of interest. Bales

constant ato. = 0.27 in the range [SDS¥ cmc to 80 mM.
Aggregation numberdN,yg for SDS micelles as a function of

et al. find that the relationship betweég and values oNagg
calculated in this way breaks down fblgg greater than 120,

surfactant and salt concentrations have been determined by smafforresponding most likely to a change in micelle shape to

angle light and neutron (SANS) scattering, by ultracentrifuga-

tion, and by steady-state (SSFQ) and time-resolved fluorescence

(TRFQ) quenching. In the vicinity of the crcNagg is
approximately 561 These aggregation numbers increase with

increasing surfactant concentration and in the presence of adde

salt12-16

For salt concentrations up to about 0.2 M, there is good
agreement ifNagg vValues obtained in different laboratories and
by different techniques, with larger differences for values
determined at higher salt concentration. Quina &halve argued
that the key parameter describing the increas&ldg, is the
concentration of free sodium ions [Ngq in the aqueous

medium, and they have shown that over a wide range of salt

and SDS concentrations,
Nagg= o(INa' 59" €Y

with x, = 162 andy = 0.25. The contributions to the free

elongated structures.

For many years, scientists have assumed that the shape of
SDS micelles at low ionic strength is spherical and that as the
micelles grew in size with added salt, packing considerations

qvould force the micelles to assume a more ellipsoidal shape.

A classic publication by Cabane et 18l.described SANS
experiments for salt-free solutions at 2 wt % (70 mM) surfactant
concentration on SDS molecules selectively deuterated at
specific sites. The authors concluded that, while the time-
averaged shape of SDS micelles is spherical, the instantaneous
shape is flattened and disklike. They infer that the micelle has
a fluid structure and undergoes fluctuations between different
disklike shapes. More recently, Bergstroand Pederséh
reported detailed SANS experiments covering a much wider
range of scattering vectors (0.085g < 0.5). They argued that
simultaneous analysis of the high and Iqwegion allowed for
subtle discrimination between different models of SDS micelle
shape. At low salt concentration, they deduced that SDS micelles
were either oblate ellipsoids or torroidal disklike objects. For

sodium ion concentration can be calculated via the conventional0.5 wt % SDS (17 mM) at 40C in the absence of salt, they

pseudophase ion exchange mass balance relatichship.

(7) Pileni, M. P.; Gitzel, M. J. Phys. Chem198Q 84, 1822.

(8) Hruska, Z.; Piton, M.; Yekta, A.; Duhamel, J.; Winnik, M. A.; Riess, G.;
Croucher, M. D.Macromolecules1993 26, 1825.

(9) Quina, F. H.; Nassar, P. M.; Bonilha, J. B. S.; Bales, BJ.LPhys. Chem
1995 99, 17028.

(10) Sasaki, T.; Hattori, M.; Sasaki, J.; Nukina, Bull. Chem. Soc. Jpr1975
48, 1397.

(11) Bales, B. L.; Messina, L.; Vidal, A.; Peric, M.; Nascimento, OJRPhys.
Chem. B1998 102, 10347.

(12) For other studies of the influence of salt on the aggregation number of
SDS micelles, see: (a) Warr, G. G.; GriesserJFChem. Soc., Faraday
Trans. 11986 82, 1813-1828; 1829-1838. (b) Vass, Sz.; Tok, T.; JIi,
Gy.; Berecz, EProg. Colloid Polym. Sci1988 76, 221—223. Kratochvil,

J. P.J. Colloid Interface Sci198Q 75, 271—-275.

(13) Croonen, Y.; GelddeE.; Van der Ziegel, M.; Van der Auweraer, M.;
Vandendriessche, H.; De Schryver, F. C.; Alimgren, MPhys. Chem
1983 87, 1426.

(14) Almgren, M.; Swarup, S. IRroceedings of the 4th International Symposium
on Surfactants in SolutiorMittal, K., Lindman, B., Eds.; Plenum: New
York, 1984; Vol. 1, p 613.

(15) Bales, B. L.; Almgren, MJ. Phys. Chem1995 99, 15153.

(16) Siemiarczuk, A.; Ware, W. R.; Liu, Y. S. Phys. Chem1993 97, 8082.
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found that the micelles could be characterized as ellipsoids with
half axes ofa (height)= 13 A, b (width) = ¢ (length)= 23 A,

and an aggregation number of 54. We summarize these ideas
about micelle shape and shape fluctuations in Figure 1. Because
of limitations in our drawing software, there are sharp edges
on the tabletlike disks we draw to represent the shape of
micelles.

A matter of some controversy is the influence of the salt
concentration on the distribution of micelle sizes. At low ionic
strength, the size distribution is finite but narrow. The width of
the distributiono has been obtained as a fitting parameter in
micelle relaxation kinetics experiments and from scattering
experiments. As discussed in ref 18, several authors have

(17) Israelachvili, J. NIntermolecular and Surface Force2nd ed.; Academic
Press: London, 1991; Chapter 17.

(18) Cabane, B.; Duplessix, R.; Zemb, J.Phys.1985 46, 2161.

(19) Bergstion, M.; Pedersen, J. hys. Chem. Chem. Phyk999 1, 4437.
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45 A results are in agreement with a growth from globular to
elongated micelles with a broad size distribution when the
= 2 AI@ temperature is decreased from 45 to°25 Deeper insights into
the shape of these aggregates are provided by the-more recent
45 A SANS measurements of Bergatieand Pederselt,which we
SDS micelle size and shape will describe in more detail later in this paper.
Micelle Dynamics.When solutions of agueous micelles such
as SDS are subjected to a small perturbation from equilibrium,
8 — | « the subsequent relaxation is characterized by two well-separated
relaxation time$? Aniansson and Wal? [AW] assigned the
shape fluctuations fast process, which occurs on a time scale of microseconds, to

Figure 1. A representation of the size, shape, and shape fluctuations of &1 _a_SSOCiatiOﬁdiSSOCiation process involving th? exchange of
SDS micelles in the absence of salt. We represent the oblate ellipsoid orindividual surfactant molecules between the micelles and the
torroidal micelle shape as a disk. The dimensions of the micelle come from water phasé! This process yields a change of the size of the
SANS measurements at 4C as described in ref 19. micelles without affecting their number. AW attributed the slow

concluded from SANS measurements that, even at low salt Process to the establishment of the equilibrium by a flux of
concentrations, there is a significant polydispersity in micelle aggregates through the minimum in the size distribution, which
size. acts as the rate-determining region. The flux occurs through a
Bergstian and Pedersen comment that SANS data obtained S€duence of surfactant monomer association or dissociation
over a limited range of scattering vectors can be fitted to a model StéPS, which leads ultimately to the formation or breakdown of
of spheres with a significant standard deviation in the number- €ntire micelles. This process yields a change of both the size of
weighted size distribution, as well as to a model of monodisperse the micelles and their numbers. o _
disklike objects. They find, at 40C for sodium bromide An important feature of the relaxation kinetics experiments

concentrations up to 0.5 M, that disklike objects with a narrow With SDS is the finding that the slow relaxation rater(hb,)
size distribution provide a better description of the full range decreases with increasing salt or surfactant concentration, and
of their data. In this range of salt concentrations, a broad then crosses over to a new relaxation mechanism whose rate

distribution of micelle sizes was deduced by Siemiarczuk et increases rapidly with [Ng. Lessner et af? were able to
als from TRFQ experiments analyzed as a distribution of &ccount quantitatively for the rate decrease by modifying the

lifetimes coupled with the maximum entropy method (MEM). AW analysis to accommodate the counterion contribution to

Later, more extensive TRFQ experiments by Dutt etakith micelle relaxation process for ionic micelles. They wrote for
data analyzed in terms of the traditional Tachiyafelta this process
equatior! coupled with global analysis, were consistent with a Lo _

q P d Y Ni—g Ny + (i — Ji—dNg =N, (4)

narrow SDS micelle size distributidA particularly for 0.5 M

NaBr. Half® responded to these results with a theoretical \yhereN; denotes the number density of particles of ciagss
analysis that supports the possibility of larger micelles maintain- he number of undissociated monomers per particle,Nyid

ing a narrow size distribution. He showed that a narrow size the number density of counterions; Menotes the number
distribution can be maintained if the “effective degree of micellar density of free surfactant monomers. For this mechanism, the

dis_sociation"a decreases with increasing aggregation number. growth reactions at the minimum of the size distribution are
This effect would be too small to detect from the effect of yate |imiting because of the low concentration of submicellar

electrolyte on the cmc. _ _ aggregates in this region.
At higher salt and surfactant concentration, SDS micelles  Apove a counterion concentration of 60 mM, they found that
undergo a transition to form extended (wormlike) micefte¥. the slow relaxation rate ceased to decline. A new process

High-resolution SANS experiments by Cgb%establish that  dominated the slow exchange, with a rate that exhibited a
long rodlike micelles are present at high salt concentration. striking increase with increasing counterion concentration. Over
Almgren et aP® used a combination of light scattering, SANS, e range of 66300 mM, this rate increased asddy ~ [Na*],

and TRFQ to examine the properties of SDS in 800 mM NaCl ith y = 6. For this new pathway, they invoked a mechanism

for SDS concentrations ranging from 10 to 80 mM. Atthe lowest jnyolving coagulation of submicellar aggregates. This process
temperature (28C) and the highest surfactant concentration, s written

they found short rodlike structures. The fluorescence quenching

By .
(20) Dutt, G. B.: van Stam, J.; De Schryver, F.l@ngmuir1997, 13, 1957. Nt N5==N, k+1=i )]
(21) (a) Infelta, P. P.; Gtael, M.; Thomas, J. KJ. Phys. Cheml974 78, 190.
(b) Infelta, P. P.; Gizel, M. J. Chem. Phys1983 78, 5280. (c) Tachiya, .
M. Chem. Phys. Letf.975 33, 289. (d) Tachiya, MJ. Chem. Phys1982 wherek and| denote a class of submicellar aggregates that
76, 340;1983 78, 5282. ; ; ; ;
(22) Almgren, M3 Lofroth. J.-EJ. Colloid Interface Scil981, 81, 486. associate with a rat&, andi denotes a class of proper micelles.
(23) Hall, D. G.Langmuir1999 15, 3843.

(24) Hayashi, S.; Ikeda, S. Phys. Chem198Q 84, 744. (29) Lang, J.; Tondre, C.; Zana, R.; Bauer, H.; Hoffmann, H.; Ulbricht,JW.
(25) Ikeda, S.; Hayashi, S.; Imae, J. Phys. Cheml1981, 85, 106. Phys. Chem1975 79, 275.
(26) Cabane, B. Iisurfactant Solutions: New Methods obéistigation Zana, (30) Aniansson, E. A. G.; Wall, S. Nl. Phys. Chem1974 78, 1024-1030;
R., Ed.; Surfactant Science Ser. 22; Marcel Dekker: New York, 1987; p 1975 79, 857—858.
57. (31) Aniansson, E. A. G.; Wall, S. N.; Aimgren, M.; Hoffmann, H.; Kielmann,
(27) Cabane, B.; Duplessix, R.; Zemb, T.Suarfactants in SolutigriViittal, K. H.; Ulbricht, W.; Zana, R.; Lang, J.; Tondre, @.Phys. Cheml976 80,
L., Lindman, B., Eds.; Marcel Dekker: New York, 1984; Vol. 1, p 373. 905.
(28) Almgren, M.; Gimel, J. C.; Wang, K.; Karlsson, G.; Edwards, K.; Brown, (32) (a) Lessner, E.; Teubner, M.; Kahlweit, W.Phys. Cheml981, 85, 1529;
W.; Mortensen, KJ. Colloid Interface Sci1998 202, 222. (b) 1981, 85, 3167.
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They reasoned that, at low ionic strength, this mechanism would relaxation involved micelle fission into two “submicelles” as
be suppressed because of the strong electrostatic repulsiorthe rate-limiting step. From eq 5, it is easy to understand why
between charged entities. As the ionic strength of the solution values ofk; are much smaller in magnitude than values ofidJ
increased, the potential barrier between aggregates becomes sdetermined by Lessner et &l All values of by contribute to
low that attractive dispersion forces can lead to coagulation. 1/tsow, Whereas only a small subset of fragmentation events are
For us, the interesting feature of the mechanism of eq 5 is detected in the fluorescence experiment. These are the steps
the suggestion that normal micelles undergo spontaneous fissionthat yield two submicelles of sufficient size that both are able
whereby describes the rate of the reaction> k + I. In the to transport a molecule ofG-Py.
notation of Lessner et alf3; is the sum of fission rates of the In this paper, we examine the slow relaxation of SDS micelles
proper micelles of clasg andp refers to the sum of fission  at elevated salt concentration, covering a range of concentrations
rates summed over the distribution of proper micelles. These (up to 0.7 M) that includes the transition from globular (disklike)
authors point out that should be a function of the counterion to extended wormlike micelles. Accompanying the change in

concentration. The law of mass action requires the @ajiby micelle morphology, a new probe exchange mechanism takes
to be independent of this concentration; thysshould have over. This process exhibits second-order kinetics and likely
the same counterion dependenceaas involves micelle fusion followed by fission.

Solute Exchange with a Water-Insoluble Pyrene Probe. .

We recently developed a new approach to study the slow Experimental

relaxation processes of surfactant micelles in water. This  yaterials. The moleculeTG-Py (M., = 882) is a triglyceride in

technique is based on the general phenomenon of soluteynich 4-(1-pyrene)-butyric acid is one of the constituent fatty acid

exchange in surfactant micelles, a topic itself of great inter- esters. Its synthesis and characterization is described elsetfEehy!

est3334|n these experiments, we employ the pyrene-containing pyrene was obtained from Molecular Probes (Eugene OR). Sodium

triglyceride TG-Py as the soluté>—37 Solutions of TG-Py dodecyl sulfate (SDS, Aldrich) and sodium chloride (NaCl, Aldrich)
were used as received. Distilled water was further purified through a
Millipore Milli-Q purification system.

o/u_c17H35 Surfactant Solutions Containing Pyrene Derivatives.It is very
o difficult to dissolve hydrophobic probes such &&-Py in aqueous
o——CiHss solutions of SDS micelles. To prepare these solutions, we use an indirect
method based on the ease of preparation of solutions of these probes
o TG-Py in aqueous Triton X-100 solution as described in ref 36. This
o ‘ transparent solution was diluted with aqueous TX100 surfactant solution
O‘ and with water to yield a stock solution containing 0.50 g/L TX100
TG-Py and ca. 4uM of TG-Py. To 10 mL of this solution were added
O concentrated SDS solutions (10, 20, 30 g/L), and the mixture was stirred

at room temperature for 1 h. Each final solution contaii@& Py at
0.20uM and an initial SDS concentration of 21, 43, 65.7, and 86 mM.

solubilized in nonionic surfactant micelles such as Triton X-100 In all of these mixtures, TX100/SDS 1/350. The fluorescence

(TX100) are easily prepared and exhibit a Poisson distribution emission of each mixture remained stable for a few days. The amount
of probes among micelles up to a mean occupandyiaé 2 of TG-Py solubilized in each TX100 solution was determined by UV
probes per micellé As in the case of other pyrene probes, absorption measurements at 346 nm, using= 3.0 x 10 M~1cm?
micelles containing two or more molecules D&-Py show a determined previously.

strong excimer fluorescence. When these 50|U'Fi0n5 are _tfe.ated Fluorescence MeasurementsStatic fluorescence measurements
with an excess of empty micelles, the excimer emission were carried out with a SPEX (2.1.2) Fluorolog spectrometer in the
disappears as the probes exchange. In this way, we have learne8/R mode. The signal intensity was kept belowk2L(f counts/s to
that micelle fusion-fission is the dominant exchange pathway maintain the linearity of the detector response. For emission spectra
for nonionic micelles, but at low empty micelle concentration, and for time-scan kinetics experimentsiex = 346 nm, whereas

the first-order contribution to the exchange rate can be mea- €xcitation spectra were obtained for botl, = 375 nm (monomer)
sureds® andem = 480 nm (excimer).

For the case of SDS micelles in the presence of added Nacl, Kinetics Experiments. In measurements of the exchange kinetics,
. . two solutions were mixed in the sample chamber of a home-built
we found that over the range of counterion concentrations for

. . stopped-flow injector with a dead time of 2 fsln each injection,
+
which 1fsiow increases (60 mM= [Na'] < 150 mM), the 0.35 mL of a solution containing [PyR] in the range of 2.5(M +

exchange process follows first-order kinetics, with a rate gpg (0.68 mM) was mixed with 0.35 mL of a solution with [NaCl]
constank; that increases strongly as the counterion concentra- varying from 0 to 300 mM. Experiments were carried out at room
tion is raised?®#°We argued that the new mechanism of micelle temperature, 23C. The signal was monitored at eithiag, = 375 nm

or lem = 480 nm, with integration and interval times of 1 ms to 10 s

(33) Barzykin, A. V.; Seki, K.; Tachiya, MAdv. Colloid Interface Sci2001, and a total experiment time ranging from 1 to 10 000 s. In other
(34) %sgér?lzh, M. H.; De Schryver, F. Chem. Re. 1993 93, 199. experiments, solutions dfin [TX100] were mixed with [SDS] solutions
(35) Rharbi, Y.; Winnik, M. A.; Hahn, K. GLangmuir1999 15, 4697. in a similar fashion. Decay profiles were fitted to an exponential
(36) Eh;rg;,‘é.; Li, M.; Winnik, M. A.; Hahn, K. GJ. Am. Chem. So@00Q function or to a sum of two exponential terms.

(37) Rharbi, Y.; Winnik, M. A.Adv. Colloid Interface Sci2001, 89, 25.

(38) In these solutions, the profi&-Py satisfies a Poisson distribution among ~ Results
micelles for values ofn0= 2.0. Rharbi, Y.; Kitaev, V.; Winnik, M. A.;
Hahn, K. G.Langmuir1999 15, 2259-2266. o it i B ; i ;

(39) Rharbi, .. Winrik, M. A.J. Am. Chem. $02002 124 2082. While it is straightforward to prepare solutions in which the

(40) Rharbi, Y.; Winnik, M. A.J. Phys. Chem. R003 107, 1491. probe TG-Py is dissolved in nonionic micelles such as those
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of Triton X-100 (TX100)364%it is much more difficult to prepare ~ Table 1. Properties of SDS Micelles and of 1-Ethylpyrene in SDS
solutions in whichTG-Py is molecularly dissolved in SDS  Micelle Solutions in the Presence of Added Salt
micelles. To overcome this problem, we followed an indirect [NaCI/[SDS]  calculated cme

approach reported originally by Dubin et 4l.jn which a mM (mM)* Negg  10%ko 5"  koXMNugg NS 7o 1"
solution of 1 in TX100 was treated with a more concentrated gigﬁ; 8-22 ﬂi %-2‘11 g-gg ggg
soIL_Jtlon of_ SDS. Ind|y|dual sur_factant _m_olecules exchange .07 0.47 164 512 347 1252
rapidly to yield mixed micelles. With a sufficient excess of SDS,  513/17 0.41 176 1.62 286 123.9
one obtains SDS micelles containing a trace of TX100 as an  684/17 0.33 215 0.78 1.68 117.0
impurity. For example. under th nditions emnpl her 256/52 0.68 142 2.43 3.45 122.9
purity. For example, under the conditions employed here at 342/52 0.55 143 2.40 3.43 128.1

low salt concentration, we use such a large excess of SDS

(typically 350-fold) that foNagg~ 60, only one micelle in five aCalculated from the expression log(cme)—3.6 — 0.73 log[NaCl].

contains a TX100 molecule. The spectroscopic properties of ® The average of three values obtained at three different EtPy concentrations:
; : : : ko is the pseudo-first-order quenching rate constant for excimer formation

pyrene_ probes |_n these mlcelles_are identical to thpse of theWith the micelle:, is the unquenched probe lifetime.

probe in SDS micelles and very different from those in TX100

micelles?0 220

An important feature of this preparation methodology is that
the probe itself does not become randomized among the 200 1
micelles. The surfactant monomers exchange by the fast
relaxation process. As Chart 1 emphasizes, if the probe 180 4
molecules are insoluble in water, they can only exchange by N.g o
one of the slow relaxation process involving micelle fusion or 160 -
fission. Thus, the SDS micelles are created with a nonrandom
(non-Poisson) probe distribution. The solution exhibits a wl o°
measurable excimer emission, although if the probe were
randomly distributed, the excimer fluorescence intensity would 20

be too weak to be detected. A useful strategy for carrying probe
exchange kinetics experiments is to mix the TX100 solution of 200 300 400 500 600 700 800
1 with an excess of SDS, and to use this mixture as a stock [NaClJ, mM
solution for subsequent experiments. When this solution is Figure 2. A plot of the mean aggregation numbégyg vs. [NaCl] for
. - SDS concentrations of 17.4 mM®f and 52.0 mM Q). The lines drawn
mixed, for example, with an equal volume of a concentrated are guides for the eye. The line of smaller slope is a reminder thaljse
NaCl solution, the solute exchange reaction is accelerated. ItSvalues show a smalier dependence on added salt at lower salt concentrations
rate can be monitored by the disappearance of the excimer(cf., eq 3).
emission, and the probe becomes randomized in the solution.
While the concentration of SDS in our experiments is known
with high precision, determining the magnitude of rate constants
requires knowledge of the micelle concentration in solution. The
variation in the literature values d,qq for SDS at high salt
concentration prompted us to determifggyy values using
excimer formation from ethylpyrene under conditions very

Solute Exchange ExperimentsSolutions ofl in SDS were
prepared by the indirect route as described above. For relatively
low concentrations of SDS (e.g., 17 mM), the fluorescence
spectra were stable over several days. These solutions were then
mixed in the sample chamber of a stopped-flow apparatus with
an equal volume of an aqueous solution of NaCl. The initial

similar to those of our solute exchange experiments. Details of solutlondexrlllggs a ?/[/nhall b#t measurablehexmme_lr_bemlssuf)n
these experiments are provided as Supporting Information. To ce_n_tere at nm. _en_t e_system reaches equiiibrium a ter
ensure confidence in thi,gg Values obtained, we examined mixing, th? excimer emission 1S gone..A typlcal fluorescgnce
three concentrations of EtPy for each combination of salt and spectrum is shown in Figure 3A. A typical timscan experi-

surfactant. Most experiments were carried out at [SBJ]7.4 tmhent IS Tlh'O\th Ir']t Flghure ?’B'tlr? tthe dlscussmnhbetk:_w, we |g|nore d
mM. For the two lowest salt concentrations (256 and 342 mM), € small Intensity changes that occur on a short ime scale an

we also examined solutions with [SDS]52.0 mM. Values of focus on the exponential decay of the green “excimer” emission

42 i i 1 i i i 1 i-
the aggregation numbers obtained in these experiments are listed'®)- To avoid complications in the rellaxatlon kinetics associ
in Table 1. We plot these values versus [NaCl] in Figure 2, ated with three or more probes per miceflaye prepared our

where the line of smaller slope on the left-hand side of the graph SDS stock solutions from solutions bin TXlOO in which the
approximates values obtained by others at lower salt concentra-2Verage number of pyrene probes per micéfigj(vas less than
tions. Examination of the fitting parameters leads to the or equal to 0.5. . . .
conclusion that the micelle size distribution remains sufficiently In t.he slow relaxation process, the number qf mlcel_les pearlng
narrow that the magnitude of the fitted probe lifetimgand a par Of_ pyrenes (1), decrease exponentially with .tlme,
the intramicellar quenching rate constegivere not measurably charapterlzed py a pseudo—flrst-orde.r rate constgatwhich
sensitive to the EtPy concentration. This conclusion is consistentcoma!ns co ntributions from the various exchange processes
with that drawn by Dutt et af? and the aggregation number described in Chart 1.

we obtain for 0.51 M NaCl is similar to those (1670) that (42) The characteristic relaxation rates differ by at least a factor of 20. In ref

they obtained at 0.50 M NaCl and at 0.475 and 0.545 M NaBr. 40, we assigned the fast response to a rearrangement of the micelles in
response to the increase in counterion concentration. Here, as in those

experiments, the slow response is due to solute exchange.
(41) Dubin, P. L.; Principi, B. A.; Smith, M. A.; Fallon]. Colloid Interface (43) Hilczer, M.; Barzykin, A. V.; Tachiya, MLangmuir 2001, 15, 4196—
Sci 1989 127, 558. 4201.

J. AM. CHEM. SOC. = VOL. 126, NO. 19, 2004 6029



ARTICLES Rharbi et al.
TN T N T N N I T A I A B B 10 -
1 3
- after exchange A 23 :
Nr'd i 1 1
=2 L ] 3
o b
2 | | ]
s L i 0.1 -
£ - :
| _ i .
B prior to exchange _ g 0.01 E
X ~ 1 < 3
0 # TTr [T 11T [rrrr|frrrrroeoerr 1
0.001 4
400 500 600 3
wavelength, nm 3
1 0.0001 E
> 0.00001 1
)
c
3
E L L
B 100 1000
I , [Na+],q, mM
0 0 200 400 Figure 5. Log—log plot of kyps versus [N&]aq combining results reported

time, s
Figure 3. (A) Emission spectral¢x = 346 nm) ofl solubilized in aqueous

in ref 40 with data from Figure 4 for [SDS¥ 52 mM.

solutions of SDS micelles. The spectrum labeled “prior to exchange” Discussion

([1] = 1.1u4M and [SDS]= 140 mM) refers to the freshly prepared sample.
The spectrum “after exchange” refers to the spectra measured after 2 days.

(B) Time—scan experiments monitoring the increaséir{lem = 375 nm)
and the decrease la (Aem = 480 nm) after mixing a solution df in SDS
micelles (L] = 1.1uM, [SDS] = 80 mM) with an equal volume of NaCl
solution ([NaCl]]= 0.2 M).

ot
101 (naci® %
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P
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0.001 T v
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Figure 4. Log—log plots of kops versus [NaCl] for three different

concentrations of SDS (17.4, 34.7, 52.0 mM). Tadecays were measured
following rapid mixing of a solution ofl in SDS with an equal volume of
NaCl solution. The solutions dfin SDS were prepared by mixing 5 wt %
of a solution ofl in TX100 (4uM 1, 0.5 g/L TX100) with 95 wt % of
solutions of SDS (10, 20, and 30 g/L).

le O P(t) = P(0) exp(-kypd) (6)

In a previous publicatio®? we demonstrated that solute
exchange forl in SDS micelles is dominated by a first-order
process involving fissionrgrowth mechanisms for salt concen-
trations up to 140 mM. We reported theis values increased

by over 4 orders of magnitude as [Nawas varied. In these
experiments, the values d&ps obtained by increasing the
surfactant concentration in the absence of salt fit a common
line with those obtained at an SDS concentration of 80 mM
with [NaCl] increasing from 20 to 140 mM. To connect those
experiments with the experiments described here, in Figure 5
we plot those data on a common graph with the data in Figure
4 for the highest SDS concentration. There appears to be a
smooth crossover between the data obtained with [Na@DO

mM, wherekqpsincreases as [N@Y with y = 4.5, to a high salt
region withy = 2.3.

We would like to emphasize that this type of behavior is very
unusual. It cannot represent a kinetic competition between two
independent processes characterized by a different powerlaw
dependence on [N# If this were the case, the mechanism with
the stronger dependence would dominate at high salt concentra-
tion and not at low salt concentration. Whatever process is
responsible for the exchange process characterized=b¥y.5,
this process must reach a limiting value (or begin to decrease)
in the range of 200 mM NacCl.

The second unusual aspect of the data in Figure 4 is the

Solute exchange experiments were carried out over a wide rangelependence of the solute exchange rate on surfactant concentra-
of salt concentrations for three different SDS concentrations tion. We can distinguish three different regimes that show
(17.4, 34.7, and 52.0 mM). These data are presented in Figuredifferent behavior depending on the added salt concentration.

4, where we plot logops versus log[NaCl]. Experiments at each

In the absence of added saklgys increases with surfactant

of the three SDS concentrations show identical behavior: a steepconcentration, but this effect is due only to the SDS contribution

powerlaw increase in rate up to [NaG#0.45 M, crossing over

to the free sodium ion concentration. For experiments carried

to a much milder dependence at higher salt concentration. Forout at intermediate salt concentrations, for [Na€[KB0—100

both regimeskops ~ [NaCl}Y, with y = 3.4—4.5 for the lower
range of salt concentrations, agd= 1.9—2.1 for [NaCl] >
0.45 M.
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mM, Kops €xhibits almost no dependence on [SDS]. At higher
salt concentrations, the data in Figure 4 show t@gfvalues
increase with SDS concentration. In ref 40, we described a set
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"{ Figure 7. A log—log plot of k; versus [NaCl], in which th&; values were
% 4 calculated from the plot dé,psversus [micelle]. The micelle concentrations
X were calculated from thBlaggvalues in Table 1@), from ref 44 (), and
from ref 45 @).
2
0 intermediate between those for 86 and 171 mM NaCl. The
(] 10 20 30 40 50 results for higher salt concentration are shown in Figure 6B.
[SDS], mM Here, thekops values also increase linearly with [SDS], and the
Figure 6. Plots of kops versus [SDS] for experiments carried out in the slope§ Increase markedly W't_h elgvated salt concentration. These
presence of NaCl. (A) Experiments at final concentrations of [Na&C86, experiments establish that, in this range of salt concentrations,
171, and 256 mM. (B) Experiments at [NaCG# 428, 513, 684, and solute exchange occurs by a mechanism characterized by
856 mM. second-order kinetics.

of experiments to examine the dependencekgf on SDS According to eq 6, the rate constants for the competing first-
concentration, carried out at fixed salt concentration ((Na€l] ~ Order process are given by the magnitude of the intercepts
140 mM). We found a weak increase ks with increasing obtained by extrapolating the plots in Figure 6 to [SBSD.
[SDS]. When these data were plottedkass versus [micelle], For [NaCl] < 80 mM, ki = kobs because the rates depend on
we obtained a straight line with a small positive slope (38'M surfactant concentration only through the SDS contribution to
s)) and an intercept of 0.037-% At that time, we were the over sodium ion concentration. For experiments carried out

reluctant to attribute the positive slope to a second-order at 86 and 140 mM NaCl, the slopes in Figure 6A are so small

exchange process, because of the strong sensitivity of the first-thatkr ~ ks whereas for [NaCli= 171, the intercept is close
order exchange rate to the [Na,concentration. The SDS added 0 the value ofkons shown in Figure 5. For salt concentrations

to the system also contributed to the free counterion concentra-higher than 171 mM, it is difficult to comment on the influence
tion. To proceed with our analysis, we next consider how the of salt on the magnitude of the intercepts because the intercepts
exchange rate varies with [SDS] at elevated salt concentration.@r€ Within experimental error of zero.

Identifying the Exchange MechanismsSolute exchange can To proceed more deeply with an analysis of the kinetic
in principle occur by the three mechanisms indicated in Chart behavior of solute exchange at high salt concentration, we have
1. For the case OfG-Py as the solute, its solubility in water is ~ to examine how the second-order rate conskamtepends on
so low thatke: = 0. Under these circumstances salt concentration. As indicated in eq 7, the micelle concentration

is connected to the overall surfactant concentration through the
Kobs= Kir 1~ ko[micelles]= kg + Ky([SDS] — cmc)N,gq (7) micelle aggregation number. In the Introduction, we pointed
out that for values oNagg up to about 106120, there is good
The two solute exchange processes, fissigmowth and fusior agreement in the literature about the dependencl,gf on
fission, can be distinguished by their kinetic order. The former sodium ion concentration. For experiments at higher salt
is characterized by first-order kinetics, whereas the latter will concentration, the values diagq in the literature are more
exhibit second-order kinetics. scattered. This was our motivation for determining values of

To distinguish between these mechanisms, we carried out aNagq on the basis of excimer formation by EtPy. Valueskgf
series of solute exchange experiments varying the SDS con-calculated using thedd,qqvalues are plotted in Figure 7. As a
centration at constant salt concentration. Each of the experimentssheck on these values, we also calculated values afsing
is characterized by &qps value that increases linearly with  two extreme series dfl,gq values found in the literature, from
increasing [SDS]. The slopes increase in a striking manner with quasielastic light scatterirf§, and from TRFQ experiments
increasing salt concentration. In Figure 6A, we show the results involving methylpyrene witim-dicyanobenzene as the quench-
for experiments carried our at [NaGH 86, 171, 256, and 342  er2> Although these two reports describe a somewhat different
mM. On thisy-axis scale, the slope for the plot at [Na&i]86
mM is very small. At this low salt concentratiokg,s shows (44) Mazer, N.; Benedek, G.; Carey, &..Phys. Chem1976 80, 1075.
little dependence on surfactant concentration. The results from (43) Croonen, Y.; GelddeE.; Vabder Zegel, M. Van der Auweraer, M.

. Vanderdriessche, H.; De Schryver, F. C.; Aimgren JVPhys. Cheml983
ref 42 for [NaCl] = 140 mM have a slope and intercept 87, 1426.
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dependence oN,g on [Na'] for [Nat] > 350 mM, the
calculated values df, versus [Nd] that we obtain using their
Nagg Values are very close to the values that we calculate with
our Nagg values in Table 1.

The most striking feature of the data in Figure 7 is that for

sodium ion concentrations up to 0.26 M, there is a steep increase

in rate, which can be approximatedias~ [Na™]%2 At higher
salt concentration, the powerlaw behavior is more firmly
established, wittk, ~ [Na*]Y, with y = 2.8. This exponent is
larger than thaty = 2.3) seen forkgys in Figure 5. This
difference is a consequence of the fact tkaimakes a more
important contribution tdops at 200-300 mM NaCl than at
higher salt concentrations.

A SDS micelle size and shape, 17 mM, 40°C
[NaBrl,M 0 0.1 0.2 0.5
44 A 45 48 44
23A @ 26 @ 27@ 28@
44 A 45 50 %
B fluctuations leading to fission

L S
TN s o A

side view

-

There are subtle features of these data that require furthergigure 8. (A) The effect of NaBr concentration on the size and shape of

comment. The slopes in Figure 6 are influenced by the
contribution of SDS to the free sodium ion concentration. Thus,
a fraction of the magnitude of the slope is due to the influence
of increasing [Na],q on the fission rate. Using the result in
Figure 5 thatkoss ~ [Nat]aq"® in conjunction with the finding
that over most of this range of salt concentratikps= kops We

can write ke = ky[Na']aq*5 wherek;® is a proportionality
constant. Equation 7 can be rewritten

kobs: o-a(fus[mice”es] + kfrO[Na+] aq4.5

Substituting the expression for [NRq (eq 2), we obtain

)

Kops = 0.5k Jmicelles] + I<fr°(0.27l\langiceIIes]+ cmc+
[NaCI))*® (9)

Here, we distinguish between the experimental value&;of

obtained as the slopes of the plots in Figure 6 from the second-

order fusion rate constankqs unaffected by the [N
contribution toks. The factor of 0.5 accounts for the reversibility
of supermicelle formation. If one-half of the doubly occupied
(P*/P) supermicelles formed in a fusion event undergo fission
to form a doubly occupied micelle (return to starting material),
the net rate of probequencher separation will be one-half the
fusion rate.

At high salt concentration, the cmc is small. We can extract
a factor of [NaClf-> from the second term in eq 9 and set
ki = kfrO[NaC|]4'5

Kops = 0.5, Jmicelles] +
ky(0.2MN,o Jmicelles]/[NaCl]+ 1)*° (10)

SDS micelles as reported in ref 19. (B) A model showing how shape
fluctuations lead to micelle fission.

[NaCl] (eq 12) and becaude tends to level off for [NaCl]>
300-350 mM. We estimate that beyond [NaCi] 350 mM,
ko is negligible, andkis &~ 2Ko.

Factors Affecting Micelle Fission and Fusion.In the
preceding section, we established that, at low to modest sodium
ion concentrations, SDS micelles undergo solute exchange by
the fission-growth mechanism. This rate increases strongly with
increasing salt concentration. Micelle fusion is undetectable for
salt concentrations below 80 mM. A crossover occurs at higher
salt concentrations, so that above 300 mM NaCl, solute
exchange occurs almost exclusively by a second-order process.
There are many interesting and unusual features about the
crossover from fission- to fusion-dominated solute exchange.
For example, at higher salt concentrations, the fission rate
constantk; appears to reach a maximum value. To appreciate
the factors that affect this change in mechanism, we need to
consider how the counterion concentration affects the size and
shape of SDS micelles.

Micelle Size and Shape.To appreciate how the micelle
dimensions evolve in the presence of added salt, we refer to
the SANS experiments of Bergstroand Pederselt, keeping
in mind that their experiments were carried out at°4d) as
compared to 25C for our measurements. They show that for
each salt (NaBr) concentration they investigate, the SANS form
factors for the micelles can be fitted to a model based on a
monodisperse triaxial ellipsoid with a height of ca. 25 A, a width
of ca. 45 A, and a length that increases with salt concentration.
The best-fit dimensions for solutions at 0.5 wt % (17 mM) SDS
are shown in Figure 8A. For [NaB# 0, 0.1, and 0.2 M, the

Expanding the term in parentheses as a polynomial and keepingdimensions are not sensitive to SDS concentration. At 0.5 M

only the first-order term, we find

Kops= 0.FKg dmicelles]+ 1.2[micelles]x N,gq x
k./[NaCl] + k;, (11)

Kops= (0. 5Ky + 1.2, x ky/[NaCI)[micelles]+ k; (12)

NaBr, the long axis increases from 64 to 67 to 72 A as the
SDS concentration is increased from 0.25 to 0.50 to 1.0 wt %.
These correspond t,gg = 115, 118, and 130, respectively.
The situation becomes more extreme at 0.7 M NaBr. Here,
the data are best fitted by a flexible ribbonlike structure,
polydisperse in length, with an ellipsoidal cross-section. For
these samples, the thickness and width remain at ca. 25 and 40

Thus, in the presence of a fixed concentration of NaCl, the effect A, respectively. The mean lengtiiJand mean aggregation
of a change in SDS concentration will appear as a second-ordemumber Nagd] increase with surfactant concentration, with

contribution " = 1.2Nad/[NaCl]) to the observed exchange
rate. For the lowest value of [NaCl] investigated, here 86 mM,
kT &~ 0.44 x ko, and the real fusion rateys ~ 2 x 0.56 x k.
The contribution ofk," to the measured solute exchange rate
decreases with increasing [NaCl], becakgevaries as [SDS]/
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respective values ofld0= 250, 427, and 537 A for SD&
0.25, 0.50, and 1.0 wt %. These correspondMg,d1= 533,
914, and 1184, respectively. It would be nice if we had similar
data for SDS micelles at 25C. Unfortunately, no such data
are available, and we can take advantage of this information in
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only a qualitative sense. We know from the work of Alimgren of micelles within the distribution that yield detectable fission
et al.?® who used a combination of scattering and TRFQ events. For large values df,gq the number of fission events
experiments to examine the influence of temperature on SDSyielding partition of the probes between fragments would
micelles in the presence of 0.8 M NacCl, that the micelles are become insensitive to the shift in the micelle size distribution,
larger and more elongated at 26 than at 40°C. and ki would become insensitive to further addition of salt.
The structures inferred from SANS measurements have an This argument can be developed somewhat differently in
appealing simplicity. To test the structures used as models toterms of the structures in Figure 8. Increasing salt concentration
fit the scattering data, it would be useful in the future to carry leads to a decrease in headgroup size and a decrease in
out high-level molecular dynamics simulations. Only through headgroup repulsion. As a consequence, micelle curvature is
simulations could one assess the contribution of dynamic reduced, and elongated structures are formed. As the curvature
fluctuations to the overall micelle shape. These fluctuations must along the long axis is reduced, there will be a smaller fractional
play an important role in the fission and fusion processes that increase in the interfacial area associated with fission. Further
we describe in this paper. increase in the salt concentration will have a minimal influence
Micelle Fission. For micelle fission into submicelles, large  on headgroup repulsion, and the decrease in headgroup size may
amplitude fluctuations are necessary. These must lead to localeven lead to an increase in micelle cohesion. These effects will
regions of negative curvature in the micelle structure, followed reduce the influence of additional salt on the fission rate.
by a “pinching off” process that leads to two smaller aggregates.  Micelle Fusion. On the simplest level, one understands that
A drawing illustrating this process is shown in Figure 8B. In a the interaction between ionic micelles is dominated by electro-
previous publication, we explained the increasekinwith static effects and that double layer repulsion is responsible for
increasing salt concentration in terms of the influence of the the barrier to close approach of SDS micelles. According to
counterion on the fluctuations that lead to fission. Two factors DLVO theory, the interaction potential between two charged
resist these fluctuations, a local effect associated with the sitesparticles is the sum of the attractive van der Waals forces and
of negative curvature, and a global effect related to the increasethe repulsive electrostatic forces. This potential exhibits a
in interfacial area of the micelle. In the region of the local effect, maximum Emay) Which decreases with an increase in the
the headgroups of the surfactant molecules are forced togethergcounterion concentratio. When Enax is substantially higher
and headgroup proximity is opposed by electrostatic interactions.than KT, the particles are protected against aggregation and
When the salt concentration is increased, the electrostaticflocculation, and this same barrier will suppress exchange
repulsion between headgroups is screened. In addition, there ighrough micelle fusion. Addition of salt decreases the energy
a net reduction in the effective headgroup size. Both factors barrierEmax. As more salt is added, the magnitudeSafy will
help to lower the repulsion between headgroups and promotedecrease to the point that close approach between micelles is
the fluctuations that lead to fission. possible, and solute exchange can occur through a fasion
In this paper, we need to explain why the fission rate levels fragmentation process. We have inferred that this process is
off at high salt concentrations. To appreciate this effect, considerimmeasurably slow for salt concentrations below 80 mM. At

the influence of salt concentration on the magnitudé.g§ If 86, 140, and 171 mM salt, some solute exchange occurs by a
the fission process followed the tendergy~ [Na]a{*® for second-order process. Thgvalues in Figure 7 span nearly 4
all salt concentrations, it would reach a value of ca. T00er orders of magnitude. Nevertheless, these rates are very slow.

[Na'] = 864 mM26 This value is much higher than that ks The largest value df, (ca. 1 M~1s71) is still about 10 times
seen in Figure 5. Because represents only one of the smaller than that of diffusion controlled. For each of these salt
mechanisms contributing to the magnitudekgf, fission must ~ concentrationsEmax is still significantly larger tharkT.48

be of decreasing importance at high salt concentrations. It is We suggest that the onset of the SDS micelle fusion reaction
likely that the fission process in SDS reaches a limiting value iS associated with the extended ellipsoidal shape of the micelles.

or a maximum value 0k0.5 s'tin the range of [N&] ~ 300— We depict this process in Figure 9. Two elliptical micelles

400 mM. overcome the energy barri&max to fuse to form a transient
Experiments on nonionic micelles have shown that the fission supermicelle with dimensions larger than the mean size of

rate is sensitive to the size or structure of the prébehe normal micelles at that salt concentration. Fusion is likely

presence of the probe in a micelle likely retards its fission rate. favored by an edge-on or end-on approach of the micelles, which
We proposed that, among the large spectrum of fission events,would experience less electrostatic repulsion than approaches
only those are observed that yield two submicelles large enoughinvolving one or both of the faces of the micelles. The
to bear the probe molecule. When a fission event produces asupermicelle formed undergoes shape relaxation followed by
small and a large fragment, both probe molecules remain in fission back to two normal micelles. In the process, there is an
the large one, and the event is not recorded. For the case ofeXchange of solutes.

SDS micelles, this model explains the fact that chemical ~We are unable at this time to explain the change in slope in
relaxation measurements yield much higher fission ratd90- the logarithmic plot ofk, versus [NaCl]. We may speculate,
fold) than those found in our experiments. In ref 40, we proposed for example, that there is a minimum size for micelles that can
the idea that there is a minimum micelle size for which both undergo fusion. For salt concentrations less than 100 mM, only
submicelles are large enough to bear the hydrophobic probe.

Upon addition of salt, the micelle size distribution shifts toward EﬁQ FS*S{S{(?”;’X‘*C,%;QS iﬁg;?mems at T with micelles of the nonionic

higher values oN,g, accompanied by an increase in the fraction surfactants Triton X-100 (an ethoxylated octylphenol Wi, = 100) and
Synperonic A7 (an ethoxylated mixture of linear C13 and C15 primary

- alcohols withNagq =~ 300) gavek, values, respectively, of 1.5 10° and
(46) This value is also an order of magnitude larger than the value reported for 9 x 10* M~ s"% Rharbi, Y.; Bechtold, N.; Landfester, K.; Salzman, A,;
the fission rate of Triton X-100 micelles. Winnik, M. A. Langmuir2003 19, 10-17.
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Figure 9. A model for the fusion (and solute exchange) of two oblate
ellipsoidal micelles. The micelles collide and coalesce to form a short-
lived supermicelle, which then fragments back to two normal micelles.

a tiny fraction of the micelle distribution may have this size.

With increasing salt concentration, the increase in mean
aggregation number will be accompanied by an increasing
fraction of the micelles large enough to undergo fusion. This
effect would eventually level off. The remaining increase

(k2 ~ [Nat]a®) is due to other factors, such as changes in
micelle shape and reduction in the electrostatic barrier to fusion.
A more precise explanation will require more detailed informa-

exchange varies by over 6 orders of magnitude as the free
sodium ion concentration is varied between 10 and 850 mM.
The kinetics show two regimes of powerlaw behavigys =
[Na*]ag’ with y = 4.5 for [Nat]aq up to 200 mM andy = 2.3

for the higher range of salt concentration. Up to 100 mM added
NaCl, this exchange takes place almost exclusively by a micelle
fission mechanism in which each submicelle carries off one of
the solutes. The weaker dependence on*]Ngat high salt
concentration is an indication that the fission rate levels off for
salt concentrations above 36800 mM.

At high salt concentrations, a bimolecular process (with
second-order rate constaki) becomes increasingly impor-
tant and is the dominant mechanism for solute exchange at
[Na*]aq > 300 mM. This fusion process involves formation of
a transient supermicelle followed by fission back to two normal
micelles. The fusion rate itself has a complex dependence on
the sodium ion concentration. Changes in the fission rate can
be rationalized in terms of changes in the micelle size and shape
with increasing salt. The onset of micelle fusion at high salt
concentrations is certainly promoted by a reduction of the
electrostatic repulsion between micelles. It also likely related
to changes in micelle size and shape, but how these operate to
enhance the rate of micelle fusion remains to be elucidated.
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each of the salt and surfactant concentrations in our experiments
Summary

Solute exchange experiments for the pyrene-labeled triglyc-
eride TG-Py solubilized in SDS micelles in the presence and
absence of salt show that the rate constapt for solute
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provoking discussions.
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