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Figure 4. log-log plots of the molar volume at the transition points
and the transition temperature for 8CB.

transition temperature was proportional to the molar
volume at the transition points and the value d In T,/d
In V,; = -2 was obtained by using eq 4. This value does
not coincide with our observed value.

J. Phys. Chem. 1982, 86, 1702-1711

McColl and Shih® found the value to be —4 for 4,4’-di-
methoxyazoxybenzene. In our previous measurement for
4,4’-propoxybenzylidenebutylaniline,* this value was found
to be —3.76. These obtained values suggest that the re-
pulsive part of the potential function plays an important
role in the nematic—isotropic transition. Recently Keys
and Daniels reported similar results for 4,4’-methoxy-
benzylidenebutylaniline.® For the melting of solid, many
authors’ suggest that the repulsive part of the potential
energy plays an important role. In our experiments using
8CB, the value close to -4, which was calculated by em-
ploying the Pople—Karasz repulsion potential model, was
obtained. Therefore, in the nematic-isotropic transition
also the repulsion term plays and important role, as is seen
in the melting of solids.

The value of d In T};/d In V., is an excellent indicator
to verify the role of the volume-dependent part of the
potential energy function in the theory of nematics.

(5) 4. R. McColl and C. 8. Shih, Phys. Rev. Lett., 29, 85 (1972).

(6) P. H. Keyes and W. B. Daniels, J. Phys., Collog. (Orsay, Fr.), 40,
¢3, 380 (1979).

(7) M. Toda, H. Matsuda, Y. Hiwatari, and M. Wadachi, “Ekitai No
Kozo To Seishitsu”, Iwanami Shoten, Tokyo, 1976, Chapter 3.
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An investigation of association phenomena in aqueous solutions of a surfactant, sodium p-octylbenzenesulfonate
(SOBS), was performed by self-diffusion measurements. Self-diffusion coefficients were obtained for amphiphile
ions, sodium counterions, solubilized decanol molecules, water molecules, and chloride co-ions as a function
of surfactant concentration by using the open-ended capillary tube method employing radioactive labeling.
Decanol self-diffusion provides information on micellar translation and size. Surfactant ion self-diffusion gives
the concentration of free surfactant ions. It is found that, at higher concentrations, free-surfactant concentration
falls well below the critical micelle concentration. Counterion self-diffusion provides information on the
concentration of free counterions and on 3, the ratio of counterions and surfactant ions in the micelles. 8 is
invariant over wide concentration ranges corresponding to an ion condensation type behavior; however, at low
concentrations 3 decreases with increasing micelle concentration. The co-ion self-diffusion coefficients are used
to deduce an effective excluded volume; the excluded volume per micelle decreases with increasing surfactant
concentration. The water self-diffusion coefficients give information on micelle hydration; although hydration
numbers are difficult to obtain (and to define), it may be shown that they are small and that there is no marked
water penetration deep into the micelles. The various types of information obtained give an overall view of
micellar solutions which is compared with current studies by other approaches, experimental and theoretical.
Furthermore, various methodological problems and advantages of self-diffusion investigations of micelle formation
are considered. Using a recently developed theory, which treats the electrostatic effects according to the
Poisson-Boltzmann equation, we calculated the concentrations of free and micellized amphiphile ions and
counterions. All of the features of the experimental observations were displayed also by the theoretical results,
and for the amphiphile concentrations good quantitative agreement was found. For 8, quantitative differences
between experiment and theory were found which can be referred to the somewhat ambiguous division into
free and micellar counterions.

Introduction

Although the general picture of surfactant association
into micelles was suggested quite some time ago, it is only
recently that important aspects have been clearly estab-

(1) (a) Physical Chemistry 1, Lund; (b) Faculté des Sciences, Mont-
pellier; (¢} Physical Chemistry 2, Lund.

lished and that important molecular aspects have been
touched on (recent reviews of the field are given by ref
2—4). Laser light scattering studies® have provided accu-

(2) C. Tanford, “The Hydrophobic Effect. Formation of Micelles and
Biological Membranes”, 2nd ed., Wiley, New York, 1980.
(3) H. Wennerstrom and B. Lindman, Phys. Rep., 52, 1 (1979).
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rate information on micelle size and in particular on the
growth from spherical to cylindrical micelles. Experi-
mental and theoretical kinetic studies in combination have
provided a clear understanding of micellar kinetics and also
of the molecular events involved in surfactant association
and micelle dissociation. Various NMR studies*’"1° have
given evidence for a liquidlike interior of the micelles and
for a counterion binding mainly determined by the micellar
charge density. Important theoretical studies*!!~!8 have
dealt with the hydrophobic effect, with molecular-shape
effects on aggregate structure, and with the electrostatic
energy of micellization. Micellization is a loose association
lacking a well-defined stoichiometry and directed short-
range interactions as encountered in many other cases of
chemical complex formation. The partitioning of a mol-
ecule between the micelles and the aqueous intermicellar
medium then cannot be unambiguously defined but de-
pends on criteria chosen, and these in turn depend on the
experimental technique. Changes in spectroscopic pa-
rameters are often very useful in monitoring micelle for-
mation, but one difficulty frequently encountered is to
establish the value of the spectroscopic parameter in the
micellar state; in NMR studies, e.g., with 1*C nuclei, this
has been handled by iteration procedures.!’

Since a micelle has a much lower translational mobility
than a small molecule or ion in the bulk of the solution,
the association of a species with a micelle leads to a rather
marked change in the self-diffusion coefficient. Knowing
the free-ion or -molecule self-diffusion coefficient as well
as that of the micelle, one may quantitatively deduce the
distribution between free and micellized states. It should
then be possible to monitor such aspects as free-surfactant
concentration, micelle hydration, counterion binding, and
solubilizate partitioning. We previously made some at-
tempts along these lines'®!® but then had to resort to
simplifying assumptions, because of incomplete experi-
mental data. The present report describes a systematic
self-diffusion study of the association of a surfactant, so-
dium p-octylbenzenesulfonate. On the basis of tracer

(4) B. Lindman, H. Wennerstrom, and H.-F. Eicke, “Micelles”,
Springer-Verlag, Heidelberg, 1980.

(5) N. Mazer in “Dynamic Laser Scattering: Applications of Photon
Correlation Spectroscopy”, R. Pecora, Ed., Plenum Press, New York, in
press.

(6) E. A. G. Aniansson and S. N. Wall, J. Phys. Chem., 78, 1024 (1974);
79, 857 (1975); E. A. G. Aniansson, S. N. Wall, M. Almgren, H. Hoffmann,
L Kielmann, W. Ulbricht, R. Zana, J. Lang, and C. Tondre, ibid., 80, 905
(1979).

(7) H. Wennerstrom, B. Lindman, O. Séderman, T. Drakenberg, and
J. Rosenholm, J. Am. Chem. Soc., 101, 6860 (1979).

(8) H. Wennerstrém, B. Lindman, S. Engstrém, O. Séderman, G.
Lindblom, and G. J. T. Tiddy in “Magnetic Resonance in Colloid and
Interface Science”, J. P. Fraissard and H. Resing, Eds., Reidel, Dordrecht,
1980, p 609.

(9) B. Lindman and H. Wennerstrom in “Solution Chemistry of
Surfactants—Theoretical and Applied Aspects”, E. J. Fendler and K. L.
Mittal, Eds., Plenum Press, New York, in press.

(10) H. Wennerstrom, B. Lindman, G. Lindblom, and G. J. T. Tiddy,
J. Chem. Soc., Faraday Trans. 1, 75, 663 (1979).

(11) J. N. Israelachvili, J. J. Mitchell, and B. N. Ninham, J. Chem.
Soc., Faraday Trans. 2, 72, 1625 (1976).

(12) J. N. Israelachvili, S. Maréelja, and R. G. Horn, Q. Rev. Biophys.,
13, 121 (1980).

(13) G. Gunnarsson, B. Jénsson, and H. Wennerstrém, J. Phys. Chem.,
84, 3114 (1980).

(14) B. Jonsson, G. Gunnarsson, and H. Wennerstrém in “Solution
Chemistry of Surfactants—Theoretical and Applied Aspects®, E. J.
Fendler and K. L. Mittal, Eds., Plenum Press, New York, in press.

(15) H. Wennerstrdm, J. Colloid Interface Sci., 68, 589 (1979).

(16) A. Ben-Naim, “Hydrophobic Interactions”, Plenum Press, New
York, 1980.

(17) B.-0. Persson, T. Drakenberg, and B. Lindman, J. Phys. Chem.,
83, 3011 (1979).

(18) B. Lindman and B. Brun, J. Colloid Interface Sci., 42, 388 (1973).

(19) N. Kamenka, B. Lindman, and B. Brun, Colloid Polym. Sci., 252,
144 (1974).
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self-diffusion coefficients of the surfactant ion, the coun-
terion, a co-ion (of added salt), the water molecule, and
a solubilized molecule, we deduce information on the
micelle composition and present a discussion of possibil-
ities and limitations of the method. The results confirm
and extend current views on micelle formation and also
provide some new insight.

A theoretical model for surfactant association into mi-
celles with special emphasis on electrostatic effects has
recently been presented.!® In the present work we have
performed calculations using this model for the self-asso-
ciation of sodium p-octylbenzenesulfonate. Thus, the
theoretical values of the concentrations of free and mi-
cellized amphiphile ions and counterions as well as the
degree of counterion binding may be compared with the
experimental findings.

Experimental Section

The experimental technique used was the open-ended
capillary tube method with radioactive labeling, essentially
as described in previous papers.!®?° This technique re-
quires considerable experimental work since the experi-
ments are time-consuming and a separate experiment is
usually required for each component (surfactant, coun-
terion, etc.) at each concentration. The diffusion time is
typically of the order of a few days. Another difficulty may
be the availability of labeled compounds; often synthetic
work is required. Furthermore, for certain systems (al-
though not for that considered here) one may have ad-
sorption effects causing systematic errors. The recently
developed Fourier transform pulsed gradient NMR spin-
echo self-diffusion method??? provides simultaneously
data for several 'H (or *C)-containing compounds in the
same solution in a short time and is generally to be pre-
ferred for complex surfactant systems. However, since it
cannot monitor the diffusion of many inorganic ions (Na*
and CI” in the present case), a combination of the two
techniques is usually most advantageous.

Because of the relatively high Krafft point (18 °C) of
sodium p-octylbenzenesulfonate (SOBS), all of the mea-
surements were made at 33 = 0.5 °C. Capillary lengths
varied between 1 and 3 cm depending on the value of the
self-diffusion coefficient measured. Care was taken to
avoid any macroscopic concentration gradients. Radio-
activity measurements used a Packard Tri-Carb liquid
scintillation spectrometer equipped with a Packard
Auto-Gamma spectrometer. v emitters were measured
directly in the capillaries (after some waiting time to
achieve solution homogeneity in the capillary), while for
8 emitters the capillary content was transferred to an In-
stagel Packard scintillator solution before counting.

SOBS was synthesized according to a synthesis proposed
by Gray et al.2 To phenyloctane is added dropwise 20%
H,SO,, the temperature being kept below 30 °C. The
temperature is then kept at 55 °C for 1.5 h, after which
10% NaOH is added and the pH finally adjusted to 7. The
desired surfactant is filtered off and purified by recrys-
tallization in water. 3%S-labeled SOBS was obtained
analogously in a microsynthesis which was developed
starting with 98% 3S-labeled sulfuric acid (from CEA,
Département des Radioéléments, Gif sur Yvette, France;
specific activity, 59 mCi mmol™). The activity of the
obtained product is 1 mCi mmol™. “C-labeled decanol

(20) B. Lindman, N. Kamenka, T.-M. Kathopoulis, B. Brun, and P.-G.
Nilsson, J. Phys. Chem., 84, 2485 (1980).

(21) P. Stilbs and M. E. Moseley, Chem. Scr., 15, 176 (1980).

(22) P. Stilbs and M. E. Moseley, Chem. Scr., 15, 215 (1980).

(23) F. W. Gray, J. F. Gerecht, and L. J. Krens, J. Org. Chem., 20, 511
(1955).
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Figure 1. Surfactant concentration dependence of the self-diffusion
coefficients of water (A), chioride lons (V), sodium lons (0), surfactant
lons (O), and decanol (X) for aqueous solutions of sodlum p-octyl-
benzenesulfonate (temperature, 33 °C). (Chioride lons and decano!
were added In small amounts; cf. text.) The insert shows the water
self-diffusion coefficients; here, the D valuss are given on a iinear scale,
while in the main figure a logarithmic scale is used.

with a specific activity of 14 mCi mmol™ was obtained from
Paris Labo, Paris, 2Na-labeled sodium chloride with a
specific activity of 30 mCi mg™ from Amersham, Radio-
chemical Center, Buckinghamshire, England, %Cl-labeled
sodium chloride with a specific activity of 7 uCi mg™ from
Amersham, and 3H-labeled water with a specific activity
of 1 Ci mL™! from C.E.A.

Experimental Results

Self-diffusion coefficients of octylbenzenesulfonate ions,
of sodium ions, of chioride ions (from added small amounts
of NaCl), of decanol molecules (added small amounts of
decanol), and of water molecules were obtained as a
function of surfactant concentration at 33 °C. In the de-
canol diffusion measurements the decanol-to-surfactant
molar ratio was in the range 0.04-0.08, except for the lowest
surfactant concentration where it was 0.113. In the chlo-
ride diffusion studies the Cl- concentration was ca. 0.002
mol kgL

The experimental self-diffusion coefficients are plotted
va. the surfactant concentration in Figure 1. Plots of the
surfactant and counterion diffusion coefficients vs. the
inverse surfactant concentration give essentially two
straight lines intersecting at the cmc (0.0128 m) as sug-
gested by the phase separation mode! (and a constant
counterion binding).’® Throughout the concentration range
covered, the self-diffusion coefficients decrease in the se-
quence water (self-diffusion coefficient denoted DY),
chloride (D), sodium (D™¢), surfactant (D*), and solubi-
lizate (D*). D~ decreases monotonously with increasing
surfactant concentration, but the decrease is more than
a factor of 10 more rapid below than above the cmc (see
insert of Figure 1). decreases rather regularly over the
entire concentration range and is (not unexpectedly) the
only self-diffusion coefficient not displaying clearly the
cmc. DNt starts to decrease rapidly at the cmc, and at the

Lindman et al.

highest concentrations it levels off at a value which is about
half that observed below the cmc. Decanol diffusion is very
slow and decreases slowly with imereasing surfactant con-
centration. D* could not be measured below the cmc for
solubility reasons (the solubility of decanol in water is .
about 1.5 X 107 mol kg™), but the self-diffusion coefficient
ofzde?anol in water can be expected® to be ca. 6 X 10710
m? g7,

Discussion of the Self-Diffusion Results

General Aspects of the Method. The self-diffusion
coefficients to be discussed refer to experiments in which
the diffusion time is very long; i.e., the study concerns
diffusion over macroscopic distances, several orders of
magnitude larger than the extension of any aggregate in
the solutions. It may be useful to distinguish between
effects of confinement and effects related to the parti-
tioning between different aggregates. If the solution is
microscopically inhomogeneous and contains closed do-
mains and a certain molecule or ion is confined to such
domains, its self-diffusion coefficient will be very low. For
example, in a micellar solution a solubilizate with a very
low aqueous solubility will be confined to the micelles and
therefore have a very low self-diffusion coefficient, corre-
sponding to the motion of the whole micelle. On the basis
of this simple principle, it is possible in studies of hydro-
phobic and hydrophilic molecules or ions to establish
whether a certain solution is water or “oil” continuous, or
bicontinuous or neither oil nor water continuous. Although
it is well accepted, it is clearly borne out by the present
experimental data (Figure 1) that micellar solutions are
water continuous and oil discontinuous. However, for
phases with unknown structure like microemulsions and
various liquid crystalline phases, the self-diffusion method
may give structural information,?:25-28

In a solution where a certain species can occur in dif-
ferent kinetic entities, normally different chemical com-
plexes, the self-diffusion coefficient observed for this
species is given by the probabilities for it to occur in the
different environments as well as the intrinsic self-diffusion
coefficients of the different kinetic entities. The simple
relation is

D = ¥ pD; 1

Here D is the observed self-diffusion coefficient, p; is the
fraction of the observed molecules or ions in a complex i,
and D, is the self-diffusion coefficient of this complex.
Equation 1 presupposes that the lifetime of the studied
species in a site i is much shorter than the measuring time,
which is no limitdtion in the present case. However, there
are other complications, arising for the present problem,
for example, from an effective translational motion within
an aggregate combined with a very short lifetime in the
aggregate.?®

We are interested in this work in the distribution of the
different molecules and ions between the micelles and the
intermicellar solution. It is reasonable to describe the
system in terms of a two-site model, with the two envi-
ronments or sites referred to by subscripts m and f.
Equation 1 then reads

(24) P. Stilbse (J. Colloid Interface Sci., in press) gives values for
1-pentanol to 1-octanol in water in the range 6 X 10707 X 10719 m?s7%,

(25) T. Bull and B. Lindman, Mol. Cryst. Liq. Cryst., 28, 155 (1974).

(26) G. Lindblom, K. Larseon, L. Johansson, K. Fontell, and S. Forsén,
J. Am. Chem. Soc., 101, 5465 (1979).

(27) J. Charvolin and P. Rigny, J. Chem. Phys., 58, 3999 (1973).

(28) B. Lindman, P. Stilbs, and M. E. Moseley, J. Colloid Interface
Sci., 83, 587 (1981).

(29) H. Fabre, N. Kamenka, A. Khan, G. Lindblom, B. Lindman, and
G. J. T. Tiddy, J. Phys. Chem., 84, 3428 (1980).
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Dr = pffox + pmem = Dfx - pmx(l)fx - Dm) (2)

Here x is w, C], Na, a, or s. p,* and p¢ are the fractions
of micellized and free x, D¢* the self-diffusion coefficient
of free x, and D, the micelle self-diffusion coefficient.
Apparently, with information on D and D_, a measured
value of D* directly gives p,.* at the concentration studied.
Therefore the data in Figure 1 should give the concen-
tration dependence of p.,* (and, of course, also of the
concentration of micellized x, m,*) provided that D¢ and
D, are known. D, can be measured directly in the actual
solution by studying the diffusion of a molecule confined
completely to the micelles; in the present case the diffusion
of small amounts of added decanol was studied. Moreover,
D, « Dg for all cases so that errors in D, have a quite
small influence on the calculated p,* values; in fact, it is
often a useful first approximation to neglect D,.

To deduce the various D¢ values at different concen-
trations is a much more delicate problem, and in the course
of this study several different procedures have been tried.
The D¢ values differ from the corresponding values, D%,
at infinite dilution in water (the D¢* values can easily be
obtained by extrapolation of low-concentration data or
calculated from limiting conductances) for two principal
reasons. Firstly, ion—-ion and ion-solvent interactions
among the free ions and molecules decrease the transla-
tional mobilities, as is well-known for simple nonassociated
electrolyte solutions where this has been considered in
detail both experimentally and theoretically.®3 If one
knows the composition of the intermicellar solution, D&
values may be estimated empirically or from theoretical
expressions. Since the intermicellar concentrations are
deduced by using D¢ values, an iteration procedure (with
rapid convergence, however) is required. However, the
present situation differs from that previously treated in
that the intermicellar solution is not symmetric with re-
spect to anion and cation concentrations; typically the
free-counterion concentration is 1 order of magnitude
higher than the free-surfactant concentration. In the
present case, however, the cmc is rather low, so that cor-
rections are small and no significant error is introduced.
The second source of concentration dependence in D¢ is
an obstruction effect due to the micelles which act as an
excluded volume for certain molecules or ions, thus
lengthening their diffusion paths. Knowing the shape and
volume fraction of the micelles, one may use the results
of Wang® to correct for this effect. (As an example, at 0.14
m SOBS, the upper limit of most of the measurements in
this work, the correction amounts to 4.9%. At 0.25 m it
amounts to 8.7%.) However, for ionic surfactant solutions,
electrostatic interactions'®'* are very important and of long
range, and therefore the effective excluded volume could
conceivably depend markedly on the molecular charge
(positive, negative, or uncharged).®® To treat this, one may
either attempt electrostatic calculations of the effects or
make empirical corrections based on measurements of
species not associated with the micelles. However, neither
approach is easy and objection-free.

Micelle Self-Diffusion. For a compound in a micellar
solution which is entirely confined to the micelles and has

(30) L. Onsager and R. M. Fuoss, Ann. N. Y. Acad. Sci., 46, 241 (1945);
R. Mills, Rev. Pure Appl. Chem., 11, 72 (1961).

(31) P. Turq, Chem. Phys. Lett., 15, 579 (1972).

(32) J. H. Wang, J. Am. Chem. Soc., 76, 4755 (1954).

(33) The problem is apparently to achieve a separation into (attrac-
tive) interaction and excluded-volume effects, which is not unambiguous.
An alternative way of expressing the problem is in terms of attractive and
repulsive interactions, the obstruction effect being a hard-core interaction.
For co-ions, for example, we consider only repulsive interactions, while
for the amphiphile ions these are relatively insignificant.
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a negligible solubility in the intermicellar solution, the
observed self-diffusion coefficient will be the same as the
self-diffusion coefficient of the micelles. One must realize
that the added solubilizate may perturb the micelles in
some way, i.e., by reducing the critical micelle concentra-
tion or affecting micelle size (and/or shape), or it may
preferably sample part of the micelle distribution curve.
Therefore, the micellar self-diffusion coefficient obtained
in the presence of a solubilizate may differ somewhat from
that of the solubilizate-free micellar solution. On the other
hand, there exists to our knowledge no other method to
determine the self-diffusion coefficient of micelles.* The
errors inherent in the procedure may be reduced as far as
possible by working at low solubilizate concentrations and
making measurements at several solubilizate concentra-
tions and extrapolating to zero solubilizate concentration.

We obtained the micelle self-diffusion coefficient, Dy,
from measurements on “C-labeled decanol; decanol has
a very strong preference for the micelles, and the nonso-
lubilized fraction is negligible.®® Observed values of D,
= D, are given as a function of the total surfactant con-
centration in Figure 1. A plot of 1/D,, vs. the concen-
tration of micellized surfactant (deduced as described
below from the amphiphile self-diffusion) is approximately
linear with an extrapolated D,, value at zero micelle con-
centration of 1.23 X 107 m? s! and a slope of 1.17 X 101°
s kg m™ mol™; for sodium dodecyl sulfate we found pre-
viously!® (at 25 °C) from a less rigorous treatment the
extrapolated value 1.5 X 107 m?2 g1 and the slope 0.78 X
10'° 5 kg m~2 mol™.,

The reduction in D, with increasing micelle concen-
tration is probably due mainly to electrostatic intermicellar
repulsion. A theoretical account of this effect has been
given by Mazo,%® who obtains an initial linear relation
between D! and the micellar concentration in approxi-
mate agreement with the present findings. We find no
further reduction in Dy, at higher concentrations (up to
0.15 mol kg™!) as would be expected for a micellar shape
transition, and the micelles can therefore be considered
to remain approximately spherical throughout the con-
centration range studied. ¥ Theoretical arguments as well
as experimental results suggest that the optimal micellar
radius corresponds approximately to the extended am-
phiphilic molecule;® in the present case the radius of the
“dry” micelle should then be 20 A. Because of hydration,
the hydrodynamic radius (calculated from D, by using the
Stokes-Einstein equation) will be slightly larger. The

(34) The mutual diffusion coefficients measured with quasi-elastic
light scattering (QLS)%% equal the self-diffusion coefficients for the case
where intermicellar interactions are negligible, as for infinite dilution.
Mazer et al., %37 in their extremely valuable studies of sodium dodecyl
sulfate micelles, have eliminated intermicellar interactions by adding high
concentrations of electrolyte. When comparing micellar diffusion coef-
ficients obtained by different experimental methods, one should realize
that different averages are encountered. In our self-diffusion studies it
is the probability of decanol solubilization which weights different mi-
cellar sizes, while in quasi-elastic light scattering the amount of scattered
light is decisive. For the rather low-disperse spherical micelles studied
here, the difference should be negligible.

(35) B. J. Berne and R. Pecora, “Dynamic Light Scattering. With
Applications to Chemistry, Biology and Physics”, Wiley, New York, 1976.

(36) N. A. Mazer, G. B. Benedek, and M. C. Carey, J. Phys. Chem.,
80, 1075 (1976).

(37) P. J. Missel, N. A. Mazer, G. B. Benedek, C. Y. Young, and M.
C. Carey, J. Phys. Chem., 84, 1044 (1980).

(38) From the work of Stilbs* one may estimate that for decanol in
sodium dodecyl sulfate solutions the degree of solubilization is, as an
example, 299.5% at 0.1 mol kg

(39) R. M. Mazo, J. Chem. Phys., 43, 2873 (1965).

(40) Viscosity data also show that there is no significant growth of the
micelles at higher concentrations. The intrinsic viscosity is determined
to be 0.87 L mol™ (at 40 °C), which, assuming spherical shape, gives a
partial molar volume for the micellized surfactant of 1.19 mL g, a value
close to those obtained for other cases.
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difference obtained in the present study, ca. 3 A, is in
agreement with several experimental techniques finding
one layer of water molecules being appreciably perturbed
and moving with the micelle.#*> However, the figure
obtained is rather imprecise, and deducing information on
hydration from hydrodynamic data is far from being ob-
jection-free, in general, and in the present case the effects
of micellar surface roughness and dynamic amphiphile
protrusion are difficult to account for.

A few measurements of D, in the presence of added salt
were also performed. On addition of 50 X 103 m NaCl to
a 50 X 107 m SOBS solution, D, changes insignificantly
(1.17 X 100 t0 1.19 X 107 m2 571), (It should be recalled
that there is some increase in the micellar concentration
on addition of salt.) Corresponding additions of the other
alkali chlorides give 1.10 X 10719 m? 57 for LiCl, 1.05 X 10710
m? 87! for KCl, and 1.11 X 107 m2? s7! for CsCl. Hence,
there seem to be no significant counterion effects on SOBS
micelle size at these concentrations.

Surfactant Self-Diffusion. Surfactant self-diffusion
coefficients were measured to obtain information on the
cooperative self-association process. The surfactant ions
have rather long residence times in the micelles,® and a
description with two distinct states is a good approxima-
tion. Thus

D? = pD¢ + pn®Dy, (3)

from which one may deduce for the concentration of free
(nonassociated) amphiphile

a = a _ 8= A
m# = m? - my, D - Dmmt 4)
m.® being the total amphiphile concentration. The problem
in deducing m® from the experimental D® and D, values
lies in estimating D D¢ can be thought to affected by
ion—ion (and ion-solvent—ion) interactions in the inter-
micellar medium and by an obstruction effect due to the
micelles. Calculations of m® were performed with various
estimates of D¢ taking a constant infinite-dilution value;
making an empirical correction for the intermicellar ion
concentrations (in an iterative procedure); correcting these
values for an excluded-volume effect due to the micelles.
Another idea was that the mobility of the free surfactant
should be mimicked by an anion not associated with the
micelles; therefore, the diffusion of added small amounts
of chloride ions was investigated. However, it can be ar-
gued that hydrophilic and hydrophobic anions must have
quite different short-range interactions with the micelles.
A hydrophilic ion of the same charge as the micelles
should, because of electrostatic repulsion, experience a
large excluded volume due to the micelles while, for a
hydrophobic ion, in view of the liquidlike character of
micelles,*’ it is not appropriate to correct for an exclud-
ed-volume effect. The retardation of motion due to being
part of a micelle is taken into account by the last term of
eq 3.
Calculations of m¢ as a function of m,® were performed*
with each of the aforementioned estimates of D#. Qual-

(41) P. Mukerjee, J. Colloid Sci., 19, 722 (1964).

(42) P. Ekwall and P. Holmberg, Acta Chem. Scand., 19, 455 (1965).

(43) D. Stigter, J. Phys. Chem., 78, 2480 (1974).

(44) B. Halle and G. Carlstrém, J. Phys. Chem., 85, 2142 (1981).

(45) B. Lindman, H. Wennerstrom, H. Gustavsson, N. Kamenka, and
B. Brun, Pure Appl. Chem., 52, 1307 (1980).

(46) Since we did not choose to measure all of the self-diffusion
coefficients at exactly the same concentrations, interpolated values were
generally used in the calculations. (In FT NMR self-diffusion investi-
gations, this problem is not at hand.*”) For this reason, deduced quan-
tities are represented in the figures by continuous curves.

(47) P. Stilbs and B. Lindman, J. Phys. Chem., 85, 2587 (1981).
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Figure 2. Deduced concentrations of free and micellized amphiphile
ions and counterions vs. the total surfactant concentration for aqueous
solutions of sodium p-octylbenzenesulfonate: m® = free surfactant
lon concentration; m/*® = free sodium ion concentration; m? =
micellized-surfactant concentration; m, ™ = micellar sodium ion
concentration; 3 = degree of counterlon binding (dashed line, no ob-
struction-effect correction, cf. text).

itatively the same behavior of m# was deduced in all cases:
At low concentrations m® equals m,?, then around the cmc
it has a broad maximum, and, when m.® is much larger
than the cmc, the free-amphiphile concentration falls well
below the cme. To illustrate the effects of different modes
of calculation, one can mention that the maximal m® may
vary at most between 12 X 107® and 15 X 103 m. At higher
total concentrations, the difference between different
procedures is smaller. Since D®* and D, approach each
other at higher concentrations, experimental errors then
produce large relative errors in m¢#. Similarly, at low
concentrations the large error in D¢ — D® propagates to
my®. The experimental uncertainty is estimated to in-
troduce errors in m¢ and m,® which are £(1 X 103-2 x
107%) m over the entire concentration range.

In Figure 2 we present the concentrations of free and
micellized surfactant as obtained in a calculation where
D¢ was corrected only for the intermicellar ion concen-
trations; although the problem of estimating D¢ is not
completely solved, we believe that this is the most satis-
factory approach. It can be seen that m¢® increases as m,*
at low concentrations, starts to deviate well below the cmc,
has a maximum approximating the cmc, and decreases
monotonously to values well below the cmc at higher
concentrations. my® starts to be significant below the cme
and increases after the cmc approximately linearly with
m,.

Counterion Self-Diffusion. The application of a two-
state model for the counterions can certainly be questioned
since it is known that micelle-counterion interactions are
nonspecific and long-range.* However, retaining a two-
state approximation in spite of the fact that a continuous
ion distribution is a preferable description can be defended
for two reasons. Firstly, a two-state model gives a very
convenient description of the counterion binding, for ex-
ample, as a function of concentration, solubilization, added
salt, etc. Secondly, recent theoretical calculations of the
Poisson-Boltzmann!® and the Monte Carlo type*° dem-
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onstrate that the counterion distribution is sharp enough
to make a two-state model a good approximation; bound
ions are in these calculations taken to be those which are
attracted by the micelle by more than 1 kT.
With a two-site model the concentration of bound
counterions is
DfNa - DNa
Na = =
My 8 — tha - mfNa = mm‘Na (5)

where m,N® is the total counterion concentration (allowing
for a case of added salt, see below). It is useful to introduce
the degree 8 of counterion binding as

B = myNe/my

The effective charge per micellized monomer is 1 - 8.

The problem of calculating m,, N2 lies mainly in estab-
lishing how to estimate D¢, It is evident that for the
counterions the micelles constitute an excluded volume
which by an obstruction effect reduces D/4; this ob-
struction effect was taken according to Wang.?? On the
other hand, the effect of interionic interactions was em-
pirically found to be negligible. The values of mNe, m_Ne,
and 8 so obtained are given in Figure 2. Included are also
8 values obtained without the obstruction-effect correction.
As with the amphiphile, alternative ways of estimating DN®
were also tried, but qualitatively the same results were
obtained. The error in 8 is very large around the cmc
because of large relative errors in both DNe - DNe and D&
- D*, However, the reduction in 8 with increasing sur-
factant concentration at low micelle concentrations is
certainly significant.

Considering Figure 2, the increase in m#® above the cmc
and the slower increase of mN® than of m,? are according
to expectation and without particular interest. What
should be noted is firstly that 8 is quite constant (at
0.55-0.60) over a wide concentration range (0.03-0.12 mol
kg™) and that 8 is somewhat higher at low than at high
micelle concentrations.

Additionally, we studied the effect on counterion dif-
fusion of adding NaCl, of ion competition (addition of
different alkali chlorides), and of solubilization of cyclo-
hexane, benzene, and octanol. Although micellar self-
diffusion was only studied in part of these conditions, the
concentration of bound and free counterions could be
rather reliably deduced. However, since amphiphile dif-
fusion was not studied, the concentration of micellar and
free amphiphile is unknown and 8 could not be reliably
obtained. In view of these limitations, these investigations
will only be briefly considered.

In Figure 3 we have plotted observed values of DN ag
a function of the surfactant concentration for three con-
centrations of added NaCl, i.e., 0.001 m (cmc = 0.0125 m),
0.01 m (0.0113 m), and 0.05 m (0.083 m). Given are also
the concentrations of free and micellar counterions cal-
culated as above by using a simple obstruction correction
to obtain D2, The general appearance of m¥® and mNe
is similar to that observed without added salt taking into
consideration the change in cme. Calculations of 8 give
ca. 0.5 for high surfactant concentrations for all three NaCl
concentrations irrespective of how m? is chosen. At lower
surfactant concentrations, 8 is ca. 0.5 throughout if a sharp
decrease in free-surfactant concentration is assumed at the
two higher NaCl concentrations. If a similar behavior of
m¢ is assumed as for the salt-free case, rather high (0.8-0.9)

(48) B. Jonsson, H. Wennerstréom, and B. Halle, J. Phys. Chem., 84,
2179 (1980).

(49) P. Linse, G. Gunnarsson, and B. Jonsson, J. Phys. Chem., 86, 413
(1982).
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Figure 3. Sodium ion self-diffusion coefficients in solutions containing

sodium octylbenzenesuifonate and sodium chioride (fixed at 0.001, 0.01

or 0.05 m) as a function of surfactant concentration. Lower part gives

the concentrations of free (filled symbols) and miceilar counterions
{open symbols) at 0.001 (@, O), 0.01 (M, O), and 0.05 (A, A) m.

TABLE I: Effect of Adding 0.050 m Alkali Chloride to a
0.050 m Sodium Octylbenzenesulfonate Solution on the
Sodium Ion Self-Diffusion Coefficient (DN2) and on the
Degree of Counterion Binding to the Micelles (8)

salt 10°DNa, bound

added m?s™! gNa Na* ions, %
none 0.844 0.60

LiCl 1.04 0.35 30.3
NaCl 1.11 0.59 (0.29) 25.3
KCl 1.13 0.27 23.6
RbCl 1.17 0.24 20.7
CsCl 1.30 0.13 11.4

¢ In this experiment twice as many Na* ions are bound
as under equibalent binding conditions for the other cases.
Therefore, the observed figure should be divided by two
in the comparison,

and sharply decreasing (with surfactant concentration) 8’s
are found for low surfactant concentrations. A choice
between these two possibilities cannot be made at present.

Results of additions of 0.050 m of the different alkali
chlorides to a solution containing 0.050 m SOBS are given
in TableI. m_ N and 8 were calculated by using measured
values of D, DN values obtained by making a simple
obstruction-effect correction and assuming m_® to be
0.0043 m throughout. (The latter assumption is without
greater importance in comparing the different counter-
ions.) There are only small differences in cmc among the
different counterions, but there are marked ion-competi-
tion effects. The larger the added bare ion, the lower is
the degree of Na* binding observed; i.e., ion binding in-
creases monotonously going from Li* to Cs* in the alkali
series.

In the solubilization studies, DN* was measured as a
function of added cyclohexane, benzene, and octanol for
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Figure 4. Sodium ion self-diffusion coefficients (31 °C) as a function
of added cyclohexane (O), benzene (), and octanol (A) for 0.08 m
solutions of sodium octylbenzenesulfonate. Lower part shows (3, the
degree of counterion binding.

0.080 m SOBS solutions. (These measurements were
performed at 31 °C, while all others were made at 33 °C.)
8 values were calculated as above by assuming DN® to be
1.41 X 10 m? 5! and m* to have a constant value of 0.0059
mol kg!. The DN2 and 3 values presented in Figure 4 show
above all that DN2 and thus also 8, is almost independent
of solubilization. One is really on the limit of being able
to discern any significant changes in 8. However, there
seems in all three cases to be a slight decrease in 3 for
intermediate amounts of solubilizate (molar ratio around
0.3). The increase in 8 at higher solubilizate concentration
may at least partly be an artifact due to the assumption
of a constant value of m®; in fact, ms is expected to de-
crease slightly on solubilization since solubilization should
stabilize the micelles.

Water Self-Diffusion. The translational motion of the
water molecules is retarded by the micelles by two mech-
anisms: the bulk of the micelles obstruct water translation
and water molecules have their mobility reduced because
of an “association” with the micelles. Water being the
solvent, it is not straightforward (and perhaps not even
meaningful) to make a separation into free and micelle-
bound water molecules. Thus, solvent molecules are close
to solutes even in the absence of strong attraction; cf. water
structuring around hydrophobic solutes. We may also
recall that there are many different ways of defining hy-
dration numbers and many experimental techniques which
can provide hydration numbers. On the other hand, it is
very difficult to interpret the hydration numbers obtained.
However, simple calculations from the self-diffusion data
may give limits of the hydration and therefore help in
deducing, for example, whether water penetrates into
micelles or not.

In a plot of D¥ vs. m,, the slope is about 15 times as large
below as above the cmc. Using the phase separation model
of micelle formation, one infers that the nonassociated
amphiphile is ca. 15 times as effective as the micellized
amphiphile in reducing water mobility. Recalling in ad-
dition that the nonassociated amphiphile has a mobility
about 6 times as high as the micellized one, we may es-

Lindman et al.

timate that the effective hydration number of an amphi-
phile ion in a micelle is almost a factor of 100 below that
of the free amphiphile. This simple estimate indicates that
on micellization the hydrocarbon chains of the amphiphile
are almost completely withdrawn from water contact. In
order to more quantitatively study this problem, we have
made calculations for the simple two-site model, i.e.

V¥ = wa - (nmm°/55.5)(wa - Dm) (6)

Here n is the average hydration number per amphiphile
ion of the micelle. The term referring to the nonmicellar
water molecules can be split into terms corresponding to
free water molecules, water molecules hydrating the free
amphiphile ions, and water molecules hydrating the free
sodium ions.® The two latter effects were taken into
account empirically. Thus, in the calculations we used the
deduced concentrations of free amphiphile ions and of
counterions (cf. above) to empirically correct D;* on the
basis of the pre-cmc data and the water self-diffusion data
of McCall and Douglass.? Furthermore, the simple ob-
struction effect was taken into account according to Wang®
using the micelle concentrations deduced above. The
calculations so performed gave hydration numbers in the
range 5-12 over the entire concentration range without any
significant variation with total amphiphile concentration;
however, the precision in the hydration number was found
to be quite low. Since the polar exterior of the micelle is
accessible to water and since varying degrees of water
penetration have been proposed in the literature (see be-
low), calculations were performed with different values of
the excluded volume, but this did not influence the general
picture obtained.

Although in our opinion the water self-diffusion results
give rather compelling evidence for a quite low micelle
hydration, it is essential to point out two major difficulties
in this type of study preventing us from obtaining any
more detailed insight. Firstly, one is monitoring a very
small relative change in water self-diffusion in the micellar
region (less than 10% up to 20 times the cmc) making the
experimental error quite significant in the calculations; on
the other hand, one can of course note that, had there been
a significant amount of water deep in the micelles, one
would have observed quite large effects. Secondly, water
being the solvent, its association with the micelles in terms
of a hydration number cannot be interpreted unambigu-
ously.

Co-ion Self-Diffusion. The concentration dependence
of D% is naturally much weaker than for the amphiphile
ions and the counterions and should mainly reflect re-
tardation of motion firstly through an interaction with free
counterions and secondly through an obstruction effect of
the micelles; because of electrostatic repulsions, one expects
the effective excluded volume sensed by Cl” ions to be
greater than the actual micellar volume. We have been
interested in estimating the radius of this excluded volume
of a micelle. To obtain this, we have deduced the former
effect, which is rather small, from Cl self-diffusion data®
of solutions of NaCl. Then we have calculated the volume
fraction excluded by using Wang’s equation.’? Finally, our
deduced values of m,* and of the average micelle aggre-
gation number have provided us with information on the
micelle concentration and then with the effective excluded

(50) The dramatic effect of free alkyl chains in retarding water diffu-
sion, which has been noted previously (for example, ref 18, 19, and 51),
corresponds to very large effective hydration numbers.

(51) H. G. Hertz, B. Lindman, and V. Siepe, Ber. Bunsenges. Phys.
Chem., 78, 542 (1969).

(562) D. W. McCall and D. C. Douglass, JJ. Phys. Chem., 69, 2001 (1965).

(53) B. Brun, Thesis, Faculté des Sciences, Montpellier, France, 1967.
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volume and radius of the micelle. Values of the radius so
obtained® are around 35 A at the lowest concentrations
and decrease monotonously to around 25 A at the highest
concentrations studied (0.15 mol kg™!). These values
should be compared with the radius of the “dry” micelle
estimated to be ca. 20 A and the radius of the hydrated
one estimated to be ca. 23 A.

Theoretical Calculations

One of the more interesting results of this study is the
decrease observed in free-amphiphile concentration above
the cme. A theory, based on the Poisson-Boltzmann
equation and the cell model of polyelectrolyte solutions,
which gives the same behavior has recently been pres-
ented.’® In order to compare the experimental results
reported here with the above-mentioned theory, hereafter
called the PB theory, we have done some calculations on
a model of salt-free p-octylbenzenesulfonate solutions.

For the sake of simplicity, we shall take the micellar size
distribution to be monodisperse, with micelles of aggre-
gation number 50. The micelle is assumed to be spherical
with a radius of 20 A. The micellar solution is divided into
spherical cells of equal size, radius r,, each cell containing
a micelle at its center. Because of the high micellar charge,
there will be an accumulation of counterions (sodium ions)
near the micelle and the free amphiphile ions will be re-
pelled. The distribution of the small ions is given by

-z;ey(r)
kT

where m, is the concentration of ion i at the surface of the
cell and z; its valence. ¥(r) is the electrostatic potential
at r, where r is the radial distance from the center of the
cell. Under given boundary conditions mi(r) is obtained
from a solution of the Poisson—-Boltzmann equation; for
details see ref 13.

The nonuniform ion distribution will influence the free
energy of a micellar solution and therefore also the chem-
ical potential of each species. The chemical potentials of
free amphiphile, ,f, and micellar amphiphile, u,, can be
expressed as

el = 10 + RT In (mo*My,0) ®
Ba® = 40 + u™(el) + kT In X,y ©)

()

mi(r) = myle

where 1,70 and 1, ™0 are standard chemical potentials,
My,0 is the molecular weight of water, and X, is the mole
fraction of micelle in a cell. u,™(el) is the electrostatic
contribution to the chemical potential of a micellar am-
phiphile, and it varies with both the cell radius and the
concentration of free amphiphile. For a detailed expression
for u,"(el) see ref 13.

After the chemical potentials of the free and micellar
amphiphiles are equated, the following equation is derived:

kT In X, + (2,0 = 4,f0) = kT In (me*Mpy,0) — u,™(el)
(10)
For a given cell radius, X, is given. Assume that the value
of ™0 — 40 is given. Both terms on the right-hand side

of eq 10 vary with the total concentration of free amphi-
phile, m# m and m® are related by

md = mo"fexp(—e\b/kT) dv 11)

where the integral is over the whole volume of the cell. m®

(54) Examples of values are as follows: m, < 0.056 mol kg!, 35 A; m,
= OAOG, 33 A; m, = 0.08,30 A; m, = 0.10, 28 A; m, = 0.12, 27 A; m, = 0.15,
25 A.
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Figure 5. Calculated concentrations of free and micellized amphiphile
ions and counterions vs. the total surfactant concentration as obtained
from the theoretical model (see text) using the Poisson-Boltzmann
equation for the electrostatic effects. (Notations as in Figure 2.)

(or my®) is now varied until eq 10 is fulfilled. The free-
amphiphile concentration m® and the total amphiphile
concentration m; can now be calculated.

This procedure is repeated for several values of r,, the
value of 4,0 - 1,0 being kept constant. m,® vs. m,® is
then plotted, and the intercept (extrapolated) is taken as
a value of the cmec. The cmc will depend on the value of
1,20 — 70, The value of u,™° — 50 is varied until
agreement with the experimental cmc is obtained. The
resulting plots of m# and m 2 vs. m,® are shown in Figure
5. It is seen that the decrease in m® above the cmc is in
nearly quantitative agreement with experiments. It has
previously been shown!® that, once the value of u,™° — 4,f0
has been fixed, it is possible to reproduce the changes in
cmc with salt concentration and with the change in
counterion valency.

An estimate of the degree of ion binding to a micelle,
8, can be obtained from the ion distribution. However,
the separation into free and bound ions is not unambigu-
ous, but different reasonable criteria can be utilized. These
criteria in turn depend on the experimental technique
considered. For the degree of ion binding as measured
through a transport property, 8., such as self-diffusion
coefficients, it is reasonable to consider ions with an
electrical energy, z;ey, larger than the thermal one, kT, as
moving with the micelle and bound. In a thermodynamic
measurement one measures the activity of the counterion,
which within the PB theory is m;N®, The degree of ion
binding as measured through a thermodynamic property,
B, can be written

B = (m® ~ 77101\1")/’77'1::1a (12)

In spectroscopic measurements like NMR, it is only ions
in the direct vicinity of the micelle that have spectroscopic
properties different from those of a micelle-free solution.
We therefore consider ions within a distance A from the
micelle as bound, and the degree of ion association defined
in this way is denoted S,

In Figure 6 we show how 8., 8,;, and 3, vary with total
amphiphile concentration. Whichever feﬁnition of B is
used, we see that the variation in 8 with m,® is quite weak,
thus justifying the assumption of a constant 8 often used
in the literature. (Theoretical calculations using the
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Figure 6. Calculated degree of ion binding, 5, vs. the total surfactant
concentration for solutions of sodium p-octylbenzenesulfonate. The-
oretical model used as in Figure 5; see text. Three different 3's are
given to mimic experimental conditions, l.e., 8, (thermodynamic
measurements), (3, (transport properties), and 8,; (spectroscopic
studies). For detalls, see text.

Poisson-Boltzmann equation have indeed demonstrated
a so-called counterion condensation behavior for spherical,
cylindrical, and planar surfaces having a high charge
density.1%%) The decrease in 8, obtained is in agreement
with experimental observations.

In conclusion, it is thus clear that the PB theory re-
produces well the main features of the experimental results
presented in this paper. For 8 there is some quantitative
difference between experiment and theory. This is not
surprising in view of the rather ambiguous separation into
free and bound ions. We have defined bound ions as those
for which z;ey/kT 2 1, but this limit can certainly be
discussed.

Concluding Remarks

The self-diffusion method can be seen to provide sig-
nificant information on several aspects of micelles. In
summarizing the different results obtained, we will cor-
relate them with results obtained by other methods.

The magnitude of the micelle self-diffusion coefficient
and its concentration dependence show that the micelles
are approximately spherical with a radius corresponding
to the length of the extended surfactant ion and with a
hydration corresponding to about one layer of water
molecules. This is in agreement with determinations of
micelle size by various techniques (for reviews, see ref 2-5).
The transformation from spherical to rodlike micelles is
now well established and has been shown to occur in the
presence of high concentrations of added salt®” (for exam-
ple, C;;80,Na + NaCl) or in the absence of added salt for
surfactants with long alkyl chains® (for example,
CeN*(CH,),Br).

The self-diffusion technique probably gives the first
direct demonstration that the concentration of free am-
phiphile ions decreases substantially above the cmec.’
From kinetic studies, Aniansson et al.® have previously
deduced a decreased monomer concentration above the
cme. Several authors have used surfactant-sensitive
electrodes to demonstrate a decreasing surfactant mono-
mer activity above the cme.5% This decreased monomer
concentration and activity is explained by the change in
the counterion distribution.!®> Thus, an enhanced con-
centration of free counterions stabilizes the micellar state
by leveling out the uneven counterion distribution. (This
is probably a better description than one in terms of the

(56) S. Engstrom and H. Wennerstrém, J. Phys. Chem., 82, 2711
(1978).

(56) F. Reiss-Husson and V. Luzzati, J. Phys. Chem., 68, 3504 (1964).

(57) 8. G. Cutler, P. Mears, and D. G. Hall, J. Chem. Soc., Faraday
Trans. 1, 74, 1758 (1978).

(58) E. Vikingstad, J. Colloid Interface Sci., 72, 68 (1979).
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free counterions screening the unfavorable electrostatic
repulsions.) The theoretical analysis based on the Pois-
son-Boltzmann equation is indeed able to predict the
various features of Figure 2. Of these, that of a decreasing
monomer activity and concentration above the ¢cme for
ionic surfactants is not yet spread to a wider audience. The
large fall in free-monomer concentration above the cme
is an effect that should be strongest in the absence of
added salt and would decrease considerably in the presence
of appreciable salt concentrations.

The free-counterion concentration increases naturally
at a slower rate above than below the cme. The degree of
counterion binding, 8, is approximately constant over wide
concentration ranges as predicted by simple ion conden-
sation theory.® Many different NMR experiments have
also demonstrated an ion condensation behavior for sur-
factant systems.*!? Interestingly, we observe, perhaps for
the first time, 8 to be significantly higher at low than at
high micelle concentration. This is exactly as predicted
by the theoretical calculations based on PB theory and
may be explained by an increasing total free-ion concen-
tration screening the ionic repulsions at the micellar sur-
face. With increasing free-ion concentration, the range of
the decreased electrostatic potential is reduced, and thus
the volume in which the interaction energy exceeds the
thermal energy is also reduced. The closer approach of
micelles to each other at higher concentration also reduces
the electric potentital differences between the micellar
vicinity and the bulk of the solution; this effect should,
however, be insignificant at the concentrations of interest
here.

The strong competition between the different alkali ions
(Table I) is interesting. To understand this, one has to
go beyond the simple theoretical model used and consider
ion size and ion hydration. In the present case, binding
increases with decreasing counterion hydration. A similar
dependence on hydrated counterion size has been noted
for alkali dodecyl sulfates concerning both the cmc® and
the sphere-to-rod transition.5!

The generally accepted picture of a micelle is one with
a liquidlike hydrocarbon interior and with water contact
for the surfactant only for the outermost methylenes. The
water self-diffusion data of this study, although not pro-
viding precise hydration numbers, gives very direct support
for this view, while it is inconsistent with suggestions®253
of a significant water penetration deep (several methy-
lenes)® into micelles. Several other recent studies using
a variety of experimental methods are also in conflict with
this water penetration. Two recent NMR studies have
particularly provided insight into these matters, one
looking from the alkyl-chain side and one from the water
side. Cabane,® in studies of the effect of paramagnetic
ions on the ®C and 'H nuclei of amphiphile alkyl chains,
could demonstrate that the water—hydrocarbon contact is

(59) G. S. Manning, Q. Rev. Biophys., 11, 179 (1978).

(60) P. Mukerjee, K. J. Mysels, and P. Kapauan, J. Phys. Chem., 71,
4166 (1967).

(61) P. J. Missel, N. A. Mazer, M. C. Carey, and G. B. Benedek in
“Solution Chemistry of Surfactants—Theoretical and Applied Aspects”,
E. J. Fendler and K. L. Mittal, Eds., Plenum Press, New York, in press.

(62) F. M. Menger, J. M. Jerkunica, and J. C. Johnston, J. Am. Chem.
Soc., 100, 4676 (1978).

(63) F. M. Menger, Acc. Chem. Res., 12, 111 (1979); J. Phys. Chem.,
83, 893 (1979); F. M. Menger and B. J. Boyer, J. Am. Chem. Soc., 102,
5938 (1980); F. M. Menger and J. M. Bonicamp, ibid., 103, 2140 (1981).

(64) F. M. Menger et al. state that water penetrates significantly up
to at least the first seven methylene groups.®? However, such a conclusion
may be questioned.5:%5

(65) H. Wennerstrém and B. Lindman, J. Phys. Chem., 83, 2931
(1979).

(66) B. Cabane, J. Phys. (Orsay, Fr.), 42, 847 (1981).
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limited to the surface of the micelles.5” (Furthermore, this
study®® nicely demonstrated the liquidlike interior of
micelles in contrast to a recent proposal® to the contrary.)
Halle and Carlstrom,* from water 170 relaxation data,
could demonstrate that the water—hydrocarbon contact in
several ionic micelles is equivalent to less than two fully
exposed methylene groups. °F relaxation in H;O and D,0
of fluorinated chains is also inconsistent with a deep water
penetration into micelles.®®

At low amphiphile concentrations co-ions stay away from
the micelles, while at higher concentration the effective
excluded volume decreases markedly. This is in qualitative

(67) In contrast to Menger et al.,’2 Cabane did not introduce a polar
probe into the alkyl chain. A polar probe may perturb the micelle interior
and/or not be confined to the interior of the micelle.

(68) P. Fromherz, Chem. Phys. Lett., 77, 460 (1981).

(69) J. Ulmius and B. Lindman, J. Phys. Chem., 85, 4131 (1981).

agreement (and should be amenable to quantitative tests)
with results of theoretical calculations on the basis of the
Poisson-Boltzmann equation and can be interpreted as a
combination of two effects: (a) with increasing free-
counterion concentration (and thus total free-ion concen-
tration), the range of the electric interactions is reduced
and the co-ions are repelled to a smaller extent; (b) with
decreasing distance between the micelles, the depths of the
potential minima between micelles become smaller, which
might be called an electric double layer repulsion.
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Henry’s law constants, Ky = K° + K, X, have been measured as a function of concentration for the water-rich
and benzene-rich solutions CgHg/H,0 and CgHg/D,0 and for the water-rich solutions C¢gDg/H,0 and C¢Dg¢/D,0
at several temperatures. The constants K° and K, are sensitive to temperature and to isotopic label. The vapor
pressure results have been supplemented with measurements of the apparent molar volumes of the solutions
listed above, as well as for HyO- and D,0-rich solutions of toluene and deuteriotoluene, and with determinations
of the solubilities and solubility isotope effects of the toluene solutions. The data have been interpreted in
the context of the theory of isotope effects in condensed-phase systems. That analysis indicates that a significant
dynamical vibrational coupling between solute and solvent normal modes occurs in these solutions. The result

is of interest particularly as it pertains to models of the hydrophobic interaction.

Introduction

A number of the solute-solute and solute—solvent in-
teractions which occur in aqueous solutions of hydro-
carbons or solutions of molecules containing hydrocarbon
groups are broadly described, rather labeled, as the
“hydrophobic effect”.! A proper and quantitative un-
derstanding of solutions exhibiting the hydrophobic in-
teraction is of importance in the application of physico-

chemical theory to some important problems, including .

the determination of conformation of biopolymers in
aqueous solution, the thermodynamics of hydrocarbon/
detergent/water systems found in oil recovery, and others.
Tucker and Christian? (TC) have pointed out that the
benzene/water system forms an excellent prototype model
for the hydrophobic interaction. These authors reported
vapor pressure measurements for the CgHg/H,0 system
at 35 °C together with the Henry’s law constants derived
from them, finding Ky; = 8.527 X 105 - (3.07 X 10)Xg in
pressure units of torr. The contribution of the term de-
scribing the first-order deviation from Henry’s law, fg =

tN.M. is responsible for the major part of the work on toluene/
water systems.

KyuXpg, amounts to nearly 4% at saturation (4.4 X 107 =
Xg). The result is mildly surprising in view of earlier
claims that Henry’s law is obeyed reasonably well as far
as the solubility limit.*® Rossky and Friedman’ (RF) have
published an interpretation of the observations reported
by TC and concluded that the experimental results are in
reasonable accord with model calculations earlier reported.?
In view of widespread interest in the hydrophobic effect,
and because of the conflict between the results of TC and
the earlier claims,*® we concluded that independent con-

(1) Kauzmann, W. Adv. Protein Chem. 1959, 14, 1. Franks, F. Water:
Compr. Treatise 1978, 4, 1-94.

(2) (a) Tucker, E. E.; Christian, S. D. J. Phys. Chem. 1979, 83, 426. (b)
Tucker, E. E.; Lane, E. H,; Christian, S. D. J. Solution Chem. 1981, 10,
1

' (3) Green, W. J.; Frank, H. S. J. Solution Chem. 1979, 8, 187.
(4) Ben-Naim, A.; Wilf, J., Jr.; Yaacobi, M. J. Phys. Chem. 1973, 77,
95

(5) Ben-Naim, A.; Wilf, J. J. Chem. Phys. 1979, 70, 771.

(6) Franks, F.; Gent, M.; Johnson, H. H. J. Chem. Soc. 1963, 2716.
(7) Rossky, P. J.; Friedman, H. L. J. Phys. Chem. 1980, 84, 587.
(8) Friedman, H. L.; Krishnan, C. V. J. Solution Chem. 1973, 2, 119;
1974, 4, 727. Ramanathan, P. S.; Krishnan, C. V.; Friedman, H. L. Ibid.
1972, 1, 237. Friedman, H. L.; Krishnan, C. V,; Jolicoeur, C. Ann. N. Y.
Acad. Sci. 1973, 204, 79.
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