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a of the micelles to solubilize picric acid. Clearly, the few eligible
micelles may differ from the majority in shape and physical size.
The differences may arise due to fluctuations in water content
and aggregation number.

(b) Bimodal Solubilization. In this description it is assumed
that both the 6-mer and the 14-mer can incorporate HP

A6 + HP _ AG’HP Ksl (13)
A, +HP= A, HP K, (14)

where A¢HP and A,,HP are the colored species, with identical
spectroscopic properties. Similar to the situation discussed in the
preceding section, in order to be able to simulate the experimental
results in Figure 4, again one is forced to assume that only a
fraction a; of Ag and a fraction a, of A, are eligible for solu-
bilization. Then, equations can be written for K;; and K,,, as well
as for [Ag:HP] and [A,,HP), similar to eq 10 and 11, respectively.
The solid curve in Figure 4 was computed by using the optimal
values of the adjustable parameters that are summarized in Table
ITI. An equally good fit can be obtained if one assumes o, = a3,
but such a condition is difficult to justify physically.
Alternate models, in which the idea of fractional eligibility for
solubilization is substituted by other hypotheses, were also tested,
unsuccessfully. For example, none of the following assumptions
or combinations thereof leads to acceptable results: (i) only one
type of micelle, the 6-mer or the 14-mer, can solubilize HP; (ii)
both types can solubilize picric acid, but only one of the products,
A¢HP or A, HP, contributes to the optical absorption in the
visible range; (iii) both micelle types can solubilize HP, but an
indicator-induced micelle formation (eq 15) takes place simul-

IA + HP = A,-HP (15)
taneously, where / 5 m,n; (iv) the solubilization process involves
the substitution of HP for a surfactant monomer (e.g., eq 16).

A,+HP=A |HP+ A (16)

With reference to the optimal values of the parameters found
for the bimodal solubilization model (Table III), the results in-

dicate that picric acid is more stable in the 14-mer than in the
6-mer (K;; «< K,,) and that a larger fraction of the 14-mer is
eligible for solubilization than the 6-mer (a; < ay).

Summary

The investigation of Aerosol-OT reversed micelle in benzene
reveals that the equilibrium behavior of the system can be best
characterized either by an empirical description as a monomer
(single) micelle association (where the mean aggregation number
of the micelle is # = 11.6) or by a bimodal monomer—6-mer-
14-mer equilibrium model. The experimental results indicate that,
in agreement with findings on similar systems,!!® aggregation starts
already at surfactant concentrations as low as 10°-10"5 M.
According to the empirical description, the monomer concentration
has a constant value of [A], = 4 X 10* M at surfactant con-
centrations of Caor = 1072 M. In this picture, [A], can be
regarded as the operational cmc of the system. The concept of
the operational cmc is absent from the bimodal equilibrium model,
where the concentration of all species present increases with Cyor.
In contrast to the bimodal model, the single micelle description
cannot be quantitatively related in a simple way to any association
equilibria that may lead to micelle formation.

Either of the two micelle formation models can serve as the
basis for the quantitative description of the solubilization of picric
acid in AOT-benzene reversed micelles, where only a small
fraction of the aggregates is eligible to accept the substrate. The
fractional eligibility can be understood in terms of a multidi-
mensional distribution, where only micelles with a certain ag-
gregation number, pool size, and perhaps shape may accommodate
picric acid. The solubilization equilibria formally led to expressions
that indicate that the solubilization process can be regarded as
adsorption of picric acid by the micelle.
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Abstract: Concentration-jump kinetic results on the penetration of picric acid probe molecules into reversed micelles of Aerosol-OT
in benzene (containing 0.03% w/w water) reveal the presence of at least four distinct rate processes. One of the relaxation
times is in the submillisecond and the others are in the millisecond range. A physical interpretation is presented which is in
agreement with the equilibrium descriptions of the system. The formal kinetic treatment allows the computation of the rate
parameters which provide the best fit with the experimental results. Numerical values of most of the rate and equilibrium

constants involved are reported.

In a recent paper,! we reported preliminary results on the
kinetics of the penetration of picric acid probe molecule into
reversed micelle of Aerosol-OT in benzene. Aerosol-OT (AOT,
bis(2-ethylhexyl) sodium sulfosuccinate) is a typical anionic

(1) Part 1. Tamura, K.; Schelly, Z. A. J. Am. Chem. Soc. 1979, 101
7643-7644.

(2) Part 2: Tamura, K.; Schelly, Z. A. J. Am. Chem. Soc., preceding paper
in this issue.

(3) R. A. Welch Postdoctoral Fellow. On leave of absence from the
National Defense Academy, Yokosuka, Japan.

surfactant that forms reversed micelle in apolar solvents. Reversed
micelles can be characterized as aggregates of amphiphilic
molecules, with their polar head groups concentrated in the interior
of the aggregates while their hydrophobic groups extend into the
surrounding apolar solvent. The polar head groups may dip into
a water pool that usually forms the core of the micelle. Either
the water originates from the solvent (where a small amount
remains even after careful drying) or it is added on purpose.

Picric acid is colorless in benzene, but it turns yellow when it
reaches the polar interior of the reversed micelle after mixing.

0002-7863/81/1503-1018801.25/0 © 1981 American Chemical Society
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Figure 1. Dependence of the reciprocal relaxation times 7;! on the
surfactant concentration Cpor at 25 °C and Cyp = 107° M: O, 771/3;
O, 727 A, 107,71, Each point represents the mean value of the data
obtained in at least five repeated experiments. The simulated values of
71 are given by the solid curves. The dashed line for 7,! is the exper-
imental one. The concentrations are given for after mixing.

Monitoring the spectral change allows the investigation of the
dynamics of the penetration of the probe into the aggregate.
Further extensive kinetic studies have revealed that at least four
distinct rate processes characterize the solubilization of the probe
by AOT micelles, two more than we originally reported.! For the
interpretation of the results, a comprehensive equilibrium study
of the system had to be undertaken, which is discussed in the
preceding paper.?

In the present work the detailed analysis of the dynamics of
the solubilization of picric acid by AOT reversed micelle in benzene
(containing 0.03% w/w water) is discussed. The analysis is based
on the equilibrium description? of the micelle formation and the
solubilization.

Experimental Section

Chemicals. The surfactant Aerosol-OT, the solvent benzene, and the
picric acid indicator were purified as reported previously.!? All other
chemicals were reagent grade.

Apparatus. The stopped-flow apparatus used, equipped with a 2-cm
path length observation cell, has already been described.* To improve
vibrational insulation of the light source from the stopping shock as well
as to simplify the optical alignment procedure, we introduced a glass-fiber
optic light pipe between the monochromator and the observation cell.
Since the analyzing light beam is not collimated as it passes through the
observation cell and the reciprocal linear dispersion of the instrument is
different from that of typical recording spectrophotometers, the effective
path length / of the observation cell (1.38 cm) is different from its
physical value (2 cm). This fact is important when absorbances measured
on the stopped-flow apparatus are compared with those obtained on
spectrophotometers. At a driving pressure of 5 atm and at 2 mixing
volume ratio of 1:1, the dead time of the instrument is 1 ms. The solution
reservoirs, sample syringes, and the observation cell were thermostated
at 25 £ 0.1 °C,

Results and Discussion

Several different types of concentration-jump® and solvent-jump®
experiments were carried out, the results of each of which con-
tributed to the illumination of the mechanism.

Concentration-Jump Experiments (Type I). Picric acid in
benzene (2.0 X 10-° M) was rapidly mixed with an AOT~benzene
solution. The decrease of the transmitted light intensity at A =
422 nm (which corresponds to an absorption peak of the final
solution?) was monitored on the oscilloscope. All the oscilloscope
traces observed (including the ones of the type II experiments in
the next section) could be represented by a sum of exponentials,

(4) Wong, M. M.; Schelly, Z. A. Rev. Sci. Instrum. 1973, 44, 1226-1230.

(5) Chao, D. Y.; Schelly, Z. A. J. Phys. Chem. 1978, 79, 2734-2736.
Schelly, %(.)A.; Chao, D. Y. Adv. Mol. Relaxation Interact. Processes 1979,
14, 191-202,
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Figure 2. Relaxation signal amplitudes ¢; as a function of Cpor at 25
°C and Cyp = 107 M: O, ¢1; O, ¢ A, ¢
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Figure 3. Total relaxation amplitude vs. Cygr at 25 °C and Cyp = 10°°
M: (1) sum of the three relaxation amplitudes observed, i.c., 37u105 (2)
the total signal amplitude expected from the absorption change on mixing
the solutions (calculated by using eq 2).

from which the relaxation time 7; and relaxation signal amplitude
¢; of the individual processes i were obtained. The two quantities
are related by eq 1 where T is the transmitted light intensity I(z)

A/l = ;¢i exp(=t/ 1)) N

at the final equilibrium and A[ is the deviation of I(¢) from I (i.e.,
Al=10-1).

Figures 1 and 2 show the reciprocal relaxation times 7,”! and
¢; as a function of the surfactant concentration C,or (after
mixing), respectively. The change of the picric acid concentration
in the range of (0.5-1.0) X 1075 M has no effect on r,. The fastest
of the three processes shown (7,) can be observed only at Cyqr
2 4 X 10" M, and ™! is practically independent of the surfactant
concentration. The signal amplitude ¢, has a flat maximum at
6.5 X 10* M AOT. The second process is observed over the entire
AOT concentration range studied ((0.2-8) X 107} M), and r,!
is practicallay independent of Caor; ¢, has a maximum at Cagr
= 2.5 X 10 M. The slowest process can be observed only at low
surfactant concentrations (Caor < 3 X 1073 M). The reciprocal
relaxation time 737! increases with the AOT concentration, and
@3 has a maximum around Cyor = 1.8 X 103 M.,

The presence of at least one more process (7,), which is too
fast for observation by the stopped-flow apparatus, can be con-
jectured from a comparison of the total observed signal amplitude
2.:¢; with the one that should be expected on mixing the picric
acid and AOT solutions. The expected total signal amplitude
(AI/D), can be calculated from eq 2 where Cyp is the analytical

(AI/ D,y = exp(2.303elCyp) — 1 2)
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concentration (after mixing) and z is the known apparent molar
decadic extinction coefficient? of picric acid, respectively; I stands
for the effective (calibrated) path length of the observation cell
of the stopped-flow apparatus. As evident from Figure 3, about
half of the total absorption change on mixing takes place too
rapidly for observation, during the dead time of the instrument.
Besides the four processes discussed, no additional very slow
reaction takes place, as tested in long-time experiments up to 1
h.

Concentration-Jump Experiments (Type II). Two AOT-
benzene solutions of the same concentration were mixed, where
one of the solutions contained also picric acid (2.0 X 10~5 M).
Thus, in such experiments only Cyp is “jumped”. Two relaxations
can be observed in the AOT concentration region not higher than
3 X 107> M (the absorbance increases with time), while no re-
laxation is present at higher C,or. This critical concentration
is near the saturation point of the absorption peak height,? which
in fact presents a clear indication for complete solubilization of
all picric acid by the micelles above Coor = 3 X 1073 M in one
of the solutions, already before mixing. The relaxation times
measured (and their concentration dependence) are very similar
to 7, and 73 obtained in the type I experiments, but the signal
amplitudes, of course, are less than half of those values of the type
I. Since the AOT concentration is kept constant before and after
mixing, the kinetic processes observed should be related to the
solubilization of HP by the micelles rather than the formation—
decomposition process of the micelles.

From the similarity of the results of the type I and II exper-
iments, one may conclude that the kinetic data in Figures 1 and
2 are associated with the solubilization of the picric acid probe
into the AOT micelles. In both types of experiments, only an
increase of the absorbance with time was observed which corre-
sponds to the increase in concentration of the solubilized indicator.
From this fact, as well as from the conclusions of the type II
experiments, it follows that the formation—decomposition process
of the reversed micelle must reach equilibrium much more rapidly®
than the solubilization process. If the opposite were true, the
absorbance should have decreased in the type I experiments, and
no relaxation should have been observed in the type II ones.

Solvent-Jump Experiments. Solutions containing both 2.0 X
1075 M picric acid and 10#-10"2 M AOT were rapidly diluted
with pure benzene in the stopped-flow apparatus. The fact that
no relaxation could be observed in the time range of 1073-5 s
indicates that the solubilized indicator is too stable to be signif-
icantly perturbed by a twofold dilution.!

Physical Picture. In order to develop a physical picture of the
penetration of picric acid into AOT reversed micelles, we must
recall some of the characteristic features of the kinetic and
equilibrium? results.

(i) There exists a very rapid solubilization step that occurs
during the dead time of the stopped-flow experiments.

(ii) The relaxation time 7, is constant over the whole AOT
concentration range studied. Therefore, it is plausible to consider
that the solubilization process involves at least one first-order step.

(iii) The slowest relaxation process (73) disappears at Caor =
4 X 107 M, but the fastest process (r,) can be observed only in
this concentration range. The boundary concentration is clearly
above the saturation point where almost all of the picric acid is
solubilized by the micelles in the final equilibrium solution.?

(iv) As to the species present in the solution and their equi-
librium distribution, in the previous equilibrium study we arrived
at two possible descriptions of the system. One of them is based
on an empirical method, resulting in a single micelle model (with
mean aggregation number 7 = 11.6). The other one is a bimodal
micelle model with two types of aggregates: 6-mer and 14-mer.
This model is based on simple aggregation equilibria. Figure 4
shows the population distribution of all (but the monomer AOT)
species present at Cyp = 1075 M. The individual concentrations
were computed on the basis of the bimodal model.

(6) Eicke, H. F.; Hopmann, R. F. W.; Christen, H. Ber. Bunsenges. Phys.
Chem. 1975, 79, 667-673.
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Figure 4. Equilibrium concentrations of the species present in AOT-
benzene solution containing 10~ M picric acid at 25 °C: [HP], free
picric acid in the bulk solution; [A¢], those free 6-mers which are eligible
for solubilization; ([Ag¢HP’] + [A¢HP]), 6-mer containing a picric acid;
[A,4], those free 14-mers which are eligible for solubilization; ([A,+HP’]
+ [A,+HP]), 14-mers containing picric acid. See eq 4 and 5 and the
subsequent explanation for the identity of the species.
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Figure 5. Distribution of water in AOT-benzene solution containing
0.03% w/w water: C,/Caor, number of water molecules per AOT
molecule (the value of C,/Cpor is 1 at Caor = 14.6 X 1072 M); ¢n,, and
14w, average number of water molecules solubilized in the 6-mer and
14-mer, respectively; w7, average number of water molecules per micelle
(single micelle model).

(v) Further, we showed that only a small fraction of the micelles
(a in the single micelle model, and «, for the 6-mer and «, for
the 14-mer in the bimodal model) is eligible for solubilizing picric
acid.

(vi) The solubilization equilibria can be related to a Lang-
muir-type adsorption isotherm, enabling us to view the solubili-
zation as an adsorption at the interior surface of the reversed
micelle.

(vii) Another important characteristic of reversed micelles which
must be taken into account is the amount of water solubilized in
the micelles, i.e., the size of the water pools.” The solvent benzene
used contains 0.03% w/w water,® which is less than half of the
saturation concentration.” In AOT-benzene solution the water
may be partitioned between the bulk solvent and the pools of the
micelles. No quantitative information is available on the parti-

(7) Menger, F. M.; Donohue, J. A.; Williams, R. F. J. Am. Chem. Soc.
1973, 95, 286-288. Menger, F. M,; Saito, G. Ibid. 1978, 100, 4376-4379.

(8) Herrmann, U.,; Schelly, Z. A. J. Am. Chem. Soc. 1979, 101,
2665-2669.

(9) Englin, B. A; Platé, A, F.; Tugolukov, V. M.; Pryanishnikova, M. A.
Khim. Tekhnolog. Topl. Masel 1968, 10, 42-46.
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Figure 6. Schematic representation of Aerosol-OT reversed micelie in
benzene, showing only one surfactant molecule dipping into the water
pool. The open circles symbolize oxygen, and the solid ones sulfur. (a)
Dilute scs)lution, Caor < 4 X 107 M; (b) concentrated solution, Cyor >
4% 1073 M.

tioning. In order to obtain an estimate of the average pool size
as a function of C,or, One can assume that all the water is in-
corporated by the micelles, and the water-solubilizing ability of
each micelle is proportional to the number of surfactant monomers
in the aggregate. Thus, for the bimodal micelle model, the average
number of H,O molecules per 6-mer, ¢n,, and per 14-mer, 147,
is given by eq 3 where C, and [A;] are the molar concentrations

stw = 6Cy/(6[A¢] + 14[A4]) 3)

= 14C, /(6[Aq] + 14[A4])
of H,O and the aggregates, respectively. Figure 5 shows the
number of H,O molecules per AOT molecule C,,/Cpor as well
as ¢, and 141, as a function of C,or. For the single micelle model,
the average number of water molecules per micelle M, yn, =
C,/IM1], is included in the diagram as well. Here, we must notice
that the water-solubilization capacity of AOT in hydrocarbons
is limited.)® For example, we found that 0.1 M AOT in benzene
cannot solubilize more than between 1.1 and 2.2 M of water. The
curves in Figure 5 were constructed with provision to the solu-
bilization limit.

With the consideration of the points above, Figure 6 gives a
schematic representation of the AOT reversed micelle. On the
basis of the information available, a physical picture of the sol-
ubilization evolves which can be consolidated with either of the
two micelle models, with only slight modifications. In dilute AOT
solution (below Cpor =~ 4 X 1073 M), apparently there is enough
water present to hydrate all polar groups (COO and SO Na*)
of AOT in the micelle (Figure 6a). When picric acid from the
bulk solvent penetrates the micelle, the indicator first reaches one
of the carboxyl groups, where it adsorbes in a very rapid step. This
process may correspond to the first color change!! (7,) that is too
fast for observation by the stopped-flow instrument. In a second
step, HP moves further into the interior of the micelle, and finally

(10) Frank, S. G.; Zografi, G., J. Colloid Interface Sci. 1969, 29, 27-35.
(1 12 In order to reconcile the new kinetic and equilibrium spectrophoto-
metric® results, we have to revise our previous assumption' about the spectral
properties of the indicator attached to a COO group of the micelle. The
species is symbolized by DMs in ref 1 and by M-HP” or A-HP’ in the present
work. Now, the complex is assumed to be colored, with the same spectral
properties as HP adsorbed further inside at the interface of the pool of the
micelle (M-HP or A-HP).
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adsorbs at a hydrated sulfonate group of the micelle in the pool.
The desorption—adsorption process involved is assumed to be slow.
The two slower relaxations, 7, and 73, may be associated with this
step, with respect to the penetration of the 14-mer and 6-mer for
the bimodal micelle model. If the empirical single micelle model
is used, some alteration of the formal mechanism is required (see
the section on Semiquantitative Formal Treatments for details),
which, however, does not change the course of events for the probe.

At AOT concentrations above 4 X 10-* M, with the shrinkage
of the pool size (Figure 5), there is not enough water present any
more to hydrate all of the polar groups in the micelle. Conse-
quently, part of the carboxyl groups are dehydrated (Figure 6b).
When the HP and AOT solutions are mixed, some of the picric
acid rapidly adsorbs to those carboxyl groups which still possess
hydrate water (7). But then, the replenishment of the water pools
becomes rate determining. The H,O content of the picric acid
solution becomes the source of water for the micelles, after the
solutions are mixed. Thus, in the second step, the rate-determining
process of the color change is the solubilization of water from the
bulk solvent into the micelles. The fastest relaxation observed
(7,) may be associated with this step. Indeed, the 7, process is
actually a slowed-down version of the 74 process. Such an as-
signment for 7, is supported by the fact that at high surfactant
concentrations the fast relaxation disappears if the water content
of the AOT solution is increased already before mixing with HP.
Also, the rate of penetration of water into the micelle compares
reasonably with the much slower water transport across vesicle
bilayers.!?

Semiquantitative Formal Treatments. Without the knowledge
of the actual distribution of the aggregation numbers and the water
content of the micelles, several approximations must be made to
obtain numerical values for the rate parameters involved in the
processes 7, and 7;. On the basis of the arguments of the previous
section, the simplest reaction schemes are presented which are
in agreement with the single and the bimodal micelle models. So
that the number of adjustable parameters could be minimized,
as a first approximation, ordinary linearized relaxation treatment
is used, although the concentration-jump perturbation in our
experiments is not strictly small.

(i) Bimodal Micelle Model. With reference to the equilibrium
results? and the physical picture developed, the penetration of the
6-mer and 14-mer by HP can be written as eq 4 and 5, where HP

KO] kl

Ag+ HP =— A, HP - AgHP 4)
-1
K k2

A4+ HP =— A ,HP - A+HP (5)
2

is the free picric acid in the bulk solution, A, are the aggregates
eligible for the solubilization of the probe, A-HP’ represents the
micelles with picric acid adsorbed at a carboxyl group of AOT,
and A-HP represents the ones with HP adsorbed at a sulfonate
group.’* The first steps in eq 4 and 5 are considered very rapid
(7¢; and in the high concentration range also 7,) and to be in
equilibrium at all times as compared with subsequent steps. Since
the solubilization has been shown analogous to the Langmuir-type
adsorption,? it is assumed that the entrance of the probe into the
micelle does not shift the micellization equilibria. Since the
concentration maximum of the total of Ag¢HP plus AgHP (Figure
4) is the same AOT concentration range where the slowest re-
laxation occurs (Figures 1 and 2), 7, is ascribed to process 4 and
7, to process 5. Because of the observed concentration dependence
of 73, it is reasonable to assume that the concentration of A¢HP’
is much lower than that of A¢HP and can be ignored compared
with the latter.

(12) Lawaczeck, R. Ber. Bunsenges. Phys. Chem. 1978, 82, 930. Pene-
tration of water into the AOT reversed micelle is ca. 50 times as fast as that
across lipid vesicle bilayers.

(13) In ref 2 we did not have to distinguish between A-HP and A HP;
hence, only the unprimed symbol was used for the collection of the two species.
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Table I. Kinetic Parameters for the Solubilization of Picric Acid
into Aerosol-OT Reversed Micelles

(i) Bimodal Micelle Model?

Kok, , M 57! 10¢ k,,s™! 9.6
k_,s! 2.8 k_,,st 26
Ky M 5.6 x 107

(i) Single Micelle Descriptionb
k,,s™! 2.3 ks 2.4
k_,,s™! 0.9 k_, 8! 34
Ko, M™! 2.3x10°

% The equilibrium parameters used are as follows*: o, = 0.064;
a, = 0.095; K, = 3.6 X 105;and K¢, = 7.7 X 107. ® The equil-
ibrium parameters used are? « = 0.10 and K;= 6.8 X 10°.

From the above reaction scheme, the rate equations are given
by eq 6. After linearization by the usual procedure, the relaxation

d[A¢HP] /dt = K 1k [Ag] [HP] - k_,[A¢HP]
d[A\¢HP]/dr = ky[A\+HP'] - k_,[A 4+ HP] (6)
times are given by
1/7 = (an + ap)/2 % [[(an — a22) /2]* + aypan]'’? (7)
where
an = Kok [Agl(1 + K,[HP]) /(1 + 5) + ky
ap; = Kojki[Ag] /(1 +5)
an = Kuky[An]/(1 + )
Ay =kys/(1 + )+ k, 8)
with
s = Koy([A4] + [HP]) %)

From the equilibrium relations, the known solubilization con-
stants? K, and K, can be expressed as

Ko = Ky(l + ky/koy) = Kok /K.
Ks2 = 02(1 + k2/k—2) (10)

where the approximation k,/k_; » 1 corresponds to the low
concentration assumed for A¢:HP’. Thus, the relaxation times
7, and 75 can be calculated from eq 7-10 with the use of assumed
values of K5, Kk, and k,. If the adjustable parameters are
optimized by minimizing the relative standard deviation between
the observed and computed values of the relaxation times, the solid
curves in Figure 1 are obtained. The fit is excellent for 7,71, and,
considering the simplicity of the assumed mechanism and the
approximations involved, acceptable for 7;'. Table I summarizes
the kinetic parameters obtained together with the equilibrium
parameters used in the computations.

(ii) Single Micelle Description. The simplest and most plausible
solubilization scheme to interpret 7, and 73 by this micelle model
can formally be written as

ky
M ==M (11)
Ke ks
M’ + HP == M-HP' = M:HP (12)

Ineq 11 and 12 both M’ and M are micelles eligible to solubilize
picric acid. However, M’ is assumed to be penetrable much more
rapidly than M. The reason for this may be a difference in actual
aggregation number or pool size. M-HP’ and M-HP are micelles

Tamura and Schelly

in which HP is adsorbed at the carboxyl and sulfonate groups,
respectively. Similar to the bimodal case, the first step in eq 12
is assumed to be very rapid (7¢; and in the high concentration range
also 7,) in comparison to the other reactions. The coupled rate
equations are given by

d[M]/dt = k,[M’] - k4 [M] (13)
d[M-HP] /dt = k,[M-HP'] - k_,[M-HP] (14)
Again, the linearized relaxation treatment results in two relaxation

times (7, and 7;) expressed by eq 7. Here, the g, terms are the
following:

ay = k(1 + KM /(1 +5) + k

ap =k /(1 +5)
a3 = kK[HP] /(1 + 5)
ay =kys/(1+5)+ k, (15)
with
s = K([M'] + [HP]) (16)

The relaxation times 7, and 7; may be associated with the reactions
11 and 12, respectively. In this reaction scheme, the known
solubilization constant® K, can be expressed as

K, =Ko(l + ky/k) /(1 + ky/ky) a7

The reciprocal relaxation times 757! and 757! can be simulated by
using eq 7 and 15-17 and with the four rate constants k;in (11)
and (12) as adjustable parameters. The computational procedure
is the same as described in the previous section. Figure 1 shows
the calculated values as solid lines. Possibly because of the larger
number of adjustable parameters used (four vs. three), the fit
achieved for 757! is obviously better with the single micelle model.

Summary

The investigation of the dynamics of solubilization of probe
molecules by reversed micelles may contribute to the general
understanding of transport processes through more complex
membrane structures. The present kinetic study reveals that the
penetration of a picric acid indicator into Aerosol-OT reversed
micelles in benzene involves at least four distinct steps: one in
the submillisecond and three in the millisecond range. The first
step (7o) may be associated with the adsorption of the probe at
a hydrated carboxyl group in the interior of the micelle. The
interpretation of the two slower steps 7, and 7; depends on the
micellization model adopted. With the bimodal micelle model,
7, can be ascribed to the advancement of the probe to a more polar
hydrated sulfonate group site further inside the 14-mer. 7; can
be ascribed to the same process in the 6-mer. If the theoretically
less founded single micelle description is adopted, 7, may be
associated with the same process inside the micelle as above, and
75 with the reequilibration of two types of micelles eligible for
solubilization (eq 11). At Cagr = 4 X 1073 M the average pool
size seems to decrease to a level where part of the carboxyl groups
become dehydrated. After occupation of the still hydrated car-
boxyl sites by the probe, the replenishment of the pools becomes
rate determining for the entrance of the remaining free picric acid
into the micelles.
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