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Abstract-Electrolyte-induced structural rearrangements of dodecylpyridinium bromide micelles affect
their catalytic properties in alkaline hydrolysis of phosphonic esters.

Even though the effect of electrolytes on the cata-
lytic properties of ionic micelles is being extensively
studied [133], some essential aspects of this problem
still remain unexplored. Of them, the most interesting
one seems to be the influence of salt-induced struc-
tural rearrangements of micelles on the micellar effect.
It is known [436] that electrolytes affect many pro-
perties of ionic micelles, reducing the critical concen-
tration of micelle formation (cCCM), increasing the
aggregation number and the degree of bonding of
counterions, and changing the form of aggregates. At
a certain critical concentration of electrolytes, the
smooth change in the above characteristics gives way
to a sharp, jumpwise one, which is analytically
detected by an inflection in property3salt concentra-
tion logarithm plots. According to [4], these threshold
concentrations of electrolytes correspond to asphere3
cylinder micellar transformation. It appears reasonable
to propose that changes in the above structural charac-
teristics can affect the reactivity of compounds in
micelles. It is this aspect of the salt effect which is
the principal subject of the present investigation. We
earlier studied [7, 8] the nature of the effect of elec-
trolytes on the rate of alkaline hydrolysis and acid3
base equilibria in cetyltrimethylammonium and
cetylpyridinium bromide micelles. Here we focused
on the kinetics of alkaline hydrolisis of ethylp-nitro-
phenyl chloromethylphosphonate (I ) in a micellar
solution of dodecylpyridinium bromide (II ) over a
wide range of KCl, KBr, and sodium salicylate
(NaSal) concentrations. To compare the electrolyte
effects on the kinetics of hydrolysis of compounds
of different hydrophobicity, we also studied alkaline
hydrolysis of hexylp-nitrophenyl chloromethylphos-

phonate (III ) in the presence of sodium salicylate. By
surface tension measurements and ESR and1H NMR
spectroscopy we also studied the structural behavior
of surfactantII micelles in the presence of the sali-
cylate ion.
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R = C2H5 (I ), C6H13 (III ).

According to the pseudophase model of micellar
catalysis [9], reagents (substrate with electrophilic
center on the phosphorus atom and the hydroxide ion
as nucleophilic agent) are distributed between the
aqueous and micellar pseudophases. The solubiliza-
tion of the reagents is measured by the binding
constants of the substrate (KS, l mol31) and the nucleo-
phile (KOH, l mol31) to micelles. The reaction pro-
ceeds in both pseudophases and is characterized by
second-order rate constants [k2,w, l mol31 s31 andk2,m,
l mol31 s31, for the aqueous and micellar phases,
respectively]. The kinetic data were treated as des-
cribed in [10, 11]. The pseudophase model recognizes
two main factors determining the micellar effect,
namely, the concentration (Fc) and micellar micro-
enviroment (Fm) factors (see table). TheFm value
characterizes the change in the reaction rate, produced
by reagent transfer from bulk pseudophase into
micellar and by changes in reagent microenvironment
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Results of quantitative analysis of kinetic data (Fig. 1) in terms of the pseudophase model
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄ

csalt, ³ k2,m, ³ KS, ³ KOH, ³
Fc

³
Fm

³
(kapp/kw)max

³
FcFmM ³ l mol31 s31 ³ l mol31 ³ l mol31 ³ ³ ³ ³
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NaSal (for I )

0 ³ 11.7 ³ 233 ³ 1.4 ³ 3.9 ³ 2.9 ³ 10.4 ³ 11.5
0.005 ³ 5.0 ³ 200 ³ 3.0 ³ 7.9 ³ 1.3 ³ 8.6 ³ 9.8
0.01 ³ 4.5 ³ 83 ³ 3.0 ³ 7.0 ³ 1.1 ³ 7.0 ³ 8.0
0.02 ³ 1.1 ³ 63 ³ 11.0 ³ 19.0 ³ 0.3 ³ 4.0 ³ 5.0

NaSal (for III )
0 ³ 0.9 ³ 527 ³ 24 ³ 55.0 ³ 0.36 ³ 20.0 ³ 19.7
0.005 ³ 12.8 ³ 511 ³ 0.64 ³ 2.0 ³ 5.13 ³ 10.0 ³ 10.0

KBr (for I )
0.01 ³ 4.6 ³ 60 ³ 3.3 ³ 7.3 ³ 1.2 ³ 7.6 ³ 8.4
0.02 ³ 1.7 ³ 100 ³ 6.9 ³ 14.3 ³ 0.43 ³ 5.2 ³ 6.2
0.08 ³ 1.0 ³ 48 ³ 12.0 ³ 17.8 ³ 0.3 ³ 3.1 ³ 4.6

KCl (for I )
0.02 ³ 5.0 ³ 190 ³ 2.4 ³ 6.5 ³ 1.3 ³ 7.5 ³ 8.5
0.03 ³ 2.5 ³ 250 ³ 3.9 ³ 10.0 ³ 0.6 ³ 5.5 ³ 6.6
0.08 ³ 1.6 ³ 215 ³ 5.3 ³ 13.3 ³ 0.4 ³ 4.1 ³ 5.4
0.2 ³ 0.8 ³ 95 ³ 12.3 ³ 22.1 ³ 0.2 ³ 3.0 ³ 4.0

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄ

(micropolarity, solvation shell, etc.). The parameterFc
describes the catalytic effect resulting from the local
increase in the concentrations of the reagents on their
solubilization in the micellar pseudophase which has a
much smaller volume than the solvent pseudophase.

Figures 133 represent the kinetic data, and the table
lists the results of quantitative analysis of the experi-
mentalkapp3cII dependences. Comparison of the data
in Figs. 1 and 2 shows that the kinetics of hydrolysis
of substratesI and III are described by kinetic curves
of different shapes. The presence of saturation (Fig. 1)
is indicative of a poor solubilization of substrateI by
surfactantII micelles (KS 233 l mol31). The catalytic
effect [(kapp/kw)]max is ca. 10) is determined by
positive contributions of the concentration (Fc 3.9)
and micellar microenviroment (Fm 2.9) factors. The
observation of a maximum in the kinetic curve for
phosphonateIII results from effective binding of the
substrate (KS 527 l mol31) in the range of relatively
low concentrations of surfactantII . Thus, further
raising the concentration of micelles leads to dilution
of the reagents and weakens the concentration effect.
The catalytic effect [(kapp/kw)]max ca. 20) in this case
is determined by a positive contribution of the con-
centration factor (Fc 55), while micellar enviroment
adversely affects the reaction rate (Fm 0.36).

In the presence of electrolytes the apparent rate
constant is decreased. The inhibiting effect (salt
effect) is to a great extent dependent on the nature of
the counterion and decreases in the order Sal3 >>

Br3 > Cl3. According to the pseudophase model [9],
one of the possible reasons for such inhibition may lie
in decrease in the surface potential of micelles with
increasing counterion concentration. This results in
weakened electrostatic attraction of the hydroxide ions
to the positively charged surface of micelles, where
the reaction takes place. An alternative mechanism of
inhibition can be connected with washing out the
substrate from the Stern layer with increasing degree
of counterion binding. Comparison of data for sub-
stratesI and III (see table) shows that, depending on
the efficiency of the micellar catalysis and the nature
of the reactants, both mechanisms of the salt effect
can be operative. In the case of the weakly hydro-
phobic substrateI , electrolytes decrease the binding
constant of the substrate and the rate of the reaction in
the micellar phase. The sharp decrease inKS with
increasing salt concentration indicates that the sub-
strate is expelled from the micellar surface by
counterions, i.e., the second mechanism of inhibition
is operative. Similar effect is observed not only on
addition of hydrophobic salicylate, but also in the
presence of hydrophilic inorganic counterions (see
table). As follows from the table, there is a compensat-
ing change in the concentration (increase) and micellar
enviroment (decrease) factors for organic and in-
organic counterions.

With the more hydrophobic substrateIII , the
kinetic curve changes shape, implying weakened
catalysis and concentration effect. It is seen from the
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Fig. 1. Plots of the rate constantskapp of alkaline
hydrolysis of substrateI in micellar solutions of com-
pound II vs. the concentration of the latter (cNaOH
0.005 M, 25oC). (a)cNaSal, M: (1) 0, (2) 0.005, (3) 0.01,
and (4) 0.02. (b)cKBr, M: (1) 0, (2) 0.01, (3) 0.02, and
(4) 0.08. (c)cNaCl, M: (1) 0, (2) 0.02, (3) 0.03, (4) 0.08,
and (5) 0.2.

table, theKOH value is strongly decreased in the pre-
sence of the Sal3 ions. Consequently, the first me-
chanism of inhibition is operative, associated with
weakened electrostatic attraction of the hydroxide ions
to the micellar surface because of decreased surface
potential. In this case, too, compensating changes of
the concentration and micellar microenviroment
factors take place, but the tendency is opposite:Fc
falls and Fm grows. A probable explanation for the
different mechanisms of salt effects with compoundsI
and III is that the substrate changes localization
as its hydrophobicity grows. Presumably, esterI is
solibilized in the Stern layer of micelles, and, there-
fore, in the surface layer there is competition between
the substrate and counterions. In this case, with in-
creasing concentration of counterions, the substrate is
expelled from the micellar phase andKS decreases.
The more hydrophobic phosphonateIII is evidently
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Fig. 2. Plots of the rate constantskapp of alkaline
hydrolysis of substrateIII in micellar solutions of
compoundII vs. the concentration of the latter (cNaOH
0.001 M, 25oC). cNaSal, M: (1) 0 and (2) 0.005.
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Fig. 3. Plots of the rate constantskapp of alkaline
hydrolysis of substrateI in micellar solutions of
compound II vs. the logarithm of salt concentration
(cNaOH 0.005 M, 25oC). Salt: (1) KCl, (2) KBr, and
(3) NaSal.

solubilized in the micelle core nearby the surface
layer, thus not competing with counterions in the
Stern layer. Here, increasing concentration of the
unreactive counterions gives rise to expulsion of the
highly hydrophilic hydroxide ions from the micellar
surface andKOH decreases.

In line with the aim of our study, we examined the
kinetic data (Fig. 3) and established the critical con-
centrations of electrolytes (ccr), corresponding to the
inflections in the kapp3log csalt plots. According to
[7, 8], ccr values can be related to structural trans-
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formations of surfactantII micelles. Theccr values are
1.1, 0.5, and 0.05 M for Cl3, Br3, and Sal3, respec-
tively.

To verify the proposed interrelationship between
the structure of the micelles and the reactivity of the
esters, we studied the properties of micellar solutions
of surfactant II in the presence of electrolytes by
means of surface tension measurements and ESR and
1H NMR spectroscopy. By surface tension measure-
ments we foundcCCM values for solutions of com-
pound II at various salt concentrations, and, basing
on data in [6], deduced the following empirical
relationships.

log cCCM = 30.41logcKCl 3 4.15,

log cCCM = 30.51logcKBr 3 2.87,

log cCCM = 30.85logcNaSal 3 5.32.

Analysis of the surface tension isotherms by the
method proposed in [12] allowed us to estimate the
degree of counterion binding (b) at various concentra-
tions of the Sal3 ions. It was shown that the degree of
counterion binding sharply increases when the
bromide ions on the surface of micelles are replaced
by Sal3 ions. Given arecNaSal (M) and b: 0, 0.71;
0.005, 0.92; 0.01, 0.94; and 0.08, 0.96.

Using the Nernst relationship between the surface
potential (Y) andcCCM: d9Y9/dlog cCCM = 59.16 mV
[13], we estimated the surface potential of compound
II micelles at various electrolyte concentrations. The
results are given in Fig. 4. As in [8], we found that the
Y values corresponding to the critical concentrations
of the Cl3 and Br3 ions are close to each other: 74
and 71 mV. This result points to prevailing contribu-
tion of the surface potential into the mechanism of the
inhibiting effect of inorganic counterions on the reac-
tion rates in micelles. Theccr value for the Sal3 ions
is 37 mV. These results are not in conflict with litera-
ture, where negative values of the surface potentialY
[14] and the electrokineticx potential [15, 16] of
cationic micelles in the presence of NaSal have been
reported. The unique effect of the Sal3 ion on cetyl-
trimethylammonium bromide, cetylpyridinium
bromide, and trimethyltetradecyl halide micelles,
which differs from that of hydrophilic inorganic
counterions, has been extensively studied in recent
years [15, 16]. The behavior of surfactantII micelles
in the presence of Sal3 ion has scarcely been studied.
We investigated the effect of this counterion on the
structure of compoundII micelles.

The size and shape of the micelles were calculated
basing on the self-diffusion coefficient of surfactant
II (D), measured by the diffusion decay of its (CH2)n
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Fig. 4. Plots of the micellar surface potential of com-
pound II vs. the logarithm of salt concentration. Salt:
(1) KCl, (2) KBr, and (3) NaSal.

proton signals in the1H NMR spectrum [17]. Given
are cNaSal (M) and D01011 (m2 s31): 0, 14.0; 0.01,
11.4; 0.03, 6.21; 0.05, 2.00; 0.1, 1.38; and 0.2, 1.04.
The effective radius of the micelles (R), estimated by
the Stokes3Einstein equation (1) from the diffusion
data in the absence of NaSal, is 15.4A. This value is
close to our estimate for the length of the molecule of
surfactantII from bond lengths and angles (15.5A)
and may suggest a spherical shape of the micelles.

D = kT/6phR. (1)

Here h is the viscosity of the solvent.

At higher concentrations of NaSal in the solution,
the estimates forR by Eq. (1) are much larger than
the hydrocarbon chain length in surfactantII , which
does not agree with the assumed spherical shape of
the micelles and probably results from their asym-
metrization. Approximating the micelle by a stretched
rotation ellipsoid and using theD values, we can
obtain the micelle axis ratio (P) [18]. As seen from
Fig. 5, as the concentration of counterions is increased,
the micelles change their shape, first from spherical
to spherical-cylindrical (P 135), and in the NaSal
concentration region of 0.0330.05 M, to cylindrical.

The shape of micelles is conveniently elucidated
by investigating the mobility of spin labels by ESR
spectroscopy [19]. The almost water-insoluble doxyl-
stearic acids are liable to insert into micellar aggre-
gates so that the mobility of the spin label bound to
the C5 atom of the stearic acid will characterize the
density of packing of surfactant molecules near polar
head groups of micelles. Since spherical aggregates
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Fig. 5. Plots of (1) the correlation time of spin label
rotation (in the absence of NaSal,t 1.1 ns) and (2) sur-
factant II micelle axis ratio vs. NaSal concentration.
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Fig. 6. ESR spectra of 5-doxylstearic acid in micellar
solutions of surfactantII. cNaSal, M: (1) 0, (2) 0.01,
(3) 0.025, (4) 0.1, and (5) 0.4.

have a stronger surface curvature than cylindrical ones,
they will feature a looser packing of surfactant mole-
cules, thus making the spin label more mobile. There-
fore, cylindrical micelles are characterized by longer
correlation times of label rotation (t, s), as determined
by Eq. (2).

t = 6.65DH+[(I+/I
3
)31/2 3 1]010310. (2)

Here DH+ is the width of the low-field hyperfine
component in the ESR spectrum,I+ and I

3
are the

intensities of the low- and high-field hyperfine com-
ponents, respectively. From the above it follows that
the sphere3cylinder transition should be accompanied
by a steep rise int.

The ESR spectral patterns of all the samples
studied (Fig. 6) are indicative of a fast (t < 301039 s)
anisotropic rotation of the spin label in the system.
As the concentration of the Sal3 ions is increased up
to about 0.05 M, thet values increase, and beyond
this point the mobility of the label remains unchanged
(Fig. 5). The increase in thet values, in our opinion,
reflects the process of micelle elongation and growing
proportion of surfactantII molecules packed more
closely in cylindrical parts of the micelles than in their
hemispherical ends. Beyond a certain concentration
of counterions, the micelles become so oblong that
the share of cylindrical portions is significantly higher
than that of spherical ones, thus resulting in constant
t values.

Thus, the NMR and ESR spectral data point to
structural rearrangement in the studied micellar solu-
tions of compoundII at the NaSal concentration of
about 0.05 M. It is readily seen from a comparison of
Figs. 3 and 5 that the critical concentrations of the
Sal3 ions fall in the region of sharp structural trans-
formations of surfactantII micelles, implying a cause-
and-effect relationship.

To conclude, the joint study of the kinetics of
alkaline hydrolysis of phosphonic esters in micellar
solutions of surfactantII and the structural parameters
of the aggregates revealed the effect of electrolyte-
induces structural rearragements of surfactantII
micelles on the reactivity of the esters.

EXPERIMENTAL

The surface tension was determined by the anchor-
ring method on Due3Nui tensiometer at 20oC [20].

The self-diffusion coefficients of components of
micellar solutions were measured by1H NMR spec-
troscopy with Fourier transform and pulse magnetic



RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 72 No. 3 2002

EFFECT OF ELECTROLYTES ON THE CATALYTIC PROPERTIES 431

field gradient on a Tesla BS-576A high-resolution
spectrometer (100 MHz) [21].

The ESR spectra were recorded on an RE-1306
spectrometer in the conditions described in [22]. The
spin label was 5-doxylstearic acid (Sigma, 501034 M).

The kinetics of hydrolysis were studied spectro-
photometrically on a Specord M-400 instrument at
25oC, following the absorbance of thep-nitropheno-
late anion atl 400 nm. The initial concentration of
the substrate in the kinetic experiments was 501035

M. The apparent pseudo-first order rate constants
(kapp) were found from the equation ln (A

i
3 A) =

3kappt + const (A and A
i

are the optical densities of
the solution at timet and on the completion of the
reaction, respectively). Thekapp values were calculated
by the weighted least-squared method.

Ethyl p-nitrophenyl chloromethylphosphonate (I )
and hexyl p-nitrophenyl chloromethylphosphonate
(III ) were prepared by the procedure described in [23].
Pure grade dodecylpyridinium bromide (surfactantII )
was twice recrystallized from ethanol.
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