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Abstract—The acid-base equilibrium of hydrogen peroxide in water solutions of cetyltrimethylammonium
bromideand the reactivity of hydroxide and peroxide anions with respect to 4-nitrophenyl diethyl phosphate were
investigated. In the micelles the acid ionization constant of the hydrogen peroxide increased three-fold. The
application of the pseudophase distribution model under the conditions of competitive sorption of HO~ and HOO~
anions with the micelles of cetyltrimethylammonium bromide to the estimation of the main kinetic parameters of the

micellar process was tested.
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The nucleophilic substitution involving the peroxide
anion HOO- in the micellar solutions of cetyltrimethyl-
ammonium bromide (I) is one of the procedures for
decomposition of organophosphorus compounds employed
as pesticides, poisons, and components of war gases [1—
3]. The attractive features of micellar decontamination
agents underlain by hydrogen peroxide are due to several
factors, among which the following should be mentioned:

—HOO- anion is among the most efficient oi-nucleo-
philes relative to electrophilic substrates [3, 4], and this
property is completely revealed under the conditions of
the micellar catalysis [1, 2, 5];

— alongside the high nucleophilic reactivity the
hydrogen peroxide (especially in the presence of
activators [6, 7]) is an efficient oxidant in the presence
of compound I [8, 9] providing a possibility to perform
simultaneously oxidation-nucleophilic processes in the
systems containing H,O,;

—micellar solutions of compound I efficiently solubilize
hydrophobic substrates [2, 10, 11] securing their solubility
in water environment;

— the system H,0,-H,0—(I) can be regarded as
environmentally safe without qualifications [2, 6].

Micellar-catalyzed reactions of nucleophilic substitution

in organophosphorus compounds involving inorganic
anions (HO-[10, 11, 12], F-[13], BrO-[14]) are the best
studied among the processes occurring in the highly
organized media: micelles, microemulsions, vesicles, ionic
fluids. Examples are also known of reactivity investigation
of HOO- as an active agent in dephosphorylation in the
presence of cationic surfactants [2] under the conditions
of partial deprotonation of the hydrogen peroxide
([H,0,] >> [HO-], pH = 8-9). For the successful
involvement of ion HOO- into nucleophilic reactions more
alkaline media should be used for the ionization constant
of the hydrogen peroxide pK,=11.6 [2, 4, 15], therefore
in the range of pH 8-9 only 0.03—0.3% of the hydrogen
peroxide is persent in the reactive HOO- form.

The target of the present study was the investigation
of reactivity of HOO- and HO- anions towards 4-nitro-
phenyl diethyl phosphate (paraoxon) II in micellar
solutions of compound I at variation of pH of the water

phase from 8.5 to 12.5.
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KINETIC REGULARITIES OF MICELLAR CATALYSIS

The paraoxon in its structure is a model analog of
organophosphorus anticholinesterase ecotoxicants and
neuroparalytic poisons of G-series [3, 11, 14].

A number of models is applied to the quantitative
description of micelles action, the most popular among
them are enzymatic [10], pseudophase [10, 16], and ion-
exchange models [17, 18]. We believe that the most
successful and informative approach to the study of
physicochemical fundamentals of micellar catalysis in
nucleophilic reactions is the kinetic, so-called
pseudophase distribution model of [.V. Berezin [16]. In
the framework of this model the reaction between
substrate (S) and nucleophile (Nu) is thought to proceed
simultaneously both in water (w) and micellar (m)
pseudophases, and the distribution of reagents between
the phases is characterized by the distribution
coefficients Py, and Pg .

Sy +  Nuy

&

Py P (1)

S, + Nup /k:m

Here k; ,, and k, ,, | mol-! s=! are second order rate
constants of the reaction between the substrate and the
nucleophile in water and micellar phases respectively.

According to this model the expression for the
apparent second order rate constant is as follows:

k — kapp — kZ.W +(k2.m /V)KSKNan 2
? [Nu]o (1+KSDn)(l+KNan) ’ ( )

where k,,, , s! is the apparent rate constant; [Nu],, mol
I-! is the initial concentration of the nucleophile in the
micellar system; Kg and Ky, | mol-! are the constants of
binding of substrate and nucleophile in the micelles that
are in the following way connected to the distribution
coefficients: Kq = Pg V, Ky, = Pno Vs V, 1 mol-! is the
molar volume of the surfactant; D,, mol 1-! is the
concentration of the surfactant minus the value of the

critical concentration of micelle formation.

Equation (2) permits [10] quantitative estimation of
the factors governing the catalytic effect of micelles, and
also to give a description of the maximum acceleration:

KK 3)

Kapp _ Kym .
ko )ow  Fow V(Ks +/KW)?

1129

0.12 r

0.10

0.08

0.06

ky, I mol! s7!

0.04

0.02

0.00 : : '
0 0.01 0.02 0.03

Dy, mol I
Fig. 1. Effect of the concentration (D,)) of compound I on the

rate of alkaline hydrolysis of paraoxon at pH 11.00 (7), 11.60
(2), 12.02 (3), 12.40 (4), 12.65 (5), 13.20 (6); 25°C.

where k, s~! is the apparent rate constant of the reaction
in water at the zero concentration of compound I.

The first term in tha right part of equation (3)
characterizes the change in the medium effect on the
reaction rate in the micellar conditions (F,,), and the
second term, the effect from the concentration of the
substrate and the nucleophile in the micelle (£,).

Decomposition of paraoxon in the system HO—
(I)-H,0. The reaction of substrate II with anion HO-
was studied in a water solution of compound I in the
concentration range 0—-0.05 mol I-! at pH of the micellar
system varied from 11.0 to 13.2.

The pH stabilization of the micellar system was
performed using phosphate buffer solution, and the acidity
was changed by adding the concentrated KOH solu-
tion. In the range of pH < 11.0 the hydrolysis occurs with
very low rate irrespective of the concentration of the
cationic surfactant. The dependence of the apparent
rate constants of the second order reaction A0 =
k,f0/[HO- ]y on D, (k,fl¥, s~! is the apparent rate
constant of the alkaline hydrolysis; [HO-],, mol I-! is the
concentration of HO- anion in the micellar system) is
presented on Fig. 1. The processing of these data
according to equation (2) where Nu = HO- made it
possible to determine the kinetic parameters of the
micellar-catalyzed reaction of substrate II with anion HO~-
(Table 1).

The calculated rate constant of the second order
reaction of alkaline hydrolysis in the micelle [5[°",
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Table 1. Results of the quantitative treatment of kinetic data on the alkaline hydrolysis of paraoxon along equations (2) and (3)?

Series no. pH K %10, 1mol™'s ™! Kg, 1 mol™ Kuo— 1mol™ | (km/ ki )max E, F.
] 11.00 129+0.11 340 + 40 44 + 13 11 0.13 86
2 11.60 1.12 £ 0.06 574 + 101 26+ 6 6.9 0.11 59
3 12.02 1.33 £0.09 844 + 85 18+ 5 55 0.13 42
4 12.40 1.15+0.11 1148 + 88 15+ 3 42 0.12 34
5 12.65 127+0.12 1246 £ 200 21+ 2 4.0 0.13 30
6 13.20 1.18+0.02 1630 = 200 18+ 4 4.4 0.12 35

aFor experimental conditions, see Fig. 1.

I mol-! s~1)] is ten times smaller than the analogous value
in water {k;]l0" = 0.01 1 mol-! s=1) [4]}, which is
characteristic of reactions occurring in the micellar
pseudophase [2, 3, 10]. The acceleration of the reaction
in the case in question (4—11-fold) originates from the
concentration of the reagents in the micelle (¥,) and is
the result of combination of F,, and F, factors. The
decrease in the value (k,/ky)max 1N going to more
concentrated alkali solutions (series no. /-6, Table 1) is
due to the decrease in the difference in concentrations
[HO-],, and [HO-],, with the growing overall
concentration [HO-],, and it is reflected in the value of
the binding constant of the nucleophile with the micelle:

[HO_] m

K — = p— B
HO™ HO1,.D,

(4)

where [HO-],,, mol 1-! is the molar concentration of HO-
anion in the micelle calculated relative to the volume of
the micellar system. Evidently the quantity of HO-anion
bound with the micelle is limited by the volume of the
micellar phase (the value of calculated anions concentra-
tion on the micelles surface amounts to 4—6 mol 1-1 [2]),
and therefore the value Kj;o- decreases approximately
twofold at increasing the nucleophile concentration in the
water phase. On the other hand, in more alkaline solutions
the binding constant of substrate Kg (Table 1) considerably
grows due to the salting-out effect of HO- anion whose
concentration increases ~200 times in going from pH
11.0to 13.2.

Micellar effects of compound I in the systems with
HO- anion are now the best studied [3, 10, 11].
Nonetheless, the published K- values for analogous
processes of nucleophilic substitution vary in a relatively
wide range, from 30 to 365 [10]. We believe that the
values of the binding constants Ky, and Kg are quite
individual characteristics of the given micellar system and
are governed by a number of factors where the main

ones are the electrolytic characteristics of the water
phase.

Decomposition of paraoxon in the system H,0,—
HO——(I). In contrast to the micellar system where
a single anion functions as a nucleophile, in the system
H,0,-HO- at least six new factors are present which
should be taken into account in the estimation of the
physicochemical parameters of the micellar catalysis:

— existence of the acid-base equilibrium:

— shift of the apparent pK, value of the hydrogen
peroxide in the presence of micelles, and consequently,
the dependence of the concentration of the reactive form
[HOO-] on the concentration of compound I in the
system;

— distribution of the neutral form of H,O, between
the water and micellar phases;

— probability of the competitive sorption of HO- and
HOO- anions on the micelle surface;

— proceeding of two parallel routes of the substrate
deomposition: the alkaline hydrolysis and the reaction with
anion HOO-;

— additional effect of HO- as electrolyte on the
processes involving HOO-.

The ratio of the paraoxon decomposition pro-
cesses involving HO- and HOO- anions in the pres-
ence of compound I. To make a quantitative estimate
of the contribution from the route involving HO- anion
into the overall rate of substrate consumption we studied
the decomposition rate of substrate II (k,,,, s71) in the
system H,0,~HO- ([H,0,]5 = 0.032 mol 1-!) at various
pH of the water phase (from 11.0 to 12.5) in water and
water solutions of compound I ([I]=0.03 mol I-1). In the
same conditions the rate of the alkaline hydrolysis of
paraoxona (k,HO", s-1) in the absence of H,0, was

app
independently measured.
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It follows from the data obtained (Table 2) that on
decreasing acid properties of the medium the contribution
of the hydrolysis process into the overall rate of the
substrate consumption continuously grows both in water
and in the micellar system. Yet even at the high values of
pH > 12.0 the apparent rate in the system H,0,-HO-
(kapp» s71) is considerably larger that the analogous rate
of individual alkaline hydrolysis (k,H0-, s71), and it permits
neglecting the contribution of the alkaline hydrolysis in
the micellar system H,O,~HO-—(I). The attention is also
attracted by the close values of the ratio k,H00~/ k,HO-in
water and in micellar system at various pH. This means
evidently that the ratio of the concentrations of the
reacting anions [HOO-] and [HO-] in water and micellar
phases is conserved. This situation may originate from
the close order of magnitude of the binding constants
K00~ and Kyo—. Therefore anion HO- can affect the
ionization process of H,O, in solutions of compound I
and consequently the extent of binding of anion HOO-

with the micelle.

Apparent acid ionization constant of H,0, in
solutions of compound I. The pK, value for hydrogen
peroxide in water equals 11.6 [2, 4, 5, 15], therefore in
keeping with equation (6) at high pH should form anion
HOO- in a considerable amount.

o -—2 ©)
Ky + oaps
where o is the fraction of HOO- calculated on the overall
amount of H,0, in solution; K, is the acid-base ionization
constant of hydrogen peroxide; ay is the activity of
hydrogen ions.

Taking into account that in the micellar catalysis the
main nucleophile is HOO- anion the expression of the
apparent reaction rate constant is as follows:

. K,
kapp :kQ[HOO ]0 :k: ﬁ[HzOz]n 3 (’7)

&l

Where K is the apparent acid-base ionization constant
of hydrogen peroxide in the presence of compound I;
[H,0,]p and [HOO-], are the initial concentrations of
hydrogen peroxide and peroxide anion calculated on the
total volume of the micellar system.

The K, values in water solutions of compound I were
estimated by two independent procedures: kinetic and
spectrophotometric methods. The estimation of K, value
by the kinetic method was performed by measuring the
decomposition rate of substrate II in the system H,O,—

1131

Table 2. Ratio of apparent decomposition rates of paraoxon in

systems HO- (k5107 s71) and H,0,-HO- (400", s-1) in water and

in the presence of compound I, 25°Ca

Seriesno.|  pH | (kT kis I | (ka7 k),

app app app app
1 11.0 625 455
2 11.5 372 314
3 11.7 320 328
4 12.0 193 155
5 12.5 77 93

a[H,0,], = 0.032 mol I, [I], = 0.03 mol I-.

HO—I) ([H,0,], =0.05 mol I-! in a phosphate buffer)
at a fixed concentration of compound I (0—0.03 mol 1-1)
in a wide pH range of water phase (8.5-12.5). The K,
values were computed after the linearization of the
experimental data in the coordinates k,'— k)'a (ky'=
kapp/[H,05]0) (Fig. 2), (Table 3). Here are also compiled
the K data measured by spectrophotometry as described
in EXPERIMENTAL. These data demonstrate that in
the studied interval of compound I concentrations the
value K, increased nearly 3 times (from 2.5 x 10-12 to
7.4 x 10-12) indicating the prevailing solubilization by
micelles of compound I of the anionic form of hydrogen
peroxide HOO- as compared to neutral molecules.

Constants of binding anion HOO- with micelles
of compound I. The dependence of constant K, on the

ky ay*

Fig. 2. Dependence k,' — k,'ay;™ for reaction of paraoxon with
anion HOO-; [H,0,]y = 0.05 mol I-1, pH = 8.5-12.5; [I] =
0.001 (1), 0.0033 (2), 0.005 (3), 0.01 (4), 0.02 (5), 0.03 (6)
mol I-1.
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Table 3. The values of apparent constant K , of acid-base
ionization of hydrogen peroxide at various concentrations of
compound I, 25°C

. 1] % 102, K, < 10"
Series no. mol ! . "
1 0 2.46 2.58
2 0.05 — 4.04
3 0.1 3.53 —
4 0.3 4.08 4.72
5 0.33 4.32 -
6 0.5 4.38 -
7 1.0 5.67 5.92
8 1.5 - 6.09
9 2.0 6.70 6.73
10 2.5 - 6.81
11 3.0 7.16 7.40
12 Khoo- 74 + 48 51+ 14
13 Ku,0, 15+12 79+7.7

a Determined by equation (7), for experimental conditions, see Fig. 2.

b Determined spectrophotometrically by equation (15), [H,0,], =
0.07 mol I-1.

concentration of compound I is described by the following
equation [19]:

K 1+ K00~ (1]

=K, : ®)
1+ Ky 0.[1]

The quantitative treatment of the K, dependences on
[T] obtained in various series of experiments (Table 3)
permitted the estimation of the binding constants of anion

0.015

0.010

-l
Kagpy 8

0.005

0.02
[1],mol I

0 0.01

Fig. 3. Effect of the concentration of compound I on the rate
of paraoxon reaction in the system H,O,—HO- at pH 8.5 (1),
9.5(2), 10.5(3), 11.5 (4), 12.0 (5); [HOO-] = 0.002 mol I-!
(pK, = 11.6); 25°C.
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HOO- (Ky0o-) and of hydrogen peroxide by the micellar
phase (Table 3, series nos. /2, 13 respectively). The
values are statistically insignificant and demonstrate that
the micelles interact very weakly with the molecules of
the hydrogen peroxide. The binding constant was
estimated in [8] by micellar chromatography at about 1,
namely, the hydrogen peroxide has no prevalence of
residing in any of the phases, be it water or micellar.

As expected the Koo values estimated by different
methods (kinetic and spectrophotometric) are close to
those of Ky~ computed in the framework of a simple
distribution model from the results of alkaline hydrolysis
of substrate II (pH 11.0—13.2, Table 1). This fact should
lead to a considerable competition between the anions
HOO- and HO- in the process of their transfer from the
water to micellar phase. Presumably just this
circumstance resulted in the large error obtained in the
estimation of Ky values by the kinetic method (Series
no. /2, Table 3) that was applied at a wide variation of
water phase pH (from 8.5 to 12.0) under the conditions
of increase of [HO-],, more than 3500-fold (Fig. 3).

On Fig. 3 kinetic results are presented of paraoxon
decomposition in the system H,O,~HO—I in the pH
range 8.5—12.5 at a variable concentration of compound
I (0-0.04 mol I-!) and constant [HOO-],, (0.002 mol I-1).
These data demonstrate a clear trend in the decrease of
the absolute value of observed micellar effect by over
2 times at increasing pH from 8.5 to 12.5. These changes
in the value of (k,,,/ky)max cannot be ascribed to the
growth of the concentration of anions HOO- and HO- in
the water phase, since under the experimental conditions
[HOO-],, is constant and as already shown the
contribution of the alkaline hydrolysis of substrate II in
the micellar system is negligibly small (Table 2). The only
logical explanation of the decrease of the micellar
acceleration of the reaction involving HOO- anion at
growing pH is the increasing competing sorption on the
micelle surface of HO- ion due to its increasing
concentration in the water phase. It is also of interest
that the mathematical treatment of the data obtained
(Fig. 3) in the framework of the pseudophase model (2)
does not provide satisfactory results: the computed kinetic
parameters (Koo, Ks, k,H1007) are statistically
insignificant, and the correlation coefficient R is small
(0.7-0.8). Therefore the quantitative description of the
observed acceleration effect should be more proper to
perform along the alternative kinetic pseudophase model
(9) [19], that takes into consideration the variation of the
concentration of anion HOO- depending on the

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 45No. 8 2009
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concentration of compound I along the total profile of
the micellar process (Fig. 3).

' kapp _ k:_\\' +{k:_m ’”'}KSKHOO _Du
27 H:05),  (1+KsD X1+ Koo DXl +ags / K,)

©

The analysis of the data of Table 4 where are compiled
the kinetic parameters of the decomposition of substrate
II in the system H,0,~HO—I in the pH range 8.5-12.5,
indicates the dependence of the micellar binding constants
Kioo- and K, and also the values of the reaction
acceleration (kg /ky,)max ON the content of HO- anions
in the water phase.

The increase in the binding constants of substrate (Kg,
Table 4) was due to the salting-out effect of ion HO- [5,
10, 12] that is independently confirmed by the data of
Fig. 4. The dependence of apparent rate constants of
substrate II decomposition in the micellar system on anion
HO- concentration is a broken line characterizing the
effect of electrolytic additives on the micellar-catalytic
processes [10, 12].

Yet we presume that the main reason of the decrease
in the acceleration in the system under study in going
from pH 8.5 to 12.5 (Fig. 3) is the weakening of the
binding by micelles of the anion HOO- caused by the
partial neutralization of their surface charge by the HO-
anions. In other words, anions HOO- are displaced from
the Stern layer, and it is saturated with weakly reactive
anions HO—.

Hence although the contribution of alkaline hydrolysis
into the overall rate of substrate II consumption in the
system H,O,~HO—I is insignificant, the presence of
anion HO- can essentially affect the value and the
character of the micellar effect in reactions involving the
anion HOO-. Therefore it is reasonable to presume that
one of the factors governing the micellar effect in this
system is the ratio of local concentrations of the
corresponding ions on the micelle surface which, all the
other conditions being equal, would depend on the ratio

1133
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Fig. 4. Dependence of apparent rate constants of paraoxon
decomposition in the presence of compound I (0.005 mol 1-1)
on the log anion HO- concentration in the system H,0,—
HO—I; [HOO-],, = 0.002 mol I-1, 25°C.

of the initial concentrations of anions HOO-and HO- in
the micellar system.

Kinetic parameters of paraoxon decomposition
in the system H,0,~HO—I. In order to obtain more
correct interpretation of the kinetic data (Fig. 3) we
applied the distribution (10) that considers the simul-
taneous reaction of substrate II with anions HOO- and
HO- accounting for the competitive binding of these
anions by micelles of compound I.

2.m

app 1+ KD,

P K90 [HOO™ ], +(k29° / VYK D,y My

(10)

N ks’ [HO 1, + (k' / VK Dy
1+ KD,

B

where myqq- and myq- are local concentrations of anions
HOO-and HO- calculated with respect to the volume of
the micellar pseudophase.

In the quantitative estimation of kinetic results of the
substrate II decomposition in the system H,O0,—HO—I

Table 4. Kinetic parameters of paraoxon decomposition in the system H,O,~HO—I, 25°C 2

Series no. pH B9 Tmol™s™ | Kuoo-, 1 mol™ Ks, 1 mol™ (kapp /Hew)max F, F.
1 8.5 0.089 + 0.004 65+8 300 £ 60 15 0.18 84
2 9.5 0.080 + 0.004 56 £ 10 350 £ 50 23 0.16 79
3 10.5 0.078 £ 0.010 40+ 8 470 £ 97 10 0.28 60
4 11.5 0.077+0.012 36+ 10 490 + 150 7 0.15 52
5 12.0 0.069 + 0.009 18+3 670 £ 120 5 0.14 37

aFor experimental data, see Fig. 3.
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Fig. 5. Dependence of apparent rate constants of paraoxon
decomposition in the system H,0,-HO- on the local
concentration of HOO- anaion on micelle surface, 25°C. pH
8.5(4),9.5 (M), 10.5(A), 11.5(0), 12.0 (O), 8.5-11.0 (@).

(Fig. 3) along equation (10) we used the following
initial data: k00" > 0.5 Imol=! s~! [4], k,HO"> 0.01 I mol-
U's71) [4], k100> 0.09 1 mol-! s-1) (Table 4), kO™ >
0.001 1 mol-! s~1) (Table 1), the K values for definite pH
were taken from Table 4. Values of [HOO-],, were
calculated by the equation:

1
a

K, +

[HOO ] =
W a aH +

[H205], » (11)

VAKHITOVA et al.

where K is the apparent constant of acid-base ionization
of H,0, at a given concentration of compound I as
indicated in Table 3.

The binding constants of anions Kj;oo- and K- were
calculated from the local concentrations of anions HOO-
and HO- in the micelle:

K _ MHOO™
HOO™ ~ ~ ’
[HOO 1y = mypo- Dy,

(12)

T — K
[HO 1w — myo-D,

The values of concentrations miygo- and myg-, and
also the binding constants of anions HOO- and HO- at
various ratios of [HOO-],, and [HO-],, are compiled in
Table 5. The calculated values obviously demonstrate the
decrease more than twice in the concentration of anion
HOO- on the micelle surface, and consequently, in Kyoo-
with the growth of anion HO- concentration in the system
under investigation in going to more alkaline media (pH
variation from 8.5 to 12). The absolute value of micellar
effect characterized by the ratio (k,p/ky)max also dimin-
ished in this extent. The value k)HOO™ (Table 5) is cal-
culated for the concentrations of compound I > 0.0075
mol I-! corresponding to the conditions of the maximum
binding of the substrate as shown in the descending
branch of the dependence of &, on D, (Fig. 3)

Table 5. Effect of pH of the water phase on the local concentrations of anions HO- and HO- on micelle surface, 25°C2

Seriesno.| pH | [HOOT, /[HO ]y Moo Kuoo » Imol™ | muo-x 10> | Kuo-, Imol™ | 9% Imol™' s
1 8.5 633 0.13+0.02 69+ 11 0.08 + 0.02 29+ 6 0.081
2 9.5 63.3 0.12+0.02 64 +7 0.7+0.2 25+5 0.084
3 10.5 6.33 0.095 + 0.008 52+4 5+1 2142 0.087
4 11.5 0.633 0.07 +0.02 47+ 4 5042 21+5 0.090
5 12.0 0.2 0.057 + 0.007 35+ 6 115+32 20+ 1 0.089

aFor experimental data, see Fig. 3, calculations by equation (10).

Table 6. Local concentration of anion HOO- on micelle surface at variation of concentration of anion HOO- in water phase, 25°Ca

Series no. pH [HOO o, mol I”! Kapp* 10°, 57! Moo KOO Tmol's! | NP
1 8.5 3.15%x10-8.09x10™* 0.428-2.62 0.0077-0.020 0.100 5
2 9.0 7.07x10°-1.20%x107° 0.210-3.27 0.0016-0.027 0.107 6
3 9.5 1.20x107°-9.74%x107° 0.610-3.74 0.0048-0.081 0.091 5
4 10.0 6.65%x10°-6.65x107* 0.150-2.05 0.0014-0.014 0.097 5
5 11.0 4.16x107*-4.16x107° 0.810-8.10 0.0076-0.076 0.088 6
a[I]=0.03 mol I-!. ® Number of measurements.
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v kapp _ kz,w + (kz,m / V)KSKHOO _Dn
2= = 7
[H202]0 ( +KS Dn)(] + KHOO 'Dn)(] +ag+ / Ka)

(14)

The value k,HO0™ was independently estimated in the
system H,0,~HO—I at the constant concentration of
compound I 0.03 mol I-! and at variation of [HOO-], in
the conditions of a constant or of altering pH of the
water phase (Table 6).

The unified computation of k00" from the depend-
ence of k,,, on myoo- using the data of various reaction
series (Fig. 5) yielded the value of the rate constant of
the second order reaction between substrate II and anion
HOO- equal 0.090 + 0.007 1 mol-! s-! with a high

correlation coefficient R = 0.979.

The comparison of the rate constants of the second
order reaction in water (k; ,,) and micellar (k, ,) phases
shows that the reaction of substrate II with anions HOO-
and HO- in the micellar pseudophase occurs at lower
rates than in the water phase. The ratio k; ,/k, ,, = 0.2
is close in value to the corresponding ratios for dephos-
phorylation of 4-nitrophenyl diphenyl phosphate with
anions HOO-and HO- [2, 18], and also to the analogous
ratios for a number of similar processes involving
inorganic nucleophiles [10].

The coincidence of values Koo, Kyyo- ko Obtained
from independent experiments (Table 1, 3, 4) with the
results of the calculations by equation (10) demonstrate
that the applied model is adequate to the data of the kinetic
experiments.

The estimation of micellar catalytic effects by equation
(3) shows that the main factor governing the acceleration
of the decomposition of substrate II in the system H,O,—
HO-I is the concentration of the reagents in micelles
(F,=40-80, Table 4). At the same time the transfer of
reaction into the micellar environment leads to a con-
siderable reduction in the reactivity both of anions HOO-
and HO- (£,,=0.1-0.2, Table 1, 4). The combination of
these effects results in the observed acceleration from 5
to 15 times depending on the ratio of the reacting anions
[HOO-],, /[HO-],,.

We studied in detail the micellar action of compound I
in oxidation of methyl phenyl sulfide in the system H,O,—
HCO;—HO- [9], and we established that the maximum
oxidation rates were observed in a relatively narrow pH
range of the water phase from 8 to 9.5. This fact
significantly limits the simultaneous decomposition of
ecotoxicants by oxidative and nucleophilic mechanisms
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for at pH 9.5 only 1% of hydrogen peroxide is present in
the reactive form HOO-.

Nonetheless, the shift of pK, of the hydrogen peroxide
in the presence of compound I, especially pronounced in
weakly alkaline environment, in combination with the
micellar catalytic effect (up to 15 times) makes it possible
at pH 8.5 to provide the rate of substrates decomposition
by the nucleophilic mechanism comparable with the rate
of this process at pH ~ 10.2 under constant [H,0,],.
This fact is practically important for designing systems
for efficient cleavage of highly toxic organophosphorus
compounds by the nucleophilic mechanism and for
sulfides oxidation under mild environmentally safe
conditions.

The results obtained demonstrated that the use of water
solutions of cetyltrimethylammonium bromide consideraly
improved the processing parameters of the H,0,-HO-
system as an active component of the multi-purpose
oxidation-nucleophilic system.

EXPERIMENTAL

4-Nitrophenyl diethyl phosphate from Aldrich was used
without preliminary purification. Hydrogen peroxide of
“pure for analysis” grade, 33% water solution, was
distilled in a vacuum (5 mm Hg), the concentration of
H,0, in solution was determined by titration with
permanganate. Cetyltrimethylammonium bromide (I)
from Merk was recrystallized from a mixture ethanol—
diethyl ether, 1:1, till mp 207-208°C was reached.
Na,HPO, 12H,0 of “chemically pure” grade was used
without additional purification for preparation of the
phosphate buffer solution (1L 0.01).

The reagents solutions were prepared directly before
the kinetic runs. The acidity of solutions was checked
using a pH-meter OP 211/1 Radelkis (Hungary) with an
accuracy of 0.05 pH units. The required pH of the buffer
solutions was adjusted with concn. KOH solution. The
variation of compound I concentration was performed
by diluting the initial solution containing components whose
concentrations remained constant within the given series
of runs.

We established by special experiments that within 3 h
(the time sufficient for chemical measurements within
one series) no decomposition of H,O, under alkaline con-
ditions occurred. We also did not find any oxidation of 4-
nitrophenol liberated in the course of the target reaction.

The reaction progress was monitored by spectro-
photometry at A 405 nm under concentration restrictions
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[HOO-] >> [S]. The apparent rate constants remained
constant in the course of the process.

The measurement of apparent acid-base ioniza-
tion constant of H,0,. The apparent acid ionization
constant K, was measured by spectrophotometric
procedure by the optical density of water solutions of
hydrogen peroxide in the presence and the absence of
compound I at A 260 nm. The concentration of [HOO-]
in water and water solutions of compound I ([I]=0.005-
0.03 mol 1-1) at a fixed pH value was calculated by the
equation:

Digonm = 17([H,0,]o—[HOO ]) +230[HOO],  (15)

where D¢ ., 1s the optical density of a hydrogen peroxide
solution at a definite concentration [H,0,], and a given
pH; 17 and 230 are extinction coefficients of H,O, and
HOO- anion at A 260 nm [20]. From expression (16) K]
values were determined in the presence of compound I
at pH 10.

(16)

To estimate the K, values by kinetic method we
measured the rate of substrate Il decomposition in the
system H,O0,—-HO- ([H,0,], = 0.05 mol I-! in a phos-
phate buffer) at a fixed concentration of compound I
(0-0.03 mol I-!) in a wide pH range of the water phase
(8.5-12.5). The expression for the apparent rate constant
(kqpp» 71) is described by equation (7).

The K, values were calculated after linearization of
the experimental data in the coordinates k,' — k," - ay+
(ky = kypy/[H20,]o) (Fig. 2) (Table 3).

REFERENCES

1. Solomoichenko, T.N., Sadovskii, Yu.S., Prokop’eva, T.M.,
Karpichev, E.A., Kapitanov, 1.V., Piskunova, Zh.P.,
Savelova, V.A., and Popov, A.F., TEKh., 2006, vol. 42,
p.357.

2. Bunton, C.A. and Foroudian, H.J., Langmuir, 1993, vol. 9,
p-3836.

3. Simanenko, Yu.S., Popov, A.F., Prokop’eva, T.M.,
Karpichev, E.A., Savelova, V.A., Suprun, [.P., and Ban-
ton, K.A., Zh. Org. Khim., 2002, vol. 38, p. 1341.

4.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

VAKHITOVA et al.

Savelova, V.A., Popov, A.F., Vakhitova, L.N.,
Solomoichenko, T.N., Sadovskii, Yu.S., Prokop’eva, T.M.,
Skrypka, A.V., and Panchenko, B.V., Zh. Org. Khim.,2005,
vol. 41, p. 1810.

. Vakhitova, L.N., Bogutskaya, K. V., Taran, N.A., Razumo-

va, N.G., Savelova, V.A., and Popov, A.F., TEKh., 2008,
vol. 44, p. 83.

. Richardson, D.E., Yao, H., Frank, K.M., and Bennett, D.A.,

J. Am. Chem. Soc.,2000, vol. 122, p. 1729.

. Vakhitova, L.N., Skrypka, A.V., Savelova, V.A., Popov, A.F.,

and Panchenko, B.V., TEKA., 2005, vol. 41, p. 94.

. Yao, H. and Richardson, D.E., J. Am. Chem. Soc., 2003,

vol. 125, p. 6211.

. Vakhitova, L.N., Zhil’tsova, S.V., Skrypka, A.V., Razumo-

va, N.G,, Taran, N.A., Savelova, V.A., and Popov, A.F.,
TEKh.,2006,vol. 42, p. 281.

Zakharova, L.Ya., Mirgorodskaya, A.B., Zhil’tsova, L.A.,
Kudryavtseva, L.A., and Konovalov, A.L, Izv. Akad. Nauk,
Ser: Khim., 2004, p. 1331.

Simanenko, Yu.S., Popov, A.F., Prokop’eva, T.M.,
Karpichev, E.V., Belousova, I.A., and Savelova, V.A., TEKh.,
2002, vol. 38, p. 238.

Zakharova, L.Ya., Fedorov, S.B., Kudryavtseva, L.A.,
Bel’skii, V.E., and Ivanov, B.E., Izv. Akad. Nauk, Ser: Khim.,
1993, p. 1396.

Bunton, C.A., Foroudian, H.J., Gillitt, N.D., and Whid-
don, C.K., Canad. J. Chem., 1998, vol. 76, p. 946.
Savelova, V.A., Banton, K.A., Prokop’eva, T.M.,
Turovskaya, M.K., Karpichev, E.A., Mikhailov, V.A.,
Kanibolotskii, A.L., Burakov, N.I. and Popov, A.F., TEKh.,
2004, vol. 40, p.291.

Lobachev, V.L., Zimtseva, G.P., Matvienko, Ya.V., and
Rudakov, E.S., TEKhA.,2007, vol. 43, p. 38.

Berezin, I.V., Martinek, K., and Yatsimirskii, A.K., Usp.
Khim., 1973, vol. 42,p. 1729.

Khan, M.N. and Ismail, E., J. Chem. Soc., Perkin Trans. 2,
2001, p. 1346.

Bunton, C.A., Adv. Colloid. Interface Sci., 2006, vols.123—
126, p.333.

Micellization, Solubilization, and Microemulsions,
Mittall, K., Ed., New York: Plenum, 1977.

Jencks, W.P. and Regenstein, J., Phisical and Chemical
Data. Handbook of Biochemistry and Molecular Biology,
Fasman, G.D., Ed., Cleveland: CRC Press, 1976, vol. 1,
p-305.

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 45No. 8 2009



