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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 cataphonate I{I ) in the presence of sodium salicylate. By
lytic properties of ionic micelles is being extensively surface tension measurements and ESR ‘&h8iMR
studied [13], some essential aspects of this problenspectroscopy we also studied the structural behavior
still remain unexplored. Of them, the most interestingof surfactantll micelles in the presence of the sali-
one seems to be the influence of salt-induced struaylate ion.
tural rearrangements of micelles on the micellar effect.

It is known [4-6] that electrolytes affect many pro- CICH, ?
perties of ionic micelles, reducing the critical concen- RO>F’—O—(36H4N02-|0 + OH"
tration of micelle formation d.y), increasing the L1l

aggregation number and the degree of bonding of 0

counterions, and changing the form of aggregates. At CICHz I

a certain critical concentration of electrolytes, the > Ro/P O+ TOCHNOzp,
smooth change in the above characteristics gives way

to a sharp, jumpwise one, which is analytically R = CHs (1), CgHyg (II1).

detected by an inflection in propessalt concentra-

tion logarithm plots. According to [4], these threshold According to the pseudophase model of micellar
concentrations of electrolytes correspond tephere-  catalysis [9], reagents (substrate with electrophilic
cylinder micellar transformation. It appears reasonableenter on the phosphorus atom and the hydroxide ion
to propose that changes in the above structural charaas nucleophilic agent) are distributed between the
teristics can affect the reactivity of compounds inaqueous and micellar pseudophases The solubiliza-
micelles. It is this aspect of the salt effect which istion of the reagents is measured by the binding
the principal subject of the present investigation. Weconstants of the substraﬂésg | mol™) and the nucleo-
earlier studied [7, 8] the nature of the effect of elecphile (KOH, I mol™Y) to micelles. The reaction pro-
trolytes on the rate of alkaline hydrolysis and acid ceeds in both pseudophases and |s charactenzed by
base equilibria in cetyltrimethylammonium andsecond order rate constants |, I mol* s and Ko
cetylpyridinium bromide micelles. Here we focusedl mol™s?, for the aqueous and micellar phases,
on the kinetics of alkaline hydrolisis of ethptnitro-  respectively]. The kinetic data were treated as des-
phenyl chloromethylphosphonatd) (in a micellar cribed in [10, 11]. The pseudophase model recognizes
solution of dodecylpyridinium bromidell() over a two main factors determining the micellar effect,
wide range of KCI, KBr, and sodium salicylate namely, the concentrationF{) and micellar micro-
(NaSal) concentrations. To compare the electrolytenviroment E,) factors (see table). Th&, value
effects on the kinetics of hydrolysis of compoundscharacterizes the change in the reaction rate, produced
of different hydrophobicity, we also studied alkalineby reagent transfer from bulk pseudophase into
hydrolysis of hexylp-nitrophenyl chloromethylphos- 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

C?\j}lb | ml;2|’—T,S—1 | n‘fgi—l I Km%T—,l Fc Fm (kapp( kw)max FcFm
NaSal (for 1)

0 11.7 233 14 3.9 2.9 10.4 11.5

0.005 5.0 200 3.0 7.9 1.3 8.6 9.8

0.01 4.5 83 3.0 7.0 11 7.0 8.0

0.02 11 63 11.0 19.0 0.3 4.0 5.0
NaSal (for Ill')

0 0.9 527 24 55.0 0.36 20.0 19.7
0.005 12.8 511 0.64 2.0 5.13 10.0 10.0
KBr (for 1)

0.01 4.6 60 3.3 7.3 1.2 7.6 8.4
0.02 1.7 100 6.9 14.3 0.43 5.2 6.2
0.08 1.0 48 12.0 17.8 0.3 3.1 4.6
KCI (for 1)

0.02 5.0 190 2.4 6.5 1.3 7.5 8.5
0.03 25 250 3.9 10.0 0.6 5.5 6.6
0.08 1.6 215 5.3 13.3 0.4 4.1 5.4
0.2 0.8 95 12.3 221 0.2 3.0 4.0

(micropolarity, solvation shell, etc.). The paramédter Br~ > CI™. According to the pseudophase model [9],

describes the catalytic effect resulting from the locabne of the possible reasons for such inhibition may lie
increase in the concentrations of the reagents on theair decrease in the surface potential of micelles with
solubilization in the micellar pseudophase which has ancreasing counterion concentration. This results in
much smaller volume than the solvent pseudophaseieakened electrostatic attraction of the hydroxide ions

0 the positively charged surface of micelles, where

. o t
|istgI%#éefeirjt;eg;esf:nttwaeti\ljclenztr;(:afz}:’ Oa;ntﬂéhgxtagﬁhe reaction takes place. An alternative mechanism of
q y Pl nhibition can be connected with washing out the

mentalk,,s-¢; dependences. Comparison of the dat o .
in Figs. 1.and 2 shows that the kinetics of hydrolysii%ubstrate from the Stern layer with increasing degree

of substrates andlll are described by kinetic curves of counterion binding. Comparison of data for sub-

. . . tratesl andlll (see table) shows that, depending on
of different shapes. The presence of saturation (Fig. - . ;
is indicative of a poor solubilization of substrédtdoy e efficiency of the micellar catalysis and the nature

surfactantll micelles Kg 233 Imorl). The catalytic of the reactants, both mechanisms of the salt effect

' . . can be operative. In the case of the weakly hydro-
effect [(ypdky)] is ca. 10) is determined by . A
positive copntribth?éns of the concentrationF,(3.9) phobic substratd, electrolytes decrease the binding

and micellar microenviromentr(, 2.9) factors. The fr? en Sﬁgéﬁ;:hehz;%ﬂ?ﬁee a:t?atrheorlgtcereogggg r%\‘;’}fﬁ'on n
observation of a maximum in the kinetic curve for p ’ p ek

phosphonatell results from effective binding of the increasing salt concentration indicates that the sub-

cubsiate K 527 I mof’) i the range o relatvey ST2° S Pl o e e sutece b
low concentrations of surfactanti. Thus, further P

raising the concentration of micelles leads to dilution’> Operative. Similar effect is observed not only on

of the reagents and weakens the concentration effe&%dd't'on of hydrophobic salicylate, but also in the

. . : fesence of hydrophilic inorganic counterions (see
The catalytic effect K,,/ky)max ca. 20) in this case ; i
is determined by a positive contribution of the COn_table). As follows from the table, there is a compensat

centration factor K, 55), while micellar enviroment ing change in the concentration (increase) and micellar

adversely affects the reaction rat€( 0.36). g?ggﬁ?ecn;ur(]?;r%ﬁise) factors for organic and in-

In the presence of electrolytes the apparent rate
constant is decreased. The inhibiting effect (salt With the more hydrophobic substratdl , the
effect) is to a great extent dependent on the nature &inetic curve changes shape, implying weakened
the counterion and decreases in the order Sal catalysis and concentration effect. It is seen from the
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Fig. 2. Plots of the rate constantk,,, of alkaline
1 (© hydrolysis of substratelll in micellar solutions of
compoundll vs. the concentration of the lattet\(;on
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3
4 Kapp
5 s1
0.12r
0 1 1 1 1
0.02 0.04 0.06 0.0&, M 0.08F 1
3 2
Fig. 1. Plots of the rate constantk,,, of alkaline
hydrolysis of substraté in micellar solutions of com- 0.04f
pound Il vs. the concentration of the lattec\(on
0.005 M, 25C). (a)cynasa M: (1) 0, (2) 0.005, @) 0.01,
and @) 0.02. (b)ckg,, M: (1) 0, (2) 0.01, @) 0.02, and or
(4) 0.08. (c)cnacr M: (1) 0, (2) 0.02, @) 0.03, @) 0.08, ! L L L L L !
and 6) 0.2. -20 -16 -1.2 -08 -04 0.0 0.4lo®Esai

table, theKqy, value is strongly decreased in the pre-  Fig. 3. Plots of the rate constantk,p, of alkaline
sence of the Salions. Consequently, the first me-  hydrolysis of substratel in micellar solutions of
chanism of inhibition is operative, associated with compoundlil vs. the logarithm of salt concentration
weakened electrostatic attraction of the hydroxide ions (cy,on 0.005 M, 28C). Salt: @) KCI, (2) KBr, and

to the micellar surface because of decreased surface (3) NaSal.

potential. In this case, too, compensating changes of

the concentration and micellar microenviromentsolubilized in the micelle core nearby the surface
factors take place, but the tendency is oppoditg: layer, thus not competing with counterions in the
falls and F,, grows. A probable explanation for the Stern layer. Here, increasing concentration of the
different mechanisms of salt effects with compouhds unreactive counterions gives rise to expulsion of the
and Il is that the substrate changes localizatiorhighly hydrophilic hydroxide ions from the micellar
as its hydrophobicity grows. Presumably, esteils surface andKg, decreases.

solibilized in the Stern layer of micelles, and, there-

fore, in the surface layer there is competition between In line with the aim of our study, we examined the
the substrate and counterions. In this case, with irkinetic data (Fig. 3) and established the critical con-
creasing concentration of counterions, the substrate eentrations of electrolytesc(), corresponding to the
expelled from the micellar phase arkh decreases. inflections in the k,,5-log csy plots. According to

The more hydrophobic phosphondté is evidently [7, 8], c. values carﬁ) be related to structural trans-
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formations of surfactarit micelles. Thec,, values are

1.1, 0.5, and 0.05 M for CJ] Br, and Sal, respec- 125+
tively. ¥, mV
: , , . 100} 1
To verify the proposed interrelationship between
the structure of the micelles and the reactivity of the 2
esters, we studied the properties of micellar solutions [Ely
of surfactantll in the presence of electrolytes by
means of surface tension measurements and ESR and S0r
'H NMR spectroscopy. By surface tension measure-
ments we foundcecy, values for solutions of com- 25r
pound Il at various salt concentrations, and, basing 3
on data in [6], deduced the following empirical or
relationships.
_ 25 1 1 1 1 1 ] 1 ]
log ccem = -0.41logcycey - 4.15, 3.0-2.5-2.0-1.5-1.0-0.5 0.0 0.5 l0gCeai
log ccem = —0.51logeke, — 2.87,
log ccey = —0.85l0gCy 54 — 5.32. Fig. 4. Plots of the micellar surface potential of com-

pound Il vs. the logarithm of salt concentration. Salt:

Analysis of the surface tension isotherms by the (1) KCl, (2) KBr, and @) NaSal.
method proposed in [12] allowed us to estimate the
degree of counterion binding) at various concentra- proton signals in théH NMR spectrum [17]. Given
tions of the Salions. It was shown that the degree ofare cy,s, (M) and Dx 10" (m?s™): 0, 14.0; 0.01,
counterion binding sharply increases when thel.4; 0.03, 6.21; 0.05, 2.00; 0.1, 1.38; and 0.2, 1.04.
bromide ions on the surface of micelles are replace@he effective radius of the micelle®), estimated by
by Sar ions. Given arecy,s, (M) and B: 0, 0.71; the StokesEinstein equation (1) from the diffusion
0.005, 0.92; 0.01, 0.94; and 0.08, 0.96. data in the absence of NaSal, is 134This value is
lose to our estimate for the length of the molecule of
urfactantll from bond lengths and angles (154
(imd may suggest a spherical shape of the micelles.

Using the Nernst relationship between the surfac
potential ) andc¢y: d [y | /dlog coey = 59.16 mV
[13], we estimated the surface potential of compoun
Il 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 concentration
of the CI and Br ions are close to each other: 74
and 71 mV. This result points to prevailing contribu- At higher concentrations of NaSal in the solution,
tion of the surface potential into the mechanism of thehe estimates foR by Eq. (1) are much larger than
inhibiting effect of inorganic counterions on the reac-the hydrocarbon chain length in surfactdht which
tion rates in micelles. The,, value for the Salions does not agree with the assumed spherical shape of
is =7 mV. These results are not in conflict with litera- the micelles and probably results from their asym-
ture, where negative values of the surface potetitial metrization. Approximating the micelle by a stretched
[14] and the electrokineti& potential [15, 16] of rotation ellipsoid and using th® values, we can
cationic micelles in the presence of NaSal have beeobtain the micelle axis ratioP) [18]. As seen from
reported. The unique effect of the Sabn on cetyl- Fig. 5, as the concentration of counterions is increased,
trimethylammonium bromide, cetylpyridinium the micelles change their shape, first from spherical
bromide, and trimethyltetradecyl halide micelles,to spherical-cylindrical R 1-5), and in the NaSal
which differs from that of hydrophilic inorganic concentration region of 0.68.05 M, to cylindrical.
counterions, has been extensively studied in recent

years [15, 16]. The behavior of surfactahtmlcelle_s by investigating the mobility of spin labels by ESR
in the presence of Salon has scarcely been studied. .

: : . . spectroscopy [19]. The almost water-insoluble doxyl-

We investigated the effect of this counterion on thet : id liable to | tint icell

structure of compound! micelles. stearic acids are liable to insert into micellar aggre-

gates so that the mobility of the spin label bound to

The size and shape of the micelles were calculatethe C atom of the stearic acid will characterize the

basing on the self-diffusion coefficient of surfactantdensity of packing of surfactant molecules near polar

II (D), measured by the diffusion decay of its (91 head groups of micelles. Since spherical aggregates

D = KT/6mnR. 1)

Here n is the viscosity of the solvent.

The shape of micelles is conveniently elucidated
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Fig. 5. Plots of (1) the correlation time of spin label

rotation (in the absence of NaSall.1 ns) and %) sur-
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Fig. 6. ESR spectra of 5-doxylstearic acid in micellar
solutions of surfactantl. cyagq M: (1) 0, (2) 0.0,
(3) 0.025, @) 0.1, and %) 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 rotatior,(s), as determined

by Eqg. (2).
T = 6.65AH,[(1,/1)Y2 — 1]x10710, (2)

Here AH, is the width of the low-field hyperfine
component in the ESR spectrurh, and I_ are the
intensities of the low- and high-field hyperfine com-
ponents, respectively. From the above it follows that
the spherecylinder transition should be accompanied
by a steep rise im.

The ESR spectral patterns of all the samples
studied (Fig. 6) are indicative of a fast{ 3x107° s)
anisotropic rotation of the spin label in the system.
As the concentration of the Saions is increased up
to about 0.05 M, ther values increase, and beyond
this point the mobility of the label remains unchanged
(Fig. 5). The increase in thevalues, in our opinion,
reflects the process of micelle elongation and growing
proportion of surfactantl 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 compound| 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
Safl ions fall in the region of sharp structural trans-
formations of surfactarit 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 surfactarit and the structural parameters
of the aggregates revealed the effect of electrolyte-
induces structural rearragements of surfactdiht
micelles on the reactivity of the esters.

EXPERIMENTAL

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

The self-diffusion coefficients of components of
micellar solutions were measured By NMR spec-
troscopy with Fourier transform and pulse magnetic
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field gradient on a Tesla BS-576A high-resolution
spectrometer (100 MHz) [21]. 3

The ESR spectra were recorded on an RE-1306
spectrometer in the conditions described in [22] The

spin label was 5-doxylstearic acid (Sigmag s O M). 9.

The kinetics of hydrolysis were studied spectro-
photometrically on a Specord M-400 instrument at
25°C, following the absorbance of thgnitropheno-
late anion ath 400 nm. The initial concentration of
the substrate in the kinetic experiments was19™>

M. The apparent pseudo-first order rate constantg;

(kypp were found from the equation IR — A) =
—ka T + const A and A, are the optical densities of
the solutlon at timer and on the completion of the
reaction, respectively). Thie,,values were calculated
by the weighted least- squared method.

13.

Ethyl p-nitrophenyl chloromethylphosphonate) (
and hexyl p-nitrophenyl chloromethylphosphonate
(111") were prepared by the procedure described in [23]1
Pure grade dodecylpyridinium bromide (surfactént
was twice recrystallized from ethanol.
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