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ABSTRACT: The acid and basic hydrolysis ofN-methyl-N-nitroso-p-toluenesulphonamide (MNTS) was studied in
different micellar aggregates (CTACl, CTABr, TTABr, LTABr, and OTACl). The effect of mixed micelles (OTAX–
LTAX) was also studied. The kinetic behaviour was explained on the basis of the pseudophase model, from which the
binding constants of MNTS to different micelles, the ion exchange constants and the reactivity constants in the
micellar pseudophase were obtained. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

A potential use of micellar media is in the control of
chemical reactivity. The chemical reaction rates and
equilibria observed in micellar media ca differ from those
observed in conventional media, owing to solubilization
of the reagents, reduction of their effective concentra-
tions through their segregation in different ‘compart-
ments’ within the bulk medium, concentration within
micelles and changes in the polarity of the different
regions of the system. Predictions of reaction rates in
micellar media are usually based on the pseudophase
model,1 which treats aqueous, organic and/or surfactant
components of the solvent medium as constituting
distinct phases in which reactions occur, and between
which reagents and products are distributed, in accor-
dance with conventional laws of kinetics and mass trans-
fer. This model has provided qualitative and quantitative
correlation of a large number of experimental results,2

often with no more than crude assumptions on the
distribution of reagents between pseudophases.

N-Methyl-N-nitroso-p-toluenesulphonamide (MNTS)
has proved to be a highly interesting substrate with
regard to its behaviour in basic or neutral media from
both biomedical3 and chemical4 points of view. The
mechanisms of acid5 and alkaline6 hydrolysis of MNTS
in water are well known. In an acid in medium, the slow
step is the proton transfer from the medium to the sub-
strate, whereas in an alkaline medium it is the nucleo-
philic attack of HOÿ on the sulphur atom.

In this paper we present a study on the acid and
alkaline hydrolysis of MNTS in the presence of cationic
micelles: lauryltrimethylammonium bromide (LTABr),
cetyltrimethylammonium bromide and chloride (CTABr
and CTACl), tetradecyltrimethylammonium bromide
(TTABr) and octadecyltrimethylammonium chloride
(OTACl)

EXPERIMENTAL

All chemicals used were of the highest commercially
available purity (Merck or Sigma) and none required
further purification. The initial concentration of MNTS
(1.0� 10ÿ4 M) was always much lower than that of the
other reagents. The experimental procedure is described
in detail elsewhere.7

RESULTS AND DISCUSSION

Micellar effects on the acid hydrolysis of MNTS

The effect of CTACl, CTABr, LTABr, TTABr and
OTACl on the acid hydrolysis of MNTS was studied at
[H�] = 0.104M, and the concentrations of the different
surfactants were varied typically between 0 and 0.16M.

The results (Fig. 1) show the pseudo-first-order rate
constant,k0, to be markedly decreased by all the cationic
surfactants. This behaviour can be rationalized in terms
of the two-pseudophase model1 in which the reaction is
assumed to occur in both a micellar pseudophase and an
aqueous pseudophase, with an equilibrium distribution of
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MNTS betweenthe two pseudophases.Basedon elec-
trostaticconsiderations,8 the protonconcentrationat the
micellar pseudophasemust be very low owing to the
cationiccharacterof themicelles.Thisvirtually complete
exclusionof H� meansthat the reactionis taking place
only in the aqueouspseudophase(seeScheme1). This
modelyields the following equation:

k0 � kw�H��
1� KMNTS�Dn� �1�

Scheme 1

wherekw is the bimolecularrateconstantin bulk water,
KMNTS is the binding constantof the substrateto the
micellar pseudophase,and [Dn] is the concentrationof
micellized surfactant ([surfactant]ÿcmc). The critical
micellar concentration(cmc) valueswereobtainedfrom
the kinetic data and calculatedas the minimum con-
centrationof surfactantnecessaryto producea changein
thereactionrate(Fig. 1). Thesevaluesin thepresenceof
H� aresatisfactorilycorrelatedwith the expectedbeha-
viour of cmc valueswhen the length of the surfactant
chain increases,which is a linear decreasein the
logarithmof cmcwith increasein thenumberof carbons
in thechain.9 Thesolidline in Fig.1 representsthebestfit
of Eqn.(1) to theexperimentaldata.Thefitting resultsfor
different surfactantsareshownin Table1.

As canbeobservedin Table1, theassociationconstant
increasedwith increasein thenumberof carbonatomsin
thesurfactantchain.Thevaluefor LTABr is closeto that
obtainedfor SDS7 sinceboth surfactantshavethe same
numberof carbonsin their chains.Theseresultsindicate
that the associationof the substrateis controlledmainly
by hydrophobic forces and not by the electrostatic
propertiesof theheadgroup.10

Effects of LTAX and OTAX mixed micelles on the
acid hydrolysis of MNTS

The dependenceof the pseudo-first-orderrate constant,
k0, for the acid denitrosationof MNTS on the total
surfactantconcentration(LTA andOTA) wasstudiedin a
seriesof experimentsat fixed LTAX:OTAX molarratios
(1:0, 1:0.25,1:0.5,1:1, 0.5:1,0.25:1and0:1). As shown
in Table 2, thecmc valuesfor thesemixturesdecrease
with increasingpercentageof OTAX.

The observedrateconstant,k0, decreasesas the total
surfactantconcentrationincreases(see Supplementary
material).This behaviouris analogousto that found for
pure surfactantmicelles (see above).The best fits of

Figure 1. In¯uence of surfactant concentration on the acid
hydrolysis of MNTS. [MNTS] = 1� 10ÿ4

M, [HCl] = 0.104 M.

(*) OTACl; (*) LTABr. The inset shows the kinetic deter-
mination of the cmc for LTABr.

Table 1. Kinetic parameters obtained from applying Eqns (1), (3) and (4) to the hydrolysis of MNTS in the presence of different
cationic surfactants

Surfactant cmc (M) kw (l molÿ1 sÿ1) KMNTS (l molÿ1) KX
OH km (sÿ1) k2

m (l molÿ1 sÿ1)

Acid hydrolysis:
LTABr 0.010� 0.0005 0.031a 132
TTABr (1.00� 0.05)� 10ÿ3 0.031a 270
CTABr (4.0� 0.5)� 10ÿ4 0.031a 310
CTACl (4.0� 0.5)� 10ÿ4 0.031a 310
OTACl (5.0� 1.0)� 10ÿ5 0.031a 410

Basichydrolysis:
LTABr 0.012� 0.002 0.083a 132b 17 (7.10� 0.02)� 10ÿ2 0.00994
TTABr (1.4� 0.1)� 10ÿ3 0.083a 270b 17 (6.10� 0.01)� 10ÿ2 0.00854
CTABr (2.0� 0.5)� 10ÿ4 0.083a 310b 17 (6.99� 0.02)� 10ÿ2 0.00978
CTACl (2.0� 0.5)� 10ÿ4 0.083a 310b 10 (9.10� 0.02)� 10ÿ2 0.01274
OTACl (5.0� 1.7)� 10ÿ5 0.083a 410b 10 (8.60� 0.03)� 10ÿ2 0.01204

a Value takenfrom the bulk water.
b Valuestakenfrom theacid hydrolysis.
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Eqn(1) to the experimentaldata yield the values of
KMNTS shown in Table 2. The associationconstant
increaseswith increasingpercentageof OTACl. These
resultsindicate that mainly hydrophobicforcescontrol
theassociationof thesubstrate.

Micellar effects on the basic hydrolysis of MNTS

We studied the influenceof the five cationic micelles
(CTACl, CTABr, TTABr, LTABr and OTACl) on the
basic hydrolysis of MNTS. All the experimentswere
carried out at [NaOH] = 0.117M and the surfactant
concentrationswere varied between0 and 0.2M. The
results(Figure2) follow thetypical biphasicpattern.The
reactionratepassesthroughamaximumasthesurfactant
concentrationincreases.Theexistenceof amaximumcan
beexplainedin termsof two competingeffectsin theion-
exchangemodel.Addedsurfactantincreasesthe relative
concentrationsof MNTS and HOÿ in the Stern layer,
which increasesthe reaction rate, and the ascending
branchof thecurveis observed.As theconcentrationof
surfactantincreases,theconcentrationof the reagentsin
the micellar pseudophasedecreases,and further the
excessof unreactivecounterions,Xÿ, competewith HOÿ

for availablesitesin the Sternlayer,so that the reaction
rate decreases.The relative contribution of these
competingfactorsresultsin theexperimentalmaximum.
This experimentalbehaviourcanbe explainedquantita-
tively again on the basis of the pseudophasemodel.
Unlike the acid hydrolysis,whereH� ions arevirtually
completelyexcludedfrom themicellarpseudophase,the
cationicnatureof the surfactantfavoursthe presenceof
OHÿ at the micellar pseudophase.The overall reaction
rate was,therefore,equalto the sumof the ratesat the
micellar and aqueouspseudophases(see Scheme2).
Scheme2 allowsus to obtainthe following equation:

ko � kw�OHÿ�w � kmKMNTS�OHÿ�m
1� KMNTS�Dn� �2�

from which we canobtaintheequation

ko � kw�OHÿ�total� �kmKMNTSÿ kw�mOH�Dn�
1� KMNTS�Dn� �3�

Scheme 2

wherekw is the bimolecularrateconstantin bulk water,
km is the rate constant in the micellar pseudophase,
KMNTS (KMNTS = [MNTS]m/[MNTS]w [Dn]) is the bind-
ing constantof thesubstrateto themicellarpseudophase
and [Dn] is the concentrationof micellized surfactant
([surfactant]ÿcmc). mOH, which denotesthe [HOÿ]m/
[Dn] ratio, satisfiesthe following equation:

m2
OH�mOH

�OHÿ�total� KX
OH�Xÿ�total

�KX
OHÿ 1��Dn�

ÿ �
� �

ÿ ��OHÿ�total

�KX
OHÿ 1��Dn�

� �
� 0 �4�

whereKX
OH (KX

OH = [OHÿ]w [Xÿ]m/[OHÿ]m [Xÿ]w) is
theion-exchangeconstant,obtainedfrom theinfluenceof
saltsuponk0 (seebelow).Thecmcvalueswereobtained
from the kinetic data and calculatedas the minimum
concentrationof surfactantnecessaryto inducea change
in the reactionrate(seeinset in Fig. 2) andarelisted in
Table1. ß is thefractionof surfactantionsneutralizedby
counterions,which theion-exchangepseudophasemodel
assumesto be constantand independentof the concen-
tration of surfactant.1a,c The usual value of ß is in the

Table 2. Association constant values between MNTS and
different mixtures of OTACl and LTABr obtaineda by applying
Eqn (1).

OTACl:LTABr cmc (M) KMNTS (l molÿ1)

1:0 (5.0� 1.0)� 10ÿ5 410
1:0.25 (2.5� 0.4)� 10ÿ4 406
1:0.5 (3.0� 1.0)� 10ÿ4 359
1:1 (4.0� 0.8)� 10ÿ4 295
0.5:1 (6.0� 1.0)� 10ÿ4 217
0.25:1 (7.0� 1.2)� 10ÿ4 160
0:1 0.010� 0.0005 132

a With kw = 0.1 lmolÿ1 sÿ1 measuredin bulk water.

Figure 2. In¯uence of surfactant concentration on the basic
hydrolysis of MNTS. [MNTS] = 1� 10ÿ4

M, [NaOH] =
0.117 M. (*) OTACl; (D) TTABr; (*) LTABr. The inset shows
the kinetic determination of the cmc for TTABr.
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range0.6–0.9.11 We usedß= 0.8, as it seemsto be the
most frequentlyusedvalue.Changesin ß (in the range
0.6–0.9)do not affect the fitting results.The goodfit to
the experimentaldata shows that the assumptionof
constantß is satisfactory,andin our caseindependentof
the natureof the counterion.The subscriptsm and w
denotemicellar andaqueouspseudophases,respectively

Sincewebelievethattheobservedinhibition (Fig.2) is
causedby Xÿ ions competingfor surfacesites,we per-
formedseriesof kinetic runswith increasingamountsof
NaX ([NaX] = 0–0.4M) and a fixed amount of each
surfactant ([OTAX] = 4.7� 10ÿ3 M, [LTAX] = 2.3�
10ÿ3 M, [CTAX] = 4.5� 10ÿ3 M and [TTAX] = 5.5�
10ÿ3 M). Inhibition was indeed observed(see Fig. 3),
in quantitative agreementwith the pseudophaseion-
exchangemodel[Eqns(3) and(4)]. Thesolid linesin Fig.
3 representthe best fit of Eqns (3) and (4) to the
experimentaldata.The calculationswere performedby
means of a non-linear fitting program based on
Marquardt’salgorithm.Thefit wascarriedoutusingcmc
values calculated from the kinetic data, kw was the
experimentalvalue in bulk water and KMNTS was ob-
tainedfrom fitting of kinetic datafor theacidhydrolysis
in order to find the values of km and KX

OH that best
reproducethe kinetic data. The solid line in Fig. 2
representsthe bestfit of Eqns(3) and(4) to the experi-
mentaldata,usingthe valueof KX

OH obtainedfrom the
influenceof saltsuponthe basichydrolysisof MNTS in
the presenceof cationic surfactants.This allows us to
obtainagainvaluesof km in goodagreementwith those
foundin thestudyof theinfluenceof salts.Thevaluesof
KX

OH are in accordancewith the valuesreportedin the
literature.2b,c,gThefitting resultsfor differentsurfactants
areshownin Table1.

For comparingthe reactivitiesin themicellar pseudo-

phasewith the correspondingreactivitiesin bulk water,
km (definedin termsof molepermoleconcentrationsand
expressedin sÿ1) are convertedinto k2

m expressedin
lmolÿ1 sÿ1. Using the well known molar volumeof the
Stern layer (ca 0.14lmolÿ1),12 the k2

m values are 10
times lower than the correspondingkw values in bulk
water.Thiscanbeattributed,at leastpartly, to a medium
effect.In fact, theSternlayerhasa dielectricconstantof
ca35,13 markedlylower thanthatof water.Theinfluence
of loweringthedielectricconstantuponthereactionrate
wasinvestigatedby studyingthehydrolysisof MNTS in
dioxane–watermixtures.2b The results obtained show
that, in fact, the effect of decreasingpolarity of the
solvent is a decreasein the reactionrate. The catalytic
effectsobservedaredueonly to the increasein the local
reagentconcentrationat theSternlayer.

The catalyticefficiencyof the different micelles(viz.
kmax/kw, see Table 1) increaseswith increasingchain
length (1.25:1.67:1.74for LTABr:TTABr:CTABr and
2.39:3.11for CTACl:OTACl). The trend is due to the
highervalueof KMNTS.

In conclusion,thepseudophaseion-exchangemodelis
highly successfulin explaining the resultsobtainedfor
the acid and alkaline hydrolysis of MNTS in cationic
micelles.It canalsobeaddressedthathydrophobicforces
drive the associationof substratewith the micellar
pseudophaseand that the catalysis observedin these
systemsis not dueto an intrinsically largerkinetic con-
stantin the micellar pseudophasebut to a local concen-
tration effect.

SUPPLEMENTARY MATERIAL

Kinetic determinationof cmc in all casesand kinetic
resultsfor thesurfactantmixturesareavailableassupple-
mentarymaterial.
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