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ABSTRACT: The kinetics of the acid hydrolysis ofN-methyl-N-nitroso-p-toluenesulfonamide (MNTS) were studied
in media containing different cationic micellar aggregates (lauryltrimethylammonium bromide, tetradecyltrimethyl-
ammonium bromide and cetyltrimethylammonium chloride) andb-cyclodextrin (b-CD). The results were interpreted
in terms of the pseudo-phase model. The model takes into account the formation of bothb-CD–surfactant andb-CD–
MNTS complexes. The presence ofb-CD has no effect on existing micelles but raises the cmc. Complexation of
surfactant byb-CD makes the cmc dependent onb-CD concentration because the cmc is now the sum of the
concentrations of free and complexed surfactant when micelles begin to form. At surfactant concentrations above
the cmc, competition between the micellization and complexation processes leads to the existence of a significant
concentration of free cyclodextrin. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Micellar systems and related association colloids have
the ability to alter chemical reactivity.1 Reaction rates
and equilibria in micellar media are affected by
solubilization of reactants, changes in local concentra-
tions due to compartmentalization of reaction media and
changes in physico-chemical properties of the medium.
The influence of micellar systems on chemical reactivity
is usually analysed in terms of the pseudo-phase model.2

In particular, micellar effects upon the reactivity of
N-methyl-N-nitroso-p-toluenesulfonamide (MNTS) has
been extensively studied.3

Cyclodextrins (CDs) are cyclic oligosaccharides con-
sisting of glucose units linked bya-1,4 glucoside bonds.4

They possess a toroidal or hollow, truncated cone shape
with a non-polar, hydrophobic interior and two hydro-
philic rims formed by primary (narrower rim) and
secondary (wider rim) alcohol groups. CDs form
inclusion complexes with molecules that fit into their
cavities.5 Their ability to modulate reactivity depends on

their capacity to complex organic substances, i.e. mol-
ecules with an appropriate size and shape form inclusion
complexes with cyclodextrins. Changes in physico-
chemical properties and reactivities result from such
host–guest interactions.6 The effects of inclusion com-
plexes on reactivity vary widely and depend on the guest,
the CD and the reaction.

Adding a CD to a micellar system alters its physico-
chemical properties because the oligosaccharide com-
plexes surfactant monomers.7 Complex formation in-
creases the concentration of surfactant required for
micellization,8 so that the critical micelle concentration
(cmc) of a micellar system in the presence of a CD is
equal to the combined concentrations of surfactant
monomers complexed to the CD and free monomer.

In this work, we studied the influence ofb-CD on the
behaviour of aqueous systems containing a cationic
surfactant, lauryltrimethylammonium bromide (LTABr),
tetradecyltrimethylammonium bromide (TTABr) and
cetyltrimethylammonium chloride (CTACl), by deter-
mining the kinetics, in these media, of the acid
denitrosation of MNTS (Scheme 1).

Scheme 1
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EXPERIMENTAL

All chemicalswereof thehighestcommerciallyavailable
purity (Aldrich or Sigma) and none required further
purification. The low solubility of MNTS in water
required the use of acetonitrile as a solvent in a
proportion never exceeding1% (v/v) in the reaction
mixture.b-CD solutionsweremadetaking into account
that commercial b-CD has an H2O content of
8 mol molÿ1.

Thereactionswerefollowedby recordingthedecrease
in absorbanceat 250nm due to the disappearanceof
MNTS in a Hewlett-Packardmodel 8453 spectrophot-
ometerwith a cell holder thermostatedat 25� 0.1°C.
The MNTS concentrationwas always 5� 10ÿ5 M and
[H�] = 0.109M; undertheseconditionsall theb-CD will
be in the neutral form [pKa = 12.2 (Ref. 4]. The
experimentalprocedurehas been describedin detail
elsewhere.3b

All kinetic experimentswere performedwith MNTS
concentrationsmuch lower than that of HCl. The
absorbance–timedata for all kinetic experimentswere
fittedby first-orderintegratedequations,andthevaluesof
thepseudo-first-orderrateconstants,k0, werereproduci-
ble to within 3%.

RESULTS AND DISCUSSION

Acid denitrosation of MNTS in the presence of
b-CD

Kinetic results in the presenceof CDs are often
interpretedon the basis of the similarity betweenthe
specialCD behaviourandenzymecatalysis.6aTheapolar
interior of theb-CD cavity providesa solubilizationsite
for the MNTS, with reversible formation of a 1:1
inclusioncomplexbetweenb-CD andMNTS6d (Scheme
2). From Scheme2, the variation of k0 with [CD] is
representedby theequation

k0 � �kw � kCDKMNTS�CD���H��
1� KMNTS�CD� �1�

where KMNTS is the associationconstantof MNTS to
neutral b-CD, kw is the rate constant for the acid

hydrolysisof MNTS in aqueousmediumand [CD] the
concentrationof freeb-CD.

Becausethe MNTS concentrationis at least10 times
lessthan that of CD, [CDf] � [CDT]. Figure 1 showsa
plot of k0 and1/k0 asa function of b-CD concentration.
The linear dependenceof 1/k0 on [b-CD] indicatesthat
the percentageof the reaction that goes through the
complexis smallandis difficult to obtainaccuratevalues
for the rate constantfor the complex. We assumethe
absenceof reaction between H� and the inclusion
complex MNTS-CD, kCD� 0. These considerations
imply thatEqn.(1) canbetransformedinto thefollowing
expression:

k0 � kw�H��
1� KMNTS�CD� �2�

This equationcanbe linearizedas

1
k0
� 1

kw�H�� �
KMNTS�CD�

kw�H�� �3�

The good fit betweenEqn. (2) and the experimental
results(Fig. 1) andthe agreementbetweenthe resulting
estimateof kw = (3.10� 0.08)� 10ÿ2 l molÿ1 sÿ1 and
those obtainedin water without b-CD (0.031 l molÿ1

sÿ1)3c corroboratethe validity of Scheme2 and our
assumptionsandleadusto estimateavalueof 1500� 50
l molÿ1 for KMNTS, which will beusedin what follows.

Acid denitrosation of MNTS in the presence of b-
CD±micelle Mixtures

In the absenceof CD, micelles of cationic surfactants
inhibit the acid hydrolysisof MNTS.3c In this work, the
influenceof alkyltrimethylammoniumhalides(LTABr,
TTABr andCTACl) concentrationsonk0 in thepresenceScheme 2

Figure 1. In¯uence of [b-CD] on k0, the pseudo-®rst-order
rate constant for acid denitrosation of MNTS.
[HCl] = 0.109 M. The curve is the result of ®tting Eqn. (2) to
the experimental data (*). Reciprocal plot of k0 as a function
of [b-CD] (*); the line represent the ®t to Eqn. (3)
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Figure 3. In¯uence of [surfactant] on k0, the pseudo-®rst-
order rate constant for acid denitrosation of MNTS, in the
presence of [b-CD] = 4.97� 10ÿ3 M: (~) LTABr; (*) TTABr;
(*) CTACl. Curves are the results of ®tting Eqn. (7) to the
experimental data as described in the text

Scheme 3

Figure 2. In¯uence of [TTABr] on k0, the pseudo-®rst-order
rate constant for acid denitrosation of MNTS, in the presence
of b-CD concentrations of (*) 1.00� 10ÿ3 and (*)
4.97� 10ÿ3 M. Curves are the results of ®tting Eqn. (7) to
the experimental data as described in the text
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of b-CD was determined by varying the surfactant
concentrationbetweenpre-micellizationandpost-micel-
lization valuesin seriesof experimentsat constantb-CD
concentration.In eachseries(Fig. 2 showstheresultsof
two of them),k0 increaseswith surfactantconcentration
upto amaximumandthendropsasit doesin theabsence
of b-CD.3c An increasein b-CD concentrationdecreases
the peak value of k0 and increasesthe surfactant
concentrationat which it occurs.

Figure 3 showsthe influenceof surfactant(LTABr,
TTABr, CTACl) concentration on k0 for the acid
hydrolysis of MNTS in the presence of
[CD] = 4.97� 10ÿ3 M. Decreasingthe chain length of
the surfactantincreasesthe maximumin k0 vs [surfac-
tant] profile andthe surfactantconcentrationrequiredto
reachthemaximum.

Theexperimentalbehaviourcanbeexplainedqualita-
tively by consideringthedifferentcompetingcomplexa-
tion/micellizationprocesses.Thevalueof k0 extrapolated
to zero surfactantconcentrationis significantly lower
thanthatobservedin purewater,[Scheme3(A)], because
of the formationof MNTS–b-CD host–guestcomplexes
which decreasethe free MNTS concentrationin the
aqueousphase. Hence the k0 values for each CD

concentrationcorrespondto the valuesobtainedin the
previous section for experimentsin the absenceof
surfactant.

At surfactantconcentrationsbelow thecmc, alkyltri-
methylammoniumhalideadditionto thereactionmedium
producescomplexationof surfactantmonomerswith b-
CD, with displacementof MNTS to theaqueousmedium
[Scheme 3(B)]. Increasing the concentrationof free
MNTS increasesk0 until the concentrationof uncom-
plexed surfactantis high enoughfor micelles to form.
Oncemicellizationstarts,the typical inhibitory effect of
cationic micelles on acid hydrolysis of hydrophobic
substratesis observed.3c

In view of thebehaviourof surfactantsin theabsence
of other additives,it may be assumedthat surfactant’s
monomerconcentrationremainsconstantwhenthe total
surfactantconcentrationis increasedbeyondthepoint at
whichmicellesbeginto form.2 In micelle� b-CD mixed
systems,both the free b-CD and the free monomer
concentrationare assumedto remain constant after
micellization. This assumptionis reasonablebecause
the surfactantmonomerconcentrationabovethecmc is
essentiallyconstantand thereforethe concentrationof
surfactant–b-CD complexis constant.9 Theadditionof a

Table 1. Results of ®tting Eqn. (3) to the experimental data for the acid denitrosation of MNTS in bCD±cationic surfactant mixed
systems

Surfactanta [CD] (M) cmcapp (M) [CD]free (M) cmcreal (M) Ks/l molÿ1 kw/l molÿ1 sÿ1 KSurfactant/l molÿ1

LTABr 0b — — 0.010 132 3.10� 10ÿ2 —
1.00� 10ÿ3 8.00� 10ÿ3 6.30� 10ÿ6 7.01� 10ÿ3 146� 5 (3.08� 0.03)� 10ÿ2 (22500� 2500)
4.97� 10ÿ3 1.14� 10ÿ2 3.39� 10ÿ5 6.46� 10ÿ3 134� 6 (3.06� 0.02)� 10ÿ2 (22500� 2500)

TTABr 0b — — 1.00� 10ÿ3 270 3.10� 10ÿ2 —
1.00� 10ÿ3 1.40� 10ÿ3 2.65� 10ÿ5 4.27� 10ÿ4 251� 7 (2.96� 0.04)� 10ÿ2 (80000� 5000)
4.97� 10ÿ3 5.28� 10ÿ3 1.31� 10ÿ4 4.41� 10ÿ4 260� 14 (3.09� 0.02)� 10ÿ2 (80000� 5000)

CTACl 0b — — 4.00� 10ÿ4 310 3.10� 10ÿ2 —
1.00� 10ÿ3 9.25� 10ÿ4 1.23� 10ÿ4 4.80� 10ÿ5 303� 18 (3.46� 0.06)� 10ÿ2 (175000� 10000)
4.97� 10ÿ3 4.00� 10ÿ3 9.84� 10ÿ4 4.40� 10ÿ5 290� 50 (3.12� 0.05)� 10ÿ2 (175000� 10000)

a KMNTS = 1500� 50 l molÿ1

b Takenfrom Ref.3c.

Scheme 4
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third component(MNTS) to the b-CD–micelle mixed
systemsrequiresaccountingfor its complexationequili-
bria with b-CD and micelles. When micelles form,
MNTS also associateswith them. Simple electrostatic
considerationsrequirethattheH� concentrationbemuch
lower at the micellar surfacethan in bulk water. The
effectof MNTS associationwith themicellesproducesa
decreasein the concentrationof MNTS in the aqueous
phaseandslowsthe reaction[Scheme3(C)].

Above the micellization point, the variation in k0 is
primarily causedby increasingassociationof MNTS with
micelles [see Scheme3(D)]. We equatethe surfactant
concentrationat which ko peaksas the point at which
micellization beginsand define its value of surfactant
concentrationas the b-CD-dependentcritical micelliza-
tion concentration,cmcapp. Note that,abovethe micelli-
zationpoint, just astheconventionalcmcof a surfactant
solution with no other additives satisfiesthe equation
[surfactant]t = [Dn] � cmc, where[Dn] is the micellized
surfactant concentration, socmcapp must satisfy the
equation[surfactant]t = [Dn] � cmcapp; this follows from
the fact that at the micellization pointcmcapp= [surfac-
tant–b-CD]� [surfactantmonomer] andthat [surfactant–b-
CD] and [surfactantmonomer] are constant when the
surfactantconcentrationis variedabovethemicellization
point (when[surfactantmonomer] = cmcreal).

Theabovebehaviourmaybeexplainedon thebasisof
the pseudo-phasemodel shownin Scheme4, in which
distribution of the reagentsin the two pseudo-phasesis
considered.The global reaction rate is assumedto be
exclusivelythereactionat theaqueouspseudo-phasedue
to electrostaticconsiderations.

Accordingto Scheme4, the total b-CD concentration
canbeexpressedas

�CDT� � bCDf c � �MNTSÿ CD� � �surfactant
ÿ CD� �4�

andthetotal surfactantconcentrationcanbeexpressedas
the free monomers, surfactant–b-CD complex and
micellizedsurfactant:

�surfactantT� � �surfactantmonomer� � �surfactant
ÿ CD� � �Dn� �5�

In thiswaythetotalMNTS concentrationwill begiven
by the sum of MNTS concentrationin the aqueous
pseudo-phase,MNTS–b-CD complexconcentrationand
MNTS concentrationin themicellar pseudo-phase:

�MNTST� � �MNTSw� � �MNTSÿ CD�
� �MNTSm� �6�

Scheme4 allows us to obtain the following equation
for the pseudo-first-orderrate constantas a function of
the free b-CD and micellized surfactantconcentration

([Dn]):

ko � kw�H��
1� KMNTS�CDf � � KS�Dn� �7�

The free b-CD concentrationcan be obtainedas a
function of total b-CD concentration,total surfactant
concentrationand total MNTS concentration,from the
following third-orderequation:

a�CDf �3� b�CDf �2� c�CDf � � �CDT� �8�

where

a� KsurfactantKMNTS �9�

b� fKsurfactant� KMNTS� KMNTSKsurfactant��surfactantT�
ÿ �CDT� � �MNTST��g �10�

c� f1� Ksurfactant��surfactantT� ÿ �CDT��
� KMNTS��MNTST� ÿ �CDT��g �11�

for Ksurfactant(bindingconstantof surfactantmonomerto
b-CD), Ks (binding constantof MNTS to micelles)and
KMNTS (binding constant of MNTS to b-CD) the
conventionaldefinitionswereused.6d

Thevalidity of Scheme4 wastestedby fitting Eqn.(7)
to theexperimentalko–[surfactant]profile by meansof a
two-tier optimization processin which the optimized
variableswereKsurfactant, kw andKS (comparisonbetween
optimized valuesof kw of KS with publishedvalues3c

servedasa testof the quality of the fit); for KMNTS, the
valueobtainedin theprevioussectionwasused.Foreach
of a numberof systematicallyvariedKsurfactant(Ksurfactant

wassteppedby 500l molÿ1), values,Eqn.(8) wassolved
for [surfactant]between0 andcmcapp, andthe resulting
values of [CDf] were used to fit Eqn. (7) to the
experimentaldata by standardoptimization of kw and
Ks {In all cases,Eqn.(8) hadexactlyonerealroot,which
as required lay between0 and [CD]}. The value of
Ksurfactantfor which optimizationof kw and Ks afforded
the least root-mean-squaredeviation from the experi-
mentaldatawastakenasoptimal.Theresultsarelistedin
Table1 andshownascurvesin Figs2 and3.

The rate constant at the maximum in the ko vs
[surfactant] curves (Fig. 2) decreaseswith increasing
[CD]. The dependenceof the maximum ko values on
[CD] is attributed to the fact that as the total b-CD
concentrationin the mediumincreases,so doesthat of
freeb-CD andhenceits inhibitory effecton thereaction
rate.Theobservedincreasein themaximumvalueof the
ko vs [surfactant]curves(Fig. 3) at a constant[CD] with
decreasein the chain length of the surfactantis then
attributedto adecreasein theconcentrationof freeb-CD.
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The optimized values of kw and Ks are essentially
independentof [CD] and agreesatisfactorily with the
valuesobtainedin theabsenceof CD,respectively.3cThis
supportsthemodeland,in particular,theassumptionthat
thepropertiesof themicellesthemselvesarenot affected
by the presenceof b-CD in the medium.The model is
further supported by the finding that for all b-CD
concentrationstheoptimizedvalueof Ksurfactantfor each
alkyltrimethylammoniumhalidewasthesame.

CONCLUSIONS

Investigationof the kineticsof the acid denitrosationof
MNTS in aqueousmixturesof b-CD andsurfactantshas
shedlight on the influenceof b-CD on the behaviourof
the surfactant.b-CD hasno effect on the propertiesof
surfactantmicellesoncethesehaveformed(in particular,
it doesnotalterKS). Theincreasein cmcappwith increase
in [CD] is dueto complexationof thesurfactantbyb-CD,
which reducestheconcentrationof surfactantthat is free
to form micelles. At total surfactant concentrations
higherthanthecmcapp, competitionbetweenthemicelli-
zationandcomplexationprocessesresultsin thepresence
of an appreciableconcentrationof uncomplexedb-CD,
which is the samefor all total surfactantconcentrations
abovecmcapp. The differencebetweencmcapp and total
b-CD concentration does not show the monomer
concentrationpresentin the medium (cmcreal). In fact,
evidencehasbeenpresentedin the literatureaboutcm-
capp valueslower thanthe total CD concentration.10 The
resultsin Table1 showthat freemonomerconcentration
in equilibrium (cmcreal) dependson b-CD, in agreement
with recentresults11 thatindicatethatthepresenceof CD
inducessurfactantaggregationbelow thecmc.

We mustunderlinethedifferencesin thepropertiesof
theCD cavity in acidicmedium(neutralb-CD) andbasic
medium(ionizedb-CDÿ). In comparisonwith theresults
obtainedfor the basic hydrolysis of MNTS and NPA
(nitrophenyl acetate) in CD–surfactant mixed sys-
tems,6d,9 the binding constant of both MNTS and
surfactantmonomercomplexeswith neutral b-CD are
shownto be higher than thoseformed with ionized b-

CDÿ, 4.0timesfor MNTS bindingconstantand2.5times
for TTABr binding constant.This is in agreementwith
recent results that indicate the different association
behaviourbetweenneutralandionizedb-CD.6c
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