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ABSTRACT: The kinetics of the acid hydrolysis NfmethylN-nitrosop-toluenesulfonamide (MNTS) were studied
in media containing different cationic micellar aggregates (lauryltrimethylammonium bromide, tetradecyltrimethyl-
ammonium bromide and cetyltrimethylammonium chloride) grayclodextrin (3-CD). The results were interpreted

in terms of the pseudo-phase model. The model takes into account the formation gf®@Dtksurfactant an@d-CD—
MNTS complexes. The presence pCD has no effect on existing micelles but raises the cmc. Complexation of
surfactant byS-CD makes the cmc dependent ¢rCD 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. Copyrighit2000 John Wiley & Sons, Ltd.
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INTRODUCTION

acid denitrosation; pseudophase middakthylN-nitrosop-

their capacity to complex organic substances, i.e. mol-
ecules with an appropriate size and shape form inclusion

Micellar systems and related association colloids have complexes with cyclodextrins. Changes in physico-

the ability to alter chemical reactivity Reaction rates
and equilibria in micellar media are affected by

chemical properties and reactivities result from such
host—guest interactiofsThe effects of inclusion com-

solubilization of reactants, changes in local concentra- plexes on reactivity vary widely and depend on the guest,
tions due to compartmentalization of reaction media and the CD and the reaction.

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 nfodel.
In particular, micellar effects upon the reactivity of
N-methyl-N-nitrosop-toluenesulfonamide (MNTS) has
been extensively studiet.

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

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® Their ability to modulate reactivity depends on
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Adding a CD to a micellar system alters its physico-
chemical properties because the oligosaccharide com-
plexes surfactant monometsComplex formation in-
creases the concentration of surfactant required for
micellization® 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 6fCD on the
behaviour of aqueous systems containing a cationic
surfactant, lauryltrimethylammonium bromide (LTABY),
tetradecyltrimethylammonium bromide (TTABr) and
cetyltrimethylammonium chloride (CTACI), by deter-
mining the Kkinetics, in these media, of the acid
denitrosation of MNTS (Scheme 1).

+ HNO,+ HF

Scheme 1
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EXPERIMENTAL

All chemicalswvereof 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. f-CD solutionswere madetaking into account
that commercial f-CD has an H,O content of
8 molmol™.

Thereactionsverefollowed by recordingthedecrease
in absorbanceat 250nm due to the disappearancef
MNTS in a Hewlett-Packardmodel 8453 spectrophot-
ometerwith a cell holder thermostatedat 25+ 0.1°C.
The MNTS concentrationwas always 5 x 10 >M and
[H*] =0.109M; undertheseconditionsall the f-CD will
be in the neutral form [pK,=12.2 (Ref. 4]. The
experimental procedurehas been describedin detalil
elsewhere?

All kinetic experimentsawvere performedwith MNTS
concentrationsmuch lower than that of HCI. The
absorbance—timeéatafor all kinetic experimentswere
fitted by first-orderintegratecequationsandthevaluesof
the pseudo-first-orderate constantsk,, 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 behavioutandenzymecatalysis® Theapolar
interior of the §-CD cavity providesa solubilizationsite

for the MNTS, with reversible formation of a 1:1

inclusioncomplexbetweens-CD andMNTS® (Scheme
2). From Scheme2, the variation of kg with [CD] is

representedby the equation

(kw + kcoKmntg[CD]) [H ]

1+ KuntgCDJ @

ko =

where Kynts IS the associationconstantof MNTS to
neutral f-CD, k, is the rate constantfor the acid

Ky
MNTSy + HY ——— Products
+

CD

MNTS-CD + HT Products

Scheme 2
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Figure 1. Influence of [3-CD] on kg, the pseudo-first-order
rate  constant for acid denitrosation of MNTS.
[HCI]=0.109 m. The curve is the result of fitting Egn. (2) to
the experimental data (@). Reciprocal plot of kg as a function
of [3-CD] (O); the line represent the fit to Eqgn. (3)

hydrolysisof MNTS in agqueousnediumand [CD] the
concentratiorof free §-CD.

Becausahe MNTS concentratioris at least10 times
lessthanthat of CD, [CDs] = [CD+]. Figure 1 showsa
plot of ky and 1/, asa function of f-CD concentration.
The linear dependencef 1/k; on [$-CD] indicatesthat
the percentageof the reaction that goes through the
complexis smallandis difficult to obtainaccuratesalues
for the rate constantfor the complex. We assumethe
absenceof reaction between H" and the inclusion
complex MNTS-CD, kcpa 0. These considerations
imply thatEgn. (1) canbetransformednto thefollowing
expression:

kn[H"]

ko= 1+ Kunts[CDJ

(2)

This equationcanbe linearizedas

1 1 Kuntg[CD]
o KHT T kHT] ¥
The good fit betweenEqn. (2) and the experimental
results(Fig. 1) andthe agreemenbetweenthe resulting
estimateof k, =(3.10+ 0.08)x 1072 Imol™* s* and
those obtainedin water without f-CD (0.031 1 mol™*
s 13¢ corroboratethe validity of Scheme2 and our
assumptionandleadusto estimateavalueof 1500+ 50
I mol~? for Kynts, Which will be usedin whatfollows.

Acid denitrosation of MNTS in the presence of g-
CD-micelle Mixtures

In the absenceof CD, micelles of cationic surfactants
inhibit the acid hydrolysisof MNTS 3 In this work, the
influenceof alkyltrimethylammoniumhalides (LTABT,
TTABr andCTACI) concentration®n kg in thepresence
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Figure 2. Influence of [TTABr] on kg, the pseudo-first-order
rate constant for acid denitrosation of MNTS, in the presence
of B-CD concentrations of (O) 1.00x 1073 and (@)
4.97 x 1073 M. Curves are the results of fitting Egn. (7) to
the experimental data as described in the text
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Figure 3. Influence of [surfactant] on ko, the pseudo-first-
order rate constant for acid denitrosation of MNTS, in the
presence of [f-CD] =4.97 x 107> M: (A) LTABr; (@) TTABr;
(O) CTACI. Curves are the results of fitting Egn. (7) to the
experimental data as described in the text
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of -CD was determinedby varying the surfactant
concentratiorbetweenpre-micellizationand post-micel-
lization valuesin seriesof experimentsat constants-CD
concentrationln eachseries(Fig. 2 showsthe resultsof
two of them), kg increasewwith surfactantconcentration
up to amaximumandthendropsasit doesin theabsence
of f-CD.3° An increasdn f-CD concentratiordecreases
the peak value of kg and increasesthe surfactant
concentratiorat which it occurs.

Figure 3 showsthe influenceof surfactant(LTABT,
TTABr, CTACI) concentrationon ky, for the acid
hydrolysis of MNTS in the presence of
[CD] = 4.97x 10 3M. Decreasingthe chain length of
the surfactantincreaseghe maximumin kg vs [surfac-
tant] profile andthe surfactaniconcentratiorrequiredto
reachthe maximum.

The experimentabehaviourcanbe explainedqualita-
tively by consideringhe different competingcomplexa-
tion/micellizationprocessesl hevalueof ky extrapolated
to zero surfactantconcentrationis significantly lower
thanthatobservedn purewater,[Scheme3(A)], because
of the formationof MNTS—3-CD host—guestomplexes
which decreasethe free MNTS concentrationin the
aqueous phase. Hence the ko values for each CD

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

At surfactantconcentrationselow thecmc, alkyltri-
methylammoniunhalideadditionto thereactionmedium
producescomplexationof surfactantmonomerswith f-
CD, with displacemenbdf MNTS to theaqueousnedium
[Scheme 3(B)]. Increasingthe concentrationof free
MNTS increasesky until the concentrationof uncom-
plexed surfactantis high enoughfor micellesto form.
Oncemicellization starts,the typical inhibitory effect of
cationic micelles on acid hydrolysis of hydrophobic
substratess observed®

In view of the behaviourof surfactantsn the absence
of otheradditives,it may be assumedhat surfactant’s
monomerconcentratiorremainsconstantwhenthe total
surfactanttoncentratioris increasedeyondthe point at
which micellesbeginto form.? In micelle + -CD mixed
systems,both the free f-CD and the free monomer
concentrationare assumedto remain constant after
micellization. This assumptionis reasonablebecause
the surfactantmonomerconcentratiorabovethecmc is
essentiallyconstantand thereforethe concentrationof
surfactantf-CD complexis constant The additionof a

Table 1. Results of fitting Egn. (3) to the experimental data for the acid denitrosation of MNTS in fCD—-cationic surfactant mixed

systems
Surfactart  [CD] (M)  cMGypp(M)  [CDlgee (M)  CMGea(M) Kl mol™* ky/l mol~ts?t Ksurfactarl mol™2
LTABr o° — — 0.010 132 3.10x 1072 —
1.00x 10°° 8.00x 103 6.30x10° 7.01x10°3 146+5  (3.084+0.03)x 102 (22500-+ 2500)
497x10°% 1.14x102 3.39x10° 6.46x 103 134+ 6  (3.06+0.02)x 102 (22500+ 2500)
TTABr o° — — 1.00x 1073 270 3.10x 1072 —
1.00x 102 1.40x 103 2.65x10° 4.27x10* 2514+7  (2.964+0.04)x 1072 (80000+ 5000)
497x10° 528x10° 1.31x10% 4.41x10* 260+ 14 (3.09+0.02)x 1072 (80000+ 5000)
CTACI o° — — 4.00x 1074 310 3.10x 102 —
1.00x 10°° 9.25x10* 1.23x10* 4.80x10° 303+18 (3.46+0.06)x 1072 (1750004 10000)
497x 103 4.00x10° 9.84x10* 4.40x10° 2904+ 50 (3.12+0.05)x 1072 (1750004 10000)

@ Kuns = 1500+ 50 | mol ™t

b Takenfrom Ref¢,
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third component(MNTS) to the -CD-micelle mixed

systemgrequiresaccountingfor its complexationequili-

bria with p-CD and micelles. When micelles form,

MNTS also associatesvith them. Simple electrostatic
considerationsequirethattheH™ concentratiorbemuch

lower at the micellar surfacethan in bulk water. The

effectof MNTS associatiorwith the micellesproducesa

decreasan the concentrationof MNTS in the aqueous
phaseandslowsthe reaction[Scheme3(C)].

Above the micellization point, the variationin ky is
primarily causedy increasingassociatiorof MNTS with
micelles [see Scheme3(D)]. We equatethe surfactant
concentrationat which k, peaksas the point at which
micellization beginsand define its value of surfactant
concentratiomas the -CD-dependenctritical micelliza-
tion concentrationemc,p, Note that, abovethe micelli-
zationpoint, just asthe conventionatmc of a surfactant
solution with no other additives satisfiesthe equation
[surfactant]= [D,] + cmc, where[D,] is the micellized
surfactant concentration, socmc,,, must satisfy the
equation[surfactant]= [Dp] + cmgc,pp this follows from
the fact that at the micellization pointcmc,p,= [surfac-
tant-$-CD] + [surfactant,cnome} @ndthat [surfactant$-
CD] and [surfactantonomel are constant when the
surfactantoncentratiornis variedabovethe micellization
point (when[surfactant,onome} = CMGea)-

The abovebehavioumay be explainedon the basisof
the pseudo-phasenodel shownin Scheme4, in which
distribution of the reagentsn the two pseudo-phases
considered.The global reactionrate is assumedo be
exclusivelythereactionattheaqueoupseudo-phasgue
to electrostaticconsiderations.

Accordingto Schemed, the total 5-CD concentration
canbe expresse@s

[CDy] = |CDx | + [MNTS — CD]J + [surfactant
- CD) (4

andthetotal surfactantoncentratiortanbe expresseds
the free monomers, surfactantf-CD complex and
micellized surfactant:

[surfactant] = [surfactanhonomef + [SUrfactant
— CDJ + [Dn] (5)

In thiswaythetotal MNTS concentratiowill begiven
by the sum of MNTS concentrationin the aqueous
pseudo-phas&VINTS—3-CD complexconcentratiorand
MNTS concentrationn the micellar pseudo-phase:

[MNTSq] = [MNTS,] + [MNTS — CD]
+ [MNTSy)] (6)

Scheme4 allows us to obtainthe following equation
for the pseudo-first-orderate constantas a function of
the free f-CD and micellized surfactantconcentration

Copyright0 2000JohnWiley & Sons,Ltd.

([Dr)):

k[H]

ko = 1+ Kunts[CDs] + Ks[Dp]

(7)

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

a[CDx]® + b[CD]? + c[CDy] = [CDy] (8)
where

a = KsurfactanKMNTS (9)

b= {Ksurfactant+ KMNTS + KMNTSKsurfactan{ [surfactanﬂ
— [CDy] + [MNTSq]) } (10)

¢ = {1 + Ksurfactanf [Surfactant] — [CDy])
+ Kunrs(IMNTSq] — [CD+])} (12)

for Ksurfactant(binding constanof surfactantmonomerto
p-CD), Ks (binding constantof MNTS to micelles)and
KunTs (binding constant of MNTS to fS-CD) the
conventionaldefinitionswere used®®

Thevalidity of Schemet wastestedby fitting Eqn.(7)
to the experimentak,—[surfactant]profile by meansof a
two-tier optimization processin which the optimized
variableswvereKg tactant Kw @aNdKs (comparisorbetween
optimized values of k, of Kg with publishedvalues®
servedasa testof the quality of thefit); for Kynts, the
valueobtainedn theprevioussectionwasused.Foreach
of anumberof systematicallywariedKsyactandKsurfactant
wassteppedy 5001 mol™1), values Eqn.(8) wassolved
for [surfactant]between0 andcmc,p, andthe resulting
values of [CDs] were used to fit Eqgn. (7) to the
experimentaldata by standardoptimization of k, and
Ks{In all casesEqn.(8) hadexactlyonerealroot, which
as required lay between0 and [CD]}. The value of
KsurfactantfOr which optimizationof k,, and K¢ afforded
the least root-mean-squar@eviation from the experi-
mentaldatawastakenasoptimal. Theresultsarelistedin
Table1 andshownascurvesin Figs2 and3.

The rate constantat the maximum in the k, vs
[surfactant] curves (Fig. 2) decreaseswith increasing
[CD]. The dependencef the maximum k, valueson
[CD] is attributed to the fact that as the total -CD
concentrationn the mediumincreasesso doesthat of
free f-CD andhenceits inhibitory effecton the reaction
rate.The observedncreasdan the maximumvalueof the
ko vs [surfactant]curves(Fig. 3) at a constan{CD] with
decreasdn the chain length of the surfactantis then
attributedto a decreasén theconcentratiorof free f-CD.

J. Phys.Org. Chem.2000;13: 664-669
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The optimized values of k, and Kg are essentially
independentof [CD] and agreesatisfactorily with the
valuesobtainedn theabsencef CD, respectively*® This
supportdhemodeland,in particular,theassumptiorthat
the propertiesof the micellesthemselvesrenot affected
by the presenceof $-CD in the medium.The modelis
further supportedby the finding that for all -CD
concentrationshe optimizedvalue of Ky actandOr €ach
alkyltrimethylammoniumhalidewasthe same.

CONCLUSIONS

Investigationof the kinetics of the acid denitrosationof
MNTS in aqueousnixturesof -CD andsurfactantdas
shedlight on the influenceof $-CD on the behaviourof
the surfactant.f-CD hasno effect on the propertiesof
surfactanmicellesoncethesehaveformed(in particular,
it doesnotalterKs). Theincreaseén cmc,,,with increase
in [CD] is dueto complexatiorof thesurfactanby 5-CD,
which reduceghe concentratiorof surfactanthatis free
to form micelles. At total surfactantconcentrations
higherthanthecmc,p, competitionbetweerthe micelli-
zationandcomplexatiorprocessegesultsin thepresence
of an appreciableconcentrationof uncomplexeds-CD,
which is the samefor all total surfactantconcentrations
abovecmc,p, The difference betweercmc,,, and total
p-CD concentration does not show the monomer
concentrationpresentin the medium (cmc.a). In fact,
evidencehasbeenpresentedn the literature aboutcm-
Capp Valueslower thanthe total CD concentratiort” The
resultsin Table1 showthatfree monomerconcentration
in equilibrium (cMG.a) dependwon §-CD, in agreement
with recentresult$™ thatindicatethatthe presencef CD
inducessurfactantaggregatiorbelowthecmc.

We mustunderlinethe differencesn the propertiesof
the CD cavity in acidicmedium(neutral3-CD) andbasic
medium(ionizedf-CD"). In comparisorwith theresults
obtainedfor the basic hydrolysis of MNTS and NPA
(nitrophenyl acetate) in CD-surfactant mixed sys-
tems®®® the binding constant of both MNTS and
surfactantmonomercomplexeswith neutral f-CD are
shownto be higher than thoseformed with ionized f-

Copyright 2000JohnWiley & Sons,Ltd.

CD7, 4.0timesfor MNTS bindingconstantand2.5times
for TTABr binding constant.This is in agreementvith

recent results that indicate the different association
behaviourbetweemeutralandionized §-CD.°°
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