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ABSTRACT: Pseudo-first-order rate constants (kobs) for piperidinolysis of PSÿ follow the relationshipkobsÿ k0 = kn
obs

[Pip]T ([Pip]T = total concentration of Pip) at a constant [CTABr]T (total concentration of cetyltrimethylammonium
bromide), [MX] (inert salt concentration) and 35°C. The values ofkn

obsat different [CTABr]T (ranging from 0.005 to
0.02M) and [MX] follow the relationshipkn

obs= ( kn
W� kn

W 	 [MX] � kns
M KN KS

0[CTABr]T)/( 1�	 [MX] � KS
0

[CTABr]T ), wherekn
W = kn

obsat [CTABr]T = [MX] = 0, 	 is an empirical parameter andKS
0 is the CTABr micellar

binding constant of PSÿ in the absence of MX. The magnitude of	 is attributed to the ability of Xÿ to expel PSÿ from
micellar pseudophase to the aqueous pseudophase. The values of	 vary in the order	(sodium cinnamate)
>	(sodium 4-methoxybenzoate)>	(sodium 2-chlorobenzoate)>	(disodium isophthalate)>	(disodium
phthalate)>	(sodium sulfate)>	(disodium fumarate). The values ofkns

M KN (kns
M = kn

M/VM, wherekn
M is the

second-order rate constant for the reaction of Pip with PSÿ in the micellar pseudophase andVM is the micellar molar
volume inMÿ1 and KN represents CTABr micellar binding constant of Pip) are not significantly affected by the
presence of MX into the reaction mixtures. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The occurrence of ion exchange appears to be a
ubiquitous feature observed in ionic micellar-mediated
reactions involving ionic reactant(s) where ionic reac-
tant(s) and counterions carry similar charge. The
pseudophase ion exchange (PIE) model was developed
to explain the reaction kinetics of ionic micellar-
mediated reaction involving only one ion-exchange
process.1 The PIE model has been also used in a few
reactions involving two ion-exchange processes but with
additional restrictive reaction conditions.2,3 The weak-
nesses of PIE model started to appear in the literature.4

The rates of alkaline hydrolysis of esters5 and N-
hydroxyphthalimide,6 in the presence of inert salt (MX)
and cationic micelles, have been discussed in terms of
PIE model coupled with an empirical linear equation
which measures the effect of MX on cationic micellar

binding constant (KS) of anionic organic substrate. The
rates of methanolysis7 n-butylaminolysis8 and piperidi-
nolysis8 of PSÿ, in the presence of MX and CTABr
micelles, showed that the variation ofKS with [MX] did
not follow an empirical linear equation. In continuation
of our work on the effects of inert inorganic and organic
salts on rates of hydrolysis, alkanolysis and aminolysis of
PSÿ in the presence of cationic micelles, we now report
the effects of a few organic anions and sulfate ions on the
rate of reaction of PSÿ with piperidine.

EXPERIMENTAL

Materials. All the reagents used were supplied by Fluka,
BDH and Aldrich and were of the highest commercially
available purity. Stock solutions of phenyl salicylate
were prepared in acetonitrile. Stock solutions of organic
acids (mono- or dicarboxylic) were prepared in aqueous
NaOH solution containing an excess of 0.05M NaOH. An
excess of 0.05M NaOH was maintained to avoid the
possibility of the presence of non-ionized organic acids in
the stock solutions. The stock solutions of piperidine
were freshly prepared in distilled water.
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Kinetic measurements. The rate of piperidinolysis of
PSÿ wasstudiedby monitoringthedisappearanceof PSÿ

asa functionof time at 350nm. Therequiredamountof
thesodiumsaltof anorganicacidwasintroducedinto the
reactionmixture by using a stock solution (y M) of an
organic acid (containing a monocarboxylic group)
preparedin (y� 0.05 ) M NaOH aqueoussolution.The
stock solutions(0.25 or 0.5M) of NaOH were usedto
introduce0.02M NaOHinto thereactionmixturein each
kinetic run.Thus,thetotal concentrationof NaOHadded
to thereactionmixturein eachkinetic runwas>0.02and
�0.04M. The details of the kinetic procedure,data
analysis and product characterizationstudy were as
describedelsewhere.9

RESULTS AND DISCUSSION

In order to find the effects of total concentrationof
piperidine ([Pip]T) on the rate of reactionof PSÿ with
Pip,threekinetic runswerecarriedoutatdifferent[Pip]T
ranging from 0.04 to 0.10M within the [NaOH] range
>0.02to�0.04M ataconstantconcentrationof inertsalt
( MX = sodiumsaltof anorganicacidor sodiumsulfate)
and cetyltrimethylammonium bromide (CTABr). Pseu-
do-first-orderrateconstants(kobs) obeyedtheequation

kobsÿ k0 � kobs
n �Pip�T �1�

wherek0 is pseudo-first-orderrateconstantfor hydrolysis
of PSÿ and kn

obs is the nucleophilic second-orderrate
constantfor thereactionof Pipwith PSÿ. Thevaluesof k0

at different [CTABr]T, in the absenceof MX, were
obtainedfrom the literature.10 Althoughthevaluesof k0

areexpectedto increasewith increasein the concentra-
tion of MX (owingto theincreasein [HOÿ]) ataconstant
[CTABr]T, the effectivenessof suchan increasewould
havecausedthe appearanceof definite interceptsin the
plots of kobsÿ k0 versus[Pip]T and the magnitudesof
such interceptsshouldhave increasedwith increasein
[MX]. However,somerepresentativeplots of kobsÿ k0

versus[Pip]T for the mosteffectivesalt ( sodiumcinna-
mate)amongall the saltsin the presentstudy,asshown
in Fig. 1, did not reveal any definite intercept.It may
be notedthat the maximumcontributionof k0 (obtained
at the lowest[Pip]T = 0.04M, 0.005M CTABr and0.2M

sodiumcinnamate)is<9 % evenif k0 is consideredto be
six timeslargerthank0 at 0.005M CTABr with (sodium
cinnamate]= 0.

Thevaluesof kn
obs, underdifferentreactionconditions,

werecalculatedfrom Eqn.(1) andtheresults,obtainedin
the presenceof sodium cinnamate,sodium 2-chloro-
benzoate,sodium4-methoxybenzoate,disodium phtha-
late, disodium isophthalate, disodium fumarate and
sodiumsulfate,aresummarizedin Tables1 and2. The
reliability of thefitting of theobserveddatato Eqn.(1) is

evidentfrom somerepresentativeplotsin Fig.1 andfrom
thestandarddeviationsassociatedwith thevaluesof kn

obs

(Tables 1 and 2). It is known that the presenceof
additives(such as inert salts of organic and inorganic
acids)in theaqueousmicellarsolutionchangestheshape,
sizeandcharacteristicintrinsic propertiesof micelles.11

However,thesatisfactoryfit of theobserveddatato Eqn.
(1) indicates that any changein the shape,size and
characteristicintrinsic propertiesof micellesdue to the
changein [CTABr]T, [Pip]T and[MX] (MX = sodiumsalt
of an organic or inorganic acid) at 2� 10ÿ4 M PSÿ is
kinetically insignificant.

Theeffectsof sodium2-chlorobenzoateon kn
obs were

also studied at different [CTABr]T where 0.5M stock
solutionsof 2-chlorobenzoicacidwerepreparedin 1.0M

NaOHaqueoussolution.Theseresultsaresummarizedin
Table1. In thesekinetic runs,an increasein [MX] from

Figure 1. Plots showing the dependence of kobsÿ k0 on
[Pip]T for the reaction of Pip with PSÿ at a constant
concentration of sodium cinnamate ([MX]) and (*) 0.005,
(~) 0.01 and (&) 0.02 M CTABr. The solid lines are drawn
through the calculated data points using Eqn. ((1))

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 74–80

REACTIONSOF IONIZED PHENYL SALICYLATE WITH PIPERIDINE 75



0.01to 0.20M increasedtheadded[NaOH] from 0.03to
0.22M. However, even under such conditions, the
contributionof k0 turnedout to be negligiblecompared
with kn

obs [Pip]T in Eqn. (1), as can be seenfrom the
following discussion.

The rate of hydrolysis of phenyl salicylate is
independentof [HOÿ] within the range~0.005–0.060M
and, under such conditions, the rate of hydrolysis
involves PSÿ and H2O as the reactants.12 The rate of
reactionbetweenPSÿ andHOÿ becomessignificantonly
at [HOÿ] >~ 0.06M. Thevalueof thesecond-orderrate
constant(kOH) for thereactionbetweenPSÿ andHOÿ is
1.24� 10ÿ3 Mÿ1 sÿ1 at 30°C in the absenceof CTABr
micelles.9a These results show that the value of k0

(= pseudo-first-orderrate constant for hydrolysis of
PSÿ) shouldbe nearly50% higherat 0.2M MX thanat
0.01M MX and [CTABr]T = 0. However, the least-
squarescalculatedrespectivevaluesof k0 and kn

obs at
0.2M MX are( ÿ0.6� 6.2)� 10ÿ4 sÿ1 and(96.8� 8.0)
� 10ÿ3 Mÿ1 sÿ1 at0.01M CTABr, (1.4� 0.5)� 10ÿ4 sÿ1

and(66.8� 0.6)� 10ÿ3 Mÿ1 sÿ1 at 0.015M CTABr and
(0.9� 8.2)� 10ÿ4 sÿ1 and(59.6� 10.5)� 10ÿ3 Mÿ1sÿ1

at 0.02 M CTABr. The respectivevalues of k0 and
kn

obs at 0.01M MX are (2.1� 0.4)� 10ÿ4 sÿ1 and
(30.8� 0.6)� 10ÿ3 Mÿ1 sÿ1 at 0.005M CTABr,
(ÿ 0.7� 0.6)� 10ÿ4 sÿ1 and (28.4� 0.8)� 10ÿ3 Mÿ1

sÿ1 at0.01M CTABr, (1.3� 0.4)� 10ÿ4 sÿ1 and(22.4�
0.5)� 10ÿ3 Mÿ1 sÿ1 at 0.015M CTABr and (1.2�
1.0)� 10ÿ4 sÿ1 and (22.7� 1.3)� 10ÿ3 Mÿ1 sÿ1 at
0.02M CTABr. Thesecalculatedvaluesof k0 and their
standard deviations merely indicate the insignificant
contributionof k0 comparedwith kn

obs [Pip]T in Eqn.(1)
and consequentlythe increasein [HOÿ] from 0.021 to
0.22M couldnothaveanyeffectonk0values.Thevaluesof
kn

obs, obtained by using 0.5M stock solutions of 2-
chlorobenzoicacidpreparedin1.0M NaOH,areessentially
similar to thecorrespondingkn

obsobtainedby using0.5M

stocksolutionsof 2-chlorobenzoicacidpreparedin 0.55M

NaOH (Table 1). Theseresultsshow the absenceof a
kinetically detectableamount of protonatedpiperidine
(PipH�) within the[NaOH] range0.021–0.040M.

The values of kn
obs increasedfrom 35.4� 10ÿ3 to

192� 10ÿ3 Mÿ1 sÿ1 with increasein [sodiumcinnamate]
from 0.005to 0.2M at0.005M CTABr (Table1).Suchan

Table 1. Effects of [MX] and [CTABr] on second-order rate constants (kn
obs) for the reaction of piperidine with PSÿ at 35 ° Ca

[MX] [CTABr] 103kn
obs 103kn

cal 103kn
obs 103kn

cal 103kn
obs 103kn

cal 103kn
obs 103kn

cal

(M) (M) (M)ÿ1 sÿ1 (M)ÿ1 sÿ1 (M)ÿ1 sÿ1 (M)ÿ1 sÿ1 (M)ÿ1 sÿ1 (M)ÿ1 sÿ1 (M)ÿ1 sÿ1 (M)ÿ1 sÿ1

MXb MXc MXd MXe

0.005 0.005 35.4� 0.3f 37.6
0.005 0.010 23.7� 0.4 26.5
0.005 0.015 23.2� 0.1 22.6
0.005 0.020 21.2� 0.3 20.6
0.010 0.005 49.8� 0.8 50.9 30.3� 0.6f 32.7 32.1� 0.8f 33.8 34.4� 0.7f 35.0
0.010 0.010 28.2� 0.7 33.8 23.6� 0.2 24.6 25.3� 1.7 25.2 26.1� 0.4 25.8
0.010 0.015 25.0� 0.5 27.6 23.6� 0.2 21.8 22.6� 0.3 22.3 22.4� 0.8 22.6
0.010 0.020 22.0� 0.4 24.4 21.4� 0.5 20.4 22.8� 0.5 20.8 21.9� 0.3 21.0
0.020 0.005 85.5� 2.8 74.1 37.7� 2.0 40.4 42.1� 1.3 42.4 45.1� 1.2 44.8
0.020 0.010 45.7� 1.0 47.4 29.0� 0.2 28.8 29.4� 1.4 29.9 32.3� 0.5 31.1
0.020 0.015 32.9� 0.4 37.2 23.8� 0.3 24.6 25.5� 0.8 25.4 25.3� 0.8 26.2
0.020 0.020 24.7� 0.7 31.9 23.2� 0.1 22.5 23.8� 0.4 23.2 23.7� 1.7 23.7
0.050 0.005 143� 2 125 68.3� 1.2 61.3 65.2� 1.0 65.3 77.0� 3.1 70.6
0.050 0.010 94.6� 4.0 81.5 41.0� 0.6 40.5 44.8� 0.3 42.9 45.6� 3.5 45.9
0.050 0.015 63.8� 1.7 62.6 33.9� 1.1 32.8 35.4� 2.2 34.5 35.3� 1.2 36.6
0.050 0.020 50.8� 0.9 52.1 28.1� 1.1 28.8 29.5� 2.2 30.1 28.8� 1.4 31.7
0.050 0.020 28.5� 0.7 30.1
0.100 0.005 188� 4 175 95.0� 1.6 90.0 101� 1 96.2 109� 3 104
0.100 0.010 127� 2 123 62.3� 1.8 58.1 61.1� 2.0 62.2 69.2� 2.2 67.6
0.100 0.015 106� 1 96.3 46.1� 1.0 45.4 50.0� 0.9 48.4 52.9� 2.0 52.4
0.100 0.020 82.7� 2.6 80.2 36.9� 1.7 38.6 42.2� 1.1 41.0 41.6� 3.8 44.1
0.100 0.020 82.8� 2.4 80.2
0.200 0.005 192� 7 225 134� 4 132 146� 5 151
0.200 0.005 130� 5 132
0.200 0.010 161� 8 174 81.0� 1.6 87.4 93.7� 2.8 93.8 102� 2 102
0.200 0.015 138� 5 143 64.8� 0.4 67.6 67.2� 0.6 72.7 75.4� 0.6 79.3
0.200 0.020 115� 3 122 53.0� 4.9 56.4 59.4� 4.2 60.6 67.4� 3.4 66.0

a [phenyl salicylate]0 = 2 x 10ÿ4 M, [NaOH] = 0.02m, 35°C, � = 350nm andaqueoussolventfor eachkinetic run contained2% (v/v) CH3CN.
b MX = sodiumcinnamate.
c MX = sodium2-chlorobenzoate(0.5M stocksolutionof 2-chlorobenzoicacid waspreparedin 0.55M NaOH).
d MX = sodium2-chlorobenzoate(0.5M stocksolutionof 2-chlorobenzoicacid waspreparedin 1.0M NaOH).
e MX = sodium4-methoxybenzoate.
f Error limits arestandarddeviations.

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 74–80

76 M. N. KHAN AND R. YUSOFF



increasein kn
obscannotbeattributedto ionic strengthand

medium effects becausean increasein [Na2SO4] from
0.05 to 0.6M revealedonly a modestincreasein kn

obs

from 29.4� 10ÿ3 to 44.2� 10ÿ3 Mÿ1 sÿ1 at 0.005M

CTABr (Table 2). The nucleophilic reactivity of
carboxylateanion towardsthe carbonylcarbonof PSÿ

maybeconsideredto beextremelyweakbecausethepKa

or pKa2valuesof mono-or dicarboxylicacidsusedin the
presentstudyare in the range2.9–5.4.The valueof the
second-orderrateconstantfor the reactionbetweenPSÿ

andHOÿ (pKa = 15.4)is 1.24� 10ÿ3 Mÿ1 sÿ1 at30°C in
theabsenceof CTABr micelles.9a Pseudo-first-orderrate
constants(kobs) for thecleavageof PSÿ in thepresenceof
>0.01M NaOH at 35°C showeda mild decrease(from
7.6� 10ÿ4 to 6.4� 10ÿ4 sÿ1) with increasein [sodium
benzoate]from 0.0to 0.8M. It mayalsobenotedthatthe
kinetically significantcarboxylatereactivity with PSÿ in
the presenceof CTABr micelles must have produced
significant intercepts in the plots of kobsÿ k0 versus

[Pip]T (wherek0 representsrateconstantfor hydrolysisof
PSÿ in theabsenceof sodiumcinnamate).However,such
interceptsarenot visible in theplots is Fig. 1. Thus,the
increasein kobswith increasein [carboxylateanion]in the
presenceof CTABr micellesat [NaOH]>0.02M cannot
be attributed to the nucleophilic reaction between
carboxylateanionandPSÿ.

Thevalueof kn
obs is nearly13 timeslargerin aqueous

pseudophasethan in the micellar pseudophase.10 Hence
the mostobviouscauseof the observedeffectsof [MX]
on kn

obs may be attributed to the occurrenceof ion
exchangebetween XÿW and PSÿM (where the sub-
scriptsW and M representaqueouspseudophaseand
micellar pseudophase,respectively).The possibleion-
exchangeprocessesin the presentreactingsystemare
HOÿ–Brÿ, HOÿ–Xÿ, HOÿ–PSÿ, Brÿ–Xÿ, Brÿ–PSÿ,
and Xÿ–PSÿ. The kinetic effectivenessof HOÿ–PSÿ,
HOÿ–Brÿ, Brÿ–Xÿ, Xÿ–HOÿ and Brÿ–PSÿ ion-ex-
changeprocessesmay be ignored basedon evidence

Table 2. Effects of [MX] and [CTABr] on second-order rate constants (kn
obs) for the reaction of piperidine with PSÿ at 35°Ca

[MX] [CTABr] 103kn
obs 103kn

cal 103kn
obs 103kn

cal 103kn
obs 103kn

cal 103kn
obs 103kn

cal

(M) (M) (Mÿ1 sÿ1) (Mÿ1 sÿ1) (Mÿ1 sÿ1) (Mÿ1 sÿ1) (Mÿ1 sÿ1) (Mÿ1 sÿ1) (Mÿ1 sÿ1) (Mÿ1 sÿ1)

MXb MXc MXd MXe

0.005 0.005 28.7� 0.7f 29.2 33.7� 0.3f 32.4 29.5� 1.0f 31.3g

0.005 0.010 23.2� 0.7 24.7 22.5� 2.6 27.7 25.9� 0.5 26.4
0.005 0.015 22.5� 0.4 23.2 19.0� 0.7 26.1 24.6� 0.2 24.8
0.005 0.020 17.8� 0.6 22.4 23.9� 0.4 25.3 22.0� 0.3 24.0
0.010 0.005 28.3� 1.0 29.8 35.5� 0.2 33.5 27.5� 0.3f 28.2 31.1� 0.3f 32.7h

0.010 0.005 32.6� 1.4 29.8
0.010 0.010 24.1� 2.8 25.1 29.0� 0.4 28.3 23.7� 0.6 24.0 27.6� 0.3 27.2
0.010 0.015 22.8� 1.9 23.4 23.5� 2.6 26.5 23.6� 0.7 22.5 24.8� 0.2 25.3
0.010 0.020 22.2� 2.1 22.6 21.0� 2.0 25.6 20.5� 0.5 21.8 24.2� 0.3 24.4
0.010 0.020 22.2� 0.9 22.6
0.020 0.005 29.8� 1.1 31.0 44.3� 3.9 35.7 29.3� 0.4 28.3 38.8� 0.3 41.1i

0.020 0.010 23.3� 0.5 25.7 32.2� 1.3 29.4 23.5� 0.2 24.0 34.6� 1.1 31.6
0.020 0.015 22.0� 2.1 23.9 24.6� 0.4 27.3 22.9� 0.1 22.6 31.7� 0.6 28.3
0.020 0.020 20.7� 2.4 22.9 24.5� 0.4 26.2 21.1� 0.4 21.8 26.4� 3.3 26.6
0.050 0.005 44.3� 0.9 34.6 55.0� 3.9 42.2 28.5� 0.3 28.8 44.2� 2.1 46.4j

0.050 0.010 30.0� 3.2 27.6 35.4� 0.6 32.9 26.0� 0.3 24.2 39.1� 2.1 34.5
0.050 0.015 26.0� 2.3 25.1 32.8� 0.7 29.6 22.7� 1.0 22.7
0.050 0.020 26.1� 0.2 23.9 28.8� 0.6 28.0 21.4� 1.4 21.9
0.100 0.005 48.0� 3.2 40.5 65.0� 3.0 52.3 30.5� 0.7 29.5
0.100 0.005 47.0� 3.2 40.5
0.100 0.010 33.6� 2.1 30.7 41.4� 2.1 38.4 26.6� 0.7 24.6
0.100 0.015 28.9� 2.3 27.2 34.1� 1.7 33.4 24.4� 0.9 23.0
0.100 0.020 27.2� 2.2 25.5 28.4� 1.9 30.8 22.0� 0.5 22.1
0.200 0.005 45.0� 2.7 51.4 63.4� 3.0 70.6 30.1� 1.2 30.9
0.200 0.010 31.5� 1.9 36.6 44.3� 0.8 48.8 26.6� 0.9 25.3
0.200 0.015 26.5� 1.2 31.3 35.4� 3.1 40.7 22.6� 0.5 23.4
0.200 0.020 26.0� 2.3 28.6 30.9� 1.6 36.4 18.7� 0.4 22.5

a [phenyl salicylate]0 = 2 x 10ÿ4 M, [NaOH] = 0.02M, 35°C, � = 350nm andaqueoussolventfor eachkinetic run contained2% (v/v) CH3CN.
b MX = disodiumphthalate.
c MX = disodiumisophthalate.
d MX = disodiumfumarate.
e MX = sodiumsulfate.
f Error limits arestandarddeviations.
g [MX] = 0.05M.
h [MX] = 0.10M.
i [MX] = 0.40M.
j [MX] = 0.60M.
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described elsewhere.13 The Xÿ–HOÿ ion-exchange
would be kinetically significantonly when it decreased
[HOÿM] to the extent that the concentrationof non-
ionized phenyl salicylate ([PSH]) no longer remained
insignificant. However, the spectralevidencerevealed
theabsenceof PSHundertheexperimentalconditionsof
the entire kinetic runs of present study. Hence the
occurrenceof probablythemosteffectiveion exchange,
Xÿ–PSÿ, causedan increasein kn

obs with increasein
[MX] at a constant[CTABr]T.

Experimentalprocedures,describedelsewhere,14 were
usedto affirm that PSHwasnot presentin the reaction
mixturesat concentrationsat a detectablelevel underthe
experimentalconditions of the presentstudy. Nucleo-
philic reactionsof primary and secondaryamineswith
PSÿ involvetheintramoleculargeneralbasecatalysisand
the detailed mechanismsof thesereactionshave been
discussedelsewhere.9 We presumethe occurrenceof
similar mechanism(s)in the micellar pseudophasealso.
The reaction schemefor the cleavageof PSÿ in the
presenceof piperidinemaybeasshownin Scheme1.

The significant decreasein kn
obs with increasein

[CTABr]T at a constant[MX] (Tables1 and2) may be
explainedusingthepseudophasemodelof micelles.15 As
describedelsewherein detail,l8,13 the observedrate law
for the cleavageof PSÿ in the presenceof piperidine
(Pip), inert salt (MX) and micelles (Dn) (rate = kobs

[PSÿ]T where[PSÿ]T = [ PSÿW] � [PSÿM]), a reaction
schemein termsof thepseudophasemodel15 of micelles
andEqn.(1) canleadto Eqn.(2)

kobs
n � kn

W � kns
M KNKS�Dn�

1� Ks�Dn� �2�

wherekns
M = kn

M/VM ( with VM representingthemicellar
molar volume in Mÿ1),16 KN and KS are the CTABr
micellar binding constants of piperidine and PSÿ,
respectivelyand 1� KN [Dn] under the experimental
conditionsimposed.

As concludedearlier,kinetically themosteffectiveion
exchangewhich may indirectly affect thevaluesof kn

obs

is Xÿ–PSÿ. Suchanion exchangeis expectedto decrease
KS with increasein [Xÿ]. The valuesof KS, obtainedin
methanolysis,7 n-butylaminolysis8 and piperidinolysis8

of PSÿ at different [MX] (MX = KBr and NaBr),
followed theequation

KS � K0
S=�1�  �MX �� �3�

wherethe magnitudeof the empirical parameter	 is a
measureof the ability of Xÿ to expel PSÿ from the
micellarpseudophaseto theaqueouspseudophase.If it is
assumedthatEqn.(3) is applicablein thepresentreaction
systemthenEqns(2) and(3) yield

kobs
n � kn

W � Kn
W �MX � � kns

MKNK0
S�Dn�

1�  �MX � � K0
S�Dn� �4�

Thevaluesof thecritical micellarconcentration(cmc)
areconsideredto benegligiblecomparedwith [CTABr]T

under the presentexperimentalconditions13 and hence
[Dn] � [CTABr]T. Theunknownparameters,	 andkns

M

KN, werecalculatedfrom Eqn.((4)) with knownvaluesof
kn

W andKS
0 usingthenon-linearleast-squarestechnique.

The values of kn
W (= 0.324Mÿ1 sÿ1, obtainedin the

absenceof micelleat [MX] = 0 10) andKS
0 (= 7000Mÿ1,

obtainedspectrophotometrically in the absenceof Pip
andMX17) wereobtainedfrom the literature.The least-
squarescalculatedvaluesof 	 andkns

M KN for various
saltsof organicand inorganicacidsare summarizedin
Table3.Thestudyof theeffectsof [CTABr]T onkn

obsfor
the reactionof Pip with PSÿ at [MX] = 0 yieldedKS

0 =
8400Mÿ1.10 This valueof KS

0 wasalsousedto calculate
	 andkns

M KN from Eqn.((4)). Thesecalculatedvalues
of 	 andkns

M KN for variousMX arealsosummarizedin
Table3.Thefitting of theobserveddatato Eqn.(4) seems
to be satisfactory,as is evidentfrom the valuesof kn

cal

listedin Tables1 and2 andfrom thestandarddeviations
associatedwith thevaluesof 	 andkns

M KN (Table3).
The valuesof kns

M KN obtainedin the presenceof
different MX arenot very different from thoseobtained
in theabsenceof MX.10 A detaileddiscussiononthekns

M

KN valueat [MX] = 0 is givenelsewhere.10

The degree of micellar affinity of a solubilizate
dependslargerly upon the electrostaticinteraction (if
both micelle and solubilizate are ionic), hydrophobic
interactionandpackingconstraints(i.e.sterichindrance).
Usually electrostaticinteraction is much strongerthan
hydrophobicinteraction.For instance,the valuesof the
binding constants(KS) of phenyl benzoate(PB) with
CTABr and sodium dodecylsulfate(SDS) micelles are
300 18 and500Mÿ1,18 respectively,while the respective
valuesof KS of PSÿ (thestructuraldifferencebetweenPB
andPSÿ is only thepresenceof oÿOÿ groupin PSÿ) with
CTABr and SDS micelles (determinedkinetically) are
700017 and 5.9Mÿ1.19 The relative water solubility of
monocarboxylicacidsmaybe attributedto their relative

Scheme 1
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hydrophobicity.20 21 Thevalueof 	 for Xÿmustincrease
with increasein hydrophobicityof Xÿ. Thus,the values
of 	 for 2-chlorobenzoateion (	 = 101–113Mÿ1) and
benzoateion (	 = 124Mÿ1)13 are consistentwith the
water solubilities of the correspondingbenzoic acids
(Table 3). However,althoughthe watersolubility of 4-
methoxybenzoicacid is more than eight times smaller
thanthatof benzoicacid,thevalueof 	 (= 131Mÿ1) for
4-methoxybenzoate ion is notverydifferentfrom thatfor
benzoateion. This shows that the electrostatic and
hydrophobicineractionsare not the only factorswhich
affect the CTABr micellar affinity of Xÿ. The dodecyl-
trimethylammonium bromide(DTABr) micellar binding
constantof diethyl ether(KS = 1.4Mÿ1) is significantly
smaller than the CTABr micellar binding constantsfor
ethane(KS = 8.7Mÿ1) and propane(KS = 33Mÿ1).22

Similarly, the CTABr micellar binding constantsfor
benzene,methylbenzeneandmethoxybenzeneare38–46,
83–146 and 37–54Mÿ1, respectively.22 These results
predict that the 	 valuesfor benzoateand 4-methoxy-
benzoateionsshouldbenearlysame.

Thevalueof 	 for thephthalatedianionis nearlyhalf
of thatfor isophthalatedianion,andthismaybeattributed
to their relative hydrophobicity as reflected from the
water solubility data for phthalic and isophthalicacids
(Table 3). The values of ion-exchange constants,
obtaineddirectly by physical techniques,for m-nitro-
benzoateion23 and m-phthalate (� isophthalate)dia-
nion24 are significantly larger than those for corre-
spondingortho-isomers.Although the value of 	 for
isophthalatedianion is slightly more than four times
smallerthanthatfor benzoateion, thewatersolubility of
benzoicacid is 34 times larger than that of isophthalic
acid. These results cannot be explained in terms of
electrostaticandhydrophobicinteractionsonly.Themost
obviousreasonfor the low 	 valuesfor phthalateand
isophthalatedianionscomparedwith thosefor benzoate,
2-chlorobenzoateand 4-methoxybenzoate ions may be
ascribedto thedifferentdistancesof penetrationinto the
micellar pseudophaseby benzoate monoanions and

phthalatedianions.It appearsthat the micellar surface
is not homogeneousin termsof polarity, waterconcen-
tration1b,25 and distribution of solubilizatesof different
hydrophobicity.19,26 Thus, phthalate ions (with two
anionic groups)remain in the micellar region of high
waterconcentration,while benzoateandPSÿ ions (with
only oneanionicgroup)canreachto themicellar region
of relatively low waterconcentration.A similar conclu-
sionhasbeenproposedfor relatedsystems.23,27,28

Thevalueof 	 for fumaratedianionis morethan200
timessmallerthanthat for cinnamateion (Table3). The
replacementof one of the two carboxylategroups of
fumaratedianion by a C6H5 group producescinnamate
ion. The value of 	 for cinnamateion is nearly three
timeslargerthanthat for benzoateion. Furthermore,the
valueof 	 for fumaratedianionis nearlyhalf of that for
sulfateion (Table3). However,thesulfateion cannotbe
more hydrophobic than the fumarate dianion. The
energeticallyfavorableelectrostaticinteractionbetween
CTABr micellar head-groupsandphthalateor isophtha-
late dianions should apparentlybe stronger than that
betweenCTABr micellar head-groupsandbenzoateion.
However, the lower values of 	 for phthalate and
isophthalatedianionscomparedwith that for benzoate
ion indicate that the higher favorable electrostatic
interactionof theCTABr micellarsurfacewith phthalate
or isophthalatedianion than that with benzoateion is
offset by hydrophobicand someother possibleinterac-
tions. Although a micelle is a dynamic molecular
aggregate,29 the micellar surfaceor Stern layer which
contains the headgroupsis a well-defined structural
entity. Bulky and geometrically constraineddianions
suchasfumarate,phthalateandisophthalatedianionsare
expectedto experiencegeometricconstraint(i.e. packing
constraintor steric hindrance)in the cationic micellar
pseudophase.Probably for this reason, the phthalate
dianion (the two carboxylate groups are in cis-like
positions)canpenetratein to theCTABr micellarsurface
deeper than the fumarate dianion (where the two
carboxylategroupsare in trans positions),despitethe

Table 3. Values of 	 and kns
MKN calculated from Eqn. ((4)) for various MX

Ks
0 = 7000Mÿ1 Ks

0 = 8400Mÿ1

MX 	(Mÿ1) 103 kns
M KN (Mÿ1 sÿ1 	(Mÿ1) 103 kns

M KN (Mÿ1 sÿ1 SLa

Sodiumcinnamate 367� 23b 14.4� 3.6b 441� 28b 15.0� 3.6b

Sodium2-chlorobenzoate 101� 2.9 16.1� 1.0 121� 3.6 16.6� 1.1 0.22
Sodium2-chlorobenzoate 113� 3 16.2� 0.7 136� 3 16.8� 0.8 0.22
Sodium4-methoxybenzoate 131� 3 16.0� 0.9 157� 4 16.5� 1.0 0.04
Disodiumphthalate 15.1� 2.2 20.1� 1.0 18.7� 2.8 20.8� 1.0 0.70
Disodiumisophthalate 27.9� 3.8 22.9� 1.5 34.0� 4.8 23.5� 1.6 0.01
Disodiumfumarate 1.7� 0.8 19.6� 0.4 2.7� 1.0 20.2� 0.4 0.70
Sodiumsulfate 3.6� 0.5 21.4� 0.8 4.5� 0.5 22.0� 0.8
Sodiumbenzoatec 124 14.8 153 15.4 0.34

a SL representssolubility in g per100g H2O andobtainedfrom Ref. 30.
b Error limits arestandarddeviations.
c Obtainedfrom Ref. 13.
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fact that the watersolubilitiesof both phthalicacid and
fumaric acidaresame(Table3).

The empirical definition of 	X/PS [=	 in Eqn. ((3))],
where the magnitudeof 	X/PS is the measureof the
ability of Xÿ to expel PSÿ from the cationic (CTABr)
micellarpseudophaseto theaqueouspseudophase,shows
that 	X/PS must be proportional to the ion-exchange
constantKX

PS. The reportedvalue of 	Br/PS is nearly
20Mÿ1.7 Thus, the ratios 	PTL/PS/	Br/PS (�1.0) and
	IPTL/PS/	Br/PS (�1.6) may be compared with the
respectiveion-exchangeconstantsKPTL

Br (= 2.0) and
KIPTL

Br (= 3.4) determinedby using an ion specific
electrode,24 where PTL and IPTL representsphthalate
andisophthalatedianion,respectively.Similarly, theion-
exchange constants KX

Br for X = o-, m- and p-
nitrobenzoateions, obtainedby 1H NMR spectroscopy
are 3.8, 11 and 3.3, respectively,23 which may be
compared with 	2-chlorobenzoate/PS/	Br/PS (�6–7) and
	4-methoxybenzoate/PS/	Br/PS (�8). The solubilities of o-,
m- andp-nitrobenzoicacidsare0.75,0.34and0.03g per
100g H2O, respectively.
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