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Abstract: The mechanism and kinetics of bicarbonate-catalyzed oxidations of sulfides by H,O, at the
aqueous /cationic micellar interface have been investigated. The general term surfoxidant is introduced to
describe the combination of an ionic surfactant with a reactive counterion that is itself an oxidant or activates
an oxidant from the bulk solution to form an oxidant counterion. It is shown that the new catalytic cationic
surfoxidant CTAHCOs (cetyltrimethylammonium bicarbonate) significantly enhances the overall oxidation
rates as compared to the addition of bicarbonate salts to CTACI and CTABr, for which the halide counterions
must undergo equilibrium displacement by the oxidant anion (peroxymonocarbonate, HCO,~). General
equations based on the classic pseudophase model have been derived to account for the preequilibrium
reaction in the aqueous and micellar phases, and the resulting model can be used to describe any micellar
reaction with associated preequilibria. Rate constants and relevant equilibrium constants for HCO4~
oxidations of aryl sulfides at micellar surfaces have been estimated for CTAHCO3;, CTACI, and CTABr.
The second-order rate constants in the Stern layer (k2") for sulfide oxidations by HCO,~ are estimated to
be ~50-fold (PhSEtOH) and ~180-fold (PhSEt) greater than the background rate constant k° for oxidation
by H>O, at the micellar surface. The estimated values of k,;™ are lower than the corresponding values in
water by a factor of 20—70 depending on the substrate, but the high local concentration of the bicarbonate
activator in the surfoxidant and the local accumulation of substrate as a result of strong binding to the
micelle lead to a net increase in the observed reaction rates. Comparisons of CTAHCOs;-activated peroxide
to other highly reactive oxidants such as peroxymonosulfate (HSOs~) in aqueous surfactant media suggest
a wide variety of potential applications for this green oxidant.

Introduction reactions because of high local concentrations of reactant ions
and substrates in the micellar pseudoplifaseRecent reports

Water offers many advantages as a solvent for organic . . . ;
L g - . . illustrate the promise of approaches in which a catalyst such as
reactions™ In particular, its nontoxic character and tendency L 16
a metal ion is used as the counteriéni® For example,

to accelerate reactions with polar transition states demonstrateK - . ) o
. . o obayashi and co-worke¥sinvestigated anionic surfactants
that it can have both environmental and kinetic advantages over

organic solvents. The low solubility of many hydrophobic with Lewis acid counterions (scandium(lll)) and showed that

. X A aldol, allylation, and Mannich-type reactions could be carried

reactants and reagents in water is a major limitation, however, . .
. out efficiently in water. In another example, Engberts and co-
and cosolvents must often be used to increase substrate

oo ) . .. workers have shown that Dietf\lder reactions can be pro-
solubilities, thereby reducing the environmental and kinetic o . o

. : . . moted significantly (16fold) in water by anionic surfactants
benefits. Surfactants have been investigated as alternatives to . .

. . . with copper(ll) counterion?
organic cosolvents for the promotion of transformations of

hydrophobic substrates in watfef. The concentrations of We have been d_evelopm_g a_general class Of reactive ion
. . - . surfactants for use in the oxidation of hydrophobic substrates,
surfactants needed in a typical emulsion reaction are low as

. ..~ for example, organic sulfides and alkenes. We use the general
compared to the usual level of organic cosolvents used in mixed

solvents, and surfactants are also nonvolatile and recyclable. (8) (a) Bunton, C. A; Romsted, L. S.; Thamavit, LAm. Chem. Sod98Q
i L. . . 102 3900-3903. (b) Bunton, C. A.; Romsted, L. S.; Savelli, &.Am.
Many studies have shown how ionic surfactants with reactive Chem. Soc1979 101, 1253-1259.

counterions reactive ion surfactanfscan accelerate chemical (9) (a) Bunton, C. A.; Moffatt, J. RJ. Phys. Chem1986 90, 538-541. (b)
I( )S Bunton, C. A.; Moffatt, J. RJ. Phys. Chem1988 92, 2896-2902.

(10) Bunton, C. A,; Gan, L.-H.; Moffatt, J. R.; Romsted, L. S.; Savelli,JG.

(1) Breslow, R.Green Chem1998 225-233. Phys. Chem1981, 85, 4118-4125.
(2) Grieco, P. A., Ed.Organic Synthesis in WateBlackie Academic & (11) Ortega, F.; Rodenas, E. Phys. Chem1987 91, 837—840.
Professional; London, New York, 1998. (12) Broxton, T. J.; Nasser, ACan. J. Chem— Rewue. 1997, 75, 202-206.
(3) Li, C. J.ACS Symp. SeR00Q 767, 62—73. (13) Rispens, T.; Engberts, J. B. F. Qrg. Lett.2001, 3, 941-943.
(4) Li, C. J.Green Chem1998 234-249. (14) Manabe, K.; Mori, Y.; Wakabayashi, T.; Nagayama, S.; KobayasHi, S.
(5) Lubineau, A.; Auge, JTop. Curr. Chem1999 206, 1-35. Am. Chem. SoQ00Q 122, 7202-7207.
(6) Fendler, J. H.; Fendler, E. Catalysis in Micellar and Macromolecular (15) Di Furia, F.; Fornasier, R.; Tonellato, U. Mol. Catal.1883 19, 81-84.
SystemsAcademic Press: New York, 1975. (16) Otto, S.; Engberts, J. B. F. N.; Kwak, J. C.J.Am. Chem. Sod.998
(7) Tascioglu, STetrahedron1996 52, 11113-11152. 120, 9517-9525.
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term surfoxidant to describe the combination of an ionic
surfactant with a reactive counterion that is itself an oxidant or
activates an oxidant from the bulk solution to form an oxidant
counterion As shown in this work, surfoxidants can offer
significant kinetic advantages over the combination of ionic
surfactants (with nonreactive counterions) with the same ionic
oxidants or activators added separately.

In this article, we describe the preparation and oxidative
reactivity of bicarbonate surfoxidants (CTAHGOCTA =
cetyltrimethylammonium) combined with,B, as the primary
oxidant. It was our hypothesis that the bicarbonate counterion
of a cationic micelle could be converted into an active oxidant
by reaction with HO, to form a reactive peroxycarbonate anion
(HCO4™) concentrated at the micellar surfaces. Under these

circumstances, it was expected that micelle-bound substrates

might be more rapidly oxidized due to concentration of substrate
and oxidant in the micelle. Our recent studies on bicarbonate-
catalyzed oxidations of aryl sulfides by,&, have identified
peroxymonocarbonate (HGO or its kinetic equivalent as an
active electrophilic oxidart’-28In this model, peroxymonocar-
bonate, a true peroxide with a structure of HOQCUs formed

Keg®
(H203), +(HCOy),, === (HCOy),
me
+ (HCO3)m (HCO4)y  (HCOy),
(H202),
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Figure 1. Pseudophase model for BAP oxidations in aqueous cationic

from bicarbonate and hydrogen peroxide (eq 1) and Subsequ(_:‘nﬂynicelles Reactants are distributed rapidly between water and micelles

oxidizes nucleophilic substrates (eq Zhe equilibration of eq
1 most likely proceeds via the intermediacy of £@® and
HCO,™ is essentially a C@adduct of the hydroperoxide anion,
OOH".

H,O, + HCO; = HCO, +H,0O

K 1)

@)

Equilibrium analysis of eq 1 b}*C NMR leads to &eqvalue
of 0.33 M1 in water Kegd"), andE® (HCO, /HCO;7) = 1.8+
0.1 V (vs NHE) at 25°C. The second-order rate constakis
for aryl sulfide oxidations by HC® are consistently about 300-
fold greater than those forJ@, in cosolvent/water medit.!8
Epoxidation of alkenes can also be achieved by using bicarbon-
ate-activated peroxide solutio?fs.

Bicarbonate-activated peroxide (BAP) oxidations have many
advantages over other peroxyacids or metal-catalyzed peroxi

eq

S+ HCO,  — SO+ HCO,~ K,

|_
dations, such as an environmentally friendly oxidant/catalyst
combination, a stable and recyclable catalyst (HQOQand
water as the reaction byprodudihe formation and use of the
active oxidant (HC@") at neutral pH values can reduce acid-
or base-catalyzed product decomposition reactiOus cosol-

vent composition studies have shown that pure water is the most

desirable solvent for BAP oxidatiod$,as introduction of an
organic cosolvent usually retards the nucleophilic displacement
reaction at the active oxygeA surfactant-based BAP system
could be used as a green oxidant for applications including
organic synthesi&, chemical warfare agent decontaminafiérs?
and bleaching® We have investigated micellar effects in BAP
oxidations from a mechanistic point of view to help define
factors that would increase its utility as a green oxidant.

The goal of the present study was to model the mechanism
and kinetics of bicarbonate-catalyzed oxidations of sulfides by

(17) Richardson, D. E.; Yao, H.; Frank, K. M.; Bennett, DAm. Chem. Soc.
200Q 122, 1729-1739.

(18) Bennett, D. A.; Yao, H.; Richardson, D. Borg. Chem2001, 40, 2996—
3001.

(19) Yao, H.; Richardson, D. 2002 manuscript in preparation.
(20) Yao, H. R.; Richardson, D. B. Am. Chem. So00Q 122 3220-3221.
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Kinetic treatments are based on the assumption that reactions occur in both
the Stern layer and the bulk aqueous medium.

H20; in cationic micellar solutionsNe also show that the new
catalytic cationic surfoxidant CTAHC4Xan offer a significant
rate enhancement for oxidation of aryl sulfidéd/e have
compared the surfoxidant approach to the addition of reactive
anions to CTACI and CTABr in water, where the halide
counterions must undergo equilibrium displacement at the
micelle interface by the oxidant anion. General equations based
on the classic pseudophase model have been derived to account
for the preequilibrium reaction (eq 1) in both the aqueous and
the micellar phases (Figure 1), and the resulting model can be
used to describe any micellar reaction with associated preequi-
libria. The experimental and modeling approaches used here
involve the determination of substrate and reactant affinities for
the micellar pseudophase, measurement of the relevant kinetic
parameters in water and aqueous micelle media for both
uncatalyzed peroxide and BAP reactions, and fitting of the data
to the modified pseudophase model. In this way, rate constants
and relevant equilibrium constants for HgGxidations of aryl
sulfides at micellar surfaces have been estimated for CTA
surfactants. Furthermore, some of the kinetically derived equi-
librium parameters have been confirmed by direct spectroscopic
measurements. It is shown that surfoxidants can offer significant
kinetic advantages by providing both substrate solubility and
enhancement of oxidation rates.

Results

Determination of Critical Micelle Concentration (CMC)
Values and Substrate Binding ConstantsThe value of the

(21) Sheldon, R. ATop. Curr. Chem1993 164, 21-34.

(22) Richardson, D. E.; Yao, H.; Xu, C.; Drago, R. S.; Frank, K. M.; Wagner,
G. W.; Yang, Y.-CProceedings of the 1998 ERDEC Scientific Conference
on Chemical and Biological Defense ResearthS. Army Edgewood
Chemical Biological Center, 1999.

(23) Wagner, G. W.; Yang, Y.-CProceedings of the 1998 ERDEC Scientific
Conference on Chemical and Biological Defense ReseddcB. Army
Edgewood Chemical Biological Center, 1999.

(24) Yang, Y.-C.; Baker, J. A.; Ward, J. Rhem. Re. 1992 92, 1729-1743.

(25) Thompson, K. M.; Griffith, W. P.; Spiro, Ml. Chem. Soc., Chem. Commun.
1992 1600-1601.
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Table 1. CMCs (M) of CTA Micellar Solutions Determined by
Surface Tensiometry
CTACI CTABr CTAHCO;
u=0 1.4x 103 9.5x 104 1.4x 103
u=0.2C¢ 20x 10 1.0x 10*

alonic strength established with (NHHPO,.

substrate binding constaldt for 2-(phenylthio)ethanol (PhSE-
tOH) in CTACI was determined by following its UV spectral
shifts as a function of CTACI concentration and fitting the data
to eq 326

A Ay
A, — A

=K{([D] — CMC) =K{D,] ®)

In eq 3, A is the observed absorbance at the monitored
wavelength,A, and A, are the absorbances in water and in

gave a slope indistinguishable from zere((3 &+ 0.6) and an
intercept of 1.2%- 0.07. From eq 4, the value &f,, has an
upper limit of ~2.0 based on experimental error analysis.
Oxidations in Water. Oxidations of PhSEtOH and PhSEt
were followed by monitoring the loss of substrate absorbance
at ~290 nm in the presence of excess hydrogen peroxide as
described previousl¥. lonic strength and pH values for the
uncatalyzed (KO, only) reactions were controlled by (N}-
HPO, and were equivalent to the reaction conditions for
bicarbonate-catalyzed reactioméormally, sulfide was added
to a preequilibrated solution of hydrogen peroxide and bicarbon-
ate (or hydrogen peroxide solution with (MHPO, for the
background reaction) for each kinetic riéior PhSEt, the sulfide
substrate was predissolved in water by using ultrasonic mixing
and was added to the preequilibratesgOnfNH,HCO;3 solution
or H,Ou/(NH4)HPO, solution The oxidation was usually
followed for three half-lives, and good linear first-order plots
(r2 > 0.99) were obtainedrhe contribution of the uncatalyzed

micellar psgudophases., respectively, CMC is the critical .micellar oxidation by HO, was subtracted from the overall observed
concentration, and [D] is the total surfactant concentration. The pseudo first-order rate constant to obtain the rate constants

CMC values were determined by using surface tensiometry, andstributed to the catalytic pathway.

the resulting values for CTACI and CTABr are close to literature
values?’” CMC values decreased with addition of electrokfte,
and the results are listed in Table 1.

UV absorbance studies for PhSEtOH in CTACI solutions

The rate law for the oxidation in water is given by eq 5 under
the conditions of low concentrations of hydrogen peroxide
(Keg"[H207] < 1), wherek,? and k, are second-order rate
constants of the uncatalyzed and bicarbonate-catalyzed oxida-

were performed in the absence and in the presence of electrolytetions, respectively?.18

TheKs value determined for PhSEtOH is 12030 M~ (error

limits are given at the 95% confidence level unless otherwise —_ ([g]

stated) without addition of electrolyté& higherKsvalue of 170

+ 30 Mt is obtained when (NgJ,HPO, (u = 0.20) is used to
set the ionic strengthlt is assumed that th&s value of a
substrate is the same for all of the CTA surfactants in this work
regardless of the counterions (e.g.; GBr—, or HCG;™). The

Ks value for ethylphenyl sulfide (PhSEt) in CTACI aqueous
micelles is estimated to be 70 130 Mt in the presence of
(NH4)2HPO, (1 = 0.20) TheseKs values are listed in Table 2
and will be compared to those obtained independently from
kinetic studies in the Discussion section.

Partitioning of Hydrogen Peroxide between Aqueous and
Micellar Phases.The patrtition coefficienKn,,, of H,O, between
water and micelles was evaluated by using the micellar
chromatography method developed by Armstrong and N&me.
The retention volumeswg) of H,O, were measured by using
micellar solutions containing various concentrations of CTACI
The calculation oKy, is based on eq 4

Vm
V.-V,

e

(me -1
K

1

K

(D + (4)

sSw SwW

whereVs and V, are the stationary and void volumes, respec-
tively, andKsy, is the partition coefficient between the stationary
phase and water. No significant chang&iwas found whether
H.0O, was eluted with pure water or with a micellar solution of
CTACI up to 0.20 M. A linear plot oW/ (Ve — Vo) versus [BQ]

(26) Sepulveda, L.; Lissi, E.; Quina, Rdv. Colloid Interface Sci1986 25,
1-57

(27) Mukergee, P.; Mysels, K. Lritical Micelles Concentration of Aqueous
Surfactant Systemblational Bureau of Standards: Washington, DC, 1971.

(28) Zana, R. InCationic SurfacantsRobingh, D. N., Holland, P. M., Eds.;
Marcel Dekker: New York, 1991; pp 4185.

(29) Armstrong, D.; Nome, FAnal. Chem1981, 53, 1662-1666.

d[t] = Kk, H,0,][S] + KyKeq TH2051HCO; 14[S] (5)

No higher order pathways were observed for either hydrogen
peroxide in the uncatalyzed and catalyzed oxidations in water
under the conditions examine@he values ok,° andk,, for
PhSEtOH and PhSEt were calculated from eq 5 by linear
regressions and are given in Tablek}{" = 0.33 M™1).17 The
rate constants for PhSEt in pure water kge= 0.14 + 0.02
M~1slandk,’=2.24+ 0.1x 103M~1s% and these values
are consistent with extrapolations of the Grunwaltlinstein
analysis in water/alcohol solvents reported previot¥tly pure
water (the extrapolation of the published plot gives values of
ke = 0.3 M1 slandk,’ = 1.5 x 103 M1 57130

Oxidations by H;O, in CTA Media. Oxidations of PhSE-
tOH and PhSEt by kD, in CTABr solutions were followed
with H,O, (0.20 M) in the presence of (NfjpHPO, (1« = 0.20)
to control pH and ionic strengtfThe observed oxidation rate
constantkopd (s71) decreases sharply as the concentration of
surfactant increases (Figure Zhe rates of oxidation reactions
were also analyzed at various concentrations e©Hwith
[CTABr] = 0.050 M under similar conditiongigure 3 shows
that the rate increases with concentration of hydrogen peroxide
up to 2.0 M.

Oxidation of PhSEtOH by H,0, in Aqueous CTAHCO:s.
Reactions for the aqueous surfoxidant CTAHQ@re followed
by addition of PhSEtOH to preequilibrated solutions o0
and CTAHCQ. Oxidation kinetics were determined with
variation of surfactant concentration (Figure 4) and variation
of hydrogen peroxide concentration (Figure 5). The catalytic
first-order rate constants were obtained by subtracting the

(30) Bennett, D. A., private communication.
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Table 2. Equilibrium Parameters in Cetyltrimethylammonium Surfactant Solutions

Ks (Mil) aKeqm (Mil) KNX KPX
substrate uv kinetic fit 13C NMR kinetic fit acKy\P X =ClI- X~ =Br" X~ =CI~ X~ =Br-
PhSEtOH 120t 30 (u = 0) 170+ 20 = 0.2) 0.9+ 0.3 0.6+ 0.3 1.8+ 0.6 2.0+ 0.3 12+2¢ 1.1+04 6.7£25
170+ 30 @ =0.2) (3=0.75)
PhSEt 700t 130 (« = 0.2) 700+ 120 (« = 0.2)

aKmw = 1 is assumedKeq" is one-half of the reported value Kn, = 2 (see Discussion}.Addition of NaHCQ in CTA bicarbonate solutions may
increases, depending on the relative concentration of CTA and NakQQ{" ~ 0.7 is obtained when assumigigincreases gradually with addition of
NaHCQ; and approaches 1.0 with excess NaR@@®aHCO;]:[CTA] = 3:1). N~ = HCOz~, P~ = HCO4 ™. The reported value is based Kg{" = 0.6 and
can vary by a factor of 2 due to the uncertaintykof,. ¢ Estimated from simulations.

Table 3. Rate Constants of Background and Catalytic Reactions in Water and CTA Micelle Pseudophases

ko (M~ts™Y) keat (M-15-1)
substrate Ky ak,0 ak, k0 K bk,m oK, /Ko™ oKy ki
PhSEtOH (6.5 0.5) x 1074 (3.9+0.7)x 10°° 18+ 4 0.14+ 0.02 (2.0£0.2) x 1078 70+ 12 51+ 11
PhSEt (2.2:0.2) x 1073 (3.9+£0.7)x 10°° 56+ 11 0.144+ 0.02 (7.0£°0.8) x 1073 20+ 4 180+ 40

2Values are based on the assumptiorKgf, = 1; for examplek.’ is one-half of the value in the table i, = 2. The reported deviations are simple
mathematical propagatiofk,™ ~ kyn x 0.14 M1, Reaction volumeéV/y, is 0.14-0.3 M1, the estimated;™ could be twice of those in the table, and the
values ofky/ko™ and k"km® may vary by a factor of 2 and 4, respectiveBee Discussiorf. Estimated from simulations.
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Figure 2. Oxidations by HO; (0.20 M) in CTABr: (@) PhSEtOH, Q) Figure 4. Dependence of catalytic rate constants on surfactant concentration

PhSEt Lines are from model fits (see tex{}~) PhSEtOH; (- - -) PhSEt. for PhSEtOH oxidation by kD, (0.20 M) in CTAHCG,. Line is from
preequilibrium pseudophase model fit (see text).
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PhSEt Lines are from model fits (see tex{)—) PhSEtOH; (- - -) PhSEt.
[H,0,], (M)
corresponding rate constants fop®3 oxidations in CTABT, Figure 5. Dependence of catalytic rate constants on peroxide concentration

for PhSEtOH oxidation by kD, in CTAHCO; (0.050 M) Line is from

although the contribution from the uncatalyzed reactions was preequilibrium pseudophase model fit (see text).

usually negligible as compared to that of the catalytic pathway

In Figure 4, the observed catalytic rate constags™ (s%) is BAP Oxidations of PhSEtOH in Aqueous CTACI or
plotted as a function of [CTAHCE with [H20,] = 0.20 M. CTABr. Oxidations with bicarbonate-activated hydrogen per-
The rate plateau at high concentration of CTAH{O®typical oxide in solutions of CTACI or CTABr were followed by using
for binuclear reactive ion reactiofs! indicating full micelli- methods similar to those used for reactions in CTAHGtdia,
zation of the substrate. except that NFHCO; (0.20 M) was added in solutions o8-

6214 J. AM. CHEM. SOC. = VOL. 125, NO. 20, 2003
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= 0.20 M and [NHHCG;]p = 0.20 M. (®) CTACI; (m) CTABr. Lines are
predicted values from the preequilibrium pseudophase model.

Kons™ ()

(0.20 M) with various concentrations of CTACI or CTABr for

preequilibrium formation of peroxymonocarbonate. Figure 6
shows the catalytic rate constant versus surfactant concentration

profiles for oxidations in CTACI| and CTABr. Deceleration of
oxidations by adding CTAX (%= inert ion) is observed and
suggests a lower second-order rate constahtM 1 s™1) at
micellar surfaces as compared to bulk water

BAP Oxidations of PhSEt in Aqueous CTACI or CTABr.

Discussion

Pseudophase Model for Reactions in Surfactant Media.
A kinetic model for sulfide oxidations by bicarbonate-activated
peroxide in aqueous micelles considers preequilibrium formation
of HCO,~ in water and micellar pseudophases, oxidation
reactions in water and micellar pseudophases, and ion exchanges
at the micelle-water interfaces (Figure 1). To our knowledge,
a catalytic bimolecular reaction with a preequilibrium reaction
in micellar media has not been modeled previously using a
guantitative pseudophase approathe present study employs
a pseudophase modef3to fit the kinetic data for bicarbonate-
catalyzed sulfide oxidations by B, in aqueous solutions of
CTA cationic micelles. The general equations and assumptions
of the pseudophase model are given in this section, and new
equations for the preequilibrium pseudophase model are pre-
sented in subsequent sections as experimental data are analyzed.
The distribution of organic substrates between water and
micelles is described by a binding const&gt(M 1) as in eq
6.

[Srl

= S0y

(6)

In eq 6, D, is the concentration of micellized surfactant ([D

= [D] — CMC)22 and & and $, represent substrates in the
aqueous and micellar pseudophases, respectiMedyfirst-order
rate constant of overall reaction (ratekon,dS]) can be written

as in eq 7334 In eq 7, the second-order rate constant in the
micellar pseudophask;™ (M~1 s71), is defined in terms of the
local molarity of oxidant{ O}, in the micelle reactive region
(local molarities are indicated by} brackets).

_ kw[o]w + kZmKs[Dn]{ O} m
obs = 1+KJD,]

()

This approach allows the direct comparisonkgf (M~1 s71)
with the second-order rate constant in wakgr{M 1 s1), which
is conventionally written in terms of molarity of oxidant in the
aqueous phase, [] (The volume of aqueous phase is ap-

PhSEt was dissolved completely in aqueous surfactant solutionsProXimately the total solution volume, and the local concentra-

of CTA by ultrasonic mixing or shaking prior to its reactions

with preequilibrated solutions of @, (0.20 M) and NHHCGO;

(0.20 M). The oxidation kinetics were recorded with various
concentrations of CTA surfactants, and the resulting catalytic

tion of oxidant in water,{O}y, is therefore usually not
distinguished from the conventional concentration in bulk,[{D]
Equation 7 requires information on the distribution of oxidant
between micellar and aqueous pseudophases to detef@jpe

oxidation rate versus surfactant concentration profiles are pIottedvalueS'

in Figure 7 The reactions are faster in diluted CTA micellar
solutions 0.03 M) than in water, but rates decrease sharply

at higher concentrations of the surfactants.
NMR Studies on Equilibrium Formation of Peroxymono-
carbonate. The apparent equilibrium constant&#° (M™2),

for HCO,~ formation (eq 1) in surfactant solutions were

measured by using C NMR spectroscopic methodlVith a

fixed total concentration of bicarbonate (0.20 M, adjusted by

addition of 13C-enriched NaHCg) in CTAHCOs solutions,
KedP? (M™Y) for HCO,~ formation varies with the CTA

Another approach is to define the first-order rate constant in
the micellar pseudophask, (s71), in terms of a mole ratio,

>, defined by eq 8The observed first-order rate constant is
written as eq 9°

,_[Ol, "
rT.IOX [Dn]
_ kOl + kMg KD ]

surfactant concentration in the presence of excess hydrogen

peroxide (2.0 M) (Supporting Information).

In eq 8, [O], is the concentration of micellar-bound oxidant in

(31) Bunton, C. A.;; Hong, Y.-S.; Romsted, L. S. Bolution Behaior of

SurfactantsMittal, K. L., Fendler, E. J., Eds.; Plenum Press: New York,

1982; pp 1137.

(32) Bunton, C. A.; Savelli, GAdv. Phys. Org. Chenml986 22, 213-3009.
(33) Romsted, L. S. IMicellization, Solubilization and Microemulsionidlittal,
K. L., Ed.; Plenum Press: New York, 1977; pp 509.
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methods in this work (foKs andKed™ or to literature value$
(for KnX).%7
Hydrogen Peroxide Partitioning between Pseudophases.

I. Rate of background and catalytic reaction in water

eq 54 KJ, | CNMR spectra in water A pseudophase model based on eq 7 is used directly to describe
feys K, oxidations of organic sulfides by hydrogen peroxidene
{ observed first-order rate constant for the overall reaction is given
by eq 11.
II. Rate-[surfactant] profile of background reaction
0 0
0/~ kw [HZOZ]W + km Ks[Dn]{HZOZ}m 11
eq 1L K Kobs (57 = 1+KJD,] (1D
kLK, Substrate absorbance-[surfactant] spectra
{ Extraction of rate constants from eq 11 therefore requires a

guantitative determination of the partitioning o$®h between
bulk water and the micellar pseudophase.
The ratio of {H202}m to {H202}y, is defined as partition

III. Catalytic rate-[surfactant] and rate-[peroxide] profiles in CTAHCO;

€q204 k. K, coefficient Ky for hydrogen peroxide between micelle and
k,. Kl « | Apparent Ky-[surfactant] in NMR spectra water pseudophases (eq 12), afd, is the thermodynamic
l parameter reflecting the relative solubility of a nonionic reactant

in the micellar phase and waté&r.

_ { HZOZ}m
m {HZOZ}W

IV. Catalytic rate-[surfactant] profile in CTABr and CTACI

eqs 23 & 24 L k (12)

w?
o)
K(

1o,

K, k. K,

Br
1HCO,

Figure 8. Flowchart illustrating fitting procedures used to determine various  Thus,{ H,O2} m and{HOz} (or [H202]w) can be expressed in
quhbr_mm and kmetlc parameters obtained in this work. All constants are terms of molar volume of micelleg,, (Mfl), Ko, and [D].
etermined by using kinetic models and are checked when possible by

independent spectroscopic measurements. The values oy, are about 0.36 M* for CTABr and 0.31 for

CTACI.#041 |n dilute surfactant solutions ([P < 0.1 M),

terms of total solution volume, which is approximately that of {H202}m and{H2Oz}w (or [H202]w) are given in terms of the

the aqueous pseudophaskhis approach does not require total analytical concentration P, by eqs 13 and 14,
preknowledge of oxidant distribution between micellar and respectively, ifkKmy is not large.

aqueous pseudophasddowever, a molar volume for the

micellar reactive region, for example, the .Sternj?yﬁi, is assumed {H,0,}, = mulH20:]o ~K H,O.l,  (13)
to compare the micellar rate constant with(M~* s7) in the ™ 14+ K, [DVo, mw

aqueous phasf&he rate constariy, (s71) is converted td,™

(M~1 s71) by multiplying the molar volumeY,.$, of the Stern [H,0,],

{H,0.},, = [H0,],, = v ~[H0,], (14)

layer (eq 10). 1+ KDyl

K" = KV (10)

It is difficult to measureKmy, (or Ks) for H,O, by conventional
spectroscopic methods or by ultrafiltratiéf® because the

The rate laws of the pseudophase model in expressions ofobserved physical properties for the hydrophilic neutral solute
egs 7 and 9 are identical provided that distribution of the oxidant H202 are not highly sensitive to the added surfactant.

between micellar and aqueous pseudophases is known. We hav?%)
derived the rate laws for BAP oxidations in CTA cationic (37)
micellar solutions on the basis of eqs 7 and 9 for an uncatalyzed
reaction and a catalyzed reaction, respectivélye binding
constantKs (M~1) of the substrates (PhSEtOH or PhSEt), ion
exchange constant&y* (N~ = HCO;~, X~ = CI7, Br),
equilibrium constanKed™ (M 1) of micellar HCQ~ formation,

and micellar rate constal¢, (s™%) can then be obtained by
nonlinear regression using the derived pseudophase matiels
flowchart in Figure 8 illustrates the fitting procedures used to
obtain the kinetic and equilibrium parametefs indicated in

Figure 8, the equilibrium parameters from kinetic models can

be compared to those obtained independently by spectroscopic(38

(39

)
(34) Martinek, K.; Yatsimirski, A. K.; Levashov, A. V.; Berezin, I. V. In )
Micellization, Solubilization and Microemulsiaridittal, K. L., Ed.; Plenum
Press: New York, 1977; pp 48%07. (40)
(35) Romsted, L. S. IrSurfactants in SolutignMittal, K. L., Ed.; Plenum
Press: New York, 1984; pp 1033.068. (41)
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Bartet, D.; Gamboa, C.; SepulvedaJLPhys. Chenl98Q 84, 272-275.

It should be noted that the local concentration of oxidant l&éhd HSQ~

in the micellar pseudophase is estimated by solving the Poidoltzmann
equation (PBE) in Bunton’s work (refs 38, 39). The pseudophase PBE
model is mostly applied to small anionic reactants, for example;,@Hd
includes an adjustable thickness of Stern layers (refs 9, 11). The
pseudophase ion exchange (PIE) model has advantages over the PBE
method in terms of simplicity, fewer assumptions, and the ability to resolve
multiple parameters. The PIE model assumes that the micellar surfaces
are always saturated with counterions and the mole ratio of counterions to
micellar headgroup in the Stern layer is a constdnt,he value is in the
range of 0.6-0.9 depending on different surfactants (ref 33). The second-
order rate constame™ (M~ s7%) is calculated by assuming a molar volume

of the Stern laye¥° (eq 10). The value df,™ therefore has an uncertainty
within a factor of 2, which is the estimated uncertainty of the Stern layer
volume (ref 33). Despite different approaches in estimating the reactive
ion concentration at micellar surfaces, the results are reasonably self-
consistent for the two methods, and the calculated second-order rate
constants by various methods are generally comparable (ref 32).
Bacaloglu, R.; Blasko, A.; Bunton, C. A.; Foroudian, HJJPhys. Org.
Chem.1992 5, 171-178.

Blasko, A.; Bunton, C. A.; Wright, S1. Phys. Chem1993 97, 5435~

5442.

Guvelli, D. E.; Kayes, J. B.; Davis, S. $. Colloid Interface Sci1981,

82, 307.

Mukergee, P. J. Phys. Cheml1962 66, 1733.
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A value of Ky, = 8 for H,O, in CTA micelles was reported

8, we now consider part lll of the analysis. A rate law for sulfide

by Encinas and Lissi, who used a fluorescence probe methodoxidations is derived below for the mechanism of eqs 1 and

where HO, served as a quencher of the bound ddRor.
Considering the lower polarity of the micellar ph#8é$ we
doubted that the relative solubility of,)8, in CTA micelles as
compared to that in water would be that highur experiments
with a C-18 reverse phase column have shown no significant
changes of retention time forJ, using micellar solvents with
[D] up to 0.20 M, implying thatkm, is small, and a statistical
analysis at the 95% confidence level gave a maxirfymvalue
of 2. Given the uncertainties arising from the estimated Stern
layer volume and the hypothesis of unaffected micelle nature
with addition of solutes or variation of surfactant concentrations
in the pseudophase model, a valuekaf, = 1 for HyO, will
be used in this work (i.e., #D, does not partition preferentially
into one pseudophase).

Kinetic Parameters for Hydrogen Peroxide Oxidations in
the Micellar Pseudophase.Following the determination of
oxidation rate parameters in pure water (part | in Figure 8), the
second-order rate constant for oxidation of the substrate®g H

15-17, assuming [bD2]w = {H202} m = [H202]0.

H,0, + HCO,” = HCO,” + H,0

Myco,” HCO,”
Keqm _ co = [ 4 Im __ (15)
{H05} nMyco,  {H202,[HCO; 1y
ok
S, +HCO,” —so (16)
_ kn
S, +HCO, —~S0 17)

Equations 16 and 17 refer to oxidations in water and micelle,
respectively. The equilibrium constant for peroxycarbonate
formationKed" (M~1) at micellar surfaces is defined in terms
of mole ratiosm® of bound HCQ~ and HCQ~ (e.g.,mx® =
[X)/[D], analogous to the definition of the basicity constant in
acid—base equilibrium at CTA micellar surfacégd. K"

in the micelle pseudophase can be estimated by fitting of data(M~1) can be compared directly to the equilibrium constagn¥

obtained for surfactant solutions, that is, the analysis in part Il
in Figure 8. The rate constakit® (M~1 s71) can be determined
by fitting observed rate constants withfBh]w = {H202} m =
[H202]0 in eq 11. Figure 2 gives calculated curves of rate
constants versus [D] profiles. It is noted that the fit of eq 11 in
Figure 2 is not sensitive to the values kf° due to an
insignificant contribution from the micellar reaction relative to
the aqueous reaction in dilute surfactant solutions. A fit of rate
constant versus [¥D;]o in Figure 3 is used to obtain the
estimated values d§,°. The results foKs (M~1) andk® (M1

s71) are listed in Tables 2 and 3, respectively.

The micelle binding constantss (M~1) for PhSEtOH and
PhSEt were obtained from nonlinear regression fitting of the
kinetic data to eq 11 (Figure 2ZJhe input parameters in eq 11
wereKed¥ = 0.33 ML, CMC =1 x 104 M, andk,® = 6.5 x
10*M1tstandk,’ =2.2x 103 M~1s ! for PhASEtOH and
PhSEt, respectivelyThe Ks values for PhSEtOH (176 20
M~1) and PhSEt (706 100 M) obtained from kinetic fits

(=[HCO4 [w/([H202]w[HCO3]w) in water In addition, the ratio

of Ked™Keq" is the ion exchange constant of HeGand HCQ™
between water and micelles (eq 18), with the assumption that
the concentration of hydrogen peroxide is equivalent in the
aqueous and micellar pseudophadeseq 18, N = HCO;™,

P~ =HCO, .

p_ Myco, THCO, 1y, _ Keq
cho;[HCO;]w Keq'

N (18)

In solutions of CTAHCQ and HO,, the two counterions
HCOs;~ and HCQ™ are in equilibrium via eq 1 (Figure 1), and
the sum of the mole ratiosn) of HCO;~ and HCQ™ to [D],
is equal to3 (i.e., the fractional extent of counterion binding to
the micelle from 0 (no binding) to 1 (complete bindinghn
the basis of the pseudophase kinetic model of eq 19 (or eq 9)
and an assumed constafit value, the apparent catalytic

agree with those from independent UV spectroscopic studies@Xidation rate constanks,<™ (s™) is given by eq 20 (see

(Table 2). The higher value &fs for PhSEt is consistent with
its greater hydrophobicity as compared to that of PhSE{te
rate constantk,? (M1 s™1) for both PhSEtOH and PhSEt are
(4+ 1) x 105M~1s1as a result of fits to the rate profiles
in Figure 3, takingKs values of PhSEtOH and PhSEt to be 170
and 700 M1, respectively The ratios of second-order rate

constants in micellar and aqueous pseudophases are estimate

and listed in Table 3Sulfide oxidation by HO; is estimated to
be 60+ 40 times faster in water than in micelles, with the range
reflecting the uncertainty oKn, for H,O,. Because the

distribution of HO, in aqueous and micellar pseudophases is .

similar, the oxidation of sulfides is inhibited by substrate binding
to micelles in aqueous surfactant solutions (assuming the
substrate is soluble in water).

Catalytic Oxidation Kinetics in CTAHCO 3 and Determi-
nation of Keq™, km, and ko™. Referring to the chart in Figure

(42) Encinas, M. V.; Lissi, E. APhotochem. Photobioll983 37, 251—255.

(43) Ramachachandran, C.; Pyter, R. A.; MukerjeeJ.PFPhys. Chem1982
86, 3198.

(44) Zachariasse, K. A.; Phuc, N. V.; Kozankiewicz, B.Phys. Chem1981,
85, 2672.

Supporting Information for derivation).

K[HCO, "1, + knMyco, KJD,]
1+ KJDyl

cat _
bs

(19)

bs = [(KyKeq TK")[H,01o([D] — AID,)) +
(kK Keq TK)BIHO0,1[DJI(L + KJID,J) (20)

In eq 20,KY = 1 + Keg"[H202]o, andK™ = 1 + Ked™H2O3]o.
Equation 20 has the general form of a pseudophase reactive
ion model®45except that it contains equilibrium parameters for
HCO,~ formation in micelles and wateA value of 3 = 0.75
is usually used for CTA micelles? With k, = 0.14 M1 s,

Keg" = 0.33 ML, CMC =1 x 1073 M, andKs = 120 M for
PhSEtOH (values from abovely, (s7) and Ked" (57 are
obtained by a complete fit of theysversus [D] (Figure 4) and
versus [HO;]o (Figure 5) profiles for oxidations in CTAHCO

(45) Al-Lohedan, H.; Bunton, C. AJ. Org. Chem1982 47, 1160-1166.
(46) Al-Lohedan, H.; Bunton, C. A.; Romsted, L. $.0rg. Chem1982 47,
3528-3532.

J. AM. CHEM. SOC. = VOL. 125, NO. 20, 2003 6217



ARTICLES

Yao and Richardson

by using eq 20The results foleq" andk, values are listed in
Tables 2 and 3, respectivelyhe kinetic equilibrium constant
for HCO,~ formation at micellar surfaceK¢™ = 0.6 = 0.3
M~1) is found to be about twice the value Btq" in water
Assuming that the molar volume of the Stern layer of CTAHCO
is similar to that of CTABr ¥i,® = 0.14 M™1),*” we estimated
the second-order rate constanf® (M~! s71) for PhSEtOH
oxidation by HCQ™ to be 2x 103 M~1s™! (eq 10), which is
~70-fold lower than that in waterThe relative reduction in
reactivity of HCQ~ in the Stern layer versus bulk water is
comparable to the reduction i, reactivity estimated above.
The rate versus CTA concentration profile in Figure 4 has

chloride (5 M) was prepared, and the equilibrium constant of
HCO,~ formation Ke) was determined to be 0% 0.1 M™*
by using the standardC NMR technique described previously
The value is close to that ¢f.J" obtained from the kinetic fit
Although the organized headgroups at the micellar surface are
not identical to the randomly distributed tetraalkylammonium
groups in the experiment, the equilibrium reaction of HCO
formation should be affected similarlyhe agreement between
theKeqvalues determined by the independent kinetic and NMR
experiments suggests thidt,, = 1 for H,O, is a reasonable
assumption in the kinetic fitting.

Catalytic Oxidation Kinetics in CTAX (X ~ = CI—, Br™)

the general form of a pseudophase reactive ion model (in which and Determination of KyX. Part IV of the scheme in Figure 8
the counterion is reactive with micelle-bound substrate) becauseis now considered. The mechanism of HCQxidations in

the HCQ ion has an equilibrium relationship with the reactive
ion HCO,~. For oxidations in aqueous solutions of CTAHE O
our kinetic model shows that the contribution from oxidation

CTACI or CTABr is similar to thatin CTAHC@(egs 14-17),
except that the unreactive ion~Xs involved in ion exchange
with reactive ions between micelles and walére ion exchange

in the agueous phase is small relative to the overall rate of constantKyX (N~ = HCOs;~, X~ = CI~ or Br") is given by eq

catalyzed oxidationsn dilute solutions of CTAHC@ [HCOys ]w
(or [HCOs7]w) is so low that the oxidation of sulfide in the

aqueous phase is negligible, although the second-order rate

constant,, in the aqueous phaseis70 times higher than the
estimated value dk,™ in the micellar pseudophasat higher
concentrations of CTAHCg) sulfide is largely bound to
micelles, and oxidation occurs in the micellar phase almost
exclusively (at [CTAHCQ] = 0.1 M, 92% of the PhSEtOH
oxidation and>99% of the PhSEt oxidation occur in the micelle
under our conditions)In Figure 4, full micellization of the
sulfide is indicated by the maxima approached at CTA
concentration values 0.1 M. At high concentrations of CTA,

the rate law of eq 20 is written as eq 21, which is independent

of CTA concentrations once all of the substrate is bounek(1
K{Dnl). Values forkn (s™1) and Ked" (s7%) can be simply
obtained by fitting rate constant versus,{d4]o profiles with
eq 21 in concentrated solutions of CTAHg(G-0.1 M).

cat_ Knleq BIH-0,10 1)
" 1+ Keqm[H 203lo

The ion exchange constaig® (N~ = HCO;~, P=HCOy")
is estimated to be 1.& 0.6 from the ratio 0Keq" to Keg" (€9
18 and Table 2)The values suggest that HGObinding is
slightly favored at micellar surfaces relative to HCOHow-
ever, it should be noted that the paramétef” obtained from
kinetic fittings includes a factor d{,, the partition coefficient
of H,O, between water and micellef Ky, = 1, the true
equilibrium constanKed" is equal toKed"/Kmw. The value of
Kmw IS <2 based on micellar HPLC analysiSherefore, the
lowest value foled™ is ~0.3 M1 counting for the uncertainty
of the K value.

To validate further our assumption th&t,, = 1, a*C NMR
study on the equilibrium formation of HCO was performed
in a medium that mimics the Stern layéris well known that
the micellar Stern layer is highly polar, consisting of charged
headgroups and counteriottsThe local molarities of head-
groups and counterions are very high in the Stern layéf,
and~5 M for CTA micelles, respectivelyAs a model for the
Stern layer, an agueous solution of tetramethylammonium

(47) Bunton, C. A.; Carrasco, N.; Huang, S.-K.; Paik, C.; Romsted, L1. S.
Am. Chem. Sod 978 100, 5420-5425.
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In the pseudophase model analysis in the presence pf X
is the sum of mole ratios for three counterions, for example,
HCO,~, HCO;7, and X . The rate law based on eq 19 of the
pseudophase kinetic model is given by eq 23 (see Supporting
Information for derivation).

cat _

b = [(KyKeq TK")H0,]o([HCO; 1o —
K™ Myco, D)) + KKK eq TH205l oMo, TD I
1+ KJID) (23)

To simplify the notation in eq 2K" = 1 + Keq"[H205]o, and

M =1+ Keq"[H202]o. The mole ratiomy® (N~ = HCGO;7) in
eq 23 can be expressed as a function of [D] by eq 24 (see
Supporting Information for derivation).

(Kico, K" = KMKDJ(Myco)* + [Kico, K (X1 —
BID,)) + K"(HCO; Jo+ BID D Myco,.” — BAIHCO; 1, =0
(XIo=1[D]) (24)

When eq 24 is compared to standard quadratic equations for a
reactive ion model;*® the only difference is that it contains
equilibrium parameter&" and K™. If the values of bothKW
andK™ have unit values (i.e., no preequilibrium reactions are
present), eq 24 reduces to the known form for exchange
involving two ions Equations 23 and 24 were combined to fit
the observed kinetic datAssuming the rate constak, (s™1)

and equilibrium constanked" (M~1) at micellar surfaces do
not vary with different counterions, we found that the only
unknown parameter in the kinetic model of eqs 23 and 24 is
the ion exchange constak§X (N~ = HCO;~, X~ = CI~ or
Br™). The rate versus [D] profiles for catalytic oxidation in CTA
solutions were fit by using assumed valueKgf in eq 23 It

was assumed théts = 170 s'1, and the CMC values were set
as 1.0x 104 and 2.0x 10~ M for CTACI and CTABYr in the
presence of electrolyte, respectiveQther parameters used in
eqs 23 and 24 werle, = 0.14 M1 571, K¢V = 0.33 ML, and
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Ked" = 0.6 M1 s71. The best fits of rate versus [D] curves in
solutions of CTACI or CTABr were given by usingy® (N~

= HCO;7) = 2.0+ 0.3 andKy® (N~ = HCO;™) = 12 + 2,
respectively (Figure 6)These results are close to the literature

basis of eq 10A ratio of k,/k,™ = 20 is therefore obtained for
oxidation of PhSEt by HC@. The results are listed in Table
3.

Keq™ Determined by 3C NMR. Experiments were done to

values for carbonate anion, determined by an independent UV provide information on the formation constant for HEQn

spectroscopic method.The values oKX (P~ = HCO4, X

= CI~ or BrY) can be derived from the ratios &f* andKnP
(KNP = KedKeg"). The ion exchange constants are included in
Table 2.

We have considered that tffevalue may not be independent
of the concentration of counteriofsAddition of electrolyte
may cause structural changes in micelles and affect ion binding
In the presence of excess electrolyte, thevalue may
increasé?4° The typical literature values dfor®" and Koy©
are 20 and 4, respectivel§.A larger anion such as HGO
should have loweKy* values as compared to that KfpX.

The consistency of the results suggests that0.75 (for CTA
micelles) and that thg value remains relatively constant in
the presence of NHCO; (0.20 M) electrolyte.

It is noted that the rate-surfactant profiles for PhSEtOH
oxidation by BAP in CTAX (X" = CI~, Br™) do not go through

the presence of micelles. The apparent equilibrium constants

Ked®Pfor peroxycarbonate formation were determined fis@
NMR spectra of preequilibrated solutions of bicarbonate (0.20
M) and excess hydrogen peroxide (2.0 M) at various concentra-

tions of CTA surfactant (0.05, 0.10, and 0.15 M) by using the

method reported previously. The equation ofKefPP as a

function of [D] is given by eq 25 (see Supporting Information
for derivation).

1

(KY=KMBD,] 1
e ——— + -
K [HCO; ] K"K™

K (25)

In eq 25,K = 1 + KePH205]0, KY = 1 + Keq"[H202]0,
andK™ = 1 + Ked"[H205]o. To provide appropriate experimental
data for eq 25, the concentration of bicarbonate [HQewas

fixed by adding'3C-enriched NaHC®in CTAHCO; solutions.

maxima, as do typical bimolecular reactions in surfactant AS the CMC decreases with addition of electro¢D.] =

solutions with both inert and reactive counterié®3*4>The
rate-surfactant profile for a particular reaction is determined by

[D] — CMC is equal to [D] in the range of surfactant
concentrations we used, ah@*? = KeqV if the surfactant

the binding constant, ion exchange constants, and the differencéoncent'ratio_”l [Dl= CMC. From a plot for 1K versus [D] Si»‘q
in rate constants for reactions in the micellar and aqueous 25); Keq" (M™) is calculated from the slope as G:90.3 M™%,

pseudophaséd.in the case of PASEtOH oxidations by BAP in

assuming thap = 0.75 (Supporting Information)The mean

aqueous CTA solutions, a much lower second-order rate constan@lu is higher than that obtained from our kinetic study (0.6

in the micellar pseudophase relative to that in wakgfke™ ~

70) causes the oxidation rates to decrease with no maxima for

increasing concentration of surfactant.

Catalytic Oxidation of PhSEt in CTAX (X == CI~ or Br ™).
The fit for PhSEt oxidation in dilute CTAX solutions shown in
Figure 7 is poor, and observed rates for [CTAX]0.03 M are
higher than predicted, presumably due to variations in micelle

structure and properties from those at higher concentrations. In
published studies, the observed rate constants for oxidation of

1-methoxy-4-methylthio benzene (ArSMe) by On CTACI

=+ 0.3), but the values are not statistically differdhts possible

that the assumption of a constafitvalue in eq 25 is not

appropriate in reaction media with variation of electrolyte
(NaHCQ;) concentration3049

Comparison of Reactivities for HCO,~, 104, and HSGs~
at Micellar Surfaces. Consistent with our results, previous
reports have shown that rate constants for reactions of anionic
peroxidants in a cationic micelle pseudophase can be signifi-
cantly lower than those for the aqueous phase. Bunton and co-

workers have studied micellar effects on the oxidation of organic

sulfides by anionic oxidants in the presence of CTA surfactants

were simulated on the basis of the pseudophase model by(HSO{, 10,7).38:3950The observed oxidation rates with HSO

Bunton and co-worker® Simulated rates were also much lower
than the observed rates in dilute CTACI solutions in that study.

The value ofKs = 700 M1 of PhSEt from both kinetic fits

and 1Q;~ are not accelerated by cationic micelles, although both
reactants should be concentrated at the micellar surfates
much lower values of second-order rate constants at micellar

of uncatalyzed reactions and UV spectroscopic measurementsyrfaces as compared to those in bulk water are evidently

shows that PhSEt is bound somewhat more strongly by CTA
micelles than is ArSMeKs = 340 M~1 by UV spectroscop?).

The rate versus [D] profiles are simulated by a combination of
egs 23 and 24Because all of the equilibrium constants and
ion exchange constants are independent of substigtés;?)

for PhSEt can be obtained by fits using eq Zhe following
parameters were used in simulations of PhSEt oxidatidgs:
=014 M1s L Keg" =033 ML Ke"=0.6 MtsL Kg=

700 M, CMC =1 x 104M and 2 x 104 M for CTACI

and CTABr, andKy® = 2 and KyBr = 12 for CTACI and
CTABI, respectivelyA value ofk, = 0.05 s at high surfactant
concentrations was found to fit the experimental data (Figure
7). The value ofk,™ was estimated to be 0.007¥s~! on the

(48) Bunton, C. A. InSurfactant Science SerigSratzal, M., Kalyanasundaram,
K., Eds.; M. Dekker: New York, 1991; pp 1317.
(49) Rodenas, E.; Vera, 3. Phys. Chem1985 89, 513-516.

responsible for the reduced oxidation rates by HSand 1Q,~
in aqueous CTA solutiond'he second-order rate constants at
CTA micellar surfaces are lower than those in water by a factor
of ~ 400 and~1000, respectively®3° The low values ok,™
relative tok, are attributed by Bunton and co-workers to the
unfavorable interactions between the increased positive charge
on sulfur in the proposed transition state and the positive charge
on micellar headgroupsThe polarity of the Stern layer is
generally considered to be lower than that of bulk watéf,
but the effect was suggested to be less important by Bunton
and co-workers than the chargeharge interactiof?

In contrast, the value d,/k,™ for aryl sulfide oxidations by
HCO,~ is <100 (Table 3) Solvent effect studies on sulfide
oxidations by HC@~ have shown that the oxidation is favored

(50) Blasko, A.; Bunton, C. A.; Foroudian, H.J. Colloid Interface Scil995
175 122-130.
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in polar solvents, and Hammett correlation studies indicate a in the range of 56:200. The average value d&/ko for HCO,~
transition state having increased positive charge on stififr.  oxidations of aryl sulfides in mixed solvents+s3001718 The
Therefore, the mechanism of HGOoxidations at micellar consistency of estimated comparative rate constants for/ACO
surfaces should be very similar to those of HS@nd 1Q,~ and HO, in micelles and homogeneous solution suggests that
oxidations. However, sulfide oxidation rates for HC@t CTA the assumptions used in this work are valid. Thus, HCI3
micellar surfaces are not decelerated to as large of an extentmore reactive than #D, by a factor of~10? regardless of the
For example, the value df,/k;" of PhSEtCI oxidation by reaction media, and this result is consistent with a Brgnsted
HSG~ was~400, while a value oky/k,™ ~ 70 was found for analysis of the kinetics for heterolytic peroxide oxidatiéhs.
PhSEtOH oxidation by HC®. Surfactant versus Mixed Water/Solvents as Reaction
The lower reactivity of anionic oxidants when transferred Media. The apparent rate constant for sulfide oxidation by
from water to micelles is consistent with the kinetic observations HCQ,~ in ethanol/water solvent has been compared to that in
for mixed aqueous solvent$he kinetic parameters in mixed CTA micelles to explore the feasibility of replacing organic
solvents have been fit to the Grunwal@instein equation for  cosolvents with surfactants in oxidations of a variety of organic
sulfide oxidation by IQ~ and HCQ™ in aqueous ethanol and  substratesWith respect to oxidation of PhSEtOH by HGO

for sulfide oxidation by HS@" in agqueous acetonitril@hem in concentrated CTAHC®solutions ([D] = 0.050 M), the
values for oxidation by HS, 10,~, and HCQ™ were reported  apparent rate constant is up to 2.4 times that in pure water in
to be 1.0 (in aqueous acetonitrifd)0.72 (in alcohol/waterj? the presence of the same amount of bicarbonate catalyst

and 0.46 (in alcohol/watet),respectively The lower value of However, the surfactant media can dissolve much more of the
mfor HCO,~ oxidations implies a less polarized transition state substrate than pure water, in which hydrophobic organic
than the corresponding transition states for HS@nd 10,~ substrates have limited solubilitfhe relatively higher rates in
oxidations The charged sulfur in the transition state of HCO ~ CTA micelles result from the much higher concentration of
oxidation is expected to induce less repulsion with the positive anjonic activator 5 M) and a larger equilibrium constant for
charges on micellar headgroupa addition, the decrease in  peroxycarbonate formation at CTA micellar surfacéor
rate as a consequence of the medium upon transfer from waterexample, the concentration of oxidant HEQs ~2 M in the
to the less polar micelle pseudophase will be less for HCO  Stern layer wih 1 M of H,Oz in the bulk water Even in the
oxidations than for those oxidants with higharvalues. This  solutions of CTACI and CTABr with unreactive ions largely
rationalizes why the deceleration of oxidation at micellar present at micellar surfaces, the apparent rate constants of
surfaces for HC@' is not as large as those for HsCand 10, oxidations are only reduced by a factor 6f2in concentrated
oxidations surfactant solutions relative to that in water under similar
The reactivity of HS@ is typically ~10°—10* times higher reaction conditionsOverall, the rates of oxidation by HGO
than that of HCQ™ in water or organic solvents based on a are not lowered much by addition of CTA surfactant, although
Bransted plot analysi®:>* For example k, for oxidation of the second-order rate constéft is ~70-fold less than the value
PhSEtCI by HS@ (203-260 M1 s71) is ~1500-2000-fold of ky in water. In contrast, the observed rate of oxidation by
higher than that for PhSEtOH oxidation by HE((0.14 M1 HCO4~ in ethanol/water (1.76:1, v:v) is-6-fold slower than
s 1). The marked difference in the corresponding rate constantsthat in water due to a lower second-order rate constart(
between HS® and HCQ™ oxidations in water is significantly ~ 0.012 M s7%) in the mixed solvent under the experimental
reduced to~250-fold at micellar surfaces. Hence, the interaction conditions!” Therefore,the obseved rate constants for aryl
between the anionic oxidant, substrate, and the cationic micellarsulfide oxidations are approximately 14 times higher in the
headgroups can strongly affect the reaction kinetics, and the surfoxidant media as compared to in ethanol/water with similar
electrophilicity of the oxidant is not the only important parameter concentrations of bicarbonate agtitor.

in the determination of micellar oxidation rates. These results show that cationic micelles, in particular,
A value ofkn® = 3.9+ 0.7 M"! s™! was determined for ~ CTAHCO;,, are excellent reaction media and can be superior
both PhSEtOH and PhSEt oxidations by, and the ratios  to organic cosolvents in oxidations of organic sulfides by
of ku%kn® are found to be<100 (Table 3) These results are  picarbonate-activated hydrogen peroxi@er the bicarbonate
also consistent with a less polarized transition state of sulfide syrfoxidant, the combination of reactive ion micellar catalysis
oxidations by HO, than that of oxidations by anionic oxidants,  and the increase in equilibrium formation of HgCat micellar
HSGs™ and 1G,7, which have better leaving groups thap®4, surfaces overwhelms the less favorable kinetics of HCO

for which OH" is displaced? oxidations caused by the nature of the micellar environment.
Comparison of HCO,4~ to H,0O, Oxidations. The second-
order rate constante,™ (M~ s71) for sulfide oxidations by Experimental Section

HCO,” are estimated to be 50-fold (PhSEtOH) antiS0-fold Materials. Sulfides and hydrogen peroxide (35%) were purchased

0 1T i
(PhSE) greater thai,’ (M~ s™) for H,0, at micellar surfaces from Aldrich. Stock solutions of hydrogen peroxide were standardized

(Tabl_e ‘?f) These Value_s_COU|d be up to 4 times higher, iodometrically. Cetyltrimethylammonium bromide (CTABr) obtained
considering the uncertainties of the Stern layer volume and the from sigma was purified by recrystallization from ,BEtOH.

value ofKnw . The corresponding values kf/k,° in water are  Aqueous solutions of 25% cetyltrimethylammonium chloride (CTACI)
and 10% cetyltrimethylammonium hydroxide (CTAOH) were purchased
from Aldrich and used without further purificatio@etyltrimethylam-

(51) Bunton, C. A.; Foroudian, H. J.; Kumar, A. Chem. Soc., Perkin Trans.

(52) %ﬁ?ﬁi.?%ﬁ?man, AJ. Chem. Soc., Perkin Trans.1®85 683-687. monium bicarbonate (CTAHC was prepared by bubbling GO
(53) Bruice, T. C.; Noar, J. B.; Ball, S. S.; Venkataram, U.V Am. Chem. through an aqueous solution of CTAOH ferl h. The completion of
(54) SEg(\:A‘,;?gs" ﬁ_o%_zﬁgi;g)ﬁgg' Reaction MechanisiEdwards, J. O., Ed.: the reaction was indicated by a stable pH~of.8 for the surfactant

Interscience: New York, 1962; pp 67.06. solution The concentration of CTAHCOwas then determined by
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titration using the standard barium chloride meth@dnmonium for each kinetic runFor PhSEt, the sulfide was dissolved completely
bicarbonate (Mallinckrodt), ammonium dibasic phosphate (Sigma), and in water by using a Fisher ultrasonic bafne preequilibrated surfactant
tetramethylammonium chloride (Aldrich) were analytical grade and solution of HO, and NHHCO; was mixed with an aqueous solution
were used as receivelor 1°C NMR studies, 99%°C-enriched sodium of sulfide in a 1 cmcuvette at each runThe background reactions
bicarbonate and 99.9%,D (Cambridge Isotope Laboratories, Inc.)  were followed with addition of (NB.HPO, to control the pH~ 8
were usedWater was purified by using a Barnstead Nanopure system. and an ionic strength comparable to 0.20 M JM€0s. The reactions
Physical Properties.Critical micellar concentrations (CMC) were  were generally recorded fer3 half-lives For the background reactions
determined from the variation of surface tension with surfactant in concentrated surfactant solutions, the reactions were extremely slow,
concentration [D] by using a Tantec ST-PLUS tensiomélerminima and the data were taken for only 6-3 half-life.
were found in a plot of surface tension against log[D] for all of the Substrate Binding. The micellar binding constank() of PhSEtOH
CTA surfactantsFor CTACI and CTABr, the CMC was measured in  was obtained spectrophotometrically from the variation of substrate
the absence and presence of ammonium dibasic phosphat®.20) absorbanceA) at 257 nm with surfactant concentration [#]The
It was reported that there was no change of CMC of CTACI in the absorbance at 257 nm increased due to spectral shifts upon addition of
presence of up to 2.0 M hydrogen peroxfdéur measurements of ~ CTA surfactant until the limiting valueA(;) was reachedThe values
CMC of CTACI found a lower value of CMC with 0.20 M hydrogen  of K, were calculated in terms of eq 3 with the corresponding CMC
peroxide, possibly due to the additive stabilizer in the stock solution values in the absence and presence of electrolyte (Table 1).

of hydrogen peroxideHowever, the change of CMC by addition of A similar method was used to determine #evalue of PhSEt in

hydrogen peroxide was not as significant as the change caused byCTA solutions, in which the spectra shifts were followed at 259 nm

addition of phosphateu(= 0.20) Because the solubility of PhSEt is too low in water, a stock solution of
Partitioning of Hydrogen Peroxide. A Varian model 320 liquid PhSEt in CTACI was prepared for measurements of absorbance of

chromatography system equipped with a UV 254-gnwas used in PhSEt in aqueous CTACI solutiariEhe concentration of CTA in each
measurements of retention volumeg)(of hydrogen peroxide at a  cuvette was corrected for the added CTACI from the stock solution
variety of CTACI concentrations (80.20 M), following published CTACI (~0.001 M) from the stock solution does not affect absorbance
proceduresThe reverse phase column used was a Phenomenex Jupiterjn the interested region.

5-um C18 300A packing (25 cm long 4.6 mm i.d.) The total volume Equilibrium Constant Determination. Equilibrium constantieep

(V) was 4.15 mL, the void volumevp) was 1.7 mL, and the volume  for peroxycarbonate formation in surfactant solutions were measured
of the stationary phase/{) was taken as the difference uf and Vo. by using a*C NMR spectroscopic method as described in previous

The void volume was not significantly different using eluting solvents \york 17 The concentration of hydrogen peroxide was 2.0 M, and the

containing various surfactant concentrations total concentration of bicarbonate was 0.20 M. 998-enriched

Kinetics. Oxidations were followed spectrophotometrically with  godium bicarbonate (0.6.20 M) was added in corresponding
hydrogen peroxide in large excess over the sulfide using HP 8453 CTAHCO;, solutions of various concentrations (0150 M). The
single-cell or multicell spectrophotometers with cell holders at 25.0 equilibrium constant&.¢*° were calculated on the basis of the ratio

0.1°C.** Solutions of hydrogen peroxide with bicarbonate catalyst were of the integration of relevant NMR signals after equilibrium reactions
prepared 2630 min prior to mixing with sulfide substrate to ensure  \ere completed.

preequilibration of peroxycarbonate formaticfhe concentration of
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surfactant solutiongOxidation of sulfide was followed by decreasing  material is available free of charge via the Internet at
absorbance at ~ 290 nm For PhSEtOH, the substrate was added in http://pubs.acs.org.
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