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DEPHOSPHORYLATION BY PEROXYANIONS IN MICELLES AND
MICROEMULSIONS
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Dephosphorylation of p-nitrophenyl diphenylphosphate (pNPDPP) by OH ™~ in aqueous cationic micelles of
cetyltrimethylammonium hydroxide (CTAOH) is inhibited by rert-butyl hydroperoxide (¢-BuQzH), which reduces the
binding of OH ~, and whose anion is a relatively ineffective nucleophile. Reaction is faster in microemulsions of
CTACI, n-octane and OH ~ , with +~-BuO2H as cosurfactant, than in otherwise similar microemulsions with z-butyl
alcohol as cosurfactant. Dephosphorylation by m-chloroperoxybenzoate ion is slower in microemulsions of
cetyltrimethylammonium mesylate or benzenesulfonate, with n-octane and tert-butyl alcohol, than in cationic micelles,
but a wide range of concentrations can be examined. The reaction rates qualitatively follow the concentration of peroxy
acid refative to surfactant, and inert anions slow the reaction. Dephosphorylation by peroxyphthalate dianion in
micelles of CTACI fits a psendophase kinetic model, except in very dilute surfactant where reaction is faster than

predicted.

INTRODUCTION

Peroxyanions are effective e-nucleophiles' and hydro-
peroxide and m-chloroperoxybenzoate ion react readily
with p-nitrophenyl diphenylphosphate (p)NPDPP). The
course of these nucleophilic reactions of peroxyanions
has been discussed. > These reactions and deacylation by
peroxyanions are speeded by cationic micelles. >
Oil-in-water (ofw) microemulsions of cationic surfac-
tants, oil and alcohol cosurfactants solubilize high con-
centrations of hydrophobic solutes and are much more
effective than aqueous micelles in this respect.® This
high solubilizing power makes microemulsions useful as
reaction media. However, the overall reaction rates are
typically lower than in micelles>® because for a given
overall concentration of reagent local concentrations in
microemulsion droplets are lower than in micelles, and
alcohol or other cosurfactants reduce the surface charge
density of the droplet and its ability to attract reactive
counterions coulombically.” The factors that govern
reactivity in aqueous micelles also apply to ofw
microemulsions and both micelles and microemulsion
droplets can be regarded as pseudophases that act as
reaction media distinct from bulk solvent.’ Quantitative
treatments of rate effects of aqueous micelles are rea-
sonably straightforward because surfactant concentra-
tions are usually low. The bulk medium is not materially
perturbed by the surfactant and it is reasonable to define
concentrations in this aqueous pseudophase in terms of
molarities. The situation is more complicated for
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microemulsions or alcohol-modified micelles which are
multicomponent systems. Solute concentrations are
often high and cosurfactants are generally partitioned
between bulk solvent and the microemulsion droplets so
that is often difficult to define concentrations in these
pseudophases in any simple way and qualitative discus-
sions are often based on overall rate effects as a function
of total concentrations of reagents and inert solutes.*>

Reactions of pNPDPP with various nucleophilic
anions have been examined in both aqueous micelles
of cationic surfactants and o/w microemulisions with
alcohol cosurfactants or alcohol-modified cationic
micelles,* ¢ but dephosphorylation by peroxyanions
has not been examined in microemulsions. The aim of
this work was to extend comparisons of micelles and
microemulsions as reaction media to dephosphorylation
by peroxyanions:

ROz + (PhO)POOCH4NO,
— RO,PO(OPh); + "OCsH4NO;
R = H, ¢-Bu, m-CICsH4CO, 0-OCC¢H4CO 3

We examined the dephosphorylation of pNPDPP by
tert-butyl hydroperoxide (¢-BuO;H) in aqueous cationic
micelles and in microemulsions at high pH, because 7-
BuOH should act as a cosurfactant without addition of
a medium-chain-length alcohol.® We also examined the
reaction of m-chloroperoxybenzoate ion (MCPBA ™) in
microemulsions and reactions of the o-peroxyphthalate

Received 13 February 1989
Revised 31 August 1989



DEPHOSPHORYLATION BY PEROXYANIONS 391

jon (PPA27) in cationic micelles of cetyltrimethyl-
ammonium chloride, mesylate and benzenesulfonate
(CTACI, CTAOMs, CTAOBzs), to complement earlier
work on the dephosphorylation by MCPBA in cationic
micelles. ?

RESULTS

Reaction with zert-butyl hydroperoxide

Dephosphorylation of pNPDPP by OH™ in aqueous
micelles of CTACI is slowed by addition of -BuO,H,?
even though it, and its anion, should bind strongly to
cationic micelles. This system is complicated by
competition between OH™ and Cl1~, which should
decrease the deprotonation of -BuO,H.%® We
eliminated this competition by using cetyltrimethyl-
ammonium hydroxide (CTAOH),'® but reaction was
still inhibited by #BuO.H over a wide range of
concentration (Table 1). The increasing inhibition with
increasing (-BuO;H concentration arises from a
decrease in counterion concentrations at the micellar
surface due to a decrease in surface charge densxty and
competition between -BuO; and OH .8

The pK. of +-BuO,H is 12-8 in water, '? so it should
be partially deprotonated in CTAOH (Table 1). The
bulky alkyl group should sterically hinder reaction so
t-BuO; is a weak nucleophile and its reaction with
p-NPDPP does not offset the inhibition due to
exclusion of OH™ from the micelle. Consistently
reaction in water (containing 3 vol-% acetonitrile) at pH
10-5 or 12 (0-075 M carbonate buffer, 25-0 °C) is not
speeded by -BuO;H (data not shown).

Table 1. Dephosphorylation in CTAOH?®

[CTAOH (M)
10%[#-BuQ,H]
™) 0-001 00025 0-004 0-005

— 160 17:0

5 15-2

8 3-8 13-8

10 37 12-0 13-4
15 8-2

16 3-6 65 10-6 10-4
30 1-8 68 8-4

35 4.7

40 4-8 4-4 347
48 2:6 3-9

50 1-1 2-0 36
60 3-5 2-5
70 1-4 1-8
30 1-1 2-3
920 0-9
100 0-5

“Values of 10%ky (s™') at 25-0°C; in 0-009 M CTAOH, 10%ky =23,
9-5 and 5-0s™'in 0,'° 0-3 and 05 M £-BuO:H, respectively.

Although -BuO; is an ineffective nucleophile in
water and in aqueous cationic micelles, microemulsions
with -BuO;H as cosurfactant are effective
dephosphorylating agents at high pH. Reaction in
microemulsions of CTACI and n-octane with -BuO>H
is much faster than in those containing ters-butyl
alcohol (Tables 2 and 3). tert-Butyl alcohol and its
alkoxide ion are ineffective nucleophiles '* and slow the
reaction of pNPDPP with OH™ by decreasing the
charge density and binding of OH ™ at the surface of the
microemulsion  droplet.”®/! In  microemulsions,
reaction with OH™ is slow, because so little OH~ binds
to the droplet, and reaction with -BuO; then becomes
important. Therefore, by wusing the reagent as
cosurfactant we obtain reaction of 7BuO: in
microemulsions, but not in aqueous micelles (Table 1).

Rate constants of the reaction of -BuQO; increase
sharply with increasing water and OH™ content of the
microemulsion (Tables 2 and 3). This effect is due to
increased deprotonation of -BuO>H by OH™ and a
decrease in the total volume of the microdroplets, which
increases the reagent concentrations in the droplet
pseudophase.® Addition of fers-butyl alcohol slightly
slows the reaction by decreasing the charge density and
deprotonation of ¢-BuO; at the droplet surface.

Table 2. Dephosphorylation by tert-butyl hydroperoxide:
effect of microemulsion composition®

H:O  10°%y
CTACI® 1-BuO,H® r-BuOH® n-Octane® (wt-%) (s7')
2 0 2 1 60 17
2 1 1 1 60 169
2 1 1 1 70 292
2 1 1 1 80 635
2 1 0 1 70 411
2 i 0 1 80 768
2 1 0 0 80 724

AL 25-0°C with 0-01 M KOH in the agueous component.
"Weight ratios of the organic components.

Table 3. Dephosphorylation by fert-butyl
hydroperoxide in microemulsions: effect

of water?
KOH"(m)
H,O
(Wt-%) 0-005 0-01
45 79-8
50 22-3
60 44-8 141-0
70 93-5 243-0
80 219-0 5330

*Values of 10%y (s7') at 25-0°C with
CTACI-+-BuO;H—n-octane (2:2: 1, wfw/w).
®Molarity in terms of the aqueous component.
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Removal of n-octane has little effect on the rate, which
shows that even the very hydrophobic substrate
pNPDPP does not enter the oil-rich region of the
droplet. Similar observations have been made in other
systems and generally the reaction rates are similar
at surfaces of alcohol-modified micelles and
corresponding ofw microemulsions with oil in the
interior, *-8:8¢.13

Reaction with m-chloroperoxybenzoate ion

Dephosphorylation of p-NPDPP by MCPBA~™ was
followed in microemulsions of CTAOBzs or CTAOMs,
-BuOH and n-octane (Figures 1 and 2). At a given
microemulsion composition, first-order rate constants,
ky, increase with increasing pH of the aqueous
component and become constant at pH = 11 (Figure 2).
At pH 11.4 reaction is speeded by 107 M MCPBA ™ by
a factor of ca 240 and ky has half its maximum value
at an apparent pH of 9-2, i.e. pK,=9-2, whereas in
water pKa.=7-8."* This dissociation constant is an
apparent value because the pH in micelles or
microemulsion droplets is different from that in the
aqueous medium;®®'! however, an alcohol co-
surfactant decreases the binding of counterions and
deprotonation of a weak peroxy acid. Reaction of
MCPBA "~ is slower in microemulsions than in micelles
of CTACI, where k= 10¢ys™' under optimum
conditions, i.e. with the maximum concentration of
MCPBA relative to that of CTACL? This difference is
similar to those for other anion reactions, %
Competition between reactive peroxyanion and inert

benzenesulfonate ion is important and for a given
pH and microemulsion composition ky decreases
monotonically with increasing PhSOs;Na concentration
(Table 4). However, considerable amounts of added salt
were needed to obtain a sizable rate decrease, whereas
only small amounts of inert counterion are needed for
inhibition of ionic reactions in aqueous micelles.*
These differences in salt effects in micelles and
microemulsion droplets are due to the lower affinity of
the droplets for counterions.® 8!

The microemulsions were made up so that
concentrations of MCPBA and buffer in the aqueous
component were kept constant and the water content
was varied. For given relative concentrations of sur-
factant, cosurfactant and oil, rate constants increased
monotonically with increasing water content (Tables 5
and 6). This increase is due in part to an increase in the
concentration of MCPBA ™ relative to those of the inert
contents of the droplets, i.e. surfactant, cosurfactant
and oil, but it is steeper than the increase in the relative
concentration of MCPBA~™. An increase in water
content decreases the amount of ferz-butyl alcohol in the
droplets, which increases their charge density and
concentration of peroxy anion at the droplet surface.
The pH of the aqueous medium was high enough to
ensure complete deprotonation of the peroxy acid,
and the increase in rate with increasing water con-
tent and the {(MCPBA~]/[CTAOMs] or [MCPBA ]/
[CTAOBzs] ratio seems to be general for these
microemulsions (Figure 1 and Tables 5 and 6). Similar
conclusions can be drawn from the dependence of &y on
the concentration of MCPBA relative to the sum of the
concentrations of surfactant, cosurfactant and oil.

114
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Figure 1. Dephosphorylation by MCPBA in microemulsions of CTAOMs (open symbols) and CTAOBzs (solid symbols). ¢, ¢,
0-00125; @, m, 0-0025; ©, », 0-005 M MCPBA in aqueous component. Conditions are specified in Tables 5 and 6
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Figure 2. Effect of pH on dephosphorylation. ¢, With 0-005 M MCPBA and 0-075 M carbonate buffer in aqueous component,
which is 81% (w/w), non-aqueous component is CTAOBzs—/-BuOH—-n-octane (3:1:1, wiw/w); =, with 8-8 % 107°m PPA,
0-01 M carbonate buffer in 0-01 M CTAC]

For many bimolecular reactions in aqueous micelles,
reaction rates in the micellar pseudophase follow the
reactant concentrations in that pseudophase.® There is
similar, but less extensive, evidence for bimolecular
reactions in of/w microemulsions and in alcohol-
modified micelles,®~ "% but it is less compelling for

Table 4. Inhibition by sodium  benzenesulfonate of
dephosphorylation®

Ph503 PhSO;Na

(wt%) 102y (s™Y) (wt-%) 10%ky(s™")
0 12-4 2-38 4-61°
0-78 812 570 372
1-27 800 5-70 3-72
1-84 6-80 5-70 3-23°%
2:38 4-90 5-70 3-35¢

“At 25-0 °C with 0-005 m MCPBA and 0-0375 m carbonate buffer (pH
10-5) in aqueous component; microemulsion contains 81% H»O, with
CTAOBzs—-BuOH—n-octane (3:3:1, w/w[w).

©0+034 m carbonate buffer.

€0-0375 M carbonate buffer (pH 10-2).

several reasons. The concentrations of non-aqueous
components in ofw microemulsions are typically much
higher than those used with aqueous micelles, and it is
difficult to choose an appropriate measure of concen-
tration of reactants or buffer. It is also difficult to
estimate the distributions of reagents between the
microemulsion droplet and the aqueous part of the
medium because the cosurfactant usually has some

Table 5. Effect of microemulsion composition on dephos-
phorylation in CTAOBzs?

H>O(wt-)

[MCPBA]®

(M) 58-8 682 741 781 79-7  8l-1
0-00125 0-30 0-78 0-43  0-82  1-40
0-0025 027 077 0-96 239 3-8 5-34
0-005 0-83 1-77 263 668 892 12-4

*Values of 102ky (s~ ') at 25-0 °C in microemulsion with CTAOBzs—t-
BuOH-p-octane (3:3:1, wfwfw), pH 10-5, 0-075 M carbonate in
agueous component.

®In aqueous component.
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Table 6. Effect of microemulsion composition on
dephosphorylation in CTAOMs?

H>O(wt-%)
[MCPBA] *(Mm) 58-8 64-1 682
0-00125 0-55 0-89 0-98
0-0025 0-30 0-42 1-12
0-005 0-82 113 1-52

“Values of 10%y¢ (s~') at 25 °C in microemulsions with
CTAOMs—1-BuOH-n-octane (3:3:1, wjw/w), pH 10-5,
0-75 M carbonate in aqueous component.

"In aqueous component.

solubility in water and is partitioned between it and
droplets, so that the composition of the bulk
pseudophase is not constant.

Micellar structures do not change rapidly with
changes in surfactant or electrolyte concentration, at
least in low concentration, because the packing of
monomers is governed largely by the dimensions of the
hydrophobic alkyl groups of the surfactant. '* However,
these requirements are relaxed in a multicomponent
microemulsion and the properties of the droplet surface
may be sensitive to composition. Second-order rate
constants in microemulsion droplets probably depend
on the properties of the surfaces and, although the
assumption of constant second-order rate constants is
reasonably satisfactory for micelles,® it may be less so
for microemulsions. Qur experiments were carried out
in solvents of high water content so that o/w droplets
should be present, and most conclusions regarding
rates of ionic reactions in microemulsions have been
drawn from experiments under these conditions.? %%
It appears that the pseudophase model of micellar
rate effects, including ion exchange, is applicable,
qualitatively, to reactions in of/w microemulsions.

Reaction with peroxyphthalate dianion

Dephosphorylation by the peroxyphthalate dianion
(PPA?") was followed in aqueus CTACL. The rate
constants for reaction in 0-01 M CTACI increase with
increase pH and level off at ca pH 9 (Figure 2). The
value of &y is half that of the maximum at pH = 7,
i.e. the apparent pK, of the hydroperoxy group is ca 7
in CTACIL In water the pK, of the carboxyl and
hydroperoxy groups are 2:96 and 8-2, respectively.'®
Reactions in the micelles were followed at pH 9, where
deprotonation should be complete. First-order rate
constants increase sharply with increasing CTACI
concentration, even at concentrations below the critical
micelle concentration (cmc) which is ca 1.3x 103> M in
water,'” and pass through maxima with increasing
CTAC] concentration (Figure 3). There are precedents

6.0 4

5.0

4.0

0.0 :
“10° [cTAc M

Figure 3. Dephosphorylation by 8:8x107°M  peroxy-

phthalate dianion in CTACI micelles and 0-01 M carbonate

buffer (pH 9-0). Broken line, values calculated from equation
(1). The solid line is meant to guide the eye

for large rate effects of very dilute surfactants in
reactions of peroxy anions. >

Rate maxima with increasing surfactant concen-
tration are typical of bimolecular reactions and are
treated quantitatively by estimating the concentration of
each reactant at the micellar surface.® It is difficult to
apply this treatment if the reactants induce micellization
or react in submicellar aggregates, because it is based on
the assumption that reaction occurs in the aqueous
pseudophase or in fully formed micelles whose
properties are unaffected by the reactants,®'® and the
cmce is generally taken to be the concentration of
monomeric surfactant. We treated the data for reaction
at higher CTACI concentrations on the assumption that
PPA%" is fully bound, because dianions interact
strongly with cationic micelles. The binding constant of
pNPDPP to micellized surfactant is ca 10%1mol™"
so that binding should be essentially complete for
[CTACI] > 1072 m.%!® The first-order rate constant is
then given by

ky = km[PPAZ]/ICTAC] )

where km is the second-order rate constant in the
micellar pseudophase with concentration written as a
mole ratio of PPA?™ relative to micellized CTACI
[equation (1)]. Rates increase at such low CTACI
concentrations that we neglect the concentration of
monomeric surfactant.

From values of ky in 0-002-0-015M CTACI
(Figure 3) we estimate ky = 28 s~ . The broken line in
Figure 3 is calculated from equation (1) and this value
of km. The fit is fair above 2x 1073 M CTACI, and
some of the deviations at higher CTAC! concentrations
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are probably due to adventitious decomposition of
PPA. This problem is worst for the slower reactions (see
Experimental).

On the assumption that reaction occurs in a region at
the micellar surface whose molar volume is 0-14 1,5
the second-order rate constant in terms of molarity in
this region is k¥ =~ 4 1mol~'. The corresponding value
for reaction of MCPBA ~ is ca 2 Imol~'s~'.? These rate
constants are similar to those of 1-:2and 1-1 Imol™!s™!
for MCPBA™ (Ref.3) and PPA2™, respectively, in
water—acetonitrile  (97:3, v/v) at 25-0°C  (see
Experimental), so that charge and structural effects are
small for these reactions of peroxyanions. An increased
reactant concentration at the micellar surface is the
major source of the rate enhancement. This simple
treatment should overpredict values of ky in dilute
CTACI where the reactants may not be fully bound, but
the observed values are higher than those predicted
(Figure 3). There is probably reaction in submicellar
aggregates which is faster than in normal micelles
because of the close proximity of the reactants.?® Brown
and Darwent* observed very large rate enhancements by
very dilute CTACI in deacylations by cumyl hydro-
peroxide, and ascribed them to reaction in submicellar
aggregates. There are many other examples of rate
enhancements with surfactant concentrations below the
cmg, »183:2522 typically for reactions of hydrophobic
reactants. The PPA?~ dianion could bind to, and
stabilize, submicellar clusters, but with increasing
surfactant concentration normal micelles will form and
equation (1) then fits the data.

EXPERIMENTAL

Materials. The preparation and purification of most
of the materials has been described.? Peroxyphthalic
acid (PPA) was used as the magnesium salt (Interox)
and contained 85% of the peroxy salt; the remainder
was largely magnesium phthalate. The specified
concentration takes into account this inactive material
and we assumed that the (low) concentration of
phthalate ion would not materially affect the rate and
Mg?* should not materially affect reactions in cationic
micelles.

Kinetics. Reactions were followed spectrophoto-
metrically at 25-0°C in Gilford, Hewlett-Packard
diode-array or Durrum stopped-flow spectrometers, **'°
at the Amax for 4-nitrophenoxide ion (400 nm). A few
reactions at pH < 7 were followed at the isosbestic point
between the phenol and phenoxide ion (347 nm). The
concentration of pNPDPP was ca 107° M, and it was
added in acetonitrile so that, except where specified, the
reaction solution contained ca 0-2 vol.-% acetonitrile.
For reactions in aqueous micelles, reagent
concentrations are specified in terms of total solution
volume, but the specified pH is that of the aqueous

solution before addition of surfactants, which will
slightly change the pH in the aqueous component of the
solution.

Microemulsion solutions of -BuO;H were prepared
by weight and the molarity of KOH is that in the
aqueous component, so that the total amount of OH™
increases with increasing water content. A similar
approach was used for reaction of MCPBA™ in
microemulsions. The pH and concentrations of buffer,
MCPBA™ and salt, where added, refer to the aqueous
component of the microemulsion, and the amount of
MCPBA™, in particular, increases with increasing water
content. Decomposition of MCPBA is faster in micelles
and microemulsions than in water, so solutions were
prepared immediately before reaction.

Decomposition of PPA%2~ was a major problem'¢
and, although the salt is reasonably stable as a solid, it
decomposes readily in micelles or microemulsions. One
mode of decomposition involves attack of a peroxy
anion on the peroxy acid' and it should be assisted by
colloidal species which bind both reactants. There is less
decomposition at higher pH where the hydroperoxy
group is deprotonated, and we generally followed
reactions at pH 9 or higher with freshly prepared dilute
solutions. The problem is less serious in micelies than in
microemulsions where dephosphorylation is slow and
therefore we did not follow rate constants for reaction
of PPA?" in microemulsions.

All reactions were followed at 25-0°C. First-order
rate constants, ky, are in reciprocal seconds. The
second-order rate constant for reaction of pNPDPP
with PPA?" is 1.11mol~'s™' in the absence of
surfactant in water—acetonitrile (97:3, v/v) and 0-03 M
carbonate buffer (pH 10-5).
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