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The nucleophilic attack of a bromide ion on benzyl chloride (BCl) and the acid denitrosation of
N-methyl- N-nitroso-para-toluenesulfonamide (MNTS) in quaternary microemulsions of TTABr
and SDS containing 1-hexanol as cosurfactant were studied. The experimental results were
examined in the light of a kinetic model which allows the quaternary microemulsion to be
reduced to a pseudo-ternary microemulsion, by considering the cosurfactant partition between the

continuous medium and the interface of the microemulsion to be determined by Shulman
titration. The incorporation of the alcohol into the interface alters the interfacial volume to be
used in constructing the kinetic model. The second step of the process involves determining how
the reactants partition among the different microenvironments of the pseudo-ternary system, the
interface being the sole reactive region in the microemulsion. Accounting for the results obtained

in the acid denitrosation of MNTS required using the ion-exchange formalism. Based on the
results, the product of the fraction of neutralized charge at the interface and the rate constant is
independent of the water content of the system. This suggests that the degree of dissociation of
the surfactant at the interface does not depend on the water content of the microemulsion. Under
the assumption of a surfactant fraction of neutralized charge of § = 0.8, we calculated the rate
constants at the interface for both processes. Such rate constants were smaller than in the
aqueous medium and consistent with the effects found in nitroso group transfer reactions in

microemulsions.

Introduction

Water-in-oil microemulsions are usually described as nano-
sized water droplets dispersed in a non-polar solvent with the
aid of a surfactant monolayer. Some surfactants can form no
microemulsions by themselves and require the presence of a
cosurfactant (usually an alcohol) to be stable; however, tern-
ary systems consisting of a surfactant, water and a non-polar
solvent are the most simple possible in this context and have
thus been the most widely studied in this respect.' The interest
of these complex fluids lies in their usefulness for oil recovery,?
solubilization of proteins3 and amino acids,* in enzymatic
reactions,’ as alternatives to phase-transfer catalysts® and in
the preparation of monodisperse colloid-size particles.” This
array of applications of reversed micelles has been propitiated
by their aggregates possessing three solubilization sites,
namely: the non-polar continuum, the micellar interface and
the intramicellar water pool. Despite the vast scope of applica-
tion of microemulsions, their influence on the processes they
can host has scarcely been examined, particularly in those
cases involving a reaction between a hydrophobic substrate
and an ionic species bound to the interface. In bimolecular
reactions between an organic substrate and a univalent ion of
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charge opposite to that of the interface, the pseudo-phase ion-
exchange formalism has been applied to aqueous ionic mi-
celles.® The pseudo-phase ion-exchange model for micelles
assumes reactions to take place in the two pseudo-phases
simultaneously. Micelles act as a separate phase and the
surfactant behaves like an ion-exchange resin, the partitioning
of ionic species being described by an ion-exchange constant.
The apparent failure of the pseudo-phase ion-exchange model®
with reactive counterion surfactants and at high detergent or
salt concentrations in the presence of an excess of highly
hydrophilic counterions (such as OH™ or F™) has been shown
to arise from the assumption that the degree of dissociation of
the counterion, «, remains constant.

The properties of water within drops and at the microemul-
sion interface are very strongly affected by the water content of
the microemulsion. The state of water within AOT reversed
micelles and the influence of W (W = [H,O]/[AOT]) on
micellar properties have been examined by using a variety of
techniques'® which have revealed that the properties of sur-
factant-trapped water differ from those of bulk water and
change strongly with the water content at W values below
about 10. The anomalous behavior of water at low W values
has been ascribed to local interactions of water molecules with
Na™ counterions and sulfosuccinate ion. Little is known
about the physicochemical properties of other surfactant
systems, particularly as regards the state of solubilized water.
The cationic surfactant cetyltrimethylammonium bromide has
for several years been known to form reversed micelles in
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various solvents including 1-hexanol, chloroform and dichlor-
omethane.!" There is infrared'? and "H-NMR!"®!? spectral
evidence for a change in the properties of water in these
cationic reversed micelles as W is raised; also, the >*C-NMR
chemical shifts for the surfactant are consistent with the
proposed change in local structure. These changes in water
properties in microemulsions can alter the amount of charge
that is neutralized at the interface.

Some additives are known to dramatically alter the degree
of micelle dissociation in aqueous micellar systems.'* Thus, the
degrees of ionization of SDS'> and TTABr'® increase with
increasing alcohol concentration. The degree of micelle ioniza-
tion, o, reflects electrostatic interactions between charged
micelle surfaces and counterions, and provides a rough mea-
sure of the fraction of counterions in close proximity to micelle
surfaces with their solvation layer still intact!” that are in
contact with the micelle solvation layer. These interactions are
essentially determined by the charge density of the micelle
surface, which is strongly affected by surface solubilization of
the alcohol. Thus, they depend much less on the amount of
alcohol added, up to a fairly large content, as the micelle and
counterion solvation layers are likely to remain largely com-
posed of water molecules, even at fairly large alcohol concen-
trations, in alcohol-water mixtures.'® As a result, changes in o
with the alcohol concentration are essentially due to the
alcohol penetrating micelles rather than to its presence in the
intermicellar region.

In this work, we examined two types of kinetic processes
between a hydrophobic substrate and an ionic species that
reacts by binding to the microemulsion interface. Specifically,
we studied the nucleophilic attack of bromide ions on benzyl
chloride (BCI) in TTABr—1-hexanol-isooctane—water micro-
emulsions and the acid denitrosation of N-methyl-N-nitroso-
para-toluenesulfonamide (MNTS) in SDS—1-hexanol-isoocta-
ne—water microemulsions (Scheme 1). All the experiments
were conducted at a constant [1-hexanol] : [TTABr] ratio of
4 : 1 or a constant [1-hexanol] : [SDS] ratio of 5 : 1. The
surfactant counterion was the reactive species in the former
case; the latter, required applying the ion-exchange formalism
at the microemulsion interface to Na™ as counterion and H™
as reactive ion.

The results obtained are explained in the light of a kinetic
model where the quaternary microemulsion is transformed
into a pseudo-ternary one and the change in interfacial volume
is assumed to result from incorporation of the cosurfactant
into the interface. Subsequently applying the pseudo-phase
ion-exchange model allowed the interfacial rate constants for
the target nucleophilic substitution and hydrolysis reactions to

QCHZCI + B —= @-CH!Br +Cr

BCI

Scheme 1

be determined. Based on the results, the reaction rate at the
interface of the quaternary microemulsion is smaller than in
water and aqueous micelles by effect of the decreased polarity
of the interface relative to micellar systems.

Experimental

Tetradecyltrimethylammonium bromide (TTABr) and sodium
dodecyl sulfate (SDS) were supplied by Sigma and used with-
out further purification. 1-Hexanol and isooctane were Al-
drich products in the highest commercially available purity. V-
Methyl-N-nitroso-para-toluenesulfonamide (MNTS (Aldrich
99%)) and benzyl chloride (Merck >99%) were used as
received.

Microemulsions of the desired compositions were prepared
from stock water—surfactant-isooctane—alcohol microemul-
sions by adding appropriate amounts of isooctane and water.
A constant alcohol : surfactant mole ratio of 4 : 1 for TTABr
and 5 : 1 for SDS was used throughout. Densities were
measured with a pycnometer.

Reactions were monitored at 25.0 °C on a Varian Cary 500
Scan UV-vis-NIR spectrophotometer equipped with thermo-
stated cell holders. The acid denitrosation of MNTS was
studied by monitoring the disappearance of the substrate at
260 nm. The conditions used in all cases were such that the
nitroso compound concentration was always much smaller
than the [H ]. Typically, such conditions included [MNTS] =
1.91 x 107* M and [HCI] = 6.67 x 107° M. All kinetic data
fitted a first-order integrated equation with r > 0.999. In what
follows, kyps is used to denote the pseudo first-order rate
constant. The nucleophilic attack of bromide ions on benzyl
chloride is a very slow reaction, so it was examined via the
initial rate method. Kinetic experiments involved monitoring
the absorbance change at 249 nm for (5-10)% of the reaction
time, using a substrate concentration [BCI] = 1.17 x 107> M.
The slope of each absorbance-time plot was converted into a
rate constant via the overall absorbance change. The reaction
was also examined using the integration method in several
control tests that involved measuring the absorbance change
over at least 4 lifetimes and fitting absorbance-time data pairs
to a first-order integral equation. The ks values obtained
with both methods were identical.

Results and discussion

Alcohols can be regarded as cosolvents that partition between
the aqueous and oil-rich bulk phases on the one hand, and the
interfacial layer on the other, thereby decreasing the effective
hydrophilicity of the amphiphile and the effective hydropho-
bicity of the oil. In order to simplify the analysis of kinetic
data, a quaternary microemulsion can be transformed into a
pseudo-ternary one. Scheme 2 depicts the way the alcohol
partitions among the different pseudo-phases.

The alcohol, 1-hexanol, will initially partition among the
three microemulsion pseudo-phases in accordance with the
partition constants K~°H and KROH, which are defined as:

KROH _ [ROH], ron _ [ROH];

~ [ROH], m

oi [ROH] ) wi
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where [ROH],, [ROH]; and [ROH],, denote the alcohol con-
centrations in the continuous phase, interface and bulk water,
respectively, referred to the total microemulsion volume.
Parameters Z and W bear their usual meaning (i.e. Z =
[Isooctane]/[Surfactant] and W = [H,O]/[Surfactant]). By
virtue of the very low solubility of 1-hexanol in water, the
quaternary microemulsion can be transformed into a pseudo-
ternary one consisting of isooctane and 1-hexanol as the
continuous phase, the surfactant (TTABr or SDS) and
I-hexanol as the interface, and water as the aqueous phase.

Partitioning of the alcohol in the microemulsion

In the present paper, we investigated the surface composition
of the w/o droplets by dilution method, in which TTABr or
SDS is used as the surfactant, n-hexanol as the cosurfactant,
and isooctane as the oil with addition of different amounts of
water. For a stable w/o microemulsion, a critical amount of
n-hexanol (cosurfactant) distributes between the bulk oil
phase and the droplet surface, whereas the surfactant almost
solely resides on the droplet surface since it is insoluble in
isooctane.'” Supposing the number of moles of n-hexanol at
the interface and in bulk oil phase being 7l and n2, respec-
tively, the total number of moles of n-hexanol n, equals to the
sum of both, where the number of moles of n-hexanol in water,
ny, is negligible because of its very small solubility:

n, = nh + n @)

Other conditions remaining the same, the ratios between the
number of moles of alcohol in oil (115) and the number of moles of
oil (1), and between the mole fraction of alcohol at the interface
(X%) and that in the oil (n2) are fixed: K = n/n, and K4 = X4/X2,
where K and K are the appropriate constants, the latter being the
distribution constant. Addition of oil in the system would change
K and K4 by abstracting the alcohol in it and making the system
unstable. Since the stability of the microdispersion of water is
affected by a threshold population of alcohol at the interface and
consequently in the bulk oil, the addition of alcohol can reestab-
lish the threshold stable condition of the system by restoring the
required magnitudes of both K and Kj.

Representing the number of moles of alcohol in water and at
the interface by n and n, respectively, by using K = n2/n,, the
total number of moles of alcohol in the microemulsion system,

n, per mole of added surfactant can be represented as:*%>!

ﬂ:M+K@ (3)

ny Ny Ny

where ng is the number of moles of surfactant present in the
system. In the dilution experiment at a constant ng, n5 and 7,

25

20 —

wWal/ ns

10 -

0 100 200 300 400
no/ Hs

Fig. 1 Plot of n}/ng vs. ny/n according to eqn (3) for w/o TTABr—
isooctane-water—hexanol microemulsion systems at 25.0 °C with
different TTABr concentrations: (O) 0.0019; (@) 0.0030; ()
0.0043; (M) 0.0060 and (A) 0.0078 M.

are varied so as to get a series of n}/n, and n,/ng values whose
graphical plotting according to eqn (3) can yield the values of
ni and n from the intercept and slope if )" is negligible (see
Fig. 1 and Fig. 2).

The alcohol distribution constant, KX°H, between the con-
tinuous medium and the interface of the microemulsions can
be obtained as the ratio between the intercept/slope of plots
like those showed in Fig. 1 and Fig. 2 for TTABr and
SDS-based microemulsions:

ron _ [ROH]; ”Z”o
OH _ - —7"71i 7 _ = Int t /Sl 4
[ROH, o, — Otercep /Slope (4)

a’"s

The alcohol distribution constants thus obtained for TTABr
and SDS microemulsions, viz. (K8°M)rras: = 35 £ 1 and
(KROM)ghs = 19 + 1, were subsequently used to transform a
quaternary microemulsion into a pseudo-ternary one. Alco-
hols behave highly non-ideally in solution in alkanes due to
self-aggregation, however their observed partition coefficients
are concentration independent. The reason for this behavior
should reside in their incorporation to the microemulsion

20

15

10

nla/ ns

0 30 60 90 120
Ho/Ns

Fig. 2 Plot of ny/ng vs. ny/ng according to eqn (3) for w/o SDS—
isooctane-water—hexanol microemulsion systems at 25.0 °C with
different SDS concentrations: (@) 0.0037; (CI) 0.0049; (H) 0.0054
and (A) 0.0073 M.
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Fig. 3 Influence of W and surfactant concentration upon Vi, /V;: (left) TTABr—hexanol-isooctane-water microemulsions. [Hexanol]/[TTABr] =
4, (right) SDS—hexanol-isooctane—water microemulsions. [Hexanol]/[TTABr] = 5.

interface in such a way that the percent of alcohol in the
continuous medium is very small.

Variation of the interfacial volume

Transforming a quaternary microemulsion into a pseudo-
ternary one entails redefining the composition-related para-
meters for the system concerned. Since the alcohol can be
taken to be a solute at the interface, we used the Stilbs
approximation?? under the assumption that the surfactant
was the sole component determining the properties of the
interface. Therefore, the composition parameter W (W =
[H,O]/[Surfactant]) remained unchanged. However, the com-
position of the continuous medium is altered by the presence
of the alcohol, so parameter Z, initially defined as Z =
[Isooctane]/[Surfactant], was redefined in the following form:

__ [Isooctane] + [ROH],,

[Surfactant]
Z[ROH],,

(KROH 1 7)[Surfactant]

ol

Z*

=7+

()

where [ROH],,, denotes the total concentration of 1-hexanol
added to the microemulsion. In our experimental conditions,
[ROH]o; /[ITTABr] = 4 and [ROH];, /[SDS] = 5.

For this formalism to be applicable, the total number of
moles of alcohol that are incorporated into the interface must
increase with increasing concentration of surfactant,> and
hence increasing the interfacial volume. In ternary microemul-
sions (e.g. AOT-isooctane—water microemulsions), the interfa-
cial volume can be assumed to remain constant. In quaternary
microemulsions, however, the incorporation of large amounts
of cosurfactant into the interface cause the interfacial volume to
change with the surfactant concentration. This situation is
similar to that in micellar systems when a high concentration
of alcohol is added to the reaction medium.?*

The interfacial volume can be assumed to consist of the
volumes of surfactant and alcohol incorporated into the inter-
face, namely:

Vi = Vsurfactand Surfactant], + Vron[ROH]; (6)

Viot - 1 KROH | 7

- _ 0i 7
Vi VSurfacmm[Surfactant] VRQHK(EOH[ROHLO‘ ( )

Because the percentage of trapped water at the interface is
lower than 3% of total water and because the small molar
volume of water, we can neglect its contribution to the total
volume of the interface with an error smaller than 10%. We
used a molar volume of surfactant Vrrags = 0.326 M~! for
TTABr? and Vgps = 0.246 M~! for SDS,?*® which corre-
sponded to the overall volume of the micelles. The molar
volume of 1-hexanol, Vrog = 0.126 M~!, was calculated
from its density.

Fig. 3 shows how the relationship V./V; (values calculated
according to the eqn (7)) decreases as the surfactant concen-
tration increases. The decrease in Vi, /V; with the TTABr or
SDS concentration is a consequence of the alcohol incorpora-
tion into the interface and its consequent increase in volume.
Hence, the calculated values for V,,/V; are independent of the
W parameter. This behavior is due to the quantity of solubi-
lized alcohol in the aqueous pseudophase of the microemul-
sion being negligible.

The kinetic results obtained should be explained by taking
into account the alcohol incorporation into the interface of the
microemulsion and consequently the variation of the volume
of the interface with the surfactant concentration and with the
molar relationship [ROH],/[TTABr].

Nucleophilic substitution by bromide ion in benzyl chloride

This reaction was studied in TTABr—1-hexanol-isooctane—
water microemulsions at a constant [1-Hexanol] : [TTABr]
ratio of 4 : 1. The aim was twofold, namely: (a) to construct a
kinetic model accounting for the reactivity of benzyl chloride
towards Br™ ion irrespective of the microemulsion composi-
tion and (b) to use the model to determine the fraction of
neutralized charge at the interface of the microemulsion.

Influence of the microemulsion composition. We examined
the influence of the microemulsion composition on the ob-
served rate constant, k.ps, for the nucleophilic attack of
bromide ion on benzyl chloride at a variable surfactant con-
centration, [TTABr], from 0.10 to 0.70 M and a constant mole
ratio W = [H,O]/[TTABr]. By way of example, Fig. 4 shows
selected results. As can be seen, ks increases on increasing the
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Fig. 4 Influence of the TTABr concentration on kg, in the nucleo-
philic attack of bromide ion on benzyl chloride in TTABr—1-hexano-
l-isooctane-water microemulsions at 25.0 °C. W = (O) 5, (@) 7, ()
10 and (M) 15.

surfactant concentration, but was virtually independent of the
water content of the microemulsion, W.

The behavior of this system can be interpreted in qualitative
terms as a function of the partitioning of benzyl chloride
between the continuous medium and the interface. Raising
the surfactant concentration increases the amount of benzyl
chloride that binds to the interface. The reaction between
bromide ions and benzyl chloride can only take place at the
microemulsion interface owing to the strongly hydrophobic
character of the substrate; also, if the fraction of micellar
charge that is neutralized does not change with the water
content of the microemulsion, the concentration of bromide
ions bound to the interface must be independent of W.

Partitioning of the reactants. The quaternary microemulsion
can be simplified to a pseudo-ternary microemulsion (Scheme
2) with isooctane and 1-hexanol as the continuous medium,
TTABr and 1-hexanol as the interface, and water as the
aqueous medium. Accurately interpreting the kinetic results
obtained in the nucleophilic substitution by bromide ion in
benzyl chloride entails considering the way the reactants
partition among the different pseudo-phases of the microemul-
sion. Scheme 3 shows the partitioning of benzyl chloride
between the continuous medium and the microemulsion inter-
face. The low solubility of this reactant in water allows its
partitioning between the aqueous medium and the interface to
be assumed negligible.

Continuous BCl,
Medium
ke f

Bl

| g

BCl, + Br ——~ Products

Interface

Water
Scheme 3

The partition constant for benzyl chloride, KBS can be
defined in classical terms as:

RS — Bl Z ()

where Z* = ([Isooctane] + [1-Hexanol])/[TTABr]; subscripts
i and o denote the interface and continuous medium, respec-
tively; and concentrations are referred to the total volume of
the microemulsion.

Kinetic model for the reaction in microemulsions. Based on
the reactant partitioning of Scheme 3, the interface is the sole
microemulsion region where the reactants can come into
contact and hence the sole reactive region. The observed rate
constant for the reaction will therefore be given by:

BCl
kBr’ Koi

(KB 2) ?

kobs =

where k'p,— being is the pseudo first-order rate constant at the
interface and can be expressed as a bimolecular rate constant
at the interface as:?’
Vr
Vi
A
1

%r’ = k;%r’ [Bri]i = i}[7 [Bri}i

[Br ] being the concentration of bromide ion at the interface
relative to the interfacial volume, and [Br~]; the concentration
of bromide ion referred to the total micro-emulsion volume. In
the absence of bromide ions other than those resulting from
dissociation of the surfactant, the total concentration of
bromide at the interface will be equal to the product of the
fraction of neutralized charge at the interface, 5, and the total
concentration of surfactant. Based on the foregoing, one can
derive the following expression for the pseudo first-order rate
constant:
BCI

Vr i Kni
kObS = 71/; [TTABT} Br— (1{2(:1—+Z*) (1 1)

which can be rearranged to:

V1 [TTABI] 1 1
E7A =7t gsa
Vi kobs ﬁkBr’ ﬁler’ Kai

z (12)

This equation predicts a linear relationship between
(VATTABr])/(Vikons) and the microemulsion composition
parameter, Z*. By way of example, Fig. 5 illustrates the good
fit of the results to eqn (12).

Table 1 lists the slopes and intercepts obtained by fitting the
experimental k,ps values to eqn (12) at different W values. As
can be seen, the intercept was in many cases similar in
magnitude to its own error owing to the extrapolation re-
quired to obtain it. Based on eqn (12), the slope-to-intercept
ratio should be constant and independent of W (Intercept/
Slope = KB'). The results of Table 1 suggest that, in fact,
such a ratio remains constant throughout. If all W values are
considered, then KSFl = 2.1 + 0.8, which is consistent with the
results obtained by using the W values 10, 15, 35 and 45 alone
(i.e. those where the intercept can be accurately determined). If
only such W values are considered, then K =27405 In
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Fig. 5 Fitting of the data in Fig. 4 to eqn (12). W = (O) 5, (@) 7,
(O) 10 and (M) 15.

what follows, we shall use this value for the partition constant
of benzyl chloride between the different phases in the micro-
emulsion.

As can be seen from Fig. 6, the reciprocal of the slopes in
Table 1, which were obtained from eqn (12), were W-indepen-
dent and averaged at 1/Intercept = (8.7 &+ 0.1) x 107* M ™!
s~!. This suggests that the product [fKEiCIkBrJ is independent
of the water content of the microemulsion and hence that so is
BkBrf, which averaged at ﬁkai =322 x 100° M ! s7L
Therefore, the proposed kinetic model provides an accurate
explanation for the kinetic results obtained under rather
variable microemulsion compositions. The model satisfacto-
rily explains the reactivity of benzyl chloride irrespective of the
particular composition of the microemulsion.

The constancy of fkp, has two possible implications,
namely: (a) both § and kg, are W-independent through the
studied composition range or (b) their changes cancel each
other. Initially, one could expect the fraction of neutralized
charge at the interface to increase with decrease in W, which
would cause a slight increase in 8 and a decrease in kg, That
the rate constants at the interface decrease on decreasing W
was previously observed®® and ascribed to a decrease in the
ability of interfacial water to solvate the reactants and the
transition state upon decreasing the water content of the
microemulsion. However, when the rate of the reaction con-
cerned is scarcely sensitive to polarity changes in the medium
(e.g. in nitroso group transfers), a single value of the rate
constant is obtained at any W value exceeding W > 5-7.3!

Table 1 Intercepts and slopes obtained by fitting the experimental
kows values for the nucleophilic attack of bromide ion on benzyl
chloride in TTABr—I-hexanol-isooctane-water microemulsions to
eqn (12)

w Intercept Slope

5 Q+1)x10° (1.03 + 0.09) x 10°
7 (1£1) x10° (1.40 £ 0.08) x 10°
10 (2.9 +0.1) x 10° (1.04 £ 0.01) x 10°
15 24 +0.3) x 10° (1.07 £ 0.01) x 10°
20 2 +2) x 10° (1.3+0.1) x 10°
30 Q+1)x10° (1.07 + 0.08) x 10°
35 (3.5+0.3) x 10° (1.07 £ 0.03) x 10°
40 1+£2) x10° (1.4 £0.1) x 10°
45 (2.6 £0.9) x 10° (1.08 £ 0.06) x 10°

0 10 20 30 40 50

Fig. 6 Variation of the product /SKK,iBCIkBrfi as a function of W for
the nucleophilic attack of bromide ion on benzyl chloride in TTABr-1-
hexanol-isooctane—water microemulsions.

The problem here lies in quantifying the sensitivity of the
rate of nucleophilic substitution by bromide ion in benzyl
chloride to the solvent polarity. Based on the results of Jaeger
et al.,*® the rate constantis k = 3.0 x 10> M ' min~!in 25%
(v/v) water—ethanol mixtures and k = 2.9 x 107> M~! min™!
in 10% (w/w) CTABr-water mixtures at 40.0 °C. These results
suggest that the reaction is scarcely sensitive to the polarity of
the medium, so kg, should possess a unique value irrespective
of the particular microemulsion composition provided 5 < W
< 45. If kg, is independent of W, then the fraction of
neutralized charge at the interface, 8, should remain constant
throughout the previous range of water content in the micro-
emulsion. This was subsequently confirmed in studying the
acid denitrosation of N-methyl-N-nitroso-para-toluenesulfo-
namide.

The degree of dissociation of the surfactant in aqueous
micelles and oil-in-water microemulsions can be readily deter-
mined via conductivity measurements. Basically, conductivity
changes can be related to the degree of dissociation of the
surfactant that contributes with ionic components (e.g. sodium
ions from SDS) to the aqueous phase. There have been some
attempts at determining the degree of dissociation at the
interface of SDS—1-butanol-water—toluene microemulsions™
from conductivity measurements which have provided o values
from 0.52 to 0.05.

However, the conductivity of w/o microemulsions is closely
related to the rate of mass transfer between droplets, a
phenomenon that peaks at the onset of electrical percolation.
Research into the internal dynamics of w/o microemulsions
has largely focused on this intriguing phenomenon, which
causes an abrupt increase in electrical conductivity when either
the temperature or the volume fraction of the dispersed phase
reaches a critical value. Percolation therefore involves a sharp
change in electrical conductivity from very low levels typical of
small droplets dispersed in a nonconducting continuous med-
jum to values higher by several powers of 10.>* Lang and
coworkers'!'%*> have related electrical percolation to the rate
constants governing the exchange of materials between dro-
plets (a process which in turn may have a decisive influence on
the rate of fast chemical reactions in w/o microemulsions).
Percolation does not occur as the result of the formation of
permanent bicontinuous structures in the medium, but rather
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of the structure of discrete droplets being preserved. One
plausible explanation assumes that the number of collisions
between droplets increases sharply in the vicinity of the
percolation threshold and leads to the formation of droplet
clusters. The opening of interdroplet channels in the clusters
facilitates the transport of materials (ions) between droplets
and gives rise to the abrupt increase in conductivity observed.

Therefore, the conductivity in microemulsions cannot be
related to changes in the number of ionic components. In fact,
the addition of salts to an AOT-isooctane—water w/o micro-
emulsion hinders electrical percolation. The absence of corre-
lation between conductivity and the number of ionic
components of the system precludes its use to determine the
degree of dissociation of the surfactant.

The Poisson—Boltzmann equation has allowed some authors
to study the effect of W on the degree of counterion binding, f.
Thus, Karpe and Ruckenstein®® found f to decrease with
increase in W; however, § changed by only 7.3% on raising
W from W = 6 (f ~ 0.86) to W = 50 (f ~ 0.80). Likewise,
the degree of dissociation of ionic microemulsions has been
shown to increase with increasing droplet size.>” According to
Kozlovich and coworkers,*® the degree of counterion binding
of AOT head groups must be greater than 72%. These results
are consistent with the sole experimental study to the authors’
knowledge available where chemical trapping of bromide ions
in microemulsions® has been used; p for CTAB microemul-
sions in dodecane/CHCI; was found to be 0.8—which is very
similar to the values found in aqueous micelles—at W > 15.

If a § value of 0.8, which is the most widely used for direct
micellar systems, is adopted, then kg,- is calculated to be*
kg = 4.02 x 107 M~ s™!, which is comparable with that
obtained by Jaeger et al** for the reaction in 10% (w/w)
CTABr-water mixtures at 40.0 °C (viz. k = 4.8 x 107> M !
s~'). As can be seen, the reaction rate is roughly 10 times
smaller at the interface of TTABr—1-hexanol-isooctane—water
microemulsions than at the interface of aqueous micellar
systems; this is consistent with the decreased interfacial polar-
ity of microemulsions relative to simple micellar systems. As
shown later on Table 2, a similar behavior was observed in the
acid denitrosation of MNTS in single-component SDS micel-
lar systems and in SDS-1-hexanol-isooctane—water micro-
emulsions.

Table 2 Bimolecular rate constant for the nitroso group transfer
from MNTS to piperazine (PIP) and N-methylbenzylamine
(MeBzAm) in various reaction media, and also for the denitrosation
of MNTS

Reaction Reaction medium kM~ s!
MNTS + PIP  H,O¢ 298 x 1072
AOT-isooctane-H,0" 533 x 1073
TTABr—1-hexanol-isooctane-H,O¢  4.69 x 107>
MNTS + H,0¢ 4.10 x 1072
MeBzAm AOT-isooctane-H,0" 3.1 %x 1073
TTABr—1-hexanol-isooctane—H,O¢  6.99 x 107
MNTS + H*  H,0¢ 3.20 x 1072
SDS¢ 3.50 x 1073
SDS-1-hexanol-isooctane-H,O 7.25 x 1074

@ Ref. 45. " Ref. 47. ¢ Ref. 31b. ¢ Ref. 44b. ¢ Ref. 49.

Acid denitrosation of N-methyl-/V-nitroso-para-
toluenesulfonamide in SDS-1-hexanol-isooctane—water
microemulsions.

We studied the acid hydrolysis (denitrosation) of MNTS in
SDS-1-hexanol-isooctane-water microemulsions at a con-
stant [1-hexanol] : [SDS] ratio of 5 : 1. Kinetic experiments
were performed under conditions where HCI was in a very
large excess with respect to the N-nitroso compound. By way
of example, Fig. 7 shows the variation of the pseudo first-order
observed rate constant, kyps, with the microemulsion composi-
tion. Contrary to the nucleophilic attack of bromide ions on
benzyl chloride, ks decreased with increasing concentration
of surfactant and was virtually independent of the water
content of the microemulsion, W.

These results can be ascribed to a combination of two
factors. On the one hand, raising the surfactant concentration
increases that of MNTS at the microemulsion interface (the
sole region where MNTS and H;0 * can come into contact).!
The increased interfacial concentration of N-nitroso com-
pound should result in an increased reaction rate. However,
an increase in the concentration of SDS also increases that of
unreactive Na ™ ions. Competition between these unreactive
counterions and H;O* ions for binding to the microemulsion
interface must be the origin of the decrease in rate constant
observed as the surfactant concentration is raised. This in-
hibitory effect of an increased concentration of unreactive
counterions has frequently been encountered in micellar sys-
tems and interpreted in the light of the pseudo-phase ion-
exchange formalism.®

Providing a quantitative interpretation for the results entails
considering the way the reactants partition among the differ-
ent pseudo-phases in the microemulsions (see Scheme 4, where
MNTS is assumed to be exclusively present in the continuous
medium and the interface, which will thus constitute the sole
reactive region in the microemulsion).

The equilibrium constant for MNTS distribution is defined
as usual, KM¥NTS = (IMNTSZ*)/[MNTS,], with all concen-
trations referred to the total volume of the microemulsion, ki
the bimolecular rate constant for the reaction and the inter-
face, and kX, the ion-exchange equilibrium constant between
protons and the counterions (Na ™). A mass balance assuming

2.80 — °
(o]
I o
[ ]
" 2.60 - u 8
£ L o B8 oo
A o
S 240 «» b o
8 s
220 — |
| I | 1 |
0.3 0.4 0.5
[SDS]/M

Fig. 7 Influence of the SDS concentration on kg, for the acid
denitrosation of MNTS in SDS-1-hexanol-isooctane-water micro-
emulsions at 25.0 °C. [HCI] = 6.67 x 107> M. W = (O) 7, (®) 10,
(O) 15 and (M) 20.
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the total MNTS concentration to be the combination of those
in the continuous medium and the interface can be used to
obtain the following expression for the pseudo first-order rate
constant:

MNTS ./
Koi kH

Kobs =~ —
obs (K(l)\l{lNTS+Z*)

(13)
where ky' is the pseudo first-order rate constant at the interface
and can be expressed as a bimolecular rate constant at the
interface, kiy, in such a way that:*

_ KYNTKGHT v KNSk [HY,

k. bs = — 0i 14
0bs (K};\;[NTS +Z*) Vi (K}:?INTS +Z*) ( )

[H "] being the proton concentration at the interface relative
to the interfacial volume and [H*]; that relative to the total
volume of the microemulsion. The proton concentration at the
interface can be determined by defining the ion-exchange
equilibrium constant:

H

K a
H; + Na = H; + Na;/ (15)
as:
g HIINa MY, [Nay), (16)
N H[Na ] [HT[Naf],

where [Hy J% and [H, ], denote concentrations in a phase
referred to the phase volume and total microemulsion volume,
respectively. Converting values between the two forms entails
defining the volume of each phase.

If one assumes the SDS concentrations in the continuous
medium and aqueous phase to be negligible (i.e. that SDS is
entirely present at the interface), the following expression for
the fraction of neutralized charge at the interface can be
derived:

[H]; + [Na/];

b= [SDS]

(17)
Also, if one assumes Na™t to be the dominant counterion in
the microemulsion droplets,* then, f# =~ | Na;" |;/[SDS].
Consequently, a mass balance for the total proton concentra-
tion under the assumption that the total concentration of Na *
will be identical with that of SDS provides the following
equation:

([H")y — [H'],)B[SDS]
[HT];[SDS](1 - B)

H _
KNa_

(18)

10°V, / (V. k)

Fig. 8 Fitting of the data of Fig. 4 to eqn 21). W = (O) 7, (@) 10,
(O) 15, and (W) 20.

and hence:

BH"];

=k -+

(19)
where « is the degree of dissociation at the interface (z + f =
1). Therefore, eqn (13) can be rewritten as the following
function of the total proton concentration:

KYNS g,

Vp . .
kobs = —k} 2 20
AT 2 Py e e B
which can in turn be rewritten as:
Ve 1 a(KE —1)+1
Vikobs le ﬁ[HﬂT
1 K, - 1) +1
4+ — a z* (21)
i—[KIIJ\;[NTS B[H+]T

This equation predicts a linear relationship between the term
Vr/(Vikons) and Z*, which is confirmed by the results of Fig. 8.
Table 3 lists the slopes and intercepts obtained by plotting
Vr/(Vikons) as a function of Z* at variable W values.

The slope/intercept allows one to calculate the partition
constant of MNTS between the continuous medium and the
interface. As can be seen from the data of Table 3, K?,?NTS was
independent of W, which confirms the accuracy of the pro-
posed model. Based on such data, an average KM '> value of
KMNTS 13 + 3 was obtained that is consistent with
previously reported values for AOT and TTABr microemulsions.

As can be seen, the slopes and intercepts obtained
from eqn (21) are independent of W (see Fig. 9). Based
on the experimental data, the following average values

were  obtained: kH% =(39+08)x10° and
BH ),
a(KH —D+1
in the acid denitrosation of MNTS are consistent with those
previously found in the nucleophilic attack of bromide ion on
benzyl chloride. Determining the slope and intercept in this
case requires knowing the ion-exchange equilibrium constant,
kX,. The most widely accepted value of such a constant for the
Na*/H" ion exchange in micellar systems*® is kK, = 1, which
allows the previous equations to be simplified to kiyf[H "] =
(3.9+0.8) x 107%and Ky KNNTSAH 17 = (5.0 £ 0.8) x 107,

ki KMNTS (5.0 =0.8) x 1073. The results obtained

This journal is © the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007

New J. Chem., 2007, 31, 860-870 | 867


http://dx.doi.org/10.1039/b618874e

Downloaded by University of Belgrade on 01 January 2013
Published on 14 March 2007 on http://pubs.rsc.org | doi:10.1039/B618874E

View Article Online

Table 3 Slopes and intercepts of the plots obtained by fitting the
experimental kg, values for the acid denitrosation of MNTS in
SDS-1-hexanol-isooctane—water microemulsions at 25.0 °C to eqn

@

w Intercept Slope

7 (2.52 £ 0.07) x 10° (2.23 £ 0.06) x 10*
10 (2.8 £0.1) x 10° (2.0 £0.1) x 10*
15 (2.6 £0.2) x 10° (2.5£0.2) x 10*
20 (3.4 £0.1) x 10° (1.8 £0.2) x 10*
25 (2.0 £0.1) x 10° (1.7 £ 0.2) x 10*

Since the HCI concentration used in the kinetic experiments
was [HCI] = 6.67 x 107> M, kit = (5.8 £ 1.2) x 10~* and
K KMNTSg = (7.5 £ 1.2) x 107>, Based on the smaller error
made in determining slopes, in what follows we shall use
K kMNTSg = (7.5 £ 1.2) x 1073, Also, since the partition
constant of MNTS between the microemulsion pseudo-phases,
KMNTS i5 13 + 3, then klyf = 5.8 x 107 M~! 571,

As in the previous reaction, the constancy of the product

B with W may have resulted from either § and ki; being
independent of W or their changes (viz. an increase in f§ and a
decrease in ki; with increasing W) cancelling each other. The
acid hydrolysis of N-methyl-N-nitroso-para-toluenesulfona-
mide is a concerted process taking place via a transition state
such as that shown in Scheme 5. The formation of the N-H
bond and cleavage of the N-N bond are simultaneous, but not
synchronous.**

The reaction is not very sensitive to the solvent polarity.
Thus, a comparison of the rate constant in water (k = 3.20 x
1072 M~ ' s7!) and in 65% (v/v) acetonitrile-water mixtures
(k = 1.12 x 107> M ! s7!) reveals a reduction of only 28 times
in the reaction rate. This sensitivity level is similar to that of
nitroso group transfers from MNTS to secondary amines.
Thus, the nitrosation rate of N-methylbenzylamine by MNTS
decreases about 25 times from 10 to 66% (v/v) acetonitrile.*’
Based on previous results,?! the rate constants for the nitroso
group transfer in AOT—isooctane-water and TTABr-alcoho-
l-isooctane—water microemulsions are independent of W over
the range 5 < W < 45. Since the rate of MNTS denitrosation
is similarly sensitive to the polarity of the medium as its rate of
transnitrosation, ki should also be independent of W in this

8.0

10° (1/Intercept or 1/Slope)

4.0 )
2.0
o
(),()—|§| ? I |o| I 9 1 1
6 8 10 12 14 16 18 20 22 24 26
Y

Fig. 9 Variation of the slopes and intercepts of Table 3 with the water
content of the microemulsion. (O) 1/Intercept; (@) 1/Slope.

Scheme 5

case. This result confirms that the charge fraction that is
neutralized at the interface remains constant throughout the
same W range.

Therefore, if one accepts that the fraction of neutralized
charge at the interface and the rate constant for the acid
denitrosation of MNTS are both independent of W, ki; can
be calculated simply by assuming f = 0.8. The kiy value thus
obtained is ki; = 7.25 x 107* M~ s7!, which is 48 times
smaller than that in pure water at an ionic strength 7 = 0.50 M
(HCIOy) (kg = 3.5 x 1072 M ! s7!). The difference can be
ascribed to the decreased polarity of the interface in the
microemulsion relative to bulk water.

Comparison of reactivity in various media

Table 2 lists the rate constants obtained for the nitroso group
transfer from MNTS to piperazine (PIP) and N-methylbenzyl-
amine (MeBzAm), as well as for the acid denitrosation in
MNTS, in various reaction media. The nitroso group transfer
from alkyl nitrites to amines in water and direct micellar
systems has previously been studied.*® The reactivity in the
micellar phase is known to be lower than in water owing to the
decreased polarity of the micellar interface. Thus, the reactiv-
ity of 1-phenylethylnitrite in the micellar phase is lower than
with 2-bromoethylnitrite when a particular amine is consid-
ered. This can be ascribed to the different sites of average
location in both substrates in the micellar interface. The more
hydrophilic 2-bromoethylnitrite will be located near the mi-
cellar surface, in a strongly hydrated zone, while 1-phenyl-
ethylnitrite will reside in a deeper zone of the Stern layer, the
properties of which are quite anisotropic, in a less polar
environment.

A similar inhibitory effect is apparent when one compares
the rates of nitroso group transfer from MNTS to piperazine
and N-methylbenzylamine in water, ternary microemulsions®’
of AOT-isooctane-water and quaternary microemulsions'>”?
of TTABr—1-hexanol-isooctane—water. Thus, the rate con-
stant is about 6 times smaller for piperazine®® and 60 times
smaller for N-methylbenzylamine.

The rate constant for the acid hydrolysis of MNTS in
water* is about 10 times greater than that in SDS micelles,*
which can be ascribed to a decreased polarity of the micellar
interface relative to the aqueous medium. The constant in
SDS-1-hexanol-isooctane-water microemulsions is about 45
times smaller than in water. This is consistent with the
influence of microemulsions and micelles on the rate of
transnitrosation and hydrolysis of MNTS. It should be noted
that the results for both the acid denitrosation of MNTS and
the nucleophilic attack of bromide ion on benzyl chloride
suggest that the microemulsion interface is less polar than in
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single-component micellar systems; this is a consequence of
the alcohol acting as a cosurfactant and displacing hydration
water molecules from the microemulsion interface.

Conclusions

Using the pseudo-phase formalism to explain the influence of
the composition of the microemulsion on the nucleophilic
attack of bromide ions on benzyl chloride and the acid
denitrosation of N-methyl- N-nitroso-para-toluenesulfonamide
allowed us to

(a) Simplify a quaternary microemulsion (TTABr—1-hexa-
nol-isooctane—water or SDS—1-hexanol-isooctane—water) to
one consisting of only three components, namely: an aqueous
phase, an interface formed by the surfactant and 1-hexanol,
and a continuous medium composed of isooctane and
1-hexanol. The incorporation of the alcohol into the interface
increases the interfacial volume, which is now the combination
of those occupied by the surfactant and alcohol.

(b) Assume the substrate in the nucleophilic attack of
bromide ion to benzyl chloride to partition solely between
the continuous medium and the interface, and hence that the
reaction takes place at the microemulsion interface only. The
pseudo-phase formalism allowed us to determine the partition
constant of the substrate between the continuous medium and
the interface, as well as the product of the rate constant and
the charge fraction neutralized at the interface (fkp,-'
3.22 x 107 M~ s7Y). The fact that kg, is independent of
W suggests that the degree of dissociation of the surfactant at
the microemulsion interface is independent of the water con-
tent of the microemulsion.

(c) Obtain similar results for the acid denitrosation of
MNTS in SDS-1-hexanol-isooctane—water microemulsions.
On the assumption that kN, = 1 for the Na*/H" ion-
exchange equilibrium, an average ki value of ki = 5.8 x
107* M ! 57! was obtained over the range 7 < W < 25. This
result confirms that the fraction of neutralized charge at the
interface is independent of the water content of the micro-
emulsion. Under the assumption that 8 = 0.8, a ki value was
obtained by analogy with micellar systems that is roughly 45
times smaller than in pure water; this is consistent with other
results for nitroso group transfers in microemulsions.
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