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Catalysis of Cationic Surfactants in Organic Solvent:
Hydrolysis of 2-Nitro-4-Carboxyphenyl Acetate
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Abstract. The hydrolysis reaction of 2-nitro-4-carboxyphenyl acetate was studied in dichloromethane
in the presence of an added electrolyte (NaOH) and cationic surfactants systems with varying quan-
tities of added water at 25°C. The kinetic and conductivity data were correlated.
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1. Introduction

Amphiphilic molecules, when dissolved in organic solvents, are capable of self-
organization. These aggregates of surfactant molecules solubilise readily, in apolar
solvents, water and several other polar solvents, e.g. glycerol and formamide.

Solubilised water differs from bulk water in its physicochemical properties [1].
However, when water volume increases in the system, the differences in solubilised
and bulk water properties become less pronounced.

Many techniques [2] have been used to study the state and influence of water
solubilised in apolar solvents by different surfactants (cationic, anionic and zwit-
terionic) on the aggregation of amphiphilic molecules in apolar solvents.

Both the size and shape of the surfactant aggregates in organic solvents are
critically dependent on the number of water molecules available per polar head of
the surfactant, that is on the ratio R = [H,O}/[surfactant].

Therefore the structures of surfactant systems in apolar solvents also depend
upon the relative amounts of surfactant and water.

In dry solvents these systems may exist as ion assemblies rather than as micelles.
The anomalous water entrapped in surfactant aggregates in organic solvents will
obviously influence the chemical behaviour of guest molecules and, on the other
hand, the presence of guest chemical species can considerably modify the physico-
chemical properties of the water.

* Author for correspondence.
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Another reason for interest in the study of the nature of the water of such
systems is that, according to several authors, the entrapped water resembles the
water adjacent to biological membranes {3]. To date, no general theory exists which
quantitatively describes the solubilised water properties and which can predict its
behavior in different situations.

Therefore we undertook the study of the hydrolysis reaction of 2-nitro-4-
carboxyphenyl acetate (1) in dichloromethane at 25°C in the presence of cationic
surfactants and an electrolyte (NaOH) with various amounts of water.

2. Experimental

The surfactants and the substrate (1) were prepared and purified according to
standard methods [4-7]. Dichloromethane was distilled over P,Os. Solutions of
NaOH were prepared at different pH values such that the surfactant solutions with
the different water concentrations had the same analytical pH.

2.1 RATE MEASUREMENTS

The hydrolysis reaction of (1) in dichloromethane was followed at 25°C using a
Perkin-Elmer 5518 spectrophotometer at 420 nm under pseudo-first order kinetic
conditions. The substrate concentration was 6 x 107> M.

2.2 SPECIFIC CONDUCTIVITY MEASUREMENTS

The conductivity of the surfactant solutions was measured at 25°C with an Amel
Model 133 Conductivity meter equipped with a Philips PW 9512/01 closed dipping
cell (1 cm).

3. Results and Discussion

The hydrolysis reaction of (1) in dichloromethane in the presence of cation-
ic surfactants such as dodecyltrimethylammonium bromide (DTABI), cetyltri-
methylammonium bromide and chloride (CTABr and CTACI), was investigated
in various concentrations of water, adding NaOH to the system at a concentration
of 2.7 x 10~3 M. This concentration is that of the single surfactant solutions at the
various water concentrations and not necessarily of the reaction site.

The specific conductivities of the single surfactant solutions were also deter-
mined.



HYDROLYSIS OF 2-NITRO-4-CARBOXYPHENYL ACETATE 209

Under the experimental conditions, (1) is present as an anion (1a):

OCOCH,;,

@ + OH — @ + CH,COOH

(1a)

The anion, compared with (1), guarantees greater affinity towards the aqueous
phase than towards the continuing apolar phase. The partition coefficient between
the two phases was determined:

[(DHI(H,0)/[(1)](dichloromethane) = 1.8.

It can therefore be hypothesised that the reaction center of (1a) is not in the
continuing apolar phase, dichloromethane, but rather in the polar microenvironment
resulting from the self-organization of the surfactant in dichloromethane and in
which the hydroxide ions are mainly present.

There is no hydrolysis of (1) in the [dichloromethane—water—surfactant] system
without NaOH. The rate of hydrolysis of (1) in the [dichloromethane—water—
surfactant—-NaOH] system obviously depends on the NaOH concentration: an
increased NaOH concentration increases the rate of the reaction. In an aqueous
NaOH solution at the concentration of 2.7 x 1073 M, the pseudo-first order rate
constant, Kops, is 1.8 x 1072 s~ while in aqueous solution at pH 8 (potassium
dihydrogen phosphate—sodium hydroxide) the kqps value is 2 x 1072 s~1,

The possibility that (1a) can act as a nucleophile on another substrate molecule
was experimentally excluded: the rate of hydrolysis of (1) is independent of the
substrate concentration in both an aqueous solution of NaOH at a concentration of
2.7 x 103 M and in the {0.1M CTABr — dichloromethane — 0.7M H,0 — NaOH
2.7 x 1073 M] system.

The spectrophotometric comparison of the hydrolysis product with an authentic
sample of 4-hydroxy-3-nitrobenzoic acid, excluded the hypothesis that the substrate
can decarboxylate.

The kinetic and conductivity data show that our experimental evidence is con-
sistent with ‘continuous equilibrium’ models of aggregates in apolar solvents [8].

The kinetic data of (1) are a response to the evolution of the aggregation process
of surfactant systems as a function of the quantity of water added.

The solubilised water from different surfactant systems for a NaOH concentra-
tion of 2.7 x 10~3 M in dichloromethane is such that:
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Fig. 1. [0.1M DTABr - dichloromethane — H,O — NaOH 2.7 x 1073 M] system: ® kops, values
with increased water concentration; ll X values with increased water concentration. [0.1M CTABr
— dichloromethane — HoO ~ NaOH 2.7 x 107> M] system: ¢ koys. values with increased water
concentration; [0 X values with increased water concentration.

H,O(CTABr) > H,O(DTABr) > H,O(CTACI)

In both 0.1M DTABr and 0.1M CTABr, the hydrolysis reaction of (1) in
dichloromethane-NaOH slows down with increased water concentration (Figure 1).
The minimum quantity of solubilised water from CTABr and DTABTr is 0.6-0.7M.
At this water concentration the slight plateau of the kinetic profile, for both surfac-
tants, suggests a situation of maximum reactivity. The inhibition of the reactivity
with increased water concentration corresponding to an evolution of the surfactant
at the water-pool (see the specific conductivity profiles shown in Figure 1), is
related primarily to a dilution effect of the nucleophile.

The kops. values related to the 0.1M DTABTr surfactant system are slightly greater
than those of the 0.1M CTAB system; this probably suggests that the nucleophilic
activity and/or the stabilization of intermediate are different in CTABr than in
DTABr.

The hydrolysis reaction of (1) in [0.1M CTACI - dichloromethane — HO ~
NaOH 2.7 x 1073 M] first shows catalysis for small quantities of added water (up
to [H,0O] = 0.3M) and then inhibition occurs with increased water concentration
(Figure 2).

The [CTABr — dichloromethane — 0.7M H,O — NaOH 2.7 x 10~2 M] and
[CTABr — dichloromethane — 1.6M H,O — NaOH 2.7 x 1073 M] systems have
a decreased reactivity and increased conductivity with increased surfactant con-
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Fig. 2. [0.IM CTACI - dichloromethane — H,O — NaOH 2.7 x 1073 M] system:  kops. values with
increased water concentration; Ml X values with increased water concentration.

centration (Figure 3). The conductivity profiles reflect the change, with decreased
surfactant concentration, from small-sized aggregates or clusters to larger but fewer
aggregates.

Therefore, lowering the surfactant concentration causes a change from a col-
loidal system type of organization in which the nucleophile is more structured,
‘more bound’, and therefore probably less reactive, to more hydrated aggregates
with a more active nucleophile.

The [CTACI - dichloromethane — 0.2M H,0 - NaOH 2.7 x 1073 M] Sys-
tem shows increased conductivity and decreased reactivity with increased surfac-
tant concentration as shown for CTABr (Figure 4). However, for [HyO] = 0.4M,
increases in both conductivity and reactivity can be seen with increased surfactant
concentration. This can be related to the evolution of the surfactant system from
large aggregates which probably are affected by the dilution of the reagents to
smaller but more numerous aggregates which obviously represent a better condi-
tion for the reactivity of (1). When the two surfactant systems CTABr and CTACI
are compared, the different roles of the counterions in the reactive process must
be considered; C1~, more hydrated than Br™, determines a nucleophilic activity in
the reaction site which is probably different from Br~.
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Fig. 3. [CTABr — dichloromethane ~ H,O — NaOH 2.7 x 1073 M] system: ® kg, values with
increased surfactant concentration for [H,0] = 0.7M; B X values with increased surfactant concen-
tration for [H20] = 0.7M; @ ks, values with increased surfactant concentration for [H;O] = 1.6M;
,’ X values with increased surfactant concentration for [H20] = 1.6M.

At this point it can be reasonably hypothesised that the kinetic profile of catalysis
and inhibition shown by the [0.IM CTACI - dichloromethane — HO — NaOH
2.7 x 1073] system (Figure 2) reflects the whole evolution of the surfactant in
the aggregation process in organic solvent with increased water added. The ion
pairs or small clusters in dry dichloromethane hydrate with added water and form
small aggregates. As the water increases, the aggregates become larger and the
nucleophile is “freer’ for the reactive process and then a reduced conductivity and
increased reactivity is observed. However, beyond [H,O] = 0.3M, the aggregates
become larger to the point that the dilution effect of the reagents on the reactive
process begins to be important causing a decreased reactivity and further reduced
conductivity.

Therefore with 0.1M CTACI, we can follow the evolution of the aggregation
process from small ion clusters while with 0.1M CTABr this process begins from
an advanced stage of surfactant aggregation in so far as the system is homogeneous
from [H,0] = 0.6-0.7M. Then the nature of the counterion seems to play an
important role in the organization of the surfactant system in organic solvent. -

The observed kops. values in the three surfactant systems studied under the same
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Fig. 4. [CTACI - dichloromethane — H,O — NaOH 2.7 x 1072 M] system: @ ko, values with
increased surfactant concentration for [H,O] = 0.2M; B X values with increased surfactant concen-
tration for [H20] = 0.2M; e ks, values with increased surfactant concentration for [H,0] = 0.4M;
» X values with increased surfactant concentration for [H2O] = 0.4M.

experimental conditions are such that:
kobs. (CTACI) > kops. (DTABI) > kops. (CTABTI)

It is interesting to note that the ks values in the [CTABr 0.IM - H,O —
dichloromethane — NaOH 2.7 x 1073 M] system are similar to those in an aqueous
solution of NaOH at the concentration of 2.7 x 1073 M (kgps. = 1.8 x 1072 s7h).
This suggests that CTABr in dichloromethane forms microdroplets in which the
physico-chemical properties of the water-pool are similar to those of the bulk water
and that the substrate probably has the reaction center immersed in the water-pool.
Therefore passing from CTABr to DTABr to CTACI, the physico-chemical
properties of the water pools become steadily more distant from those of the
bulk water. Therefore, both the head group and the counterion of the amphiphilic
molecules, play an important role in the organization of colloidal systems in organic
solvents and consequently in the reactivity of eventual probes studied in them.
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