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The kinetics of solvolysis of p-nitrophenyl bis(chloromethyl)phosphinate in a 
micellar solution of sodium dodecyl sulfate in ethylene glycol: catalysis by metal ions
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A 30-fold acceleration of the title reaction due to an increase in the activation entropy and activation enthalpy in the micellar
pseudophase compared to ethylene glycol was found; Mg2+, Zn2+ and La3+ ions accelerate the solvolysis by factors of 5, 8 and 20,
respectively.

The kinetics of nucleophilic substitution reactions in aqueous
micellar solutions is intensively studied.1–3 These kinetic studies
are based on both experimental data on micellization and solu-
bilization in aqueous micellar solutions and a progress in the
theory of micelles.4–6 The solvophobic effects and the formation
of direct micelles and solubilization in nonaqueous polar solu-
tions are much less studied.7–9

Catalysis of nucleophilic substitution reactions in metallo-
micelles, considered as the simplest analogues of metalloenzymes,
is also insufficiently studied. Data on the acceleration of hy-
drolysis of carbon and phosphorus acid esters by transition
metal, lanthanide and actinide metal ions, including those in
micelles and microemulsions, were published.10,11

In this study, we examined the solvolysis of p-nitrophenyl
bis(chloromethyl)phosphinate in the direct micelles of sodium
dodecyl sulfate (SDS) in ethylene glycol. The effect of metal
ions on the kinetics was also investigated. The mechanism of
nucleophilic substitution reactions of bis(chloromethyl)phos-
phinic acid esters in the absence of surfactants was studied
earlier.12 The only direction of the process via splitting the
P–OAr bond was found, while a reaction with the CH2Cl group
occurred at extremely severe conditions if any. The solvolysis
was performed at pH 6.5, which is spontaneously maintained in
the solution. We did not use buffer solutions because, first, the
buffer component can be involved in the reaction, which results
in a complication of the process. Second, buffered solutions
cannot provide a required value of pH because ion-exchange
processes at the interface result in concentrating positively
charged particles in anionic micelles, while the concentration of
negatively charged ions is lower in anionic micelles than in the
bulk phase. Thus, an apparent pH value was used in the expe-
riment. The problem of pH in micellar solutions was discussed
earlier.13

Substrate 1 was prepared according to the published pro-
cedure.14 Commercial SDS from Sigma was used. Ethylene
glycol of ‘pure’ grade was carefully dried and twice distilled.
La(NO3)3·6H2O, Zn(NO3)2·6H2O, MgCl2·6H2O, NaCl and KCl
were of analytical grade. The reaction was controlled by
monitoring the p-nitrophenol absorption on a ‘Specord M-400’
spectrophotometer. The initial substrate concentration was
5×10–5 mol dm–3. The observed rate constants (kobs) were deter-
mined to within 4% using the function: ln (A¥ – A) = –kobst +
+ const, where A and A¥ are the absorbance of the micellar
solutions at the moment t and after completion of the reaction,
respectively. The kinetic data were treated in terms of the
equation3

where k'obs (dm3 mol–1 s–1) is the second-order rate constant ob-
tained by dividing the apparent pseudo-first-order rate constant by

the total nucleophile concentration; k2,0 and k2,m (dm3 mol–1 s–1)
are the second order rate constants in the bulk and micellar
phases, respectively; Ks and KNu (dm3 mol–1) are the substrate
and nucleophile binding constants; V is the molar volume of the
surfactant assumed equal to 0.3 dm3 mol–1; C is the surfactant
concentration below the critical micelle concentration (cmc).

In micellar solutions, the reactions of hydrophobic substrates
mainly proceed in micelles. The microenvironments of reagents
are different in the polar bulk pseudo-phase and the micellar
phase. In particular, dielectric constant becomes lower on going
from the bulk phase to the micellar surface and core (the
microenvironment factor Fm). The local concentrations increase
because the volume fraction of the micellar pseudo-phase is
much lower than that of the solvent (the concentrating factor
Fc). These factors change the reaction rate in micellar solutions
as compared to that in ethylene glycol and can be evaluated by
the equation:

where k0 is the rate constant in the absence of the surfactant. The
first term on the right-hand side is associated with the influence
of the micellar microenvironment on the reactivity (Fm). The
second term reflects concentrating the reagents in micelles (Fc). 

The shape of the kinetic curves (Figure 1) is typical of mi-
celle catalysed reactions, which can be considered as a kinetic
argument in favour of SDS micellization in ethylene glycol.
The ‘kinetic’ cmc value computed by equations (1) and (2) is
equal to 0.16 mol dm–3.
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Figure 1 The observed rate constants of solvolysis of 1 as a function of
the SDS concentration in ethylene glycol at different temperatures, pH 6.5.
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According to the thermodynamic approach developed in ref. 7,
the aggregation in ethylene glycol occurs only at very high
surfactant concentrations in contrast to the behaviour of surfac-
tants in water, and the aggregation numbers are low.

In the micellar SDS solutions, the reaction was accelerated
by a factor of 30. Table 1 indicates that the reagent micro-
environment in the micelles is mainly responsible for the cataly-
sis (Fm is 10.4–22.1 depending on the temperature), while a
contribution of the concentrating factor is much lower.

We evaluated the activation parameters of the reaction (activa-
tion enthalpy and activation entropy) in different pseudophases
(Table 1) using the known formalism.15 Figure 2 shows the
activation parameters ∆Hobs and ∆Sobs calculated using the ob-
served rate constants k'obs. Although these parameters are effec-
tive and reflect the contributions of both the chemical reaction
and the interactions of surfactant and solvent molecules, they
give an idea of the alteration in the activation parameters of the
reaction systems with surfactant concentration.

Figure 2 indicates that an almost parallel compensatory change
in the activation parameters occurs when the surfactant is added:
unfavorable changes in the entropy ∆Sobs are accompanied by a
decrease in ∆Hobs. Such a tendency is preserved nearly up to the
cmc. Apparently, the above alterations in the observed activation
parameters are mainly governed by the energetics of SDS mono-
mers and by the solubilization behaviour of reagents.6 Compen-
satory changes in the activation parameters ∆Hobs and ∆Sobs con-
tinued above the cmc, but the tendency was inverted (Figure 2).
A comparison between the ∆H0, ∆S0 and ∆Hm, ∆Sm demon-
strates that above the cmc the chemical reaction mostly con-
tributes to the effective activation parameters. 

Transferring the reaction from the bulk pseudophase to the
micelles results in a slight increase in the activation enthalpy
(by 19 kJ mol–1) and a marked increase in the activation entropy
(from –67.2 to –21J mol–1 K–1, Table 1). It is known that sol-
volysis often proceeds via a hybrid SN1–SN2 mechanism.16 The
unimolecular SN1 process is assumed to proceed via charge
generation in the transition state and can be characterised by

higher activation enthalpies and higher activation entropies as
compared to the SN2 mechanism. The latter is treated as a syn-
chronous single-stage break of the phosphorus–leaving group
bond and the formation of the phosphorus–nucleophile bond.
The values of ∆H0 and ∆S0 are typical of bimolecular reac-
tions.16,17 This fact evidences for the predominance of the SN2
mechanism with no added surfactant. The favourable alterations
in the activation entropy in the micellar pseudophase can be an
argument in favour of the hypothesis that the SN1 mechanism is
prevalent over the SN2 process in the micellar pseudophase.

Figure 3 shows the observed rate constants of the solvolysis
of 1 in SDS micelles (0.2 mol dm–3 SDS) as functions of the
concentrations of Na+, K+, Mg2+, Zn2+ and La3+ ions. It is
known18,19 that the counter-ions of micelles can influence the
reactivity, changing aggregate properties such as surface poten-
tial, cmc and aggregation number. Metal ions can also accelerate
nucleophilic substitution reactions at carbon and phosphorus
atoms by an electrophilic assistance and/or coordination of rea-
gents.20 Figure 3 indicates that Na+ and K+ do not affect the
solvolysis of 1, while Mg2+, Zn2+ and La3+ accelerate the reac-
tion by factors of 5, 8 and 20, respectively. We can draw some
conclusions on the effects of metal ions. The catalytic properties
are exhibited by ions capable of forming coordination compounds.
The fact that the solvolysis of 1 is unaffected by Na+ and K+

ions suggests that the catalytic effect cannot be explained by
only the salt effect.

This work was supported by the Russian Foundation for Basic
Research (grant no. 99-03-32037a).
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Figure 2 The effective activation entropy and activation enthalpy of sol-
volysis of 1 as a function of the SDS concentration in ethylene glycol, pH 6.5.

Table 1 Kinetic data treated in terms of equations (1) and (2); ∆H0 = 76.8 kJ mol–1, ∆S0 = –66.6 J mol–1 K–1, ∆Hm = 95.8 kJ mol–1, ∆Sm = –20.1 J mol–1 K–1. 

T/°C k2,0/10–3 dm3 mol–1 s–1 (kobs/k0)max Ks/dm3 mol–1 kNu/dm3 mol–1 k2,m/10–3 dm3 mol–1 s–1 Fc Fm Fc×Fm

35 0.003 31.5 6.7 2.3 0.031 3.1 10.4 32
50 0.017 29.3 8.8 1.2 0.23 2.1 14.4 30.5
70 0.072 28.4 5.5 0.7 1.58 1.3 22.1 28.4
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Figure 3 The observed rate constants of solvolysis of 1 as a function of
the metal ion concentration (0.2 mol dm–3 SDS, 50 °C, pH 6.5).
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