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A study of the reaction was carried out in sodium dodecyl[Fe(CN)5(4-CNpy)]3~] CN~¢ Fe(CN)64~] 4-CNpy
sulfate (SDS) micellar solutions. We conclude that the well known pseudophase model, an extension of the
OlsonÈSimonson treatment to micellar solutions, is equivalent to the Bro� nsted equation in regard to
rationalization of the micellar e†ects on reactivity. The equivalence follows from the fact that both pseudophase
and Bro� nsted approaches can be used to rationalize kinetic data, as well as from thermodynamic considerations.

Micelles act as microreactors, compartmentalizing and con-
centrating or separating and diluting reactants and thereby
altering, sometimes dramatically, apparent rate and equi-
llibrium constants of chemical reactions.1h3 Thus, micellar
e†ects on the kinetics of chemical processes belong to the Ðeld
of medium e†ects on chemical reactivity, a topic which has
been of interest to chemists for over a century.4 Additionally,
micellar e†ects are connected to so-called gated processes.5
These kinds of processes, which have recently received a great
amount of attention in relation to biological reactions, have to
do with the fact that in some cases, the reactants in their
initial state present di†erent conÐgurations and the rate of
interconversion of these conÐgurations is comparable to the
rate of the chemical reaction they experience. In the case of
reactions in micellar systems, the ““gatedÏÏ character of the
reactions would arise, not from a conÐgurational change of
the reactants, but from the coupling of the chemical process to
the formation and dissociation of micellar aggregates,6 as well
as from the coupling of a chemical process to those of entering
and/or leaving of one or both reactants in the micellar core.7
From the above, interest in the studies of chemical reactivity
in micellar systems is clear and, in particular, the fomulation
of the results within the general context of medium e†ects on
reactivity. This is the main purpose of our paper.

The pseudophase model8 (PM) has been used to rationalize
kinetic data in micellar solutions.9,10 According to this model
one (or both) reactants can be partitioned between the micel-
lar and aqueous pseudophases in such a way that an equi-
librium (partition) constant is deÐned as :

K \
[Sm]

[Sw][T]
(1)

corresponding to the equilibrium:

Sw ] T¢ Sm (2)

Here T is the micellized surfactant and S is the reactant being
partitioned between the aqueous (w) and micellar (m) pseudo-
phases.

When only one reactant is present in both pseudophases
and the other remains in the aqueous pseudophase or is
absent, it can easily be shown that the observed rate constant

is given by :

kobs\
kw ] km K[T]

1 ] K[T]
(3)

and being the pseudo-Ðrst- (or Ðrst-) order rate con-kw kmstants for the reactions in the aqueous and micellar pseudo-
phases, respectively.

The application of the PM is nothing other than an adapta-
tion of the OlsonÈSimonson model11 to micellar systems. It
can be demostrated that this model, frequently used in the
interpretation of kinetic salt e†ects, is an alternative formula-
tion to the Bro� nsted equation12 (BE), which, as is well known,
can be deduced from, that is, is consistent with transition state
theory (TST). This equation for the reaction
A] B] products is :

kobs\ k0
cA cB
c
E

(4)

In eqn. (4) and are the activity coefficients of thecA , cB c
Ereactants and the activated state respectively, and the(D), k0rate constant for the reaction when it is carried out in the

reference state.13
In this paper, taking as a basis the ligand substitution

process (4-CNpy \ 4-cyanopyridine) :

[Fe(CN)5(4-CNpy)]3~] CN~¢ Fe(CN)64~] 4-CNpy (5)

we show the equivalence of the PM and BE formalisms. The
relationships between the relevant parameters in both formu-
lations are deduced.

The selected reaction presents (see below), some interesting
advantages. First of all, the mechanism for this kind of process
is well established.14 They are dissociative in character, and
proceed according to :

[Fe(CN)5L]3~ E8F

k~1

k1
Fe(CN)53~] L (6a)

Fe(CN)53~] L@ E8F

k~2

k2
[Fe(CN)5L@]4~ (6b)

(in the present case L \ 4-CNpy and L@\ CN~).
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Fig. 1 Plot of vs. t in a [SDS]\ 0.3 mol dm~3 micellarln(At[ A=)
solution : mol dm~3, [4-[Fe(CN)5(4-CNpy)]3~ \ 10~4 CNpy]\ 10~3
mol dm~3, T \ 298.2^ 0.1 K.

On applying the steady state approximation for the concen-
tration of it can be shown that the rate equationFe(CN)53~,
is :

[
d[Fe3~]

dt
\

k1k2[Fe3~][L@][ k~1k~2[Fe4~][L]

k~1[L]] k2[L@]
(7)

where and[Fe3~]\ [Fe(CN)5L3~] [Fe4~]\ [Fe(CN)64~].
We checked in preliminary experiments that under the

working conditions used in this study the contribution of the
term containing in eqn. (7) can be neglected [that is, nok~2dissociation of was detected]. Consequently, thisFe(CN)64~equation becomes :

[
d[Fe3~]

dt
\

k1k2[Fe3~][L@]
k~1[L]] k2[L@]

\ kobs[Fe3~] (8)

with

kobs\
k1k2[L@]

k~1[L] ] k2[L@]
(9)

Eqn. (9) shows that by working at di†erent concentrations of
L and L@ it is possible to range between true second-order
kinetics (when and [L]\ constant) to truek~1[L] ? k2[L@]
Ðrst-order kinetics (when The latter casek~1[L]> k2[L@]).
corresponds to measuring the rate constant for the disso-
ciation process in eqn. (6a). So, it is possible to study the
micellar inÑuence on Ðrst- and second-order processes separa-
tely by adequately choosing the experimental conditions.

Experimental
Materials

was prepared according to theNa3[Fe(CN)5(NH3)] É 3H2Omethod in reference 15 and characterized by UVÈVIS

absorption spectra and CHN microanalysis. The other
reagents were all Anala R grade and used as purchased, except
the 4-CNpy ligand, which was of lower purity. This reagent
was puriÐed as indicated in reference 16. Dodecyl sulfate
sodium salt (Merck purity [99%) was stored in a vacuum
desiccator over for several days before use. The waterP2O5used in preparation of the solutions had a conductivity of
D10~6 S m~1. The water was also deoxygenated before use.

Kinetics

Rate measurements were performed by following the absorb-
ance changes of the solutions containing the reactants and the
surfactant at the desired concentrations. The absorbance due
to the complex was measured at[Fe(CN)5(4-CNpy)]3~j \ 477 nm. The complex was pre-[Fe(CN)5(4-CNpy)]3~
pared in situ from and the 4-CNpy ligand.[Fe(CN)5(NH3)]3~The ammonia complex, as is known,17 undergoes rapid
hydrolysis, to produce the corresponding aquo complex

This complex in the presence of an excess[Fe(CN)5(H2O)]3~.
of 4-CNpy mol dm~3 andM[Fe(CN)5(NH3)3~]\ 10~4
[4-CNpy]\ 10~3 mol dm~3N produces instantaneously

Once the reactant was formed as indi-[Fe(CN)5(4-CNpy)]3~.
cated, the other reagents and the surfactant were added. The
pH of the solutions was kept constant at a value of 11.7 in
order to avoid hydrolysis of the CN~ ion. The concentration
of this ion was always greater than those of the iron complex
(see tables). When the concentration of CN~ ion was lower
than 0.2 mol dm~3 the ionic concentration in the solutions
was kept constant by adding NaCl.

The rate constants, were obtained from the slopes ofkobs ,vs. t plots, and being the absorbance mea-ln(At[ A=) At A=sured at time t and the Ðnal absorbance, respectively. No less
than three determinations were made to contribute to each
rate constant value and were found to be reproducible within
3%. A representative plot appears in Fig. 1.

Results
Table 1 gives the pseudo-Ðrst-order rate constant in SDSkobs ,micellar solutions at di†erent concentrations of CN~ ion. As
indicated in the introduction, these rate constants are given by
eqn. (9). According to this equation, when the concentration of
4-CNpy ligand is maintained constant, an asymptotic behav-
ior is expected for as the concentration of CN~ iskobsincreased. For high CN~ values, the limiting value is [seek1eqn. (6)]. Fig. 2 shows this behavior in an SDS solution. As
can be seen in the Ðgure, the limiting value of iskobs\ k1obtained for [CN~]P 0.1 mol dm~3. Accordingly, the values
of in Table 1 corresponding to [CN~]\ 0.2 mol dm~3kobsare in fact values. Note that these values are practicallyk1 k1independent of the SDS concentration.

Eqn. (9) can also be written as :

1

kobs
\

1

k1
]

k~1[4-CNpy]

k1k2

1

[CN~]
(10)

and a plot of vs. [CN~]~1 has a slope ofkobs~1 k~1[4-
From this slope, taking into account that andCNpy]/k1k2 . k1

Table 1 Pseudo-Ðrst-order rate in SDS (mol dm~3) micellar solutions at di†erent concentrations of CN~ ionconstant (104kobs/s~1)
at 298.2^ 0.1 K: mol dm~3, [4- mol dm~3[Fe(CN)5(4-CNpy)]3~ \ 10~4 CNpy]\ 10~3

[CN~]/mol dm~3

[SDS] 0.2 0.08 0.05 0.02 0.01 0.003

0.008 9.10 7.10 6.59 4.24 2.38 0.94
0.10 9.35 7.89 7.26 5.43 3.44 1.29
0.16 9.20 8.70 7.71 5.53 3.89 1.48
0.23 8.98 8.80 7.64 6.43 4.58 1.83
0.30 8.87 9.16 7.84 7.02 4.62 2.13
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Fig. 2 Plot of the pseudo-Ðrst-order rate constant at di†erent(kobs)CN~ concentrations in [SDS]\ 0.3 mol dm~3 micellar solutions.

[4-CNpy] are known, the ratio can be obtained. Thek2/k~1values of this relation for SDS solutions appear as ink2relTable 2. Notice that according to eqn. (6), represents thek2relrate constant for the reaction of CN~ with rela-Fe(CN)53~,
tive to the rate constant for the reaction of 4-CNpy with the
same iron moiety.

Discussion
As mentioned above, in SDS solutions is not dependent onk1the surfactant concentration. Taking into account that this
rate constant corresponds to the dissociation of a ligand in a
negatively charged complex, this is the behavior to be
expected : this implies that, on average, this dissociation
happens far from the micellar surface and, indeed, long range
inÑuences of the charged micelles do not operate signiÐcantly
on this process.

As to the rate constant in Table 2, it increases as thek2relSDS concentration increases. Fig. 3 shows plots of andk2relvs. [SDS]. It is difficult to decide from these plotslog(k2rel)what is the variation law of The linear behavior can bek2rel.rationalized by using the pseudophase model, under the
(reasonable) assumption that K[T] in eqn. (3) is We thus@1.
obtained and by Ðtting the values of in(k2rel)w K(k2rel)m k2relTable 2 to the equation :

k2rel\ (k2rel)w ] (k2rel)m K[T] (11)

The values of calculated from eqn. (11) and the Ðttedk2relvalues of and are given in Table 2.(k2rel)w K(k2rel)m

Table 2 Relative rate constant, from the experimentalk2rel, obtained
data and the adjusted values obtained for this parameter using the
pseudophase model (PM) and Bro� nsted equation (BE), respectively, in
several SDS (mol dm~3) micellar solutions. Experimental conditions
as in Table 1

[SDS] k2rel PMa BEb

0.008 0.034 0.036 0.039
0.10 0.049 0.055 0.053
0.16 0.058 0.068 0.064
0.23 0.075 0.082 0.081
0.30 0.090 0.097 0.101

a Calculated from eqn. (11) and the following parameter values :
and mol~1 dm3. b Calculated from(k2rel)w \ 0.0342 K(k2rel)m\ 0.211

with [orlog k2rel \ log(k0)2rel ]C[T] (k0)2rel \ 0.038 log(k0)2rel \and C\ 1.431.[1.420]

Fig. 3 Plots of and at di†erent micellized SDS concen-k2rel log(k2rel)trations. experimental data ; (ÈÈ) calculated from PM;(…) k2rel (>)
experimental data ; (É É É) calculated from BE.log(k2rel)

The logarithmic plot can be interpreted according to the ideas
presented in the introduction, taking as the starting point
BE [eqn. (4)]. Of course, the use of this equation requires
calculation of the activity coefficients. This calculation can be
done in dilute salt solutions by using the DebyeÈHu� ckel for-
malism. However, this formalism implies consideration of the
ions in the ionic cloud of the central ion as point charges.
Although this is a reasonable approximation in dilute
(conventional) electrolyte solutions, it does not seem to be
adequate for micellar solutions because of the size of the
micelles. Thus, it is better to use an extended DebyeÈHu� ckel
formalism in order to take into account the excluded volume
e†ects. According to this :

log ci \
[AAzi2J[T]

1 ] BAJ[T]
] /([T]) (12)

This equation takes into account that the ionic strength pro-
duced by the micelles is proportional to its concentration and
that the excluded volume e†ect represented by the /([T]) term
depends on the concentration of the micelles.18 This term, in
concentrated electrolyte solutions, can be approximated by a
linear term,19 thus eqn. (12) becomes :

log ci \
[A@J[T]

1 ] B@J[T]
] C@[T] (13)

Consequently, taking the logarithm in eqn. (4) and substitut-
ing eqn. (13) results in :

log k2rel\ log(k0)2rel]
AJ[T]

1 ] BJ[T]
] C[T] (14)

According to this equation, the linear behavior of vs.log k2rel[T] can be explained by assuming that the term containing
[T]1@2 is a constant at the high ionic strength produced by the
micelles.20

Therefore, it is concluded that both the pseudophase model
and BE are equivalent (in the sense that both can be used to
rationalize kinetic data in micellar systems). In fact, the linear
dependence of on [T] is a particular case of the logarith-k2relmic dependence, as can easily be shown by taking in the
expresion of the logarithmic equation written as k \ k0 eC*T+
only the linear term in the expansion of the exponential term.
In this regard, BE comprises a particular case of PM.
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In order to go further we will establish the relationships
between the relevant parameters in both models. These
relationships will be deduced for a Ðrst-order process to sim-
plify calculations, but the results can be extended to processes
with any reaction order.

Consider the reaction coupled to a partitionS ] (D)] P
between two phases (or pseudophases), w and m, described by
eqn. (2) and with an equilibrium constant deÐned as in eqn.
(1). The observed rate constant, can be obtained in termskobs ,of the rate constant in phase w as follows. From a kinetic
point of view, for a unimolecular processes, and (i\ w,kobs kim) are deÐned from the following equations :

kobs\ [
1

[S]

d[S]

dt
(15a)

ki\ [
1

[S]i

d[S]i
dt

(15b)

where the concentrations refer to the total volume of the
system V . Accordingly :

[S]w \
[S]

1 ] K[T]
(16a)

[S]m \
[S]K[T]

1 ] K[T]
(16b)

[S]w ] [S]m\ [S] (16c)

If [S]i represents the concentration of S in phase i, referred
to the volume of phase i, it is clear that :Vi ,

[S]i \
[S]i V

Vi
(17)

So, the local rate constant ki , deÐned as :

ki\ [
1

[S]i
d[S]i
dt

(18)

is the same as deÐned in eqn. (15b) because for akiunimolecular process the volume terms cancel. That is, accord-
ing to TST:

(*GE)i \ (*GE)i (19)

The latter activation free energy is given by :

(*GE)i\ [k0{(D)]i [ [k0{(S)]i (20)

being the standard formal chemical potential of[k0{(a)]i
species a S) in the phases i (i \ w, m).(a \ D ,

On the other hand, the existence of an equilibrium for S
between phases m and w implies :

kw(S)\ km(S)

kw(D)\ km(D) (21)

(The second equation follows from TST and the zeroth law of
thermodynamics).
According to this, one can write :

[k0{(a)]w ]RT ln[a]w \ [k0{(a)]m ] RT ln[a]m (22)

or, using eqn. (17) :

[k0{(a)]m\ [k0{(a)]w ]RT ln
[a]w Vm
[a]m Vw

(23)

Taking into account that :

[a]w
[a]m

\
1

K
a
[T]

(24)

eqn. (23) becomes :

[k0{(a)]m\ [k0{(a)]w ]RT ln
Vm

Vw K
a
[T]

(25)

From this equation and eqns. (19) and (20) it follows that :

(*GE)m\ (*GE)w ] RT ln
K

K
E

(26)

Substituting and in eqn. (3) bykobs ki
kobs\ Ae~(*GE)obs@RT

ki \ Ae~(*GE)i@RT (27)

and using eqn. (26) it follows that :

e~(*GE)obs@RT \ e~(*GE)w@RT
A1 ] K

E
[T]

1 ] K[T]

B
(28)

Consequently :

kobs \ kw
A1 ] K

E
[T]

1 ] K[T]

B
(29)

In order to show the equivalence of eqns. (29) and (3) we
must prove that This equation is easily provedkw K

E
\ kmK.

in the following way. By deÐnition :

kw \ Ae~*k0{(E)w~k0{(S)w+@RT

K
E

\ Be~*k0{(E)m~k0{(E)w+@RT (30)

So

kw K
E

\ ABe~*k0{(E)m~k0{(S)w+@RT (31)

On the other hand :

km \ Ae~*k0{(E)m~k0{(S)m+@RT

K \ Be~*k0{(S)m~k0{(S)w+@RT (32)

Thus :

km K \ ABe~*k0{(E)m~k0{(S)w+@RT (33)

Comparing eqns (31) and (33) it is seen that is identicalkw K
Eto km K.

On the other hand, for a Ðrst-order process,

kobs\ kw
cs
c
E

(34)

(taking as the reference state that corresponding to the reac-
tion in water). Obviously, eqn. (34) is also consistent with the
general eqn. (29) if we take for a given species, i,

ci \
1

1 ] Ki[T]
(35)

being the equilibrium constant corresponding to the dis-Kitribution of species i between the aqueous and micellar
pseudophases.

In conclusion, the results obtained in this paper conÐrm the
idea that the Pseudophase Model and the Bro� nsted Equation
are equally valid approaches for the interpretation of kinetic
data in micellar systems and for any reaction order process. In
fact, this conclusion simply extends the similar one reached by
Scatchard21 for kinetic salt e†ects : the equivalence of the
approaches based on the Bro� nsted Equation and OlsonÈ
Simonson model.

Acknowledgements
work was Ðnanced by the D.G.I.C.Y.T. (PB-95-0535) andThis

the Consejer•� a de Educacio� n y Ciencia de la Junta de
Andaluc•� a.

1206 New J. Chem., 1999, 23, 1203È1207



References and notes
1 C. Bravo, P. Herve� s and J. R. Leis, J. Phys. Chem., 1990, 94, 8816.
2 (a) C. A. Bunton, in Kinetics and Catalysis in Microheterogeneus

Systems, eds. M. Gra� tzel and K. Kalyanasundaram, Marcel
Dekker, New York 1991, vol. 38, ch. 2. (b) H. Chaimovich, F. M.
V. Alexio, I. M. Cuccovia, D. Zanette and F. H. Quina, in Solution
Behavior of Surfactants : T heorecal and Applied Aspects, eds. K. L.
Mittal and E. J. Fendler, Plenum Press, New York, 1982, vol. 2, p.
949.

3 E. Pelizzetti, E. Fisicaro, C. Minero, A. Sassi and H. Hidaka, J.
Phys. Chem., 1991, 95, 1991.

4 N. Menschutkin, Z. Phys. Chem., 1890, 6, 41.
5 M. Pudlak, J. Chem. Phys., 1998, 108, 5621.
6 R. Barchini and R. Pottel, J. Phys. Chem., 1994, 98, 7899.
7 Y. Ohsawa, Y. Shimazki and S. Aoyagui, J. Electroanal. Chem.,

1980, 114, 235.
8 F. M. Menger and C. E. Portnoy, J. Am. Chem. Soc., 1967, 89,

4698.
9 See for example : (a) C. A. Bunton, L. S. Romsted and L. Sepul-

veda, J. Phys. Chem., 1980, 84, 2611 ; (b) M. Gonsalves, S. Probst,
M. C. Rezende, F. Nome, C. Zucco and D. Zanette, J. Phys.
Chem., 1985, 89, 1127 ; (c) F. Ortega and E. Rodenas, J. Phys.
Chem., 1986, 90, 2408 ; (d) M. A. B. Marin, F. Nome, D. Zanette, C.
Zucco and L. S. Romsted, J. Phys. Chem., 1995, 99, 10879.

10 C. A. Bunton, J. Mol. L iq., 1997, 72, 231.
11 A. R. Olson and J. R. J. Simonson, J. Chem. Phys., 1949, 17, 1167.
12 J. N. Bro� nsted, Z. Phys. Chem., 1922, 102, 169 and 1925, 115, 337.
13 See for example : K. J. Laidler, Chemical Kinetics, McGrawÈHill,

London, 1965, p. 219.

14 H. E. Toma, Inorg. Nucl. Chem., 1975, 37, 785.
15 G. Braver, Handbook of Preparative Inorganic Chemestry, Aca-

demic Press, New York, 2nd edn., 1965, vol. 2, p. 1511.
16 4-Cyanopyridine was puriÐed by recrystallization in a 1 : 1

ethanolÈwater mixture using standard procedures.
17 R. Juretic, D. Paulovic and S. Asperger, J. Chem. Soc., Dalton

T rans., 1979, 2029.
18 The Ðrst term on the right hand side of eqn. (12) would correspond

to the DebyeÈHu� ckel law of variation of activity coefficient. The
U([T]) term corresponds to the so-called ““excluded volume
e†ects ÏÏ. This term corrects the approximation used in obtain-
ing the DebyeÈHu� ckel equation : in deriving this equation all the
ions in the solution, except the central one, are considered as
point charges. This is a good approximation when one is dealing
with dilute solutions of small ions. Otherwise, it is necessary to
correct the DebyeÈHu� ckel equation because of the e†ects derived
from this approximation. In fact, when the excluded volume e†ects
are corrected by Ðtting the experimental data, as in this paper,
other e†ects are also corrected such as those derived from changes
in the dielectric constant of the medium caused by the supporting
electrolytes (or micelles).

19 J. Koryta, J. Dvorak and V. Bohackova, Electrochemistry,
Methuen, London, 1970, p. 32.

20 This behavior has been observed in concentrated electrolyte solu-
tions : at high ionic strength (B[T]1@2)? 1 and the term containing
the square roots in eqn. (14) has a constant value of A/B.

21 G. Scatchard, US Natl. Bur. Stand., 1953, 534, 185.

Paper 9/03271A

New J. Chem., 1999, 23, 1203È1207 1207


