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Control of the catalytic effect of cetyltrimethylammonium bromide micelles
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The variation of the microscopic properties (surface potential, micropolarity, efc.) of the
interface of cetyltrimethylammonium bromide micelles upon the addition of a background
electrolyte or the nonionic surfactant Triton X-100 decreases the rates of ion-molecular reac-
tions, namely, alkaline hydrolysis of carboxylic acid esters and tetracoordinate phosphorus acid
esters, and results in the shift of acid-base equilibria.
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Micellar solutions of ionic surfactants provide wide
possibilities for controlling the rate of ion-molecular re-
actions.!=5 In turn, the reactions themselves, in particu-
lar, alkaline hydrolysis of carboxylic acid esters and phos-
phorus acid esters, are sensitive indicators of the micro-
scopic properties of the medium in the reaction zone. As a
rule, similar processes occur in the Stern layer of ionic
micelles and depend, to a considerable extent, on the sign
of the micellar surface charge. For instance, alkaline
hydrolysis of substrates is accelerated in cationic micelles
due to the electrostatic attraction of the hydroxyl ions to
the micellar surface and is inhibited in anionic micelles
because of the electrostatic repulsion of the OH ions from
the likely charged surface. Thus, the surface potential
plays a key role in similar catalytic systems. The variation
of the potential value can be used for the directed control
of the rate of ion-molecular reactions in a wide range
including the inhibition and catalytic effects.

An increase in the concentration of surfactant counter-
ions achieved by the addition of a background electrolyte
neutralized partially the micellar surface charge, which,
in turn, decreases the destabilizing repulsion of the likely
charged head groups. This results in a drop of the absolute
value of the surface potential of the system, a decrease in
the critical micelle concentration (CMC), an increase in
the aggregation numbers, and a change in the micellar
effect on the physicochemical properties and reactivity of
solubilized substances.®—? Other systems in which the sur-
face potential changes upon the variation of the composi-
tion are binary systems containing ionic and nonionic

surfactants. The insertion of oxyethylene fragments be-
tween the charged ammonium groups decreases the sur-
face charge density, as in the case of the addition of elec-
trolytes. 10,11

In this work, we studied the catalytic effect of micellar
solutions of the cationic surfactant cetyltrimethylammo-
nium bromide (CTAB) on the alkaline hydrolysis of carb-
oxylic acid esters, namely, p-nitrophenyl acetate (PNPA),
p-nitrophenyl laurate (PNPL), and p-nitrophenyl
O-ethylchloromethylphosphonate (NPCP) (Scheme 1).
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The objects of the study were CTAB—electrolyte and
CTAB—Triton X-100 systems for which the monotonic
decrease in the surface potential with an increase in the
concentration of electrolytes or nonionic surfactants has
been found previously.”s11 One of indicators of the den-
sity of the micellar surface charge is the shift of acid-base
equilibria in ionic micelles. Therefore, to test the influ-
ence of electrolytes and nonionic surfactants on the sur-
face potential, we studied the change in pK of n-octyl-
amine in micellar solutions.

Experimental

Commercial preparations of CTAB and Triton X-100
(Sigma) and n-octylamine and p-nitrophenyl esters of carboxy-
lic acids (Fluka) containing ~99% of the major substance were
used. p-Nitrophenyl ester of phosphorus acid was synthesized
according to an earlier described procedure.!1?

The pK, values of n-octylamine were determined by poten-
tiometric titration with a 0.1 M solution of HCI using a pH-340
instrument. The kinetics of the reactions were studied spectro-
photometrically on a Specord UV—Vis instrument at 25 °C by
monitoring a change in the absorbance of solutions at a wave-
length of 400 nm (formation of the p-nitrophenoxide anion).
The initial concentration of the substrate was 5+ 10~5 mol L1,
and the conversion was higher than 90%. The apparent rate
constants of the pseudo-first order (k,,,) were determined from
the dependence log(A4., — 4;) = —0.434k,, ;T + const, where 4,
and A_, are the absorbances of solutions at the moment t and
after the reaction completion. The &, , values were calculated
by the least-squares method.

The kinetic curves obtained were analyzed in the framework
of the pseudo-phase approach using the equation!>2

app

kapp = (kaSCSurf + ko)/(l + KSCSurf)’ (1)
_ Ky oy /Y IKGK 511 Coep @)
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where kj and k,,, (s—1) are the rate constants of the first order in
an aqueous medium and in the micellar phase, respectively;
k app (L mol~!s71) is the second-order rate constant obtained
by the division of k,,;, into the total concentration of the hydroxyl
ion; k, o and k, ,, (L mol~!s™1) are the second-order rate con-
stants in the aqueous and micellar phases, respectively; Kq and
Koy (Lmol!) are the binding constants of the substrate
and hydroxyl ions; ¥ (L mol~!) is the molar volume of the sur-
factant; C (mol L™) is the total concentration of the surfactant
minus CMC.

The surface tension was measured by the De Noiiy ring
detachment method.

Results and Discussion

Self-organization in a CTAB—Triton X-100 binary sys-
tem. The formation of mixed micelles in a CTAB—Triton
X-100 binary system was confirmed when studying the
surface tension of solutions with different fractions of the
surfactant (Fig. 1). Micelle formation in a solution of
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Fig. 1. Isotherms of surface tension (y) for CTAB—Triton X-100
mixed micellar solutions at the molar ratio of the ionic surfac-
tant a; = 0.9 (1), 0.7 (2), 0.5 (3), 0.3 (4, 0.1 (5), 1.0 (6),
and 0 (7); 25 °C.

surfactant binary systems is determined to a great extent
by their structure: nature of head groups and the length of
hydrocarbon radicals. In the case of mixed micelles of
ionic and nonionic surfactants, their composition can dif-
fer substantially from the composition of the solution.
A series of thermodynamic theories and semiempirical
models was developed for the quantitative description of
the properties of mixed micellar solutions. For non-ideal
mixing, some quantitative characteristics of surfactant so-
lutions (CMC, composition of micellar aggregates, con-
centration of the monomeric form of diphilic molecules)
can be predicted in the framework of the semiempirical
model based on the regular solution theory!3 in which the
activity coefficients of the surfactant (f and f;)

1/C* = o, /(fiC)) + 0/ (f,C2) &)

(o and o are the molar fractions of the ionic and non-
ionic surfactants in solution, respectively; C*, C;, and C,
are the CMC values for a mixed system, ionic surfactant,
and nonionic surfactant, respectively) and the interaction
parameter of the surfactant in mixed aggregates (B) were
introduced in order to take into account the non-ideal
character of the mixture

Ji=exp[B(l —x)), “4)
/o= exp(Bx,?). %)

Here x, is the molar fraction of the ionic surfactant in
mixed micelles, which can be calculated by the solution
of the equation

x} In[a,C"/(x,C))] _
(1-x)* In{[(1-a)C"]/[(1-x)C, ]}

(6)

using the iteration procedure.
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The mathematical apparatus used in the calculations
has been described in detail.!3 The B parameter can be
calculated by the equation

B = In[(a,C*)/(x,CPI/(1 — x1)%. (7)

This parameter takes into account the degree of deviation
of the system from an ideal mixture and the character of
interaction of surfactant monomers in mixed micelles.
The negative value of the p parameter assumes that attrac-
tion forces between the surfactant molecules predomi-
nate, whereas the positive value assumes the predomina-
tion of repulsion forces. The increase in the absolute
B value indicates the more considerable deviation of the
micellar system from an ideal mixture.

An analysis of the tensiometric data using Eqs (3)—(7)
showed the negative deviation of the system from an ideal
mixture, the interaction parameter being B = —1.05. The
value obtained indicates the synergetic behavior of a
CTAB—Triton X-100 system, i.e., formation of aggre-
gates of the mixed type. We have earlier!415 found a simi-
lar effect for binary solutions of CTAB with the nonionic
surfactants Brij-97 and C4EOy. The CMC values deter-
mined experimentally and calculated by Eq. (3) are given
in Fig. 2. The good agreement confirms that the model
and conclusions about mixed micelle formation are ad-
equate. The calculated molar fractions of CTAB in mixed
aggregates (x;) are lower than the stoichiometric fraction
of CTAB in the solution o, i.e., mixed micelles are en-
riched in the nonionic surfactant (see Fig. 2).
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Fig. 2. Plots of the CMC of a CTAB—Triton X-100 mixed
micellar system (/) (points are experimental data, and line is the
calculation by Eq. (3)) and the molar fraction of CTAB in
mixed aggregates (x;) (2) vs surfactant fraction in the solu-
tion (o).

Shift of pK, of aliphatic amines. It is known that the
shift of acid-base equilibria occurs in aqueous micellar
solutions of surfactants. The cationic surfactants exhibit
the enhancement and the anionic surfactants show the
weakening of the acidic properties of the compounds.
This is due to the selective solubilizing effect of micelles
with respect to the acidic and basic forms of the com-
pounds. For ionic surfactant, this is mainly determined by
the surface potential of a micelle.10—18 Additives of a
background electrolyte decrease the surface potential, thus
affecting the value of the pK, shift.

The plots of pK; of n-octylamine solubilized by CTAB
micelles vs surfactant and potassium bromide contents
are shown in Fig. 3. In the absence of electrolytes, the
surface potential of CTAB is 130—140 mV.71? Due to the
electrostatic repulsion, the protonated form of n-octyl-
amine is bound by CTAB micelles less efficiently than the
neutral form. Therefore, an increase in the surfactant con-
centration decreases the pK, value of amine (see Fig. 3,
curve I). The addition of potassium bromide decreases

Ky app+ 1011

PK; app 3+
10.7

10.6

1 2
—log(Cxp,/mol L1

10.5

10.4 |

10.3 |

10.2 -

10.1 |

10.0 |

2 4 6 CCTAB . 103/m01 ]_4_1

Fig. 3. Plots of pK, of n-octylamine (0.005 mol L~!) vs CTAB
concentration at a KBr content of 0 (/), 0.01 (2), and
0.02 mol L=! (3). The dependence of the apparent rate of
the acid-base equilibrium of n-octylamine in a micellar solu-
tion of CTAB (0.0025 mol L~!) on the logarithm of the potas-
sium bromide concentration is shown in inset; 25 °C (C,, =
0.028 mol L—1).
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the surface potential of CTAB due to an additional bind-
ing of the counterions with the head groups. For instance,
when the KBr concentration increases in solution to
0.02 mol L1, the surface potential decreases’ to 118 mV.
When the micellar charge is compensated by the counter-
ions, the influence of CTAB on pK, of n-octylamine de-
creases (see Fig. 3, curves 2 and 3).

In some cases, the introduction of an electrolyte into
surfactant solutions results in structural rearrangements
in the system, in particular, induces sphere—cylinder mi-
cellar transitions.1—22 The violation in stationarity of the
ion-exchange processes that occur in the systems can re-
flect the character of dependences of the apparent acid-
base equilibrium constants on the logarithm of the salt
concentration (see Fig. 3, inset), which gain the shape of
broken straight lines with breaks in the points related to
qualitative changes in the state of micelles (critical
points, C.,). The C., values obtained when studying the
effect of potassium bromide on pK, of n-octylamine (C,, =
0.028 mol L~ at Cirap = 0.0025 mol L~!) are close to
those obtained earlier.1?

Another way to exert influence upon the surface po-
tential of a micelle is the addition of a nonionic detergent
to a solution of a cationic surfactant. In mixed composi-
tions, the surface potential depends on the molar fraction
of each component of the mixture. The decrease in the
potential observed!! upon the addition of Triton X-100
to a solution of CTAB reflects on the pK, values of n-octyl-
amine (Fig. 4). The shift of pK, related to a change in the
basicity of n-octylamine on going from an aqueous me-
dium to the micellar phase (ApK) decreases with an
increase in the fraction of Triton X-100 (o) in a
CTAB—Triton X-100 system (see Fig. 4, inset). In the
case when the contents of the surfactant and n-octylamine
in the solution are comparable, the neutral form of the
latter can also play the role of a nonionic amphiphile,
which can be incorporated into the interfacial layer and
induce a decrease in the charge density in the layer.

Catalytic effect of CTAB—electolyte systems. Micellar
solutions of CTAB containing KBr were used as reaction
media for the alkaline hydrolysis of carboxylic acid esters,
viz., PNPA and PNPL.

The application of a cationic surfactant provides a
positive charge on the micellar surface and induces the
concentrating of hydroxyl ions in the Stern layer. In this
case, the ester solubilized by the micelle is brought to-
gether with the highly hydrophilic nucleophile, providing
hydrolysis acceleration. The introduction of a background
electrolyte into a CTAB solution decreases the surface
potential of the system, decreases the attraction of the
hydroxyl ion to the interface, and should decrease the
micellar catalytic effect. The plots of the apparent rate
constant of alkaline hydrolysis for two esters differed in
hydrophilic—lipophilic balance vs cationic surfactant con-
centration (in the absence of the background electrolyte

pK,
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Fig. 4. Plots of pK, of n-octylamine vs total surfactant concen-
tration in a CTAB—Triton X-100 mixed micellar solution at the
molar fraction of Triton X-100 a, = 1.0 (1), 0.5 (2), 0.2 (3),
0.1 (4), and 0 (5). The dependence of the shift of pK, of n-octyl-
amine on the molar fraction of Triton X-100 in the mixed com-
position is shown in inset.

and in the presence of 0.01 M KBr) are presented in
Fig. 5. The experimental kinetic data were analyzed in the
framework of the pseudo-phase model of micellar cataly-
sis according to Eq. (1). The results are given in Table 1.
They show (see Fig. 5 and Table 1) that the micellar
catalytic effect for the esters under study differs substan-
tially. In the systems containing no potassium bromide,
the maximum k,,,/k, ratio for PNPA is about four, whereas
for PNPL it is by two orders of magnitude higher. It is
known that the laurate self-associates in aqueous solu-
tions, resulting in the shielding of the reaction center and
an anomalously low rate of alkaline hydrolysis compared
to the acetate (the second-order rate constant is 8.4 and
0.024 L mol~!s~! for PNPA and PNPL, respectively). In
micellar solutions of cationic surfactants, molecules be-
come separated and globular associates of hydrophobic
PNPL are untwisted when the PNPL is incorporated into
the CTAB-based micelle. This makes the substrate acces-
sible for the attack by the nucleophile and accelerates
considerably the process. The presence of the electrolyte
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Fig. 5. Plots of the apparent rate constant of alkaline hydrolysis
of PNPA (a) and PNPL (b) vs CTAB concentration (0.005 M
NaOH, 25 °C) in the absence of an electrolyte (/) and in the
presence of KBr in a concentration of 0.005 (2), 0.01 (3), and
0.015 mol L1 (4).

does not basically change the situation; however, the cata-
Iytic effect value is somewhat lower in this case (see Fig. 5,
Table 1).

The results in Table 1 show that PNPL is much strongly
bound by a micelle than PNPA and the addition of potas-

Table 1. Quantitative analysis according to Eq. (1) of the kinetic
data for the alkaline hydrolysis of carboxylic acid esters in a
CTAB micellar solution in the absence of a background electro-
Iyte in the presence of potassium bromide (see Fig. 5)

Sub- Cesr ko k, K* CMC  k,
strate /mol L1 T /mol L1 /ky**
PNPA 0 0.042 0.18 420 0.0005 4.3
0.005 0.036 0.08 280  0.0003 2.2
0.010 0.032 0.06 230  0.0002 1.9
PNPL 0 0.00012 0.063 7000  0.0003 525
0.005 0.00017 0.053 2100 0.00017 317
0.010 0.00019 0.047 2200  0.00015 247
0.015 0.00017 0.031 2000  0.00025 163
*In L mol~1.

** The k,,/k, ratio is a measure of the catalytic effect.

sium bromide decreases the binding constant of the both
substrates. In micellar solutions of CTAB, differences in
the reaction behavior of the substrates under study are
aligned and their k,, values become close, whereas the
micellar effect for PNPL is substantially higher (accelera-
tion by more than 500 times). As already assumed, the
decrease in the surface potential due to the addition of
potassium bromide weakens the attraction of the hydroxyl
ion to the micellar surface and thus decreases the catalytic
effect of the system.

The apparent rate constant decreases nonmonotoni-
cally with a decrease in the potassium bromide content,
and the plot of k,,, vs logCxp, (Fig. 6), as for the acid-
base equilibrium constants, has a critical point caused by
structural rearrangements in the system. Since the C_,
value characterizes the properties of the micellar system
itself, its value is virtually independent of the type of the
process and equals the total concentration all bromide
ions that are present in the solution (~0.03 mol L),
which virtually coincides with the value obtained by the
shift of pK, of n-octylamine (0.028 mol L~).

We have earlier studied the salt effect in the alkaline
hydrolysis of phosphorus acid esters in micellar solutions
of cationic surfactants with the pyridinium head group®
and found a sharp change in the reactivity of the phos-
phonates in the region of sphere—rod micellar transi-
tions. Continuing these studies, we measured the kinetics
of alkaline hydrolysis of phosphonate 1 in micellar solu-
tions of CTAB (0.001 mol L~!) in the presence of several
sodium salts (Fig. 7). When choosing counterions, their
hydrophilicity was taken into account. In addition to in-
organic salts, we studied sodium salicylate (NaSal), which
is characterized?3 by high affinity to micelles of cationic
surfactants. As in the case of hydrolysis of carboxylic
acid esters, the apparent rate constant decreases consid-
erably. The inhibiting salt effect increases in the order
Cl~ < Br~ < Sal~. It is seen that for the organic salicylate
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Fig. 6. Plots of the apparent rate constant of alkaline hydrolysis
of carboxylic acid esters in micellar solutions of CTAB vs loga-
rithm of the potassium bromide concentration (0.005 M NaOH,
Cerap = 0.0025mol L', 25°C): 1, PNPA (C,, = 0.022 mol L~');
2, PNPL (C,, = 0.027 mol L™).

ion the reaction is significantly retarded (by more than an
order of magnitude) at much smaller salt concentrations.
It can be assumed that the surface charge of the micelles is
efficiently compensated and also the substrate is displaced
from the reaction zone (Stern layer) by the hydrophobic
salicylate ions.

We analyzed the kinetic data for the hydrolysis of
NPCP in the presence of NaBr in the logarithmic coordi-
nates (see Fig. 7, inset). The presence of the break in the
line in the k,,,—logCy,p, coordinates indicates a sharp
change in the reactivity of the phosphonate. The value
C,, = 0.028 mol L~! coincides with analogous values in
Figs 3 and 6 and with the data obtained earlier.2! Thus,
the C,, value is independent of the type of the process
under study, i.e., C,, is an indicator of the critical state of
micellar aggregates, particularly, of the rearrangement of
spherical micelles into cylindrical ones.!® These results
confirm the conclusions about the role of the structural
factor in micellar catalysis.”-8:19,21

Thus, the addition of a background electrolyte, on the
one hand, decreases the surface potential of the micellar
system and, on the other hand, favors structural rear-
rangements in the system, which reflects the reactivity of
the substances solubilized by micelles.

Catalytic effect of a CTAB—Triton X-100 system. The
results of studying the kinetics of alkaline hydrolysis of
the phosphonate in a CTAB—Triton X-100 mixed micel-
lar system with the variation of the ionic/nonionic surfac-
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Fig. 7. Plots of the apparent rate constant of alkaline hydrolysis
of NPCP vs electrolyte concentration: /, NaCl; 2, NaBr;
3, 4, NaSal; 0.005 (/—3) and 0.01 M NaOH (4); 0.001 M CTAB,
25 °C. In inset the dependence of k,, for alkaline hydrolysis of
NPCP on the NaBr concentration (logarithmic scale) under the
same conditions.

tant ratio are presented in Fig. 8. It turned out that the
catalytic effect of this system differs significantly from
those of the earlier!¥15 studied CTAB—Brij-97 and
CTAB—C4EQqg binary solutions for which the non-
monotonic change in the rate constant was observed at
small molar fractions of the nonionic surfactant. In par-
ticular, at o; = 0.6—0.9 the reaction rate constant in-
creases with an increase in the content of the nonionic
surfactant, i.e., with a decrease in the surface potential. In
the system under study (see Fig. 8), even a minor additive
of the nonionic surfactant (o;; = 0.9) decreases consider-
ably the apparent rate constant, which continues to de-
crease smoothly with an increase in the molar fraction of
Triton X-100. At o; = 0.1 the sign of the catalytic effect
changes, i.e., transition from the acceleration of the hydro-
lysis to its inhibition occurs.

The data obtained were analyzed in the framework of
the pseudo-phase approach using Eq. (2). A possibility of
using this equation for mixed systems was shown, 415 and
examples for the calculation of the binding constants and
molar volume of the surfactant at different ratios were
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Fig. 8. Plots of the apparent rate constant of alkaline hydrolysis
of NPCP vs total surfactant concentration at the CTAB molar
fraction o; = 1.0 (1), 0.9 (2), 0.7 (3), 0.5 (4), 0.3 (5), and 0.1 (6);
0.001 M NaOH, 25 °C.

presented. As can be seen from the data in Table 2, the
main contribution to the catalytic effect is made by the
factor of reactant concentrating and the micellar microen-
vironment exerts a negative effect on the reactivity of the
substrate. A decrease in the molar fraction of CTAB in the
system results in the further decrease in the F, factor,
which causes the resulting diminishing of the catalytic
effect. Probably, the change in the microscopic properties
of the interface and, first of all, of the micropolarity upon
the insertion of the oxyethylene fragments between the
cationic head groups destabilizes the transition state of
the reaction. Despite the decrease in the surface potential
of the mixed micelles from 130 to 70 mV in the o) interval
from 1.0 to 0.3, the Ky binding constants change in-
significantly and the concentrating factor somewhat in-
creases. The same regularity has been found earlier!415
for other binary systems based on CTAB. Probably, in
ionic—nonionic surfactant binary systems the surface po-
tential plays the secondary role in controlling the reactiv-
ity of compounds, and the major effect is made by the
change in the microscopic properties of the interface with
the variation of the surfactant ratio.

It can be noted in conclusion that the modification of
micellar solutions of ionic surfactants by additives of a
background electrolyte or a nonionic surfactant can serve

Table 2. Quantitative analysis according to Eq. (2) of the kinetic
data for the alkaline hydrolysis of NPCP in a CTAB—Triton
X-100 mixed micellar system (see Fig. 8)¢

oy (kapp/kO)max KS KOH k2,mb Fcc ch FcFm

L mol~!
1.0 20.3 593 69 0.62 127.5 0.16 20.1
0.9 14.0 2828 51 0.40 132 0.10 13.8
0.7 9.5 1600 90 0.19 200 0.05 9.7
0.5 6.2 1300 85 0.15 180 004 7.0

@kyo=4.0 Lmol~!sL.
5In Lmol~!s™ 1
¢ Calculated

using the equation

— k2,m . KSKOH

celeration of the reaction equal to the ratio of the apparent rate
constant (k) to the rate constant of the pseudo-first order in
water (k) is given in the right part. The first cofactor in the right
part takes into account the influence of the micellar microenvi-
ronment on the reactivity (£,,), and the second cofactor takes
into account the effect of reactant concentrating in micelles (£.).

. The maximum ac-

(k, /k))

app

as a tool of directed control of the rate of ion-molecular
reactions in micellar solutions of ionic surfactants due to
a change in the microscopic properties of the interface,
such as surface potential, micropolarity, efc. This makes it
possible to consider surfactant—electrolyte micellar sys-
tems as efficient catalytic systems with a wide range of
action, including inhibition and catalysis, for the hydro-
Iytic cleavage of ester bonds.
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