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Surfactant�based supramolecular systems have
found wide application in present�day technologies,
including production of catalysts, mesoporous materi�
als, protective coatings, lubricants, cosmetics, and
drugs [1–4]. The hydrophobic moiety and positively
charged head groups in the structure of cationic sur�
factants allow them to incorporate into lipid bilayers
and to readily interact with intracellular membranes,
phosphate groups of nucleic acids, and other nega�
tively charged biological substances, making them
usable in development of nonviral vectors, drug and
diagnostic agent transporters, and antimicrobial drugs
[5–8]. Cationic surfactants are traditionally used in
micellar catalysis for decomposition of organophos�
phorus environmental toxicants and neurotoxins [9–12].
The wide variety of practically important properties of
cationic surfactant based supramolecular systems
(high complexing power, strong capacity for affecting
chemical processes, biological activity, etc.) makes
these substances promising in respect of many perfor�
mance parameters.

Dicationic (gemini) surfactants consist of two
amphiphilic hydrocarbon radicals and two head
groups linked by a spacer group, which can be either
hydrophilic or hydrophobic and either flexible or rigid
[13–16]. These surfactants have better properties than
their conventional (monocationic) counterparts. In
particular, their critical micelle concentration (CMC)
is lower than that of the corresponding monocationic
surfactants by one order of magnitude (or by a still
greater factor). They more effectively reduce the sur�

face tension of water and exert a stronger solubilizing
effect. The most comprehensively studied gemini sur�
factants are compounds of the alkanediyl�α,ω�
bis(alkyldimethylammonium) series, whose structure
is often designated m�s�m, where m and s are the num�
bers of carbon atoms in the alkyl and spacer groups,
respectively. For these surfactants, the CMC, degree of
ionization, and degree of aggregation have been mea�
sured and micellization thermodynamics, interfacial
behavior, and the structure and rheology of their aque�
ous solutions have been investigated. In recent years,
there have been many publications, including reviews
[17–20], dealing with the aggregation behavior of
alkylammonium gemini surfactants. The possibility of
employing these surfactants as a reaction medium has
received much less attention [21–25]. Nevertheless,
the high surface potential and considerable solubiliza�
tion capacity of the micellar solutions of these gemini
surfactants suggest that they can exert a strong effect
on chemical processes, particularly on those involving
charged nucleophiles.

The purpose of this work is to estimate the effective�
ness and selectivity of micellar solutions of a series of
dicationic surfactants whose spacer group consists of six
methylene units: [R(CH3)2N(CH2)6N(CH3)2R]2+2Br–,
where R = n�C10H21 (10�6�10), n�C12H25 (12�6�12),
n�C14H29 (14�6�14), and n�C16H33 (16�6�16). These
surfactants are used as the reaction medium in hydro�
lytic processes. The catalytic activity of the micellar sys�
tems was studied in the hydrolysis of phosphonic acid
esters (PAEs). The general scheme of this process is
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The properties of these surfactants will be compared
with the properties of similar monomeric cationic sur�
factants.

EXPERIMENTAL

The gemini surfactants were synthesized by react�
ing N,N,N ',N '�tetramethyl�1,6�hexamethylenedi�
amine with alkyl bromides in acetone, and the prod�
ucts were twice recrystallized from ethanol [23]. The
para�nitrophenyl esters of alklylchloromethylphos�
phonic acids (1–3) were synthesized as described in
[26]. The structures of the resulting compounds were
identified by elemental analysis and IR and NMR
spectroscopy. Commercial monomeric surfactants
(99%, Sigma) were used in the experiments.

The surface properties of the surfactants were stud�
ied by the Du Nouy ring method using a Kruss tensi�
ometer at 25°С. The CMC value was determined as
the intersection point of the linear segments of surface
tension isotherms. The bromide ion concentration
( ) in surfactant solutions was determined using a
bromide�selective electrode on an I�160MI ion meter.
The counterion binding constant (β) was calculated as

 (1)

where CS is the surfactant concentration. The coeffi�
cient n for monocationic and dicationic surfactants is
1 and 0.5, respectively.

Aggregate size data for dicationic surfactants in
aqueous solution were obtained by the dynamic light
scattering method on a Malvern Instruments Zetasizer
Nano spectrometer (He–Ne laser, 633 nm). The solu�
tion to be examined was filtered through Millipore fil�
ters with a pore diameter of 0.4 μm. Aggregate size
measurements were performed at least three times for
each sample.

The kinetics of the alkaline hydrolysis of the para�
nitrophenyl phosphonates was studied spectrophotomet�
rically in a 0.001 M sodium hydroxide solution in tem�
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perature�controlled cuvettes on a Specord UV�VIS spec�
trophotometer. The process (para�nitrphenolate ion
formation) was monitored by measuring the absorbance
of the solution at a wavelength of 400 nm. The initial
substrate concentration was (2–5) × 10–5 mol/L. The
substrate conversion was over 90%. The apparent
pseudo�first�order constant (kapp) was determined
using the relationship log(D

∞
 – D

τ
) = –0.434kappτ +

const, where D
τ
 and D

∞
 are the absorbance of the solu�

tion at the point in time τ and after the completion of
the reaction, respectively. Numerical values of kapp

were calculated by least squares.

RESULTS AND DISCUSSION

The aggregation behavior of m�6�m gemini surfac�
tants in aqueous solutions has been investigated rather
extensively. At the same time, admixtures, for exam�
ple, strong electrolytes are known to alter the proper�
ties of micellar solutions [27–29]. In our kinetic study
of the alkaline hydrolysis of PAEs, the role of admix�
tures could be played by the reactants themselves. Low
substrate concentrations of (2–5) × 10–5 mol/L were
used in the experiments, while the alkali concentra�
tion was rather high (0.001 mol/L) and, in some cases,
was higher than the surfactant concentration. Accord�
ing to existing views, the introduction of an electrolyte
increases the concentration of surfactant counterions,
and this is favorable for partial neutralization of the
surface charge of the micelles and reduces the destabi�
lizing effect of the repulsion between like�charged
head groups. This can lead to a decrease in the surface
potential of the system and in CMC, to an increase in
the aggregation number, and to changes in micelle size
and shape. In view of this, before performing kinetic
experiments, we studied the micellization of the gem�
ini surfactants in the presence of a nucleophile.

Using the tensiometric method, we measured
CMC in aqueous and aqueous alkali solutions of the
m�6�m surfactants (Table 1). The alkali facilitates
micellization: the higher the alkali concentration, the
lower the CMC and the narrower the concentration
range in which the true solution turns into a micellar
solution (the greater the slope of the surface tension
isotherm). This point is illustrated in Fig. 1 for the
16�6�16 compound. Note that this compound is char�
acterized by two CMC values: the first one corre�
sponds to the formation of spherical micelles, and the
second (near 0.001 mol/L) is attributed to a change in
the aggregate shape [30]. The addition of an alkali
exerts a marked effect on CMC1 and a much weaker
effect on CMC2. For the homologues with a shorter
hydrocarbon radical, the second critical point was not
observed in the concentration range examined. The
alkali�induced decrease in CMC was detected poten�
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tiometrically with a bromide�selective electrode
(Table 1). Using this method and formula (1), it is pos�
sible to estimate, from the change in the slope of the
potentiometric curve, the effect of alkali on the coun�
terion binding constant β. By way of example, we
present potentiometric data for the 12�6�12 com�
pound (Fig. 2). At NaOH concentrations of 0, 0.001,
0.01, and 0.1 mol/L, β = 0.71, 0.67, 0.62, and 0.58,
respectively. Thus, as the alkali concentration in the
micellar solution is raised, the binding of bromide ions
weakens, as is indicated by their passing from the Stern
layer into the bulk phase. Note that the hydroxide ion
is much more hydrophilic than the bromide ion,
which has a larger ionic radius and a lower charge den�
sity. The ion exchange coefficient calculated using the
pseudophase ion exchange model is KBr/OH > 10 [31],
suggesting that the bromide ions have a much higher
affinity for the micelle surface and will not be dis�
placed from the Stern layer by the more hydrophilic
hydroxide ions. However, under our experimental
conditions, part of the bromide ions is likely replaced
because of the large hydroxide ion concentration gra�
dient.

The dynamic light scattering method makes it pos�
sible to see how an alkali affects the aggregate size. It
was demonstrated by the example of aqueous solutions
of the 16�6�16 compound (Fig. 3) that the hydrody�
namic diameter of the micelles (D) increases as the
alkali concentration is raised. Here, the alkali serves as
a strong electrolyte partially neutralizing the surface
charge of the micelles. The weakening of the Coulomb
repulsion between the head groups of the surfactant
reduces CMC and increases the micelle size. Thus, the

Table 1. CMC data for the dicationic surfactants in aqueous and aqueous alkali solutions at 25°C

Surfactant CNaOH, mol/L
CMC, mol/L

 tensiometry potentiometry

10�6�10 0 0.0060
0.001 0.0057
0.01 0.0052

12�6�12 0 0.0011 0.00108 
0.001 0.0010 0.00103
0.01 0.00093 0.00095
0.1 0.00088 0.00090

14�6�14 0 0.00014 0.00013
0.001 0.00013 0.00012 
0.01 0.00010 0.00010

16�6�16* 0 0.000044
0.001 0.000021
0.01 0.000010

* The CMC of this surfactant is at the lower detection limit of the bromide�selective electrode, making it difficult to obtain reliable
potentiometric data.
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Fig. 1. Surface tensions isotherms for the 16�6�16 surfac�
tant in (1) water and (2, 3) aqueous alkali solutions at
NaOH concentrations of (2) 0.001 and (3) 0.01 mol/L at
25°C.
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addition of an alkali or another strong electrolyte to the
dicationic surfactant solutions changes the aggregation
parameters of the system, and at a high electrolyte con�
centration these changes can be quite significant.

Micellar solutions of the dicationic surfactants
were used as the reaction medium for the alkaline
hydrolysis of para�nitrophenyl phosphonates differing
in their hydrophilic–lipophilic balance. Figures 4–6
show how the apparent rate constant of the hydrolysis
of esters 1–3 depends on the surfactant structure and
concentration. The presence of an extremum in the
apparent rate constant versus surfactant concentration
curve is typical of micelle�catalyzed processes and is
evidence of a high surfactant affinity of the substrate,
which shows itself at a certain substrate�to�surfactant
ratio [32]. It follows from these kinetic data that the
dicationic surfactants are catalytically very active and
their strongest catalytic effect is observed at substan�
tially lower concentrations than in the case of their

monocationic analogues (compare compound 16�6�
16 and CTAB; Figs. 5, 6). By correlating the aggrega�
tion data with the results of the kinetic experiment,
one can see that the maximum acceleration of the
hydrolysis reaction is observed at concentrations
slightly above the CMC1 point, where spherical
micelles exist. Note that the way in which the micelles
affect the phosphonate hydrolysis rate is largely deter�
mined by the hydrophobicity factor. The catalytic
effect increases with an increasing length of the alkyl
radical of the surfactant, and the largest (nearly three�
fold) increase in the hydrolysis rate is observed for
hydrophobic phosphonate 3 on passing from 10�6�10
to 12�6�12.On passing to the tetradecyl and hexadecyl
analogues, the chain length effects become similar.
The systems examined here show pronounced sub�
strate specificity: in the presence of any dicationic sur�
factant, the strongest surfactant effect is attained for
the most hydrophobic substrate 3. This can be
explained in terms of substrate distribution between
the micelle and the bulk phase: the stronger the sub�
strate–micelle binding, the larger the extent to which
the hydroxide ion concentrates at the positively
charged surface of the micelle, and this markedly
speeds up the process. This substrate specificity is also
observed for systems containing monocationic surfac�
tants, but it is less pronounced in that case. For sub�
strates 1, 2, and 3, the largest increase in the reaction
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Fig. 2. Potentiometric data obtained with a bromide�selec�
tive electrode for the 12�6�12 surfactant in aqueous solu�
tions at NaOH concentrations of (1) 0, (2) 0.001, (3) 0.01,
and (4) 0.1 mol/L at 25°C.
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Fig. 3. Micelle size distribution (intensity I) versus diame�
ter (D) for the 16�6�16 surfactant in aqueous solutions at
NaOH concentrations of (1) 0, (2) 0.001, (3) 0.01, and (4)
0.1 mol/L; CS = 0.005 mol/L; 25°C.
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rate due to the presence of 16�6�16 amounts to a factor
of 30, 61, and 97, respectively, while CTAB increases
the reaction rate by a factor of at most 25, 39, and 47,
respectively.

For gaining quantitative information concerning
the factors underlying the action of the dicationic sur�
factants, the kinetic data plotted in Figs. 4–6 were
analyzed in terms of the pseudophase model of micel�
lar catalysis [32]:

 (2)

where  (L mol–1 s–1) is the apparent second�order
rate constant obtained by dividing kapp by the nucleo�
phile concentration; k2,0 and k2,m (L mol–1 s–1) are the

( ) ( )
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second�order rate constants for the solvent bulk and
micellar pseudophase, respectively; V (L/mol) is the
molar volume of the surfactant; and Ksub and KOH

(L/mol) are the phosphonate– and nucleophile–
micelle binding constants.

The parameters of micelle�catalyzed phosphonate
hydrolysis calculated via Eq. (2) are listed in Table 2.
These data indicate that the phosphonate–micelle
binding constant Ksub increases with increasing sub�
strate hydrophobicity and with an increasing length of
the hydrophobic radical in the dicationic surfactant.
This is accompanied by an increase in the alkaline
hydrolysis rate constant, and the largest increase in the
hydrolysis rate is observed for substrate 3 in the 16�6�16
solution. In the case of the 10�6�10 surfactant, the bind�
ing constants of substrates 1–3 are small and practi�
cally equal and alkaline hydrolysis is accelerated to a
small extent. This may be due to this surfactant form�
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Fig. 4. Apparent rate constant of the alkaline hydrolysis of
phosphonates (1, 4) 3, (2, 5) 2, and (3, 6) 1 as a function of
the concentration of surfactants (1–3) 12�6�12 and (4–6)
10�6�10; CNaOH = 0.001 mol/L; 25°C.

0.30

0.25

0.20

0.15

0.10

0.05

0
0.0060.0040.0020

1

2

3

4

5

6

CS, mol/L

kapp, s–1

Fig. 5. Apparent rate constant of the alkaline hydrolysis of
phosphonates (1, 4) 3, (2, 5) 2, and (3, 6) 1 as a function of
the concentration of surfactants (1–3) 16�6�16 and (4–6)
14�6�14; CNaOH = 0.001 mol/L; 25°C.
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ing small aggregates having only a weak solubilizing
capacity.

In the pseudophase model, the maximum acceler�
ation of hydrolysis is given by the equation

 (3)

where the first multiplier on the right�hand side is the
microenvironmental factor for reactants, which
accounts for the changes in their microenvironment
(micropolarity, solvation shell, etc.) upon their pas�
sage from the solvent into the micellar phase (Fm), and
the second multiplier is the concentration factor (Fc),
which accounts for the local increase in the reactant
concentration as a result of their solubilization in the
micellar phase, whose volume is much smaller than
the solvent volume.
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It is clear from the data presented in Table 2 that the
acceleration of the reaction is mainly due to the factor
Fc, which increases the hydrolysis rate by more than
two orders of magnitude. The microenvironmental
factor in this case is <1; that is, it reduces the reaction
rate. The higher the hydrophobicity of the substrate,
the lower the polarity of the micelle part in which it
localizes and the stronger the adverse effect of the
microenvironment. The concentrating of the hydrox�
ide ion at a positively charged micelle is primarily gov�
erned by the surface potential of the micelle (Ψ),
which is higher for dicationic surfactants than for their
monocationic counterparts [33], and so is the Fc value.

Thus, aqueous micellar solutions of the alkyldime�
thylammonium dicationic surfactants with a hexame�
thylene spacer used as reaction medium for the alka�
line hydrolysis of para�nitrophenyl phosphonates dis�
play a strong catalytic effect, increasing the reaction
rate by up to two orders of magnitude. This effect
depends on the surfactant structure, arises from the
concentrating of the reactants in the micellar phase,
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Fig. 6. Apparent rate constant of the alkaline hydrolysis of phosphonates (1) 3, (2) 2, and (3) 1 as a function of CTAB concentra�
tion; CNaOH = 0.001 mol/L; 25°C.
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shows itself at low surfactant concentrations, and is
characterized by pronounced substrate specificity.
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