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Abstract-Micelle formation by n-alkyl(2-hydroxyethyl)dimethylammonium bromides in chloroform was
studied by dielcometric titration and kinetic method. Increase in the length of the hydrocarbon chain leads
to reduced critical micelle concentration. The region of structural reorganization of micelles was determined.
n-Alkyl(2-hydroxyethyl)dimethylammonium bromides catalyze phosphorylation of tetrakis(dimethylamino-
methyl)calixresorcin[4]arene. The catalytic activity of micelles depends on the hydrophobic properties and
concentration of the surface-active substance, as well as on structural features of its aggregates.

The presence in a low-polar nonaqueous medium
of a cationic surface-active substance possessing
a 2-hydroxyethyl group leads to a considerable (up
to two orders of magnitude) increase in the apparent
rate constants for nucleophilic substitution in phos-
phorus acid esters and also changes the relative con-
tributions of possible reaction pathways [1, 2]. The
effect of surface-active substances on the rate and
mechanism of such processes is generally attributed
to formation of reversed micelles and transfer of the
reaction zone from the bulk of solution into micelle
pseudophase. However, the micelle formation process,
the possibilities for structural variation of aggregates
formed by hydroxyethyl-containing surface-active
substances, and the relation between the latter factor
and catalytic activity of micelles were almost not
studied [1, 2].

Helpful information on the nature of association
processes in liquid medium can be obtained by dielco-
metric titration and mathematical modeling. Dielco-
metric titration [3] gives concentration dependences
of the dielectric permittivity (e) of multicomponent
mixtures. This technique was successfully applied to
determination of critical micelle concentration (CMC)
in solutions of non-ionogenic surface-active sub-
stances [4, 5]. Unlike graphical analysis [3], mathe-
matical processing of experimental concentration
dependences of physical parameters allows reliable

determination of such association parameters as
aggregation number, association constant, and degree
of accumulation even when no significant bend is
present on the respective plot [6].

In the present work we used dielcometric titration,
mathematical modeling, and spectrophotometric tech-
nique to examine micelle formation in chloroform
solutions of n-alkyl(2-hydroxyethyl)dimethylammo-
nium bromidesI3III (alkyl is n-C12H25, C15H31, or
C18H37) in the presence and in the absence of tetrakis-
(dimethylaminomethyl)calixrezorcin[4]arenesIV and
V. We also studied the effect of micelle formation on
the reaction of calixareneIV with p-nitrophenyl bis-
(chloromethyl)phosphinate.
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R = n-CnH2n+ 1, n = 9 (IV ), 11 (V); R` = CH2N(CH3)2.

Micelle formation by compoundsI3III can be
described by Eq. (1).
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Fig. 1. Plots of (1, 3) orientational polarization and
(2, 4) dielectric permittivity versus concentration of
2-hydroxyethyl(dimethyl)pentadecylammonium bromide
(II ) in chloroform at 20oC (1, 2) in the absence and
(3, 4) in the presence of 501034 mol/l of calixareneV.

NSAS 7647 SASN ,
Kas

(1)

where,Kas is the equilibrium constant for association
of surface-active substance (SAS):

Kas = [SASN]/[SAS]N,

Kas = ac/[(1 3 Na)N cN].

Here, [SASN] is the concentration of associated
SAS, a is the degree of accumulation of SASN
associates,N is the aggregation number, andc =
[SAS] + N [SASN].

The processes of SAS association and micelle
structurization were studied by analyzing concentra-
tion dependences of the dielectric permittivitye and
orientational polarizationPor. For dilute SAS solutions
(in the concentration range from~1033 to ~1032 M),
Ror

exp values were calculated from the experimental
values ofe and refractive indices (n) using Eq. (2) [7],
where the subscripts[12] and[1] refer to the solution
and solvent, respectively. The quantityPor

exp is the
effective orientational polarization of a surface-active
substance, i.e., an integralparameter of a mixture
consisting of SAS molecules and their associates
calculated per mole of SAS.
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Figure 1 shows the dependences ofe and Por
exp

[calculated by Eq. (2)] on the concentration of com-
pound II in chloroform in the absence and in the
presence of calixareneV. In the concentration range
from 0 to 0.00230.004 M (plot 1) Por

exp decreases
(part I). A bend is observed (CMC-1), andPor

exp further
decreases up to a concentration ofII equal to 0.0113
0.012 M (part II). Here, one more bend is observed
(CMC-2), andPor

exp increases (part III). Taking into
account that the dipole moment of a solute is a func-
tion of its orientational polarization [8] and hence the
apparent orientational polarization is directly related
to the dipole moment of the mixture, calculated per
mole of SAS, the observed pattern may be interpreted
as follows. Part I corresponds to gradual decrease of
the concentration of free polar SAS molecules with
a dipole momentm and accumulation of less polar
associates (premicelle state) with a dipole momentmres.

m

m
m

mres

Premicelle
state

Spherical
micelle

mr̀es

Nonspherical micelle

The concentration of associates attains its maximal
value at CMC-1. Part II of the plot reflects accumula-
tion of weakly polar reversed spherical micelles
whose concentration is maximal at CMC-2. Further
raising the concentration ofII (part III) is likely to
result in asymmetrization of spherical micelles and
accumulation of more polar [4] nonspherical micelles
with a dipole momentm`res; subsequent enlargement
of nonspherical micelles leads to some increase of
Por

exp and hence of the apparent dipole moment of
the mixture. Thus the macroscopic parametere may
be regarded to some extent as that chatacterizing not
only polarity of the medium but also its ordering [4].
From this viewpoint, the shape of curve2 in Fig. 1
can be interpreted as continuous inspissation of
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a mixture of II with chloroform. This process
includes (in succession) association of SAS molecules
to give initially premicelle state and spherical micelles
containing chloroform molecules, contraction of the
inner micelle volume due to increase of the aggrega-
tion number and displacement of solvent molecules
from the polar nucleus of spherical micelles, enlarge-
ment of spherical micelles, their asymmetrization to
form nonspherical micelles, and enlargement of the
latter. These qualitative conclusions are well consist-
ent with the results of studying solutions of cetyl-
pyridinium iodides in carbon tetrachloride by dielco-
metric titration, Rayleigh scattering, and IR and1H
NMR (using spin probe) spectroscopy [4, 5]. Plots3
and 4 in Fig. 1, which describe structurization of
mixtures of II with chloroform and calixareneV,
may be interpreted as follows. When the point corre-
sponding to CMC-1 is attained (which almost coin-
cides with CMC-1 for solutions ofII in chloroform),
further inspissation of the medium is not accompanied
by increase of the apparent dipole moment.

Quantitative processing of the concentration
dependences ofPor

exp was accomplished by the itera-
tion procedure usingCPESSP software [9]. The
procedure consists of the following. On the basis of
the mass action law different versions of association
process are considered [in our case, according to
Eq. (1)], each being characterized by its own physical
parametersQ. Theoretical concentrations dependences
of these parameters are calculated and are then com-
pared with those obtained experimentally. The correla-
tion quality is estimated using the functionalF
[Eq. (3)], which should have a minimal value.

z
F = S[(Qm

exp 3 Qm
theor)Wm]2. (3)

m

Here,m changes from 1 toz (the number of experi-
mental points), andWm is the mean-square deviation.
The minimal value ofF is determined by the iteration
procedure for each theoretically possible association
model.

As experimental physical parameterQ we chose
orientational polarizationPor. The theoretical value of
Por was calculated by the formula

Por
theor = a Por

as + (1 3 N a)Por
m.

Here,Por
as andPm

or are the orientational polarizations
of the associated and monomeric forms of SAS,
respectively. Mathematical treatment of the experi-
mental concentration dependence ofPor (Fig. 1,
plot 1) using Eq. (3) gave values ofN and Kas for
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Fig. 2. Variation of the chemical shifts of (1) OH protons
of calixareneIV and (2) NCH3 protons of compoundII ;
CDCl3, cIV = 0.02 M.

compoundII in chloroform in the absence of calix-
arene V. The best correlation between the experi-
mental and theoretical dependences was found for
N = 8 and logKas = 20.8+0.3, Por = 12.8 (Fmin = 2.0
at m = 29). Further increase inN does not lead to
reduction of Fmin.

The values of Por
exp for the system containing

calixareneV (Fig. 1, plot 3) differ from Por which
were calculated assuming the absence of interaction
between compoundsII and V (on the additivity
principle). CPESSP treatment [9] of the concentration
dependence (plot3 in Fig. 1) showed that proper
description of the experimental data requires not only
association ofII [Eq. (1)] but also interactions ofV
with both monomeric and micelle states ofII to be
taken into account. The two latter processes can
follow schemes (4) and (5):

SAS + AMC7647
Kàs

SAS.AMC ,

logK‘as = 4.8+0.5, Por = 22; (4)

SASN + AMC 7647
K `às

SAS.AMC .

logK‘‘as = 26.7+0.3, Por = 12. (5)

The occurrence of such interactions is supported by
the data of1H NMR spectroscopy (Fig. 2), according
to which the NCH3 signal of II in micelle solution in
CDCl3 shifts slightly upfield in the presence of calix-
arene IV . A stronger shift is observed for the OH
proton signal ofV. The shift of the NCH3 signal
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Fig. 3. Accumulation of (1, 2) SASN, (3) SASN .AMC,
(4) SAS.AMC, and (5) SASN+SASN .AMC associates
in chloroform at 20oC with rise in SAS concentration
(1) in the absence and (235) in the presence of 50
1034 mol/l of calixareneV.

almost does not shift as the concentration ofII rises,
whereas the shift of the OH signal increases. Presum-
ably, these data indicate increase in the relative
amount of associated molecules ofII which react with
solubilized calixarene molecules.

Thus calixarene is bound by the surface-active
substance in both monomeric and associated forms.
Figure 3 shows the concentration dependences of the
degree of accumulation of different associates in
chloroform in the absence and in the presence of
calixareneV. Curve 5 reflects the total change in
the accumulation of associates in the system CHCl33
surface-active substance3calixareneV. Greater values
of a on plot 5 relative to plot 1 (accumulation of
SASN in the system CHCl33SAS in the absence of
calixarene) in the concentration range from 0.001 to
0.012 M indicate that clixarene favors aggregation of
compound II .

Micelle formation process affects not only com-
plexing power and spectral parameters of 2-hydroxy-
ethylammonium derivatives but also its catalytic
activity. Using the spectrophotometric technique we
studied the kinetics of the reaction of calixareneIV
with p-nitrophenyl bis(chloromethyl)phosphinate in
chloroform in the presence of quaternary ammonium
salts I3III . The process was monitored following
variation of the optical density atl 322.63328.9 nm
which corresponds to absorption of 4-nitrophenol.
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Fig. 4. Plots of the apparent rate constants of the reaction
of p-nitrophenyl bis(chloromethyl)phosphinate with calix-
areneIV in chloroform at 50oC versus concentration of
n-alkyl(2-hydroxyethyl)dimethylammonium bromides
(1) I , (2) II , and (3) III ; cIV = 0.0002 M.

Under conditions ensuring pseudounimolecular
process, i.e., at ap-nitrophenyl bis(chloromethyl)-
phosphinate (dP 39.5 ppm) concentration much lower
than nucleophile concentration, the reaction results in
formation of productVI (dP 38.4 ppm).

IV + (ClCH2)2P(O)OC6H4NO2-p
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R = n-C9H19, R` = CH2NMe2, R`̀ = CH2Cl.

Figure 4 gives the plots of the apparent rate con-
stantskn) for formation of phosphorylated calixarene
VI in chloroform at 50oC versus concentration of
tetraalkylammonium bromidesI3III . Under condi-
tions of micelle formation the rate of the reaction
increases by more than an order of magnitude. The
concentration dependences pass through a maximum
at cSAS ; 0.05 M and then through a minimum. In
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Parameters of the reaction ofp-nitrophenyl bis(chloromethyl)phosphinate with calixareneIV a in chloroform at 50oC in
the presence of micelles formed byn-alkyl(2-hydroxyethyl)dimethylammonium bromidesI3III
ÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄ

Ammonium ³ KS, ³ KNu, ³ k2,m ³
CMC, M

³
(kap/k0)b

³
Fm

³
Fc

³
Fm0Fcbromide ³ l/mol ³ l/mol ³ l mol31 min31³ ³ ³ ³ ³

ÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄ
I ³ 253 ³ 10 ³ 0.88 ³ 0.014 ³ 18 ³ 0.71 ³ 24 ³ 17
II ³ 471 ³ 4.8 ³ 1.6 ³ 0.009 ³ 17 ³ 1.3 ³ 13 ³ 17
III ³ 578 ³ 3.5 ³ 3.3 ³ 0.0021 ³ 28 ³ 2.7 ³ 10 ³ 27

ÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄ
a cIV = 0.0002 M.b kap is the maximal apparent pseudofirst-order rate constant in micelle solutions of SAS, andk0 is the pseudofirst-

order rate constant in the absence of SAS.

the cases of compoundsI and III the rate constants
increase with further rise incSAS, while one more
maximum is observed for bromideII . The catalysis
by reversed micelles of a surface-active substance is
commonly explained by concentrating of the reactants
in the micelle phase and by the effect of micelle
microenvironment on the process [10]. Raising the
concentration of SAS in solution is accompanied by
increase in the number of associates, which could lead
to dilution of the solubilized reactants and hence
reduction of the rate constant. The subsequent increase
of kap is likely to result from structural reorganization
of micelles. The concentration dependences shown in
Fig. 4 can be described in terms of the pseudophase
model developed by Berezin and co-workers [11, 12]:

kap = 777777777777
(1 + KSCSAS)(1 + KNuCSAS)

k2,0 + (k2,m/V)KSKNuCSAS
.

Here, k2, 0 and k2,m (l mol31 s31) are the second-
order rate constants for the reactions in chloroform
and in the micelle pseudophase, respectively;KS and
KNu are equilibrium constants for binding of the
substrate and nucleophile with micelles;V is the molar
volume of SAS; andcSAS is its concentration minus
CMC. The results of mathematical processing are
given in table.

It is seen that increase in the length of then-alkyl
radical leads to increase of the bimolecular rate
constant in the micelle phase and of the substrate3
micelle binding constant. Simultaneously, the binding
constant for calixarene (nucleophile) and critical
micelle concentration decrease. In terms of the
Berezin model, the maximal acceleration is given by
the following equation [12]:

(kap/k0)max = 77
k2,m

k2,0
777777777
V[(KS)1/2 + (KNu)1/2]2

KSKNu
.

Here, the first factor in the right part reflects the
effect of variation of microenvironment of solubilized
reactants (Fm), and the second, the effect of increase

of the reactant concentration in the micelle phase (Fc).
The data in table show that the calculated values of
Fm Fk are well consistent with the experimental
acceleration (kap/k0)max.

Increase in the hydrophobicity of surface-active
substances leads to decrease inFc and increase inFm.
However, in all cases the contribution ofFc to the
catalytic activity is determining. The opposite change
of the two factors is responsible for almost similar
maximal catalytic activities of micelles formed by
compoundsI andII in the range of their concentration
from CMC-1 to CMC-2 and for the higher maximal
catalytic activity found for compoundIII . When the
concentration of SAS exceeds CMC-2,i.e., after struc-
tural reorganization of micelles, the situation changes.
At large SAS concentrations the highest catalytic
activity was found for compoundI , while bromideII
is the least active (Fig. 4).

Thus, there is a relation between the structure of
micelles and their catalytic activity in nucleophilic
substitution in phosphinic acid ester. Therefore,
proper analysis of the kinetic data requires that
regions of structural transitions be taken into account,
and parameters of catalytic reactions should be
calculated at a SAS concentration corresponding to
micelles with the same structure.

EXPERIMENTAL

The 31P NMR spectra were recorded on a Bruker
MSL-400 instrument (162 MHz). The1H NMR
spectra were obtained on a Bruker-400 Fourier spec-
trometer relative to tetramethylsilane as internal
reference. The proton chemical shifts were as follows,
d, ppm (CDCl3): 3.36 s (6H, NCH3, 0.1 mol/l of II )
and 8.8 s (8H, OH, 0.02 mol/l of calixareneIV ).

p-Nitrophenyl bis(chlormethyl)phosphinate and
tetrakis(dimethylaminomethyl)calixarenesIV and
V were synthesized by the procedures reported in
[13, 14]. CompoundsI3III were obtained by reaction
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of 2-dimethylaminoethanol with the corresponding
alkyl bromides [15]. Chloroform was purified by
standard technique [16].

The kinetic measurements were performed by spec-
trophotometry under pseudounimolecular conditions
using a Specord UV-Vis spectrophotometer. The
apparent rate constants were calculated by the first-
order equation using a PC AT-486.

Dielcometric titration was carried out as described
in [3]. The dielectric permittivities of a set of solu-
tions were determined on a setup consisting of
an E12-I instrument operating in a hopping mode
and a measuring device (a capacitor maintained at
a constant temperature) [17]. The refractive indices
were measured on an IRF-23 refractometer.
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