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Aggregation in poly(ethylenimine)—calix[4]resorcinarene—water—DMF systems was
studied by the methods of conductometry and dynamic light scattering. The sizes (radii) of the
aggregates formed and the critical micelle concentrations were determined. The catalytic
activity for these systems in the hydrolisys of phosphorus acid esters was shown.
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Many publications are devoted to investigation of the
properties of mixed solutions of polymers (polyelectro�
lytes) with amphiphilic compounds, for example, with
ionogenic surfactants (Surf).1—4 In these systems, com�
bined associates are formed due to noncovalent interac�
tions (electrostatic, hydrophobic, hydrogen, and others)
of the amphiphile with the polymer macromolecule. The
study of the properties of mixed compositions makes it
possible to model and understand the nature of intermo�
lecular interactions of biopolymers (proteins) with lipids
in biomembranes and the mechanisms of their function�
ing.5—7 At the same time, nanostructured polymeric sys�
tems are of practical significance, because they are used as
flocculants, mediators of biologically active substances,
nanoreactors for various chemical processes, etc. Aggre�
gates of different shape and size are formed and structural
and phase transformations occur due to the selection of
the structures of amphiphiles and polymers (polyelectro�
lytes) and their ratio and concentration in mixed systems,
which determine their specific properties, including the
catalytic ones.

In the present work, polyelectrolyte—calix[4]resorcin�
arene—water—DMF (30 vol.%) compositions were stud�
ied as nanoreactors of hydrolysis of phosphorus acid es�
ters. Phosphorylated calix[4]resorcinarenes (PCR) 1 and 2
containing the alkylphosphonate fragments at the lower
rim of the molecule in the cone conformation were used.

Calixarenes are macrocyclic compounds synthesized
by the condensation of phenols and aldehydes of different
structure.8 They contain hydrophobic cavities that allow
them to act as receptors binding molecules with certain

sizes and polarity to form host—guest complexes (mo�
lecular recognition).

Depending on the conformation, amphiphilic
calix[n]arenes form aggregates of different structure of the
type of micelles or lamellas.9—12 The critical micelle con�
centrations (CMC) depend on the length of the hydro�
carbon radicals and the number of aromatic rings (n) in
a calixarenes molecule. It is known13 that functionalized
calixarenes, similarly to natural detergents, can incorpo�
rate into micelles and bilayers formed by other amphi�
philes. It has previously been found14 by conductometry
that PCR aggregate in a water—DMF (30 vol.%) medium
at high pH (PCR : NaOH = 1 : 8) with CMC = 4•10–4

mol L–1. We showed by tensiometry that the PCR under
study at neutral pH values possess surface activity affected
by the hydrophobicity of the R radical in calixarene
(CMC = 1.3•10–4 and 8•10–5 mol L–1 for PCR 1 and 2,
respectively) (Fig. 1). The radii of the PCR aggregates
(4•10–4 mol L–1) determined by the light scattering
method are 100—103 nm.

R = Et (1), Pr (2)
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Linear and branched water�soluble poly(ethylene�
imines) (PEI) were used as polyelectrolytes in this work.

Experimental

4�Nitrophenyl bis(chloromethyl)phosphinate (3) and
bis(4�nitrophenyl) methylphosphonate (4) were synthesized
using known procedures.15 Samples of branched PEI (Fluka)
with the molecular weights 10000 (PEI10) and 800 (PEI0.8),
linear PEI with the molecular weight 5000 (LPEI5), and the
PEI10 sample modified by C12H25 groups (12�PEI10) were used.
The latter were synthesized according to a described proce�
dure16 by the reaction of PEI10 with dodecyl bromide. The alky�
lated polymer isolated from the organic layer was evacuated by
heating to a constant weight and characterized by IR and
1H NMR spectroscopy. The molecular weight of the mono�
meric unit of PEI was determined by potentiometric titration on
a pH�150MA instrument.

Calix[4]resorcinarenes 1 and 2 containing the alkylphos�
phonate groups were synthesized according to a described pro�
cedure.17 The structures and compositions of the compounds
were confirmed by 1H NMR, 31P NMR, and IR spectroscopy,
MALDI�TOF mass spectrometry, and elemental analysis data.

The kinetics of hydrolysis of 4�nitrophenyl esters of tetra�
coordinate phosphorus acids was studied by spectrophotometry
on a Specord UV—VIS instrument at the initial substrate con�
centrations 5•10–5—1•10–4 mol L–1 and different pH values.
The course of the reaction was monitored by a change in the
absorbance of the solutions (A) at 400 nm (formation of the
4�nitrophenoxide anion). The conversion was >90%. The ob�
served rate constants of the first�order reaction (kobs/s–1) was
calculated using the regression method by the equation

ln(A∞ – At) = –0.434kobst + const, (1)

where A∞ and At are the absorbances at the reaction cessation
and at the time t, respectively.

Data on the electrical conductance of micellar solutions
were obtained on a CDM�2d conductometer (Denmark). The
conductance of bidistilled water, which was used for preparing
solutions of the reactants, was accepted as zero. The surface
tension was determined by the ring detachment method on a
Du Nouy tensiometer.

The effective hydrodynamic radius of the aggregates (Reff)
was determined on a Photocor Complex instrument for dynamic
and static light scattering. The radiation source was a He—He
gas laser with a power of 10 mW and a wavelength of 633 nm.
The effective radii of the aggregates were calculated from the
diffusion coefficients using the Stokes—Einstein equation for
spherical particles of the same size taking into account the vis�
cosity of the solutions under study.

For each system, the hydrodynamic radius was determined
as the arithmetic mean from the data of ten measurements. The
measurement error was ≤10%.

The kinematic viscosity of solutions was determined using a
VPZh�1 capillary glass viscosimeter (internal diameter of the
capillary 0.54 mm, viscosimeter constant 0.01162 mm2 s–2). The
measurements were carried out in a temperature�controlled ves�
sel at 25±0.2 °C.

The kinetic dependences were analyzed in terms of the equa�
tion of the pseudo�phase model of micellar catalysis18

kobs = [kw + kmKS(CSurf – CMC)]/
/[1 + KS(CSurf – CMC)], (2)

where kobs is the observed rate constant of the first�order reac�
tion (s–1); kw and km are the reaction rate constants in the
solvent bulk and in the micellar phase (s–1), respectively; KS is
the binding constant of the substrate and micelle (L mol–1);
CSurf is the surfactant concentration (mol L–1).

Results and Discussion

We found by conductometry that in a water—DMF
(30 vol.%) medium at critical association concentrations
(CAC) poly(ethyleneimines) form aggregates. It should
be noted that the conductometric curves for the polyelec�
trolytes studied contain two breaks: at (0.8—4)•10–3

(CAC1) and (0.9—1)•10–2 mol L–1 (CAC2) (Table 1).

Fig. 1. Surface tension isotherms (σ) of solutions of PCR 1 and 2
at their different concentrations (CPCR) (water—DMF
(30 vol.%), 25 °C).
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Table 1. Critical association concentrations (CAC) of
poly(ethyleneimines) in a water—DMF (30 vol.%) medium in
the absence and presence of PCR 1 (30 °С)

PEI CPCR•104 CAC1•103 CAC2•102

mol L–1

PEI10 — 4.0 1.0
PEI10 2.7 0.9 1.3
12�PEI10 — 2.4* 0.96
12�PEI10 4.0** 1.0 0.9
PEI0.8 — 0.8 0.95
PEI0.8 4.0 1.85 1.5
LPEI5 — 2.0 0.9

* According to the viscosimetry data, 2•10–3 mol L–1.
** For PCR 2.
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The molecular weight of the electrolyte and the presence
of long�chain alkyl radicals in the macromolecule affect
the CAC1 values, and the CAC2 values are close for all
PEI samples under study (see Table 1).

Probably, aggregation of PEI first occurs inside one
macromolecule (intrapolymer interactions) involving the
N...HN hydrogen bonds, whereas for 12�PEI10 the aggre�
gation first involved strong hydrophobic interactions. The
CAC2 values in the PEI—water—DMF systems charac�
terize structural rearrangements of the aggregates, which
involves, evidently, several polyelectrolyte macromol�
ecules (interpolymer interactions). This can change the
sizes and properties of the polymeric associates. We found
by light scattering that the PEI concentration affects the
radius size: for 12�PEI10 Reff = 88 and 106 nm at concen�
trations of 0.01 and 0.02 mol L–1, respectively. Note that
in a water—DMF medium the sizes of the PEI aggregates
are much larger than those in water. For instance, the
effective radius of 12�PEI10 (0.02 mol L–1) in water is
72 nm and that in a water—DMF medium is 106 nm. The
presence of DMF in the system should decrease the dis�
sociation of the acidic groups of PCR capable, probably,
of forming complexes with DMF, although, as shown
earlier,19 the interaction of phosphorus acids with water is
energetically more favorable than that with DMF.

For 12�PEI10 some increase in the CAC is observed in
a water—DMF medium (see Table 1) compared to an
aqueous solution, where CAC1 = 1.8•10–3 mol L–1 and
CAC2 = 8•10–3 mol L–1. It is most likely that the CAC
values decrease in an aqueous medium, because the hydro�
phobic interactions that are more pronounced in water
participate primarily in the formation of the polymer as�
sociate 12�PEI10. Interestingly, for PEI10 the aggregation
occurs in water at high concentrations (0.01 mol L–1),
although CAC1 and CAC2 are determined for PEI10 in
the presence of DMF (see Table 1). It is known20 that
DMF favors the destruction of the water structure due to
the arrangement of its Me groups in cavities of the tetra�
hedral framework of water, which can affect the solvation
of the nitrogen atoms of PEI and its aggregation proper�
ties. Note that the CAC1 value for LPEI5 in a water—DMF
medium differs strongly from CAC1 for branched PEI,
but structural rearrangements in these samples occur at
virtually equal concentrations (CAC2) (see Table 1). The
conductometric curves for PEI0.8 in water also exhibit
two breaks (at 1.1•10–3 and 1.6•10–3 mol L–1).

It is known21,22 that the properties of mixed poly�
mer—amphiphile compositions (viscosity, surface activ�
ity, electrical conductance, aggregation numbers of the
amphiphile, size of the polymer globule, and others)
change compared to the properties of the systems based
on individual components. We found that in the presence
of PCR in a water—DMF medium the CAC1 values for
the PEI samples (except for PEI0.8) decrease. According
to published data,21,23 this indicates in favor of the forma�

tion of combined aggregates (polyelectrolyte complexes
with calix[4]resorcinarenes) in PEI—PCR—water—DMF
systems. The plots of the electrical conductivity
vs. 12�PEI10 concentration in the absence and presence
of PCR are shown in Fig. 2 as an example.

The formation of the mixed nanostructures confirms
the sharp increase in the radii of the 12�PEI10 aggregates
(0.01 mol L–1) from 88 to 138 nm in the presence of
PCR 1 (4•10–4 mol L–1) in a water—DMF medium,
which was determined by us using the light scattering
method.

Several publications on studying self�assembling in
aqueous systems based on PEI and anionic surfactants are
available.24—26 Aggregation manner in these compositions
varies depending on the pH of the medium and the mo�
lecular weight and structure of the polyelectrolyte.

The main intermolecular interactions in the
PEI—PCR—water—DMF systems are electrostatic inter�
actions and hydrogen bonds of the N...HN and OH...N
types, whereas hydrophobic binding is substantial for the
compositions based on 12�PEI10. Contributions of non�
covalent interactions depend on the pH of the medium,
because they change the ratio of charged and free nitro�
gen atoms of the polyelectrolyte and the number of an�
ions of the alkylphosphonate fragments. This should un�
ambiguously affect the aggregation properties of the sys�
tems under study. The fraction of the free amino groups
in PEI (α) at different pH values of the medium and in the
presence or absence of PCR was determined by potentio�
metric titration of the samples of the PEI studied in a
water—DMF medium using the Henderson—Hasselbach
equation27 (Table 2). The presence of PCR exerts a weak
effect on the α value. At high pH values poly(ethylene�
imines) are almost neutral polymers (see Table 2), be�
cause the fraction of the charged amino groups (1 – α) is

Fig. 2. Plots of the electrical conductance (χ) vs. 12�PEI10 con�
centration (C12�PEI10) in the absence (1) and presence of
PCR 2 (2) (water—DMF (30 vol.%), 30 °C).
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insignificant: for instance, at pH 9.5 it is 0.05—0.08, which
agrees with literature data.26

A PEI macromolecule (Fig. 3, a) or globule (Fig. 3, b)
can be considered as a soluble polymer matrix (scaffold)
on which a PCR molecule "sits down," approaching to the
polyelectrolyte by its lower rim containing the alkyl�
phosphonate fragments that bind to the nitrogen atoms
of PEI.

Probably, the mixed PEI10—PCR and 12�PEI10—PCR
aggregates have different structures. A 12�PEI10 macro�
molecule contains rather high number of long�chain radi�
cals arranged closely to each other and in rather low con�
centration (CAC1 ≈ 2•10–3 mol L–1) it forms a polymer

ball, whose formation involves the hydrophobic fragments
of the macromolecule. The aggregation of PEI10 in a wa�
ter—DMF medium begins at a higher concentration (see
Table 1) involving N...HN hydrogen bonds. In this case,
Reff in a water—DMF medium for 12�PEI10 is much longer
than that for PEI10 (106 and 4 nm, respectively (CPEI =
0.02 mol L–1)). Therefore, it can be assumed that PCR
interacts with PEI10 as shown in Fig. 3, a, and the inter�
action with 12�PEI10 occurs as shown in Fig. 3, b. At
the same time, the large size of the PCR aggregates
(Reff ≈ 100 nm) assumes that for the formation of com�
bined structures the calixarene nanoaggregate can serve as
a scaffold on which the supramolecular catalyst is formed.
A probability of threading PCR on the PEI macromol�
ecules according to the type of pseudorotaxane forma�
tion28 cannot be rejected; however, this requires addi�
tional proofs.

It is known14,29—32 that aqueous and aqueous�organic
compositions based on calixarenes manifest catalytic ac�
tivity in processes of ester bond cleavage in esters of phos�
phorus and carboxylic acids. The weak catalytic effect of
PCR on the hydrolysis of phosphorus acid esters in aque�
ous�alcohol media was shown, whereas in aqueous DMF
virtually no catalytic activity of these compounds is ob�
served.33 The catalytic effect of the PEI—water composi�
tions in the hydrolysis of phosphorus acid esters was de�
scribed,34—37 including for PEI10 and LPEI5.35,37 How�
ever, in a water—DMF medium the catalytic activity of
PEI has not been studied earlier.

In the present work, the catalytic effect of the
PEI—water—DMF and PEI—PCR—water—DMF
(30 vol.%) systems on the hydrolysis of 4�nitrophenyl
bis(chloromethyl)phosphinate (3) and bis(4�nitrophenyl)
methylphosphonate (4) (Scheme 1) was studied.

Scheme 1

R1 = R2 = CH2Cl (3); R1 = Me, R2 = 4�O2NC6H4O (4)

The plots of the observed rate constants for hydrolysis
of substrates 3 and 4 vs. pH of the medium in the
PEI—water—DMF and PEI—PCR—water—DMF sys�
tems are shown in Figs 4 and 5. The catalytic activities of
PEI10 and PEI5 are equal, and 12�PEI10 catalyzes the
hydrolysis of the esters considered by ~7—10 times more
rapidly (see Fig. 4). It is known37 that PEI catalyze this

Table 2. Fraction of the free amino groups (α) in the PEI samples
(0.02 mol L–1) in a water—DMF (30 vol.%) medium at differ�
ent pH values (30 °C)

pH PEI10 PEI0.8 LPEI5 12�PEI10* 12�PEI10—
—PCR 1**

9.5 0.92 0.99 — 0.92 (0.96) 0.95
9.0 0.84 0.94 0.96 0.87 (0.92) 0.89
8.5 0.75 0.87 0.81 0.77 (0.79) 0.81
8.0 0.64 0.77 0.69 0.64 (0.67) 0.71
7.5 0.5 0.64 0.57 0.51 (0.56) 0.58
7.0 0.4 0.49 0.46 0.39 (0.41) 0.45
6.5 0.31 0.35 0.36 0.27 (0.3) 0.31
6.0 0.23 0.26 0.23 0.17 (0.25) 0.23
5.5 0.15 0.16 0.13 0.09 (0.14) 0.14
5.0 0.08 0.07 0.03 0.016 (0.07) 0.05

* The value for CPEI = 0.01 mol L–1 is given in parentheses.
** CPEI = 0.01 mol L–1, CPCR = 4•10–4 mol L–1.

Fig. 3. Interactions in the PEI—PCR system involving the PEI
macromolecule (a) or globule (b).
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process via the general basic mechanism. The presence of
PCR exerts a weak effect on the catalytic activity of PEI10;
however, the acceleration values (kobs/k0) in the systems
based on 12�PEI10 and PCR are much higher than those
in the absence of the latter (Fig. 6).

In the presence of PCR in an aqueous�organic system
based on 12�PEI10, the plots kobs = f(pH) shift consider�
ably toward lower pH values (see Fig. 4), which makes it
possible to use these catalytic compositions under mild
conditions at pH 7—8, where the acceleration of hydroly�
sis achieves three orders of magnitude (see Figs 5 and 6).
It should be noted that the 12�PEI10—PCR—water—DMF
system manifests some selectivity toward substrates of dif�

ferent structure. For instance, at pH 7—8 the acceleration
value for phosphonate 4 (see Fig. 5) is by ~3—5 times
higher than that for phosphinate 3 (see Fig. 6).

The study of the plot of kobs vs. PEI concentration in
the absence and presence of PCR showed that the kinetic
profiles are nonlinear and reach a plateau (Figs 7 and 8).

Fig. 4. Plots of the observed rate constant of hydrolysis of
phosphinate 3 (kobs) vs. pH for PEI10 (1), 12�PEI10 (2),
LPEI5 (3), PEI10—PCR 2 (4), and 12�PEI10—PCR 1 (5)
(water—DMF (30 vol.%), CPEI = 0.02 (1, 3, 4) and
0.01 mol L–1 (2, 5), CPCR = 4•10–4 mol L–1, 30 °C).
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Fig. 5. Plots of the observed rate constant of hydrolysis of
phosphonate 4 (kobs) in the 12�PEI10—PCR 2—water—DMF
(30 vol.%) system (1) and the acceleration value (kobs/k0) (2)
vs. pH (CPCR = 4.0•10–4 mol L–1, CPEI = 0.01 mol L–1, 30 °C).
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Fig. 6. Plots of the acceleration value of the hydrolysis of
phosphinate 3 (kobs/k0) vs. pH in a water—DMF (30 vol.%)
medium for 12�PEI10 (1) and 12�PEI10—PCR 1 (2) (СPCR =
4.0•10–4 mol L–1, СPEI = 0.01 mol L–1, 30 °С).
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Fig. 7. Plots of the observed rate constant of hydrolysis of
phosphinate 3 (kobs) vs. PEI concentration (CPEI) for PEI10 (1),
PEI10—PCR 1 (2), PEI0.8—PCR 2 (3, 4), 12�PEI10 (5), and
12�PEI10—PCR 2 (6) at pH 9.5 (1, 2, 5), 8 (3, 6), and 9 (4)
(CPCR = 2.7•10–4 (2—4) and 4•10–4 mol L–1 (6), water—DMF
(30 vol.%), 30 °C).
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This assumes the primary binding of the substrate by mixed
PEI—PCR aggregates according to the host—guest type
similarly to the formation of enzyme—substrate com�
plexes,38 which precedes the reaction itself. The plots of
kobs of hydrolysis of substrate 3 vs. PCR concentration in
the presence of constant amounts of PEI10 and PEI0.8
(0.02 mol L–1) have also nonlinear profiles with maxima
at CPCR ≈ (4—4.5)•10–4 mol L–1 (PEI : PCR ≈ 45—50)
(Fig. 9). Usually in surfactant—PEI systems the CPEI/CSurf

ratio in the point of maximum in the kobs = f(CSurf) plots
at the PEI content equal to 0.02 mol L–1 is significantly
lower, being ~3—6 for phosphorus acid esters of different
structure.34,36 In a water—DMF medium PCR has no
catalytic activity in the hydrolysis of phosphorus acid es�
ters33 but in the presence of PCR the catalytic effect of
PEI10 and PEI0.8 increase by ~2—2.5 times (see Fig. 9).
This confirms the formation of combined PEI—PCR
structures with the higher catalytic activity than that of
the polyethyleneimine aggregates.

The kinetic curves kobs = f(CPEI) were processed using
Eq. (2) for the pseudo�phase model of micellar cataly�
sis,18 which is used successfully for polymeric and nano�
structured polymeric systems.34,36,39,40 The obtained pa�
rameters (km, KS, and CMC) are given in Table 3.
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Fig. 8. Plots of the observed rate constant of hydrolysis of
phosphonate 4 (kobs) vs. 12�PEI10 concentration (C12�PEI10) in
the absence (1) and presence of PCR 2 (2—4) at 30 (1, 2),
40 (3), and 50 °C (4) (CPCR = 4•10–4 mol L–1, water—DMF
(30 vol.%), pH 8).

Fig. 9. Plots of the observed rate constant of hydrolysis of
phosphinate 3 (kobs) vs. PCR 1 concentration in the presence of
PEI0.8 (1) and PEI10 (2) (CPEI = 0.02 mol L–1, pH 9.5, 30 °C).
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Table 3. Parameters of hydrolysis of substrates 3 and 4 in PEI—water—DMF (30 vol.%) and
PEI—PCR 2—water—DMF (30 vol.%) systems at different pH and T values calculated by Eq. (2)

Sub� PEI СPCR•104 pH T km KS CMC•103 km/k0*
strate /mol L–1 /°С /s–1 /L mol–1 /mol L–1

3 PEI10 — 9.5 25 0.071 55 29 4.4
3 PEI10 2.7** 9.5 30 0.11 53 3.4 6.3
3 12�PEI10 — 9.5 30 0.31 89 2.2 19.4
3 12�PEI10 4.0 8.0 30 0.22 490 1.1 367
3 PEI0.8 2.7 8.0 30 0.008 950 1.0 14.5
3 PEI0.8 2.7 9.0 30 0.063 280 2.2 11.5
4 12�PEI10 — 8.0 30 0.0089 190 2.5 990
4 12�PEI10 4.0 8.0 30 0.014 1400 2.4 1560
4 12�PEI10 4.0 8.0 40 0.023 730 1.5 2560
4 12�PEI10 4.0 8.0 50 0.032 550 1.3 3560

* k0 is the rate constant of the noncatalytic process at the corresponding pH.
** For PCR 1.
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As can be seen from the data in Table 3, substrate 4
under similar conditions (pH 8, 30 °C) is much stronger
bound by the 12�PEI10—PCR aggregate (KS =
1400 L mol–1) than substrate 3 (KS = 490 L mol–1), which
affects the acceleration of the hydrolysis reaction
(1560 and 367 times, respectively). The binding constants
for substrate 3 decrease with the pH increase (for ex�
ample, for the system based on PEI0.8 and PCR it de�
creases from 950 (pH 8) to 280 L mol–1 (pH 9)), i.e., with
a decrease in the fraction of the protonated nitrogen at�
oms (1 – α) from 0.23 to 0.06 (see Table 2). Evidently,
the protonated nitrogen atoms of PEI on the surface of
polymer�colloidal globule participate only in the binding
of phosphorus acid esters similarly to micelles of cationic
surfactants. In the presence of PCR, the CMC values for
PEI10 determined by the kinetic method decrease consid�
erably (see Table 3), which agrees with the conductomet�
ric data (see Table 1). For 12�PEI10 these values are close
to CAC1 (conductometric method). At the same time, it
should be mentioned that the CMC determined by the
kinetic and conductometric methods can differ, because
the presence of the substrate in the reaction medium can
affect the aggregation properties of the system.22

The effective activation parameters of the hydrolysis
of substrate 4 in the 12�PEI10—PCR—water—DMF sys�
tem were calculated from the kinetic plots kobs = f(CPEI)
at different temperatures (see Fig. 8). The effective acti�
vation parameters, contributed from the reaction in the
solution bulk, aggregation processes, and the reaction on
the surface of the supramolecular associate, depend on
the 12�PEI10 concentration. The sharp decrease in the
activation energy (Ea) to 25 kJ mol–1 is observed, most
likely, in the region of formation of the 12�PEI10—PCR
complexes at the polymer concentration ~(4—6)•10–3

mol L–1 (CPEI : CPCR ≈ 10—15) (Fig. 10), i.e., at the
12�PEI10 content higher than CAC1 (see Table 1). It can
be assumed that CAC1 corresponds to the onset of forma�
tion of the polymeric ball (matrix) with which the PCR
molecules then interact (formation of combined aggre�
gates). It should be mentioned that for the systems based
on hydrophobic 12�PEI10 the CPEI : CPCR ratio equal
to 10—15 is considerably lower than that for PEI10 and
PEI0.8 (CPEI : CPCR ≈ 45—50, see Fig. 9). The activation
energy of the reaction in the mixed 12�PEI10—PCR ag�
gregates calculated from the km values at different tem�
peratures (see Table 3) is 33.7 kJ mol–1.

To conclude, in the water—DMF systems based on
poly(ethyleneimines) and calix[4]resorcinarenes contain�
ing the alkylphosphonate fragments at the lower rim of
the molecule, the combined polymer�colloidal structures
are formed due to various noncovalent interactions (elec�
trostatic, hydrogen, hydrophobic, and others). The high
catalytic activity of these systems in hydrolysis of phos�
phorus acid esters (acceleration by 103 and more times at
pH 7—8) and the dependences of the catalytic effect on

the substrate structure (selectivity), molecular weight and
structure of the polyelectrolyte, pH of the medium, and
temperature were shown.

Investigations of the structural organization of poly�
mer—amphiphile complexes provide new routes for the
design of nanostructured polymeric systems for the pur�
pose of developing materials with predicted properties,
including the catalytic ones.

This work was financially supported by the Russian
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08086�ofi_a).

References

1. B. J. C. Bracman and J. B. F. N. Enbert, Chem. Rev.,
1993, 22, 85.

2. I. R. Manyurov, A. V. Bilalov, A. Ya. Tret´yakova, and V. P.
Barabanov, Vysokomol. Soedin., Ser. B, 1996, 38, 1411
[Polym. Sci., Ser. B, 1996, 38 (Engl. Transl.)].

3. L. L. Yasina, I. I. Aliev, A. M. Vasserman, V. Doseva, and
V. Yu. Baranovskii, Vysokomol. Soedin., Ser. A, 2002, 44,
1017 [Polym. Sci., Ser. A, 2002, 44 (Engl. Transl.)].

4. V. A. Kasaikin, V. A. Efremov, Yu. A. Zakharov, A. B.
Zezin, and V. A. Kabanov, Dokl. Akad. Nauk, 1997, 354,
498 [Dokl. Chem., 1997 (Engl. Transl.)].

5. M. J. Sharez, H. Lery, and J. Lang, J. Phys. Chem., 1993,
97, 9808.

6. W. Meier, Langmuir, 1996, 12, 1188.
7. M. Mulder, Basic Principles of Membrane Technology, Kluwer

Acad. Publ., The Netherlands, 1991.
8. Host Guest Complex Chemistry Macrocycles. Synthesis, Struc�

tures, Application, Eds F. Vogtle and E. Weber, Springer�
Verlag, Berlin—Heidelberg—New York—Tokyo, 1985.

Fig. 10. Plots of the activation parameters of hydrolysis of sub�
strate 4 (Ea and ∆S) in the 12�PEI10—PCR 2—water—DMF
(30 vol.%) system vs. polyelectrolyte concentration (C12�PEI10).

2 4 6 C12�PEI10•103/mol L–1

34

32

30

28

26

–300

–305

–310

–315

–320

Ea/kJ mol–1 ∆S/J K–1 mol–1



Pashirova et al.966 Russ.Chem.Bull., Int.Ed., Vol. 56, No. 5, May, 2007

9. S. Shinkai, T. Arimura, K. Araki, and H. Kawabata, J. Chem.
Soc., Perkin Trans. 1, 1989, 2039.

10. I. S. Ryzhkina, L. A. Kudryavtseva, A. R. Burilov, E. Kh.
Kazakova, and A. I. Konovalov, Izv. Akad. Nauk, Ser. Khim.,
1998, 275 [Russ. Chem. Bull., 1998, 47, 269 (Engl. Transl.)].

11. I. S. Ryzhkina, Ya. A. Babkina, S. S. Lukashenko, K. M.
Enikeev, L. A. Kudryavtseva, and A. I. Konovalov, Izv. Akad.
Nauk, Ser. Khim., 2002, 2026 [Russ. Chem. Bull., Int. Ed.,
2002, 51, 2183].

12. S. Arimori, T. Nagasaki, and S. Shinkai, J. Chem. Soc.,
Perkin Trans. 2, 1995, 679.

13. N. Kimizuka, T. Wakiama, A. Janagi, S. Shinkai, and
T. Kunitake, Bull. Chem. Soc. Jpn, 1996, 3684.

14. I. S. Ryzhkina, Ya. A. Babkina, T. N. Pashirova, K. M.
Enikeev, S. S. Lukashenko, A. R. Burilov, and L. A.
Kudryavtseva, Zhidkie kristally i ikh prakticheskoe
ispol´zovanie [Liquid Crystals and Their Practical Use], 2002,
27 (in Russian).

15. V. E. Bel´skii, L. A. Kudryavtseva, O. M. Il´ina, and B. E.
Ivanov, Zh. Obshch. Khim., 1979, 49, 2470 [J. Gen. Chem.
USSR, 1979, 49 (Engl. Transl.)].

16. F. M. Menger, L. H. Yan, E. Johnson, and D. H. Durst,
J. Am. Chem. Soc., 1987, 109, 2800.

17. A. R. Burilov, Yu. M. Volodina, E. V. Popova, A. S. Gazizov,
I. R. Knyazeva, M. A. Pudovik, W. D. Habicher, and A. I.
Konovalov, Zh. Obshch. Khim., 2006, 76, 433 [Russ. J. Gen.
Chem., 2006, 76, 412 (Engl. Transl.)].

18. J. H. Fendler and E. J. Fendler, Catalysis in Micellar and
Macromolecular Systems, Acad. Press, New York—San Fran�
cisco—London, 1975, 545 pp.

19. Yu. A. Fadeeva, L. E. Shmukler, and L. P. Safonov,
Zh. Obshch. Khim., 2004, 74, 197 [Russ. J. Gen. Chem., 2004,
74, 174 (Engl. Transl.)].

20. G. I. Egorov, A. A. Syrbu, and A. M. Kolker, Zh. Obshch.
Khim., 2003, 73, 1074 [Russ. J. Gen. Chem., 2003, 73, 1016
(Engl. Transl.)].

21. P. Choppinet, L. Ynllie, and B. Voleur, J. Chem. Soc., Perkin
Trans. 2, 1999, 249.

22. E. M. Kosacheva, D. B. Kudryavtsev, R. F. Bakeeva, A. I.
Kuklin, A. Kh. Islamov, L. A. Kudryavtseva, V. F. Sopin,
and A. I. Konovalov, Kolloid. Zh., 2006, 68, 784 [Colloid J.,
2006, 68, 713 (Engl. Transl.)].

23. V. G. Babak, M. A. Anchipolovskii, G. A. Vikhoreva, and
I. G. Lukina, Kolloid. Zh., 1996, 58, 155 [Colloid J., 1996,
58, 145 (Engl. Transl.)].

24. S. M. Bastardo, R. Meszaros, J. Varga, T. Gilanyi, and R. M.
Claesson, J. Phys. Chem., 2005, 109, 16196.

25. S. M. Bystryak and M. A. Winnik, Langmuir, 1999, 3748.
26. L. Ya. Zakharova, F. G. Valeeva, D. B. Kudryavtsev, A. V.

Bilalov, A. Ya. Tret´yakova, L. A. Kudryavtseva, A. I.
Konovalov, and V. P. Barabanov, Izv. Akad. Nauk, Ser.
Khim., 2005, 630 [Russ. Chem. Bull., Ent. Ed., 2005, 54, 641].

27. W. P. Jencks, Catalysis in Chemistry and Enzymology,
McGraw�Hill, New York—St. Lovis—San Francisco—Lon�
don—Sidney—Toronto—Mexico—Panama, 1969.

28. I. G. Panova and I. N. Topchieva, Usp. Khim., 2001, 70, 27
[Russ. Chem. Rev., 2001, 70, 49 (Engl. Transl.)].

29. S. Shinkai, Y. Shirahama, T. Tsubaki, and O. Manabe,
J. Chem. Soc., Perkin Trans. 1, 1989, 1859.

30. S. Shinkai, Y. Shirahama, T. Tsubaki, and O. Manabe, J. Am.
Chem. Soc., 1989, 111, 5477.

31. N. Pirrincioglu, T. Laman, and A. Williany, J. Chem. Soc.,
Perkin Trans. 1, 1996, 2561.

32. A. B. Mirgorodskaya, L. A. Kudryavtseva, E. Kh. Kazakova,
and A. I. Konovalov, Izv. Akad. Nauk, Ser. Khim., 2000, 258
[Russ. Chem. Bull., Int. Ed., 2000, 49, 261].

33. T. N. Pashirova, Ph. D. (Chem.) Thesis, A. E. Arbuzov
Institute of Organic and Physical Chemistry, Kazan Re�
search Center of the Russian Academy of Sciences, Kazan,
2005, 172 pp. (in Russian).

34. L. Ya. Zakharova, F. G. Valeeva, D. B. Kudryavtsev, A. R.
Ibragimova, L. A. Kudryavtseva, A. P. Timosheva, and V. E.
Kataev, Kinet. Katal., 2003, 73, 599 [Kinet. Catal., 2003, 44,
547 (Engl. Transl.)].

35. R. F. Bakeeva, D. B. Kudryavtsev, L. Ya. Zakharova, L. A.
Kudryavtseva, A. Raevska, and V. F. Sopin, Mol. Cryst. Liq.
Cryst., 2001, 367, 585.

36. D. B. Kudryavtsev, R. F. Bakeeva, L. A. Kudryavtseva, L. Ya.
Zakharova, and V. F. Sopin, Mendeleev Commun., 2000, 202.

37. R. F. Bakeeva, L. A. Kudryavtseva, V. E. Bel´skii, and B. E.
Ivanov, Zh. Obshch. Khim., 1983, 53, 1058 [J. Gen. Chem.
USSR, 1983, 53 (Engl. Transl.)].

38. I. V. Berezin, K. Martinek, and A. K. Yatsimirskii, Usp.
Khim., 1973, 42, 1729 [Russ. Chem. Rev., 1973, 42 (Engl.
Transl.)].

39. L. R. Lawin, W. K. Fife, and C. X. Tian, Langmuir, 2000,
16, 3883.

40. J. Ghoreishi, S. M. Zi, J. Wars, D. M. Bloor, J. F. Holzwarth,
and E. Wyn�Jones, Langmuir, 2000, 16, 3093.

Received December 2, 2006;
in revised form March 20, 2007



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
  ]
  /NeverEmbed [ true
    /Helvetica
    /Times-Roman
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


