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ABSTRACT: In terms of the known concepts about non-
covalent bonds in polycomplexes, the unusual case of
interaction between positively charged aluminoxane par-
ticles (AP) ~ 4.6 nm in size, which comprise the main por-
tion of the dispersed phase in the sols of poly(aluminum
hydroxychloride) (PAHC), and weakly charged cationic
polyelectrolytes from the Praestol, Organopol, and Zetag
series (WCPE) has been examined. Using viscometry,
turbidimetry, and elemental analysis, it has been found
that interaction between these compounds proceeds if the
content of cationic groups in the polyelectrolyte is small
and ions of a low-molecular-weight electrolyte occur in

solution. Under the given conditions, the electrostatic
repulsion of likely charged reagents does not manifest
itself but other kinds of noncovalent interactions are
realized that lead to formation of water-soluble polymer-
colloid complexes (PCCs). Fully charged polyelectrolytes
are incapable of such interactions because of a strong elec-
trostatic repulsion of reagents. The scheme illustrating
formation of PCC has advanced. © 2011 Wiley Periodicals,
Inc. ] Appl Polym Sci 121: 475-482, 2011
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INTRODUCTION

Over the last decade, hybrid nanocomposite materi-
als have assumed great importance in practice due
to their new technological applications in micro- and
photoelectronics, biomedical devices and sensors,
coatings, and catalysts.'™® In many cases, such struc-
tures form via the self-assembly process in various
systems: colloid—colloid,”™""  polymer-polymer,'*'*
and polymer—colloid.">?® Note that nanocomposites
may be obtained both in the solid state and in the
form of aqueous dispersions and solutions which is
of particular importance for the cases of their bio-
medical application or biocompatible complexes.*' >
Polymer—colloid complexes (PCCs), which are prod-
ucts of interaction of macromolecules with colloidal
objects, belong to this type of hybrid nanomaterials.
There is a great number of experimental and theore-
tical studies”>* devoted to the behavior of poly-
mer—colloid complexes in diluted aqueous solutions.
It was found that the ability to form stable PCCs
between macromolecules and colloidal particles, as
well as between complementary macromolecules,
accompanied bz formation of interpolymer com-
plexes (IPCs)*™® is related to manifestation of the
fundamental property of macromolecules—a high
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cooperativity of a system of very weak (per a macro-
molecule chain) noncovalent interactions (hydrogen
bonds, van der Waals interactions, and electrostatic
bonds) between macromolecules in IPCs or between
a macromolecule and a particle in PCCs.

Polycomplexes may form with participation of not
a single but of several types of interactions simulta-
neously. However, estimation of contribution due to
every type of interactions into formation of PCCs
presents a problem. It is believed that electrostatic
interactions, as the most long-ranging,” are prima-
rily realized during formation of PCCs.

Actually, in many papers the formation of poly-
mer—colloid and polyelectrolyte complexes, specifi-
cally in the preparation of polyelectrolyte multilayer
films, is explained by the action of electrostatic con-
trolling forces.”'*"172°3640-49 However, the entropy
nature of the polycomplexes was assumed in previ-
ously published works devoted to polyelectrolyte
complexes.”*! Recent studies of interacting nano-
particles with a number of block copolymers showed
that both enthalpy and entropy factors play an
important role during polycomplex formation.”>>¢

Earlier, we have obtained PCCs during mixing of
aqueous colloidal solutions of aluminum poly-
hydroxochloride (APHC) with water-soluble poly-
mers—polyacrylamide and polyethylenimine.*>>* Tt
is assumed that in the case of polyacrylamide partial
hydrolysis may be responsible for occurrence of
acidic groups in macromolecules which are involved
in electrostatic interactions with positively charged
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colloidal aluminoxane particles. As regards poly-
ethylenimine, which is cation-active in the proto-
nated state, the Coulomb attraction between likely
charged particles and macromolecules is excluded.

In this work, we made the attempt to estimate non-
electrostatic interactions during formation of PCCs.
Therefore, water-soluble polymers containing a small
amount of cationic groups—the so-called weakly
charged cationic polyelectrolytes (WCPEs), were
selected as polymers. In this case, electrostatic inter-
actions between the linear polyelectrolyte and alumi-
noxane particles (APs) cannot be responsible for
formation of polycomplexes and the self-assembly of
the latter compounds, if it occurs, is controlled by
the loss of the entropy of polymeric chains wrapping
colloidal aluminoxane particles.

EXPERIMENTAL

PAHC was prepared as an aqueous solution from
the aluminum alloy as described in.”” The content of
aluminum was 12.6 wt %, and the atomic ratio was
Cl: Al = 0.46.

According to small-angle X-ray scattering, the
aqueous dispersion of PAHC is a mixture of colloi-
dal particles of two types that significantly differ in
size (4.6 and 60 nm). The volume content of particles
60 nm in size does not exceed 1% from the volume
of all scattering particles. Particles 4.6 nm is size are
dense subunits of the thread-like spatial structure
with a fractal dimensionality of d; ~ 1.0.%®

The samples of acrylamide copolymers from the
Praestol, Organopol, and Zetag series were used as
WCPE. They differed in the chemical structure,
molecular weight, and content of cationic (quaternary
ammonium) groups. In contrast to the weakly
charged polyelectrolytes, the strong cationic polyelec-
trolyte, KF 99 (poly(N,N,N,N-trimethylmethacryloy-
loxyethylammonium methyl sulfate), was employed
in this study. This selection was associated with a
wide application of these copolymers in practice and
their high molecular weight. Since the copolymer
samples used in this study were commercial and
their characteristics were tentative, the quantity of
functional groups in the copolymers was measured.

The quantity of cationic groups in WCPE was
determined by potentiometric titration with a solution
of AgNO; with the aid of a silver detector electrode.

The viscosity of WCPE solutions was measured in
aqueous and aqueous-saline solutions by means of a
Cannon-Ubbelohde-75/008 viscometer with D, =
0.54 mm at 30°C.

The optical density of solutions of the initial
reagents and their mixtures was measured at diffe-
rent concentrations of NaCl in solution on a Specol-
1300 spectrophotometer at a wavelength of A =
540 nmand L =1 + 3 cm.
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Table I summarizes characteristics of WCPE. To
prepare PCC, the aqueous solutions of WCPE (c =
0.05 g/dL) were mixed with a calculated weighted
portion of PAHC (for different APP"-to-WCPE unit
molar ratios), and the mixture was allowed to stand
for one day at room temperature.

To separate the products of interaction of WCPE
and AP, the solutions of copolymers with ¢ = 0.2 g/
dL were prepared. A weighted portion of NaCl
(cnact = 4 mol/L) was added to solution of the
product of interaction between PAHC and WCPE.
The precipitated PCC was isolated. After drying to
a constant weight at 65°C and p = 10 mmHg, the
content of aluminum in the PCC was determined by
chelatometric titration.

RESULTS AND DISCUSSION

Because of the polyelectrolyte effect, the reduced vis-
cosity of diluted aqueous solutions of WCPE grows
with a decrease in the concentration of polyelectro-
lyte, which is typical for all polyelectrolytes.

As is known, the polyelectrolyte effect can be sup-
pressed by adding low-molecular-weight salt to
solution. To determine the minimal ionic strength,
which suppresses the polyelectrolyte effect, the
dependence of specific viscosity of aqueous WCPE
solutions with a concentration of 0.05 g/dL on the
concentration of NaCl has been examined (Fig. 1).

The above results show that for all WCPE the
polyelectrolyte effect is completely suppressed when
a concentration of NaCl of 0.1 mol/L is achieved.

The complete suppression of the polyelectrolyte
effect allows one to determine the intrinsic viscosity
of aqueous-saline WCPE solutions and to estimate
the concentrations of crossover to study the behavior
of WCPE in the region of diluted solutions (Fig. 2).

The characteristics of the polyelectrolytes are sum-
marized in Table L

Figure 3 illustrates a variation in the specific vis-
cosity of the Praestol 611BC aqueous solution with
the addition of NaCl and PAHC.

As is seen, the impact of both salts is almost the
same. In the case of NaCl, a decrease in the specific
viscosity of the aqueous solution of polyelectrolyte
is associated with the shielding of charged func-
tional groups by counterions of low-molecular-
weight salt.>%’

As regards the effect of PAHC, such a behavior of
WCPE can be explained by two causes. One of them
is a change in the ionic strength of polyelectrolyte
solution with an increase in the concentration of
PAHC. The ionic strength of solution depends not
only on the concentration of low-molecular-weight
electrolyte but also on the charge of ions contained in
the polyelectrolyte.”® As it was noted above, the
dispersion of PAHC in acidic aqueous solutions is
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Figure 1 The specific viscosity of polyelectrolyte solutions
(Nsp) vs. the concentration of NaCl. Curves 1, 2, 3, and 4
refer to Organopol 6400, Organopol 6405, Praestol 611BC,
and Praestol 851BC, respectively; Cywcpe = 0.05 g/dL.

composed of positively charged AP surrounded by
chloride counterions. Hence, in aqueous solutions,
PAHC behaves as an electrolyte. It is impossible to
estimate the ionic strength of solution created by
PAHC because the amount and charge of potential-
determining aluminum ions on the surface of the
aluminoxane aggregate, which determine the poten-
tial, are unknown. The distribution of chloride coun-
terions between dense and diffuse parts is also
unknown. However, taking into consideration
that the size of the APHC aggregate is rather high
(4.6 nm) and the fact that the aqueous dispersion
of PAHC demonstrates an extremely high aggrega-
tive and sedimentation stability,”” it may be sug-
gested that the charge of the APHC colloidal particle
will be noticeable.
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Figure 2 The reduced viscosity of polyelectrolyte solu-
tions (Ngeq) Vs. their concentration (Cnac; = 0.15 mol/L).
Curves 1, 2, 3, and 4 refer to Organopol 6400, Organopol
6405, Praestol 611BC, and Praestol 851BC, respectively.
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Figure 3 The specific viscosity of the Praestol 611BC so-
lution vs. the nature and concentration of electrolytes.
Cpraestol = 0.05 g/dL. Curve 1 refers to PAHC, and curve 2
refers to NaCl.

In terms of the chemical nature, “aluminoxane”
particles fall into the family of high-basicity alumi-
num hydroxochlorides. With regard to the term
aluminoxanes, it should be noted that earlier it was
used to designate polymers with inorganic main
chains {a-of; similarly to the term “siloxanes”®' or
the products of hydrolysis of organoaluminum com-
pounds used as catalysts for olefin and diene poly-
merization.’”®® In the modern literature, the term
“aluminoxanes” denotes structures that contain
at least one oxo-group bonded to two aluminum
atomsO [:\AI-O-A(} .and represent supramolecular clus-
ters with the said structural element.®**® Colloidal

particles formed in aqueous sols of the high-basicity
PAHC possess exactly this structure.

Another cause of the above-mentioned effect is
that the viscosity of polymer solutions may decrease
due to compaction of macromolecules associated
with the formation of PCC similar to the case of
PCC of polyacrylamide and PAHC.*?

Our previous study of the specific viscosity of
aqueous WCPE solutions in relation to the concen-
tration of NaCl (Fig. 1) showed that once a certain
ionic strength of solution is increased, a further
rise in the concentration of low-molecular-weight
electrolyte does not lead to a decrease in the spe-
cific viscosity of the aqueous solution of polymer.
Therefore, if after addition of the aqueous solution
of PAHC to the aqueous-saline solution of poly-
electrolyte, the specific viscosity will decline,
this effect will be evidence for the formation of
PCC between the linear polyelectrolyte and the
PAHC particles.

Figure 4 plots the relationship between parameter
F and the concentration of PAHC in aqueous-saline
solution. In all experiments, the concentrations
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Figure 4 Relationship between parameter F and Al*"-to-
WCPE (KF-99) unit molar ratio. The concentrations of
WCPE (KF-99) and NaCl are 0.05 g/dL and 0.1 mol/L,
respectively. Curves 1, 2, 3, 4, 5, and 6 refer to Praestol
851BC, Organopol 6405, Organopol 6400, Praestol 611BC,
Zetag 92, and KF-99, respectively.

of WCPE and NaCl were equal to 0.05 g/dL and
0.10 mol/L, respectively. Parameter F was calculated
from equation

F= nexp/ncalc -1,

where N, is the measured specific viscosity of the
mixture of WCPE and PAHC solutions and Mg iS
the sum of specific viscosities of aqueous solutions
of WCPE and PAHC measured separately at invari-
able concentrations of polymers.

The above results demonstrate that, except strong
polyelectrolyte KF-99, all copolymers form complexes
with PAHC particles. It is typical that the greater the
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Figure 5 Optical density (D) of Organopol 6405, PAHC,
and their mixtures at different A>"-to-WCPE unit ratios
vs. the concentration of NaCl. In all experiments, the con-
centration of the polymer is 0.05 g/dL. Curves 1 and 2
refer to Organopol 6405 and PAHC, respectively; curves 3,
4, 5,6, 7, and 8 refer to mixtures at Al3+—to—Organopol
6405 unit molar ratiosof 0.5:1,1:1,2:1,4:1,6:1, and
10 : 1, respectively.
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Figure 6 Optical density (D) of Praestol 611BC, APHC,
and their mixtures at different Al**-to-Praestol 611BC unit
ratios vs. the concentration of NaCl In all experiments,
the concentration of the polymer is 0.05 g/dL. Curves 1
and 2 refer Praestol 611BC and (2) APHC, respectively;
curves 3, 4, 5, 6, 7, and 8 refer to mixtures at Al’" : Orga-
nopol 6405 unit molar ratios of 0.5:1,1:1,2:1,4:1,6:
1, and 10 : 1, respectively.

cationic charge of the polyelectrolyte, the smaller the
compaction of macromolecules during formation of
PCC. Parameter F declines to an Al’*-to-WCPE unit
molar ratio of 2 : 1 for Organopol 6405 and Orga-
nopol 6400 and to 3 : 1 for Praestol 611BC and Praes-
tol 851BC and then remains invariable. This behavior
may be explained by the fact that WCPE and PAHC
form the complex of a certain composition, and,
when PAHC is in deficiency, the excess linear poly-
mer occurs in solution along with PCC.

It is noteworthy that the mixing of WCPE solutions
with PAHC sols proceeds without any visible changes
in light transmittance, that is, PCC, if they form, are
soluble within the entire range of reagent ratios.

To unambiguously confirm the formation of PCC
and characterize their composition, it was necessary
to precipitate them from solution into the separate
phase and to analyze precipitates by elemental ana-
lysis. For this purpose, it was necessary to select a
component, the addition of which to the aqueous
WCPE solution could bring about polymer isolation
to the separate phase. At the same time, the addition
of this component to the aqueous PAHC solution
should not lead to its separation from solution. Our
attempts to select such a component failed. How-
ever, as was shown in,*>*® PCC formed through the
mixing of aqueous solutions of PAHC and poly-
acrylamide (PAA) precipitates from solution with an
increase in its ionic strength.

Figures 5, 6, and 7 display the optical densities
of aqueous solutions of the initial WCPE and PAHC
and their mixtures measured at different reagent
ratios as a function of the concentration of NaCl
in solution.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Optical density (D) of Zetag 92, PAHC, and
their mixtures at different AI>* : Zetag 92 unit molar ratios
vs. the concentration of NaCl. In all experiments, the con-
centration of the polymer is 0.05 g/dL. Curves 1 and 2
refer to Zetag 92 and PAHC, respectively; curves 3, 4, 5, 6,
7, and 8 refer to mixtures at A" : Organopol 6405 unit
molar ratios of 0.5:1,1:1,2:1,4:1,6:1,and 10 : 1,
respectively.

As follows from our data, the introduction of
NaCl into solution does not affect the solubility of
initial WCPE and PAHC. A quite different beha-
vior is observed in the case of their mixtures. An
increase in the ionic strength of solution brings
about isolation of the PCC into the separate phase.
Note that an increase in the Al’*-to-WCPE unit
molar ratio in the initial solution causes a shift in
turbidimetric curves toward smaller ionic strengths.
Also note that for different WCPE up to 2 : 1 =+
4 : 1M ratios, an increase in the concentration of
PAHC brings about an increase in the maximal
optical density of solution. The reason behind such
a behavior of the mixtures under investigation is
quite understandable. As was mentioned above,
the compaction of polyelectrolyte macromolecules
takes place during formation of PAHC complexes
with WCPE. Upon introduction of a strong electro-
lyte (NaCl), this process is enhanced due to an

RADCHENKO ET AL.

TABLE II
The Content of Aluminum in PCC in Relation
to the Molar Ratio of Reagents in the Mixtures
of PAHC and WCPE

AL (wt %)

Molar ratio of Praestol Organopol Zetag

No  AP":WCPEunit 611 BC 6405 92
1 02:1 - - 1.9
2 05:1 35 5.9 25
3 1:1 4.6 6.3 7.5
4 2:1 7.6 11.1 12.3
5 4:1 12.8 12.1 12.7
6 6:1 12.7 12.2 12.7
7 10:1 12.7 12.2 12.7

increase in the ionic strength of solution. As
a result, the thermodynamic affinity of bound
polymeric chains for water decreases and water
becomes a poor solvent for polymer coils that
separate in the form of concentrated microphase.
This phenomenon was employed to isolate PCC
from solutions and their subsequent analysis. Table
I gives the results of chelatometric analysis for
AP" in precipitated PCC.

The results of this study demonstrate the forma-
tion of polycomplexes during the cooperative inter-
action of polyelectrolyte macromolecules with a
sequence of functional groups on the surface of alu-
minoxane particles. The content of aluminum in the
polycomplexes formed by various copolymers
increases with an increase in its amount in the
mixture up to a certain molar ratio (relative to the
amount of macromolecules) from 2 : 1 to 4 : 1. This
is associated with different contents of cationic
groups in the macromolecules and different mole-
cular weights of the copolymers.

On the basis of the above-described data, the
formation of PCCs of weakly charged cationic
polyelectrolytes with aluminoxane particles may be
described by the scheme depicted in Figure 8.

. G s
AP

WCPE

Q. S

PCC

Figure 8 Schematic representation of formation of PCC of weakly charged polyelectrolytes with aluminoxane particles.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 shows Scheme illustrating formation of
PCCs of weakly charged cationic polyelectrolytes
with aluminoxane particles.

At a high molecular weight (620 10°), there
should be a wide conformational set of unfolded
macromolecules for the considered flexible-chain
acrylamide copolymers in diluted aqueous solutions.
If cationic groups are located far apart in polymer
chains, the amount of lengthy uncharged segmental
portions should always be considerable. As was
shown in,” flexible- and semiflexible-chain polyelec-
trolytes partially or wholly wrap a sphere during
interaction with spherical particles and eventually
form a solenoid depending on the degree of shield-
ing with a low-molecular-weight polyelectrolyte.
A similar situation is also possible for small (~ 4.6
nm) aluminoxane particles in APHC sols. The nature
of bonds formed between wrapping segmental por-
tions of polyelectrolyte macromolecules and surface
of aluminum particles may be different, as was
noted above for noncovalent interactions.

The cooperative stabilization of polycomplexes in
the case under consideration is of the entropy
nature. When cationic groups are widely spaced in
chains of weakly charged polyelectrolytes, the forces
of electrostatic repulsion do not appear with respect to
positively charged aluminoxane particles and do not
hinder the said stabilization. This mechanism is con-
firmed by the fact that a strong polyelectrolyte KF-99
does not form polymer—colloid complexes with alumi-
noxane particles, as evidenced by an almost zero value
of parameter F (Fig. 4) at any reagent ratios and by the
absence of precipitation of the product of their interac-
tion in the reagent mixture upon its treatment with the
saturated aqueous solution of NaCl.
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