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Abgstract - Some routes of preparation of water-soluble
nonstoichiometric complexes (N-PEC) are considered. The
structure of water-soluble N-PEC is examined and it is
shown that in certain aspects they behave like individual
macromolecular compounds and represent a new class of
complex water-soluble polyelectrolytes., The behavior of
F-PEC in aqueous salt solutions is considered and reasons
and a mechanism of conformational transformations of the
N-PEC macromolecules in these media are discussed.
Disproportionation phenomena observed in N-PEC sgolutions
are described in connection with the peculiarities of a
phase separation in these systems, possible reasons and

a mechanism of these phenomena are suggested. Data on the
kinetics of the macromolecular exchange reactions in
N-PEC solutions are presented. It is shown that the rate
of interchange is dramatically controlled by simple
electrolytes present in the reaction media.

The increasing interest in the chemistry and physical chemistry of synthetic
polyelectrolytes is due to the continuous expansion of the areas of their
practical application as highly effective flocculants, cross-linking

agents and stabilizers of colloidal dispersions, ion-exchange materials
specific sorbents, biologically active compounds etc. Therefore the problem
of production of diphilic water-soluble macromolecules, which chains
contain both hydrophilic and hydrophobic units, is of special importance.

In this paper one of the new approaches to the synthesis of these systems
is considered, it is based on the use of interpolymer chemical reactions.

Interpolymer reactions became a special area of research during last 25
years. Today quite a large number of original papers and reviews devoted
to this problem has been published (see, for example, (1-5)).

In this paper reactions between oppositely charged polyelecirolytes are
considered, These reactions have a distinct cooperative character and
result in formation of interpolymeric salts usually defined as polyelectro-
lyte complexes (PEC).

Early studies of PEC formation were related to stoichiometric PEC (S-PEC)
in which the ratio between the oppositely charged groups was 1:1. S-PEC
are insoluble in any of the known solvents, but are capable of limited
swelling in water. lhe interest in S-PEC is primarily caused by the
possibility of their use as membranes for desalinization of water (1,6),
for hemodialysis (7-9) etc. A large number of publications involving
reviews (1—6§ has been devoted to synthesis, properties and applications
of $-PEC, However, a detailed analysis of these works does not fall within
the scope of the present paper.

he paper is devoted to a new area of research which has arisen due to the
discovery of nonstoichiometric PEC (W-PEC). [hese interpolymeric compounds
are also the products of reactions between electrostatically complementary
chains. However, in contrast to S-PEC they are soluble in aqueous solution
if specific conditions are maintained. As a result they can be used as
ordinary soluble polyelectrolytes. At the same time in contrast to ordinary
polyelectrolytes, H-PEC also show a number of unique properties, which, as
we shall see later on permit us to place them into a special class of
water-soluble polymeric compounds.

Today it is known that water-soluble N-PEC can be obtained from oppositely
charged polyelectrolytes of various chemical structure when specific
343
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conditions are met (10-15). They can be formed by pairs of strong poly-
electrolytes, pairs of weak polyelectrolytes, or by mixed pairs. A
polyelectrolyte included in N-PEC in excess can be charged both negatively
and positively. The routes of N-PEC preparation are very simple. These
macromolecular compounds can be obtained by a simple mixing of aqueous
solutions of completely ionized oppositely charged polyelectrolytes taken
in non-equivalent ratios. However, a number of specific conditions must be
met for the preparation of water-soluble N-PEC. Data permitting the
formulation of one of the necessary conditions for the formation of N-PEC
were presented for the first time in (13). This paper provides the data
on the solubility of the products of interpolymeric reaction in the system:
poly-N,N-dimethylaminoethyl methacrylate hydrochloride (PDMAEMA-HC1)-
gsodium polyphosphate (NaPP) as a function of the degree of polymerization
(P) of the individual components. It follows from the data that soluble
products are formed only if P4 /P22 1. The subscript 1 corresponds to
polyelectrolyte included in W-PEC in excess and this component will be
listed first in the studied systems identification. Let us also note that
the degree of conversion in reaction between polyelectrolytes@is close to
1. It means that practically each unit of a polyelectrolyte, included in
an N-PEC in deficient amount and referred to as the guest polyelectrolyte
(GPE), forms a salt bond with a unit of a polyelectrolyte included in an
N-PEC in excess and referred to as the hosgt polyelectrolyte (HPE). Thus
the degree of polymerization of the HPE (Puee ) must be higher than or
equal to the degree of polymerization of the GPE (Pape ). In this paper the
systems for which Pype® P are considered.

However, the formulated condition P, > P. is not sufficient. It is also
necessary for the solution in which the reaction between HPE and GPE is
carried out to contain a certain amount of a low-molecular weight electro-
lyte. This amount may vary over the range 0.002:0.1mole/l (for example,
NaCl) and depends on the chemical nature of the polyelectrolytes and their
ratio. Generally speaking, the larger the excess of the HPE is, the smaller
should be the concentration of the salt required for the formation of a
water-soluble N-PEC (12).

For full solubility of the product of a completed interpolyelectirolyte
reaction ( © = 1) between HPE and GPE, it is also necessary that their
ratio in the system should not exceed a certain characteristic value. In
the terms of the ratio between the number of GPE units to the number of
HPE units ¥ = [GPE]/[HPE] is limited by a certain characteristic value, Y. .
If W-PEC components are taken in the ratio greater than Y., then a
dissolved N-PEC of the characteristic composition ¥Y¢ and a corresponding
amount of an undissolved S-PEC coexist in the reaction system. The value
of Y. for most of the systems investigated varies over the range of 0.5

to 0.2 and depends bagically on the chemical nature of the polyelectrolytes
constituting the N-PLC.

Tven within the route indicated for N-PEC's preparation at least two
different subroutes are possible. One of them consists of the addition of
a solution of an HPE to a solution of a GPE, the other corresponds to the
opposite sequence of mixing. In both cases the composition of intermediate
products and the phase states of intermediate systems are quite different
(16). However, the molecular characteristics of the resulting N-PEC are
identical and, consequently, soluble N-PECs can be considered as
equilibrium macromolecular compounds. his means, in particular, that the
methods broadly used for the investigation of ordinary polymer solutions,
particularly of polyelectrolyte solutions can be also used for N-PEC
investigation.

Most detailed information on the structure of water-soluble N-PECs was
obtained when their solutions were investigated by the light-scattering
technique. Solutions containing a gsingle macromolecular component - an
N-PEC were studied. The condition Pere /Pwe < Y was maintained. The
measurements, as a rule, were carried out in aqueous solutions of simple
electrolytes at their concentrations not lower than 0.05M. N-PEC solutions
of the different concentrations were dialyzed against the same salt
solution. The plots of a double extrapolation had the form characteristic
for the usual polymer solutions. Table 1 shows the results of an
investigation of solutions of the N-PECs formed by PDMAEMA-HC1 (HPE) and
NaPP (GPE) (17). It is seen that when the N-PEC's composition changes over
a quite broad range ¥ = 0.5 + 0.067 their molecular weight only slightly
changes and corresponds to the weight of the particles containing one HIPE
chain. The average number_of GPE chains (n) in each particle, calculated
from the equation Tepe =(Puee /Pupe ) decreases from 10 to 1. Consequently

a particle of N-PEC must be considered as a peculiar individual complex
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Table 1
Effect of the composition of the nonstoichiometric PEC
PDMAEMA-HC1-PP on its molecular characteristics. Mw of
the PDMAEMA.HC1=6.3:10% ; M, of the NaPP=1.7:10% ; pH=
4,0 in 0.1M NaCl at 20°

—

Composition M, of the _, Average number of
of the N-PEC (-10 ) macromolecules in .1,
N-PEC a particle of the 1/2 4
> N-PEC, T, (Rg) Ap10
37 Experi- Calcu- K
mental lated HPE GFPE
value value
PDMAEMA «HC1
(Y=0) 6.3 - I - 510 8.2
0.07 Te15 6.4 I 1.4 480 6.5
0.10 6.9 Cod I 2.0 440 549
0.13 T35 6.5 I 2.3 430 5.2
0420 6.75 Geb I 3.9 400 4.9
0.33 6.7 6.8 I 6.5 350 2.9
0.50 Te0 7.0 I 10 270 11

macromolecule which composition with respect to the polyelectrolyte
components can be easily varied, when their initial ratio is given.

It is seen from Table 1 and Fig.1 that the macromolecule average size
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( g> i Fig.1 Dependence of the value of (RQ)‘]/2
¢ PDMAEMA-HC1 of a particle of the N-PEC PDMAEMA+HC1-PP

500} on the composition of the N-PEC ¥. NMw

of PDMAEMA.HCl = 6.310°; Mw of the NaPP=
N 1.7°10%, pH=4.0, in 0.1M NaCl at 20°.
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increases monotonously with a decrease in the population of GPE chains in
the HPE chaing approaching the average size of a coil of the_free HPE. The
results of a measurement of mean-square radius of gyration (R})? are of
great importance for a bagis of a general scheme of the structure of N-PEC
particles involving the existence of sufficiently extended double-strand
ladder sections. In fact, as seen from Table 1, the values of (RZ)%

for N-PEC macromolecule with the composition ¥ = 0.067 and for &’ chain of
the free HPE differ very little, by ~5%. At the same time, in such N-PEC
particle every fifteenth unit of the HPE chain on average, participates in
formation of a salt bond with a unit of the GPE chain: for © x 1, each
HPE chain, with a length of 3000units, is linked to the GPE chain 170
units in length. It is obvious, that when two chains are randomly
entangled with each other, a considerably larger decrease in (R§{”'shou1d
be expected (16-19). Consequently, in water-soluble N-PEC the contour line
of a fragment of the HPE chain, occupied by a GPE chain, is close to the
contour length of the latter. However, it is not necessary to think that
double-strand ladder sections in N-PEC particles must necessarily have the
shape of extended rods. On the contrary, because of their increased
hydrophobicity, they must show a tendency to fold up at the sites of
intraladder loop-shaped defects, forming drop-shaped clusters. This
complex macromolecule is shown in Scheme A. This type of conformation
apparently corresponds to a minimum in free energy, or & maximum in
entropy, since a particle contains long continuous relatively flexible
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Scheme A

sections of the free HPE. Because of the reversibility of the intermole-
cular ionic reaction of the N-PEC formation, the system can find an optimum
set of conformations by a "trial and error" method.

Double-strand sections represent a set of cooperatively interacting
oppositely charged units. It shows an increased rigidity and a relatively
high hydrophobicity. Precisely for this reason, l-PECs overloaded with GPE
(when ¥Y>4), lose their solubility in water. For the same reason, S-PEC are
also insoluble in water. The sections of HPE, free of GPE, on the contrary,
are relatively flexible and hydrophilic. Consequently, an N-PEC macro-
molecule may be considered as a peculiar block-copolymer. Water behaves as
a good solvent with respect to single-strand polyelectrolyte sequences and
as a poor solvent for hydrophobic double-strand sequences. It means that
hydrophobic blocks of H-PEC in an aqueous solution must segregate due to
nonpolar interaction. In dilute solutions such segregation, as is shown in
Scheme A and is seen from Table 1, is intramolecular in nature. Its
quantitative measure is a progressive decrease in the average size of N-PEC
complex macromolecules with an increase in GPE population, as is shown in
¥ig.1 and Table 1,

Hydrophilic blocks, apparently, are responsible for the properties typical
for usual polyelectrolytes. It follows from the character of a change in
the thermodynamic characteristics of N-PLC solutions with a change in the
composition of complex macromolecules. From Table 1 it follows that the
second virial coefficient, A,, increases with decreasing ¥ , i.e., with a
decreasing fraction of HPE units included in hydrophobic blocks and tends
toward a value characteristic for a solution of the free HPE. This is
shown in Fig.2. The said above means that the main contribution to an

A .104 Pig.2. Dependence of the second virial
2 . coefficient A, of solutions of the N-PEC
g @ PDMAENMA-HCL PDMAENAHC1-PP on the composition of the
N-PEC, ¥ _. WM. of the PDMAEMA-HCl-
6L 643+10% 5 HMw of the NaPP=1.7-10%, pH=4.0
o in 0.1M NaCl at 20°,
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excluded volume of N-PEC, being the products of completed reactions, is
made by electrostatic repulsion of similarly charged HPE units formin%
single-strand hydrophilic blocks. This contribution is expressed as (20):

Ay = 40%42/4M°I M

where % is the effective charge of polyion, M is its molecular weight,
I is the concentration of a low-molecular (1:1) electrolyte. It is
important that A,, for an ordinary polyelectrolyte is proportional to
the square of the degree of ionization of macromolecules., It is obvious,
that for the N-PEC under consideration the value of this parameter can be
varied in a wide range by changing the composition of the complex
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macromolecules ¥ . The effective charge of N-PEC macromolecules in a pH
range corresponding to complete ionization of the HPFE units depends on the
composition in the following manner:

Z/M = y(4-9)/Mo (2)
where Mo is the weight of the polyion unit, a’ is the degree of bonding of
low-molecular counterions. Thus, for a solution of block N-PEC macromo-
lecules in which the hydrophobic ladder blocks are joined into a system
of compact intramolecular clusters and the hydrophilic charged blocks are
located at the periphery of the particle and are responsible for the
solubility of the N-PEC, the parameter Ay, must be proportional to the
value of (1-Y )%, This dependence is shown in FiG.3. It is seen that this
relationship is indeed linear,

4

Aa.qo Fig.3. Dependence of the second virial

coefficient A, of solutions of the N-PEC

8 PDMAEMA-HC1-PP on the square of their
charge_(1-¥)* . flw of the PDMAEMA+HCl=

6 6.3+10° ; Tlw of the NaPP=1.7+10% , pH=4.0
in 0.1M NaCl at 20°.
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If HPE is a weak polyelectrolyte, an N-PEC particle charge at fixed compo-
sition can be changed by a change in the degree of ionization of HPE

units included in single-strand blocks. A decrease in the degree of
jonization of the HPE is accompanied by a decrease in its lyophilizing
capacity and results in progressive agglomeration of N-PEC particles going
as far as their separation from the solution (15). It is precisely for
this reason that N-PEC in which the role of the HPE is played by a poly-
carboxylic acid are soluble only in alkaline media at pH above 7 when they
are close to their characteristic compositions. Correspondingly N-PEC
containing weak polymeric bases asg HPE, acquire the ability to dissolve
only in acidic media at a pH< 7.

Proceeding from the data presented above it is possible to conclude that
addition of simple salts to N-PEC solutions must be accompanied by a
typical for ordinary polyelectrolytes decrease in the size of the polyion
due to a screening of the electrostatic repulsion between HPE units
contained in single-strand blocks. These effects actually exist. However,
in addition there are some other effects much more pronounced and
characteristic only of this class of macromolecular polyelectrolyte
compounds. As it will be shown below, this unique properties are due to
the reverisible character of an interaction between HPE and GPE units. We
shall consider them, particularly, taking as an example the N-PEC formed
by sodium salt of polyacrylic acid (Na PA) and linear polyethyleneimine
(PEI). The turbidimetric titration curve of an aqueous solution of this
N-PEC with a composition ¥Y=0.5 with NaCl solution is represented in Fig.4.

D
Fig.4. Curve of the turbidimetric
titration of_a solution of_ the 4
0.8 | N-PEC NaPA (Mw=3+10°" )-PEI(¥,=1.6-10")
with the composition_ Y =0.5 with
NaCl solution, [N-PEC]= 2-107® mole/1,
pH=7.0, at 20°C.

0.4

0 0.4 0.8 1.2 NaCl,M
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One can distinguish three regions of the change in ionic strength of the
solution to which there correspond three regions on the diagram designated
by the numbers I, II, and III.

In region I, an increase in the salt concentration is not accompanied by a
change in the phase state of the system, which remains homogeneous. When

a certain value of the ionic strength I, is reached the system becomes
turbid and in region II it is heterogeneous. At an ionic strength I. the
system again becomes homogeneous and remains homogeneous in region III. It
should be noted that these transitions take place in dilute solutions of
N-PEC with the concentration of 10 #10"*mole/l, Such behavior, generally
speaking, is not characteristic of solutions of ordinary linear polyelectro-
lytes, but it is characteristic for all N-PEC investigated (21,22).

Let us consider in succession the behavior of the N-PEC in the regions I,
1I and III. Fig.5 shows the dependence of the sedimentation coefficient

fig.5. Dependence of the sedimentation

S,sve.u coefficients of the NgPEC NaPA-PET
ion I region II with the composition ¥=0.5 (curves 1
regLo & 1 and 12 ); of NaPA (curve 2) and of
8 | 11 the W-PEC* NaPA-PEI with the compo-

I sition ¥ =0.5 (curve 3) on the

6t I 2 concentration of NaCl in the solution.
1 o0 1 Curves 1,2,3 correspond to the homo-
i 3 geneous systems, 1* and 12 to the
4 «/9,,4»”’——_° > heterogeneous system[N-PECY] = [NaPA] =
o”’IO’—dr—_—_ﬂ 0.5mole/1, pl=7.0. The rotational
% - speed of the rotor is 56100rpm, at20°.
0 0.2 0.4 NaCl,M

(S ) of N-PEC NaPA-PEI with the composition ¥ =0.5. It is seen that in
region I addition of NaCl results in a strong increase in compactness of
the N-PEC particles. It follows from a strong increase in S when the salt
concentration is increased from 0.05 to 0.3M, curve 1 in Fig.5. The
increase in S , is precisely due to a change in conformation of the N-PEC
particles, since their molecular weight measured by the light scattering
technique remains unchan§ed over the indicated range of a change in the NaCl
concentration (M, = 2.7.10°), and that corresponds to an N-PEC particle
containing one HPE chain. The change in conformations of the N-PEC particles
is directly shown by the results of light scattering measurements of (R2)%
fQ{ the N-PEC with the composition ¥ =0.25. A considerable decrease in

(Ry ) from TOOR to 2708 is observed when NaCl concentration is increased
from 0.05M to 0.2M. It is of interest that the considerable decrease in the
N-PEC particle size cannot be explained only by the screening of electro-
gtatic repulsion between the ionized COO” -groups of the HPE, because S
increase in the free HPE is much smaller, see curve 2 in Fig.5. Curve 3 in
Fig.5 shows a change in the sedimentation coefficient for an N-PEC* with
the same composition as the N-PEC normal, but specially modified by inter-
HPE-GPE chemical cross-linking. It is seen that no considerable increase in
N-PEC* compactness is observed if the salt is added. The behavior of the
N-PEC* solution is quite close to that of the free HPE solution. A
considerable difference between the N-PEC and N-PEC* is that between the
HYE and GPE chains of the latter, in addition to the salt bonds, a certain
number of covalent amide bonds does exist. They play a role of permanently
fixed cross-links. The route of introduction of these covalent cross-links
is described in (22,23). The cross-links restrict redistribution of the
reversibly dissociating salt bonds and consequently the possibility of the
GPE~-HPE fragments rearrangement within an N-PEC particle. In the case of
the normal N~PEC such restrictions do not exist. In both cases addition of
the salt results in dissociation of a certain fraction of interchain salt
bonds, the greater the higher the added salt concentration is (24). However,
the consequences of this dissociation are different for the N-PEC and N-PEC*.
It follows from the experimental results that the electrolyte addition is
followed by a much greater increase in compactness of the N-PEC particles
in comparison with that of N-PEC*, The increase in compactness is
accompanied by a considerable decrease in the second virial coefficient of
the solution, i.e. by a decrease in a thermodynamic affinity of the N-PEC
to the solvent (16). The driving force of a compactization at the unchanged
composition of N-PEC particles "damaged" with the salt, is apparently, due
to an increase in the internal combinatorial entropy, because of the
realization of b -type structures containing loop-shaped defects shown in
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Scheme B. The defects of this type are in general typical for polycomplexes

HPE
GPE
3 /
NaCl b
a >
-
X/
HPE GPE
- L/
fo =fooo= = |coo "%,
Scheme B

(19). The loops are asymmetric and include HPE units in a considerable
excess; they are formed as a result of "shrinking" of long sections of an
HPE chain along relatively short GPE chains. The greatest number of ways
by which the sequences of intermolecular salt bonds (short double-strand
blocks) can be distributed in an N-PEC particle, i.e. the highest combina-
torial entropy, corresponds to the 6-structure. A decrease in the size of
N-PEC particles is due to a considerable contribution of these structures,
which naturally cannot exist in the case of the N-PEC*,

The fate of the N-PEC* particles is quite different if the salt is added.
With the increasing salt concentration, progressive dissociation of inter-
HPE-GPE salt bonds takes place, but due to the existence of intracomplex
covalent cross-links, the GPE chains remain immobilized, this eliminates
the compactization phenomena. The conformations of N-PEC* particles
gradually transform as it is shown in Scheme C, i.e. they change only
within the a -structure shown in Scheme B to the left.

GPE
/
s ol GPE
HPE NaCl HPE L
-
0
_ 1
W= |cx
Scheme C

In region II at rather high salt concentrations (I >0.3M) a phase
separation is observed. An analysis of the composition of the coexisting
phaseg shows that the S-PEC is present in the precipitate while the N-PEC
is present in the dilute phase, considerably depleted in PEI (GPE). Thus,
in the system under consideration a physical process of phase separation
and a chemical ionic reaction of redistribution of the salt bonds
resulting in N-PEC particles disproportionation are carried out
gsimultaneously and result in appearance in the coexisting phases of the
two different N-PEC with quite different compositions. If to compare the
behavior of an N-PEC and that of an N-PEC* one can see that these two
processes are actually conjugated. In contrast to the N-PEC, if low-
molecular salts are added to the N-PEC* solutions no phase separation

is observed up to the salt concentration sufficient for the complete
dissociation of the intermacromolecular salt bonds (I = 2M) (22). Hence it
follows that prohibition of transfer of GPE chains from some N-PLEC
particles to others excludes the phase separation. Consequently the
reason for phage separation in a mixture N-PEC-water-salt is dispropor-
tionation of the N-PEC particles taking place in the solution because of
the action of the low-molecular electrolyte.

Thus, the understanding of the features of the phase separation in N-PEC
solutions is directly related to investigation of further transformations
of compacted N-PEC particles when a salt concentration is increased. These
transformations can be followed in region II by following the properties
of a polycomplex in dilute phase being in contact with the S-PEC

PAAC 56:3-D
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precipitate. As an example Pig.6 shows a sedimentogram of the supernatant
liquid formed after the phase separation in the N-PEC solution (Y =0.5)

dn/dx Fig.6. Sedimentogram of an aqueous salt
solution of the N-PEC NaPA-PEI with the
composition ¥ =0.5, the concentration
of NaCl is 0.35 M and of the N-PEC is
0.05mole/1l, pH=7.0, at 20°. The
rotational speed of the rotor is
561000rpm.

caused by addition of NaCl (0.45M). It is seen that the dilute phase
contains two types of polymer particles: N-PEC' and N-PECZ, In Fig.5 in the
right hand top corner the dependences of the sedimentation coefficient on
HaCl concentration are given for the both types of particles formed in
region II. The § -values of these particles as it follows from curves 1

and 1% differ by more than 2 Svedberg units and considerably exceed the

S -value of the free HPE (curve 2). The character of distribution of
GPE(PEI) among the particles of the rapidly sedimenting N-PEC ' and the
slowly sedimenting N-PEC? was concluded from comparison of the sedimentation
data obtained by using refractometric detection technique, and the data of
the scanning sedimentation, the former are shown in Fig.6. In the latter
case the absorbance of the solution at 265nm wag measured., The absorption
in this region is caused by benzamide groups present in PEI used in the
amount of 2% (25).

From these data it follows that the two types of particles found in the
dilute phase correspond to polycomplexes with considerably different
compositions. The composition of W-PEC?! is close to stoichiometric one.
N-PEC? is considerably depleted in PEI, in comparison with the original
N-PEC, Thgs disproportionation of the N-PEC into two polycomplexes N-PEC
and N-PEC® with quite different relative contents of GPE particles
preceeds the phase separation. The disproportionation phenomena are found
in aqueous salt solutions of W-PEC with different original compositions.
The salt concentration required to reach phase separation is the higher
the smaller ¥ is.

In contrast to this in aqueous-salt solutions of N-PEC* only one polymer
component is found. The corresponding single peak in the sedimentograms
is observed over the whole range of NaCl concentration up to 1.5M,.

1

The experimental results presented above can be summarized in the following
manner. If low-molecular weight salts, which are competitors in the
reaction between polyelectrolytes are added to aqueous solutions of N-PEC,
dissociation of intermolecular salt bonds takes place. This is accompanied
by corresponding rearrangement of HPE and GPE segments and appearance

of compact conformations of N-PEC particles, shown in Scheme B, b -structure.
An increase in compectness of N-PEC, apparently, must be accompanied by a
decrease in entropy of mixing in the polymer-solvent system. However, this
decrease is compensated by an increase in the internal combinatorial
entropy of the N-PEC due to realization of conformations and structures
containing increasing number of loop-shaped defects. At last when the
fraction of interchain salt bonds becomes sufficiently small, an increase
in the combinatorial entropy already cannot compensate a decrease in the
entropy of mixing of compact particles with the solvent. Under these
conditions in region II, interchange by GPE short chains between different
N-PEC particles takes place, which is forbidden for cross-linked particles
of N-PEC*,., As a result of this interchange some particles of N-PEC are
depleted in GPE and become considerably more extended. A considerable
contribution made by these particles to the increase in entropy of

mixing compensates the loss in tpe entropy of mixing caused by the
appearance of very compact N-PEC' particles with, the composition close to
the stoichiometric one. Apparently, these N—PEC’particles then form S-PEC
precipitating in aqueous salt solutions. Thus, the phase separation,
obgerved in aqueous salt solutions of N-PEC, is a consequence of dispropor-
tionation of N-PEC particles taking place in homogeneous solutions.

It should be noted that disproportionation phenomena are broadly
encountered in the reactions between chemically complementary macromolecules
for example, in interaction of linear polyelectrolytes with globular
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proteins (16), of polyelectrolytes with polysilicic acid sols (26), of
polyethylene glycol with polymethacrylic acid in aqueous solutions (5,27)
The disproportionation of N-PEC in aqueous salt solutions described in this
paper is the first observed example of disproportionation in the reactions
between two linear flexible polyelectrolytes.

In connection with the disproportionation phenomena observed in N-PEC
solutions, an investigation of the kinetics and the mechanism of GPE chains
transfer from some N-PEC particles to others is of obvious interest. The
study of this kind are of independent importance for the development of
theoretical concepts concerning the dynamics of cooperative reactions
between chemically complementary macromolecules. One of the peculiar
properties of polymer-polymer complexes closely related to the phenomena
considered above, is their ability to enter the reactions of macromolecular
substitution and exchange in solutions (2,19,28-31). This is also
characteristic for complexes formed by linear polyions and globular
proteins (32-34). The first quantitative investigation of the kinetics of
intermolecular exchange was carried out in (35) with the systems
PAA-poly-N-vinylpyrrolidone and polymethacrylic acid - polyethylenoxide
(PEO?. These pairs form the complexes in which the complementary macro-
molecular partners are linked with cooperative hydrogen bonds. The
interpolymer reaction was followed by a change in depolarization of
luminescence in solutions of the polymers containing the polyacids labeled
with anthryl labels. Recently the results of (35) have been confirmed for
PAA-PEO system (36). As far as we know any data related to the kinetics

of interpolyelectrolyte reactions are not available in the literature.

Naturally, most accegsible for kinetic study are macromolecular reactions
not accompanied by phase separation, i.e. the reactions in homogeneous
systems. Recently found macromolecular exchange with participation of
water-soluble N-PEC is one of such reactionsn%19,31). It can be represented
by Scheme D. This reaction consists of transfer of relatively short GFE

HPE B
GPE T
we-( 4+ | — —
I 1T III
The intermediate
ternary polycomplex
Scheme D

chains from the original N-PEC particles to the free HPE chains. As a
result an N-PEC with the composition equal to the composition of the
reaction mixture is formed. It is important that when the reaction
completes, no free GPE and HPE chains are found in the reaction systems.
In this zonnection a mechanism for such reactions was supposed assuming
the formation of ternary intermediate shown in Scheme D.

In this paper we consider the results of the kinetic study of the
exchange reactions (Scheme D) between N-PEC with different composition

¥ , formed by sodium polymethacrylate (NaPMA) HPE and poly-N-ethyl-
4-vinylpyridinium bromide (PVP). The kinetics was followed by measurements
of luminescence quenching. Anthryl groups were used as luminescent label.
These groups were introduced in HPE %NaPMA) chains: one label per 480
units of the polymer (NaPMA*) on average. The PVP units played a role of
luminescence quenchers (37).

We have found that addition of simple salts to the solution of the
reaction mixtures results in an enormous acceleration of the reaction
shown in Scheme D. In a salt-free system this reaction was not observed



352 V. A. KABANOV and A. B. ZEZIN

at all. These facts are explained in terms of formation of intermediate
product, shown in Scheme D. Apparently, it is necessary to have a
sufficient number of separated units, included in the loops present in the
original N-PEC particles to form a ternary intermediate N-PEC and then a
new N-PEC product with a changed composition. It seems that the reaction
under consideration cannot proceed if an average size of a loop partici-
pating in "nucleation" is smaller than a certain critical value. It is
clear that a successive addition of NaCl to N-PEC solutions is accompanied
by an increage in a number and a size of loops due to the competition
between small ions and charged polyion units in salt bonds formation
reaction.

Pig.7 represents the kinetic curves corresponding to the reaction between
the N-PEC (NaPMA-PVP) with the composition ¥ =0.33 and NaPMA* in solutions

1/1 Pig.7. Time dependence of the
o relative intensity of
luminescence, for an exchange
reaction between_the N-PEC
HaPMA (My=2.7°10° )=PVP(Mw=6"10")
with the composition_¥ =0.33 and
the labeled NaPMA* (M,=2.7-10°%)
1 at 20°., The NaCl concentration
D in the solution: 1 - 0.036_M,
5 2 - 0.07 M,3 - 0.1 M.[N-PEC]=
N aPuMA*) = 0.004mole/1. Arrows
— show the value ofIL/I.at the NaCl
1 1 3 concentrations indicated,
0 10 20 20 40 t,sec. corresponding to the products
of the completed reaction.

q.O

f

0.8

0.6

time of mixing

pE

0.4

with different NaCl content. The salt-less solutions of polymeric reagents
with equal concentrations, of the labeled and the unlabeled HPE were
prepared. Then the calculated amounts of 2M NaCl solution were rapidly
(less than for 1sec) injected into reaction vessel by the diluter. The
intensity of luminescence at A =420mm was followed continuously by
spectrafluorimeter. The arrows show the values of the relative intensity
of luminescence, I /I, , at chosen NaCl concentrations, corresponding to
the product of the completed reaction, i.e. to the N-PEC with the
composition Y =0.165, It is seen that the simple electrolyte quite strongly
influences the rate of macromolecular exchange with the participation of
cooperative polyelectrolyte complexes. As it was already mentioned above
in the absence of the salt the reaction practically does not proceed.
However, in 0.1M NaCl solutions only some seconds are enough for the
reaction to reach an equilibrium. The effect we found can be important

for understanding the mechanism of interpolymer reactions involving those
between biologically significant polyelectrolytes.

* *
*

The experimental data and the considerations presented above permit to
consider water-soluble N-PEC as a distinctive variety of block copolymers
belonging to the class of polyelectrolytes. This peculiarity already
shows up during the synthesis of the N-PEC, in which a fundamentally new
approach is used, consisting of the lateral pairing of chemically
complementary chains of different length.

In addition, in contrast to block copolymers synthesized by the usual
methods, as a result of the reversibility of the reactions between HFPE
and GPE, the GPE chains can migrate along the HPE chains and can even
move from one chain to another. A migration of this type actually means

a change in the relative length and number of hydrophilic and hydrophobic
blocks in the complex macromolecule. Consequently, complex block macro-
molecules of N-PEC can "seek" thermodynsmically optimal variations of an
interaction with the surrounding medium by changing not only their
secondary, but also their primary structure. The unique possibility for
N-PEC to change their hydrophilic-hydrophobic balance in accordance with
conditions, which arise from this, and to adjust themselves to the
hydrophilie~hydrophobic balance surrounding their particles and surfaces,
must also have important practical consequences, for example, for the
solution of problems related to the flocculation or stabilization of
colloidal systems. N-PEC are also of considerable interest as the simplest
models of polycomplexes of biological origin.
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The formation of N-PEC takes place as a result of a very rapid ion-exchange
reaction by the simple mixing of aqueous solutions of the starting
polyelectrolyte components. The process is completed practically
instantaneously, even at very high dilutions. The synthesis of N-PEC may

be carried out without any experimental devices, in the same working system
in which its later operation is assumed. The originality and simplicity of
the synthegis of block diphilic polyelectrolytes naturally will open up

new areas for their practical application.

The rate of interchange reactions of N-PEC is dramatically controlled by
simple electrolytes. The kinetics and mechanism of such reactions
undoubtedly form a new facinating area for research.

REFERENCES

?iJ:Bixler and A.S.Michaels, Encycl. Polymer. Sci. Techn., 10, 765

969) .

2. V.A.Kabanov, Pure Appl. Chem. (Macromol. Chem.) 8, 121 (1973).

3¢ A.B.Zezin and V.B.Rogacheva, in: Advances in the Chemistry and Physics
of Polymers (in Russian), 3, Khimia, Moscow (1973).

4. N.A.Plate, A.,D.Litmanovich, O.A.Noa, Macromolecular Reactions (in
Russian), Khimia, Moscow (1977).

5. V.A.Kabanov and I.M.Papisov, Vysokomol. Soedin., A21, 243 (1979).

6. M.Lysaght, in Ionic Polymers, kd by L.Holliday, ch.6, London (1975).

7. R.I.Kalyuzhnaya, A.R.Rudman, N.A.Vengerova, E.F,Razvodovslii,
B.S.Elsefon and A.B.Zezin, Vysokomol. Scedin., A17, 2786 (1975).

8. M.K.Vogel, R.A.Cross, H.J.Bixler and R.J.Guzman, J.Macromol, Sci.,

/Part A/ Chem., 4, 675 (1970).

9., A.B.Zezin and B.S.Elsefon, in: Khimiya i Tekhnologiya Vysokomoleku-

lyarnikh Soedinenii, Ser. INT. 70, 9% (79767,

10. E.Tsuchida, Y.Osada and K.Sanada, J. Polym, Sci., Polym, Chem, Ed.,
10, 3397 (1972).

11. Zh.G.Gulyaeva, O.A.Poletaeva, A.A.Kalachev, V,A.,Kasaikin and A.B.Zezin,
Vysokomol. Soedin., A18, 2800 (1976).

12. O.A.Kharenko, A.V.Kharenko, R.I.Kalyuzhnaya, V.A.Izumrudov, V.A.Kasai-
kin, A.B.Zezin and V.A.Kabanov, Vysokomol. Soedin., A21, 2719 (1979).

13. V.h.Kasaikin, O.A.Kharenko, A.V.Kharenko, A.B.Zezin and V.A.Kabanov,
Vysokomol, Soedin., B21, 84 (1979).

14. Zh.G.Gulyaeva, A.B.Zezin, E.F.Razvodovskii and T.Z.Berestetskaya,
Vysokomol. Soedin., A16, 1852 (1974).

15, Ve.A.Izumrudov, V.A.Kasaikin, L.N.Ermakova and A.B.Zezin, Vysokomol.
Soedin., A20, 400 (1978).

16. V.A.Kabanov, A.B.Zezin, M.I.Mustafaev and V.A.Kasaikin in: Polymeric
Amines and Ammonium Salts, £d by E.J.Goethals, 173, Pergamon Press,
O0xTord (1980).

17. O.A.Kharenko, A.V.Kharenko, V.A.Kasaikin, A.B.Zezin and V.A.Kabanov,
Vysokomol. Soedin., A21, 2726 (1979).

18. I.I.Romantsova, Yu.A,Taran, O.A.Noa and N.A.Plate, Dokl. Akad. Nauk
SSSR, 234, 109 (1977).

19, A.B.Zezin and V.A.Kabanov, Uspekhi Khimii, 51, 1447 (1982).

20. E.Ge.Donnan and E.A.Guggenheim, Z. Phys. Chem., 162, 346 (1932).

21. V.A.Izumrudov, O.A.Kharenko, A,V.Kharenko, Zh.G.Gulyaeva, V.A.Kasaikin,
A.B.Zezin and V.i.Kabanov, Vysokomol. Soedin., 422, 692 z1980).

22. V.A.Kabanov, A.B.Zezin, V.B.Rogacheva, V.A.lzumrudov and S.V.Ryzhykov,
Dokl. Akad. Wauk SSSR, 262, 1419 (1982).

23+ V.B.Rogacheva, l.V.Grishina, A.B.Zezin and V.A.Kabanov, Vysokomol.
Soedin., A25, 1530 (1983).

24, V.A.Kabanov, A.B.Zezin, V.B.Rogacheva and S.V.Ryzhykov, Dokl, Akad.,
Nauk SSSR, 267, 862 (1982),

25, A.B.Z2ezin, V.B.Rogacheva, V.S.Komarov and E.F.Razvodovskii, Vysokomol.
Soedin., 417, 2637 (1975).

26. T.N.Ermakova, Yu.G.Frolov, V.A.Kasaikin, A,B.Zezin and V.A.Kabanov,
Vysokomol, Soedin., 423, 2328 (1981).

27. L.M.Papisov, V.Yu.Baranovskii, V.Ya.Chernyak, A.D.Antipina and
V-A.Kabanov, Dokl. Akad. Nauk SSSR, 199, 1476 (1971).

28. I.M.Papisov, Ts.Il.Nedyalkova, [.A.Avramchuk and V.A.Kabanov,

Vysokomol. Soedin,, A15, 2003 (1973).

29. V.Yu.Baranovskii, A.A.Litmanovich, I.M.Papisov and V.A.Kabanov, Europ.
Polym. J., 17, 969 (1981).

30, V.A,lzumrudov, T.K.Bronich, M.B.Novikova, A.B.Zezin and V.A.Kabanov,
Vysokomol. Soedin., A24, 339 (1982).

31. Y.A.Kabanov and A.B.Zezin, Sov. Sci. Rev., Sec.B, Chem. Rev., 4, 207

1982).




354

32.
33.

34.
35.

36,
37.

V. A. KABANOV and A. B. ZEZIN

V.A.Kabanov, V.P.Evdakov, M.I.Mustafaev and A.D.Antipina, Molek. Biol.,

11, 582 (1977).

V.A.Kabanov, M.I.Mustafaev, V.D.Blokhina and V.S.Agafyeva, Molek.

Biol., 14, 64 (1980). —

M. T.Mustafaev and V.A.Kabanov, Farmakol. Toksikol., 43, 395 (1980).

E.V.Anufrieva, V.D.Pautov, I.M.Papisov and V.A.Kabanov, Dokl., Akad.

Nauk SSSR, g_g, 1096 (1977).

H:L.Chen and H.Morawetz, Macromolecules, 15, 1445 (1982).

?{R.P?vlova, Yu,E.Kirsh and V.A.Kabanov, Vysokomol, Soedin., A21, 2062
979) .






