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Polyelectrolyte complexes are intermacromolecular complexes, i.e. macromolecular compounds formed by
interpolymeric reaction between oppositely charged polyelectrolytes. The effect of the molecular para-
melters and reaction conditions on the formation and structure of polyelectrolyte complexes is reviewed.

L INTRODUCTION

Polyelectrolyte complexes! = * are, besides hydrogen bonding complexes® = 16, sterco-

complexes!” = 27 and charge transfer complexes®® = 2, a specific group of macro-
molccular substances forming by reaction between two or more polymers. This group
is referred to as intermacromolecular complexes.

This paper suminarizes knowledge of the formation of polyelectrolyte complexes
(PECs) formed by homogeneous reactions; such complexes are among the most
thoroughly studied groups of intcrmacromolecular complexes (IMCs).

2. FORMATION OF POLYELECTROLYTE COMPLEXES

Polyclectrolytes (PELs) are polymeric substances whose macromolecules consist of
monomeric units containing dissociable groups. A PEL solution thus formally includes
macroions whosc dissociable groups arc mutually bonded by covalent bonds to give a
single polymeric chain, and an cquivalent number of oppositely charged small ions
(counterions)?¥34,

Polyclectrolyte complexes result from mutual interactions between PELs which are
capable of providing, by dissociation, oppositely charged polyions, i.c. polyanions and
polycations. Electrostatic Coulomb interactions are the predominating intermolecular
interactions in the PECs formed.

polyanion + polycation ——> PEC A)

There are three routes to prepare polyelectrolyte complexes®:
a) Neutralization reaction between the free polyacid and the free polybase (Scheme 1).

| | [
TAH*  TAHY  CAHY I T I
A~ A- - AT
+ —_—
+ IN'{J + IN"J + IM_{’

NH, TH, NH,

SCHEME 1
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b) Reaction between an alkali salt of the polyacid and a halo salt of the polybase

(Scheme 2).

[ | I
“AB* ~AB* ~AB* T I |
-BX A~ A” A~
+ —_—
I el

*NH3X ™ *TH,x' *TH,X'

SCHEME 2

c) Matrix polymerization of a monomer having an ionic nature, after its bonding to
an oppositely charged polyion. In the first stage this monomer is bonded to a scgment
of the oppositely charged polyion (Scheme 3), in the sccond stage the bonded monomer
polymerizes, mostly by the radical mechanism (Scheme 4).

| I l

NH, NH, NH, I T 1
+ + +
NH, NH; NH;
N o T
3CHy=C CH=CH, CH=CH, CH=CH,
~AH*
SchHEME 3
[ | | | | ]
*NHy  *NHy  *NHy *NHy  *NHy  *NH,
.y Tor
R + CH=CH, CH=CH, CH=CH, R... —CH=-CH;-CH~CH,-CH—CH,—

SCHEME 4

Although all of the reactions can occur as homogencous or heterogencous reactions,
the majority of papers arc devoted 1o the formation of PECs emerging {rom homo-
gencous reactions between polyacids and polybases (Scheme 1) or between their salts

(Scheme 2).
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3. THE EFFECT OF MOLECULAR PARAMETERS OF POLYELECTROLYTES ON THE
FORMATION OF POLYELECTROLYTE COMPLEXES

3. 1. THE EFFECT OF STRENGHT AND CHARGE-DENSITY OF POLYELECTROLYTE

From the acid-base viewpoint, PELs can be categorized as polyacids, polybases and
polyampholytes*>*. Polyacids and polybases can be classed as strong or weak with
respect to their dissociation constants, in analogy to low-molecular-weight acids and
bascs. Strong polyacids and polybascs are dissociated to high degrees within broad pH
and ionic strength regions. For weak PELs, their dissociation degree 3 highly depends
on the solution pH, ionic strength, ete.

The PEC formed then can be classed, with respect to the starting PELs, in three
subgroups:

Subgroup 1: PEC formed by reaction between two strong polyelectrolytes (SPELS).

Subgroup 2: PEC formed by reaction between a strong polyelectrolyte (SPEL) and
a weak polyelectrolyte (WPEL).

Subgroup 3. PEC formied by reaction between two WPELs,

3. 1. 1. Reaction of Two Strong Polyelectrolytes

Early work™ ~ 40 dcalt with the formation of PECs by reaction between SPELs. Mixing
solutions of two oppositely charged SPELs (such as poly(sodium styrene sulfonate),
PSS-Na, and poly(N-cthyl-4-vinylpyridinium bromide), PEVP-Br, refs*! =4, Scheme 5)

CH,—CH CH,—CH
&,
N Br~
05 Na* CHZ—CH3 n

~f cHp—oH ——

—_— SOy~ + nNa* + nBr~
f;l\— CHzCHJ

=

SCHEME 5 —1 CH,—CH
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in the stoichiometric ratio immediately gives rise to the formation of at least one ionic
bond!. The adjacent reactive sites interact with the oppositely charged units in the
ncarest environment to give the stoichiometric PEC (with respect to the monomeric
units) having the “scrambled egg” structure (structure of statistically balanced
charges)™ if the macromolecular chains arc packed and adopting the conformation of
Kiihn’s coils in solution (Fig. 1). The next possible structure is the so-called ladder
structure, where the two polyions are connected by the zipping mechanism, onc after

a b
c . .
ion pair foop tail
WSV NP S ug sy upay ap ¥
P+ 9+ 0+ 9+ Pt P+ 9+ 9+ o,
+ + +
+
+
* +
L —~ - ~— J
ion pair formation  statistic charge balancing
region region
HYDROPHOBIC HYDROPHILIC
SEGMENT SEGMENT
Fig. 1

A model of the molecular structure of a polyelectrolyte complex: a model with statistical charge balance
(scrambled egg model). b fadder model, ¢ model of a segment of the macromolecule of a real poly-
electrolyte complex
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the other'’. The formation of such a structure presupposes gradual decoiling of chains
of the two PELs. The rcal PECs formed by homogencous reactions usually possess
structures lying between the two extremes®,

If the SPELs arc mixed in a nonstoichiometric ratio, the stoichiomectric polye-
lectrolyte complex (SPEC) precipitates whereas the excessive component remains in
solution. This implics that the reactivity of the polyionic chain, whose clectrostatic
charge is partly ncutralized by the counter-polyion, is higher than in the free chains,
probably duc to changes in conformation, in the electrostatic potential, and in the jonic
atmosphcre about the chain. The SPEC and unrcacted chains of the excess PEL thus
cocxist in the reaction mixture%,

Closely related to the PEL strength is its charge density which is determined by the
density of distribution of the dissociable functional groups along the polymeric chain
and by the dissociation constant of the functional groups*. The cffect of the charge
density on the stoichiometry of the PEC in this subgroup is apparently minimal.

3. 1. 2. Reaction of a Strong Polyelectrolyte with a Weak Polyelectrolyte

We refer to a PEC where there is one negatively charged polyanion group per posi-
tively charged polycation group, i.c. a PEC where the unreacted (unctional groups (of
the polycation or polyanion) arc not dissociated, as an clectroneutral polyelectrolyte
complex. An electroncutral PEC thus is a SIEC from the point of view of the oppo-
sitely charged functional groups.

In the reaction of a WPEL with an oppositely charged SPEL the dissociation degree
of the WPEL affects the complex formation and final composition. This second PEC
subgroup is currently recciving considerable interest, as is apparent from the large
number of papers devoted to this phenomenon. The composition () of an clectro-
neutral polyclectrolyte complex formed by a weak polyanion (PA) and a strong poly-
cation (PC) can be calculated from the equation

@ = [PCJ/[PA} = Ppa, (1

where the brackets denote the concentrations of the monomeric units in the complex*;
Bpa is the dissociation degree of PA in the presence of PC, while the dissociation

* This paper adheres to the conventional way of expressing the composition by means of concentrations.

Generally in chemistry, however. brackets denote equilibrium molar concentrations of the species in
question, henace, they should apply 1o the unreacted (ractions rather than to the reacted fractions. It would
be this more appropriate 10 express the composition in terms of the numbers of equivalents of PC per
cquivalent of PA as & = vpeivpa. The transition from the concentrations to the absolute amounts of
substance has no cffeet because the volumes cancel in Lg. (1)
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degree of the strong PC is assumed to be unity!. The PC can further induce dissociation
of a weak acid, such as a poly(carboxylic acid), 1o 20 — 25%. All dissocialed sites of the
WPEL are assumed' to be able to react with the oppositely charged functional groups
of the strong I'C (B = 1). Equation (/) applies to PECs that have been obtained by
ncutralization reaction between a weak polyacid, such as poly(acrylic acid), and a
strong polybasc. For the reaction of poly(mcthacrylic acid) (PMAA) or poly(L-glutamic
acid) (PGA) with a strong polybase (3,X-ionene, Scheme 6), however, the experimental
values ditfer from the theoretical data, which can be due to conformation changes of
the two poly(carboxylic acids) during the interaction?,

CH, CH
| A | A
N*— R,— N*— R,

CH, CHy

m, m ionene, R, = Ry = ~(~CHy—)p—
m, k ionene, R, = —(—CHy~)p—. Ry = —(—CHy—),—
m, X ionene, R, = —(—CHy—)p—, Ry = —~CHy~CgH4~CH,~
X, X ionene, R, = R; = —CH;—CgH,—CH,—
AT = CI" or Br~

SCHEME 6

When mixing a poly(carboxylic acid) with a strong basc of the pendent type (disso-
ciable functional groups occur in the side chains) or of the integral type (dissociable
functional groups are parts of the main chain) in the equimolar ratio, a nonstoichijo-
metric polyelectrolyte complex (NPEC) with a composition @ cmerges and scparates
into a colloid phase while the excess polybase remains in solution (Scheme 7). If the
ratio of the polymeric componcents corresponds to composition &, the two PELs pass
quantitatively into the NPEC (refs* — %%,

In rcactions of strong PCs of the integral type with weak poly(carboxylic acids) the
strong charge density of the PC has been found! to induce dissociation of the polyacid,
the PEC approaching the stoichiometric composition (P = 1). Reaction of poly-
phosphates, which are salts of a strong polyacid with a very high charge density, with
an acrylic acid-acrylic amide copolymer, was observed to give rise to the SPEC only
il the acrylic amide mers were present in the copolymer chain in a relatively high
fraction®’,

The cffect of the charge density on the PEC formation between a strong PA and a
weak PPC was investigated based on the solubility of the formed PEC precipitate in
organic solvents and ternary mixed solvents composed of water, an organic solvent

Collect. Czech. Chem. Commun. (Vol. 58) (1993)
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miscible with water, and a low-molccular-weight electrolyte™. Poly(vinyl sulfate) with
different charge densities served as the PA, poly(L-lysine), as the PPC. PECs exhibiting
the highest stability (lowest solubility) emerged when using the PA with the highest

sulfatization degree, hence, possessing the highest charge density™,
a
r £ \ £ A\ —I
 E— [ | + B_n H"
€00~ C007/ 4 COOH / 1_g PA
n PA PA- M
b

, PA (0= 05
'SP SLELIP S N S S
f r j ,+,+,+,+,+’+

el Y
e | O 0700

PC (M =1) NPEC (#=0-5)

SCHEME 7

3. 1. 3. Reaction of Two Weak Polyelectrolytes

Reactions of weak polyacids with weak polybases give rise! 1o PECs whose compo-
sition and structure depend appreciably on the dissociation degrees of the PELs.
Knowing the dissociation degrees fipy and B, in the actual reaction conditions, the
composition of the clectroneutral PEC formed by the neutralization reaction can be
calculated theoretically as

P = [PCY[PA] = fpp/Prc- 2

This relation has been verified experimentally™! for the reaction of poly(vinylpyridine)
with poly(L-glutamic acid), for the reaction of partly carboxymethylated and aminoa-
cetylated poly(vinyl alcohol)™ = 57 and also for the reaction of quaternated ccllulose-
based polycations with carboxymethyleelulose™ (CMC). In systems poly(cethylene
iminc) (PED-PMAA and PEl-poly(methacrylic acid-co-methacrylic amide), however,
complexes with four different compositions emerged in dependence on the component
ratio in the reaction mixture™,

The effect of the charge density on the PEC formation in this subgroup were the
35,00

subject of papers , which studied reactions of carboxvethyleclulose and carbo-
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xymethylcellulose as pendent type PAs with poly(dimcethyldiallylammonium chloride),
and of carboxymethylcellulose (CMC) with cationically modified poly(acrylic acid-co-
acrylic amide). The results gave evidence that in these systems the difference in the
charge densities of the components does not affect the stoichiometry of the PECs
formed. In contrast to this, however, are the results of ref.®!, where the effect of the
charge density was examined [or various combinations of cationically and anionically
modificd poly(acrylic amide) copolymers by conductivity and turbidimetric measure-
ments. These measurements revealed an appreciable increase in the [PC|/[PA] ratio
with decreasing charge density of the two PELs; this ratio was somewhat higher if PA
solution was added to PC solution than vice versa. This difference increased with
decreasing PEL charge density®!.

The effective charge density affects the form®% of the PEC. Stoichiometric PECs
formed by PELs with low charge densities separate from aqueous solutions as
concentrated liquid phases: they are referred 1o as coacervate complexes. SPECs which
arc formed by PELs possessing high charge densities, separate from solution as gels or
precipitates. The water content of gels can vary within wide limits in dependence on
external conditions. Gels are considerably more stable and resistant to low-molecular-
weight clectrolytes than coacervate complexes are®, If the reaction conditions are
varicd, c.g. if the solution ionic strength is increased, NPECs formed from PELs with
high charge densities separate as precipitates. While NPECs formed from PELs with
low charge densities decompose readily, NPECs formed from PELs with high charge
densities are more stable and dissociate completely to the components only at high
solution ionic strength values®. The above results lead to the following partial conclu-
sions: (i) Reactions of oppositely charged polyions formed by dissociation of high-
charge-density SPELs give rise to SPECs. (i) If one or both of the PELS are weak, the
cffective charge density depends on the dissociation degree, hence, the latter will allect
the composition of the PEC. (iii) The form of occurrence of the PEC formed
(coacervate, gel, rigid solid) depends on the effective charge density of the two
polyions: low-charge-density polyions give rise to polyelectrolyte coacervates, whereas
very high-charge-density polyions form rigid solids.

3. 2. EFreeT OF T TONIC FUNCTIONAL GROUP POSITION AND
POLYELECTROLYTE STRUCTURL

Various steric effect that might influence the formation of PECs have been examined,
¢.g. the position of the dissociable groups, the shielding effect of bulky substituents,
rigidity of the polymeric chains, hydrophobicity ol the chains, polymer conliguration,
cle. With respect to the position of the functional group capable of carrying charge,

L6

PELs can be classed as pendent type and integral tvpe®, the charged groups being

considerably less shiclded in the latter than in the former!.

Collect. Czech. Chem. Commun. (Vol. 58) {1993)
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3. 2. L. Reactions of Two Strong Polyelectrolytes

In the case of two strong polyelectrolytes, addition of a solution containing polyanions
of the pendent type (PAT) to a solution of polycations of the pendent type (PCP) gives
risc to the scparation of SPEC precipitate. The amount of the precipitate is proportional
to the amount of PAP added up to the equivalence point, further it remains virtually
constant (Fig. 2a). The reverse process, addition of PCP to PAP, is similar (Fig. 2b). If
a polycation of the integral type (PCI), most frequently a PEL called ionene 54,
precipitated with a PAP, SPEC precipitates in a quantity proportional to the PAP addi-
tion up to the cquivalence point (Fig. 2¢); additional PAP after the cquivalence point
induces dissolution of the SPEC and formation of an NPEC with a constant compo-
sition, which is water soluble. At a certain PAP-10-PCI ratio, all the SPEC dissolves.
Different [PCI|/[PAP] ratios can occur in the NPEC*, c.g. 1 : 3 (ref.%%), generally 1: b
where b is an integer higher than unity. In the reverse arrangement, the soluble NPEC
with the given [PCIJ/[PAP] ratio is first formed, the excess PAP remaining in solution,
Only after the given ratio is attained in the whole system, additional PCI lcads to the
formation of the SPEC, which scparates from the solution as a precipitate while the

is

amount of thc NPEC in the solution decreascs. After attaining the equivalence point

9 pap

66000

— 404009

-0—0—0—0—o ——0—0—0
PCI SPEC
SPEC

000 00

0—9—:—0—0- L Tolobololo
?T?F°
ch ISP N NPEC (1:3]

SCHEME 8

* lere and in analogous cases, [PEL] is the concentration of the monomeric PEL unit in the PEC. cf. Eq. (/).
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the amount of the insoluble SPEC remains constant while the excess PCI remains in
the solution (Fig. 2d). This reaction course is shown in Scheme 8. A similar solution
has been observed for mixtures of the sodium salt of poly(acrylic acid) (PAA-Na) with
S,6-ionene bromide, where the solution complex with the [PCI] : [PAP] = 1 : 3 ratio
was formed®.

Mpgc Mepgc b
°/0 °/o

100 |——- - | 100 ==~

-— b s e p— — —

! |
0 1 3 0 3
XpaP Xpcp
Mpec Meec
%o ¢ %o d
100 ——- 100 -——
i
! |
|
I I
| |
|
! l | L l
0 1 3 0 1 3
Xpap e

Fig. 2
Precipitation curves: a precipitation of a strong polycation of the pendent type (PCP) with a polyanion of
the pendent type (PAP). b precipitation of a strong PAP with a strong PCP, ¢ precipitation of a strong
polycation of the integral type (PCI) with a strong PAP, d precipitation of a strong PAP with a strong
PCI (taken from rcf.m, modificd). Symbols: mppe relative mass of the insoluble PEC per mass of the
precipitate formed on mixing the two PELSs in a stoichiometric ratio, Xpap number of PAP equivalents per
PC equivalent in the reaction mixture, Xpep number of PCP cquivalents per PAP equivalent in the

reaction mixture, Xpeq number of PCI equivalents per PAP cquivalent in the reaction mixture
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3. 2. 2. Reaction between a Strong Polyelectrolyte and a Weak Polyelectrolyte
and Reaction between Two Weak Polyclectrolytes

The cffect of the structurc of the PELSs on the formation of the PEC for a SPEL and a
WPEL has been examined in ref.5%, The authors®® attempted at a quantitative
description of the effect of the steric arrangemcent on the degree of conversion in the
SPECs formed. The degree of conversion (©) is the ratio of the number of ion pairs
actually formed in the complex to the maximum number of ion pairs that can form; it
can attain values from 0, il no ion pair occurs and the complex has formed through
clectrostatic interaction of the polyions, to 1, if the maximum possible number of ion
pairs has formed. For systems of poly[2-(N,N-dimethylamino)ethyl methacrylate]
(PDMAEMA) as a weak polybase and a salt of a strong acid (PSS-Na) and a copolymer
of this acid with two kinds of nonionogenic comonomers of difterent bulkiness, the @
valuc in the SPECs was found to lincarly decrease with increasing fraction of the
nonionogenic groups (x) in the copolymer according to the substituent bulkiness. This
cffcct has been quantificd by means of constant s, called the “shielding coefficient”, in
the relation

O =0,-ysx, )

where O, is the degree of conversion in the SPEC formed from PDMAEMA and PSS-
Na at a certain pH and jonic strength of the solution. The constant s is higher for higher
substituent bulkiness. Lincar poly(cthylene imine) has been observed®” 1o displace
poly(N-tert-butylazirine) from complexes with PAA or PMAA, which is consistent
with the assumption that the stability of ionic bonds in the formed PEC is reduced by
the presence of a bulky nonpolar substituent at the functional group of an integral type
PEL.

The length of the N-alky! substituent of the quaternizing nitrogen atom in the poly(4-
vinylpyridine) cation also affects the stability of the PEC (ref.%%). This effect was
evaluated in terms of the amount of low-molccular-weight electrolyte added, at which
the PEC dissociated to the starting polyions. The stability was examined for the NPEC
formed by interaction between quaternized poly(vinylpyridine) and salts of PMMA or
polyphosphates, and for the SPEC where polyphosphate was used as the PA. The PEC
stability was found®® to decrease for the substituent scries methyl > cthyl > propyl >
aryl.

The hydrophobicity of strong PCIs (ionenes) was examined by {luorescence meas-
urement in ref.%’ and was found to increase with the length of the carbon chain between
the positively charged groups, hence in the series 44 <2 X <60, X~»X X =~06,0<88<
10,10-ionence. Hydrophobic interactions did not affect the stoichiometry of the PECs
formed, which is determined by the Coulomb interactions, but contributed to the increa-

sc in the stability of the PECs formed’7",

Collect. Czech. Chem. Commun. (Vol. 58) (1993)
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The cffect of configuration on the PEC structure was studied for the system of
poly(L-lysinc) with poly(methacrylic acid) with different tacticities (isotactic, syndio-
tactic, atactic)’?. The change in the «-helical structure of the poly(L-lysine) in the
complex was investigated in dependence on the PMAA configuration. Isotactic PMAA
with a high structure regularity causes an «-helical structure in the PEC, whereas
commercial PMAA, which is virtually atactic, with a low structure regularity, causcs
two effects: formation of the a-helix, and a destructive effect. The helical structure
content increases in order: atactic s commercial < syndiotactic << isotactic’.
Conformation changes in the macromolecular chains of the PEL were also investigated
during the formation of PECs with PELSs having a specilic conformation, such as «-
helix, P-structure of the compound Ieaf, double helix, ete. According to the structure of
the arranged PEL (conformation, charge density, position ol the dissociable group,
rigidity, side chain length), the conformation of the oppositely charged PEL in the
PEC changes™ %,

For PECs formed by reactions of PELs with rigid polymeric chains such as modified
polysaccharides, their stoichiometry was examined, The glycolchitosan—sulfated cellu-
lose and glycolchitosan—hyaluronic acid systems do not form SPECs whereas the
glycolchitosan—heparin system does™ = 92 More recent papers™ = %7 dealing with
reactions of chitosan with synthetic or modificd natural PELs such as PAA, 2,5-ionene,
PDMAEMA, CMC, glycosanaminoglycan, cte., report that if the optimum reaction
conditions (pH, ionic strength) are adhered to, SPECs can also be obtained with such
rigid polymeric chains.

Some specific elfect are observed in heterogencous reactions ol crosslinked PELs
with lincar PELs® = '%% However, there exist few original works dealing with the
formation of PECs under heterogencous conditions, and so no general conclusion can
be made.

The above facts show that interactions of two oppositely charged pendent type
SPELs invariably afford stoichiometric (1 : 1) insoluble PECs. Interactions of integral
type PELs result in insoluble SPECs as well, these, however, are soluble in excess
PEL of the pendent type; the system then simultancously contains insoluble SPEC and
soluble NPEC, the latter having, for the given PELs, a constant composition with
[PCI|:{PAP] = I : b. Steric effects do not influence appreciably the stoichiometry ol the
complexes but they atfect the © value as well as the PEL conformation in the PEC.
The @ values invariably decrease with increasing substituent bulkiness and the number
of defects in the PEC structure increases. If there are many defects in the structure, at
©® << I, the SPEC precipitate in the aqueous solution can dissolve. This is duc 1o the

)

hydrophilic nature of the PEC molecule, which in this case can be looked upon as a

block polymer containing alternating hydrophobic and hydrophilic blocks ¥ 104105 The

formation of defccts can also be due to the tact that the majority of polyions adopt the

Collect. Czech. Chem. Commun. (Vol. 58) (1993)
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conformation of statistical coils** before the reaction, the jonic reaction being virtually

instantancous #6106,

3. 3. EFFECT OF THE POLYMERIZATION DEGREE OF THE POLYELECTROLYTE

The last molar paramcter to be dealt with in this paper in relation to the effect on the
PEC formation is the polymerization degree of the polyclectrolyte, Ppp; *.

3. 3. 1. Reaction between Two Strong Polyelectrolytes

No effect of the polymerization degree on the PEC formation has been observed for
pairs of SPELs'®, If solutions of SPEL salts arc mixed in the equivalent ratio, the
SPEC is formed irrespective of whether both of the PELs involved have high poly-
merization degrees or whether one has a high degree of polymerization whereas the
other has a low degree of polymerization. If the SPELs are mixed in a nonstoichio-
metric ratio, the overstoichiometric amount of the one SPEL remains in solution while
the SPEC separates from the solution, regardless of the combination of the poly-
merization degrees.

3. 3. 2. Reactions between Strong and Weak Polyelectrolytes

If a solution of a WPEL is added to a solution of an oppositely charged SPEL with a
comparable polymerization degree, insoluble SPEC forms in an amount corresponding
to that of the WPEL added, the excess SPEL remaining in solution. This is so until the
equivalence point is reached; thereafter, addition of the WPEL brings about dissolution
of the precipitate and formation of an NPEC having a constant composition (). After
all of the SPEC has been transformed into that NPEC, additional quantitics of the
WPEL do not induce change in the NPEC composition®107 = 1% The formation of the
water-soluble NPEC from the SPEC formed by addition of a WPEL to a SPEL having
a nearly identical Ppg; is shown in Scheme 9.

In the reverse procedure, viz. addition of a solution of a SPEL to a solution of a
WPEL, a soluble NPEC with a constant composition is formed, the excess WPEL
remaining in solution. When the amount of the added SPEL is higher than as
corresponds to the quantitative formation of the NPEC from the WPEL, the insoluble
SPEC is formed and coexists with the NPEC once formed. The amount of SPEC in the
mixture increases until the equivalence between the SPEL and WPEL is reached.

* In the papers cited, fractionated PELs were invariably used with a narrow polymerization degree
distribution, where the assumption that P = P, = Py is warranted.
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Additional SPEL docs not bring about any change and its overstoichiometric quantity

remains unrcacted in the solution®s108.109,

TI1J1 0V 5P 1T 117 T 1T 1T ¥V 1TV ¥ 1

AsASRARRR —
+  WPEL

SPEC (§=1)

NPEC (§ = § )

SCHEME 9

If a WPEL with a high polvmcrization degree — the host polyelectrolyte (HPE) —is
reacled with a SPEL with a low polymerization degree — the guest polyclectrolyte
(GPE) — in a nonstoichiometric ratio, an NPEC with excess HPE forms if the latter is
present in excess. The unreacted segments of the HPE chain cause solubility of the
NPEC in aqucous solution and determine the resulting charge of the whole complex. In
this casc the composition is defined as the ratio of the number of GPE mers to the

number of HPE mers in the NPEC formed, and can be expressed as!!?

® = |GPEJ/[HPE] )

(the above remarks concerning the quantities in brackets hold truc).
The @ values are between 0 and 1, and determine the NPEC properties. Until this
which depends on the properties of the PELs

value exceeds a characteristic value O,

forming the NPEC and mostly lies between 0.2 and 0.5, the reaction products are
soluble in water and in aqueous solutions of salts!?,

If solutions of GPE and HPE are mixed in the equimolar ratio, the SPEC (b = 1) is
formed with @ < 1. The © value depends on the effective charge density of the weak
HPE. If ® < 1, this value increases on decreasing the polymerization degree of the
GPE (Pgpp) at the same ceffective charge density of the weak HPE. When a certain
Ppr; value, the so-called critical polymerization degree P, is attained, the maximum
number of ion pairs forms in the SPEC (© = 1). At Ppg = P
the composition of the complex, which is dependent on the effective charge of the HPE
and its polvmerization degree (Pypp) as well as on the GPE used, is different from 1;

O is always unity but

an insoluble NPEC whose composition is near 1o unity is formed*™. An cquilibrium,
represented by Scheme 10, establishes in the solution between the NPEC and free GPE
molecules. The P, value depends on the actual PEL pair and actual reaction condi-
d 100,111

{
tions; values of tens of monomeric units are commonly encountere

If the GPE is added to the solution of HPPE, an NPEC is formed whose composition
corresponds to the GPE-to-HPE ratio and varies with the addition of the GPE so that
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the & valuc increases proportionally to the GPE amount added. This implies that the
GPE chains arc distributed uniformly among all the HPE chains in the reaction mixtu-
re. (This is different from systems containing a WPEL and a SPEL with roughly
identical Ppg;’s, where an NPEC with a constant composition forms and cxcess WPEL
remains in solution.) This change in the NPEC composition proceeds until a charac-
teristic @ value (P,,,) is attained; additional GPE lcads 1o the formation of the inso-
luble SPEC, so that a precipitate of the SPEC and the dissolved NPEC (b = & )
cocxist. The amount of the SPEC increases and that of the NPEC decreases proportio-
nally to the addition of the GPE until cquivalence between the GPE and HPE is rea-
ched. Only the SPEC exists in the system in this point. Additional, overstoichiometric

~ ~ * ~ < P2 N . . 0 o N
GPE docs not affect the SPEC and remains unreacted in the solution®>108.110.112 - 116,

HPE (Ripe = Fpe )
TTTTTTTTTTT —

-+ -———

422 112 228 111
GPE (Fepe < Reit )

— rr1irr1t¢vuv, 11V ]
-~ 241 421 2831 + aap
NPEC (0:=1, §=1) GPE

SCHEME 10

The behaviour of the GPE-HPE system thus depends on whether the former is
added to the latter or vice versa but the properties ol the resulting PEC formed on
adding the GP'E to the HPE or vice versa are the samie irrespective of the preparation
procedure, provided that PEC of the same composition and the same © value has
formed®®®1, If the HPE solution is added 1o the GPE solution, SPEC precipitates in an
amount proportional to that of the HPE added till the equivalence point is reached.

Overstoichiometric HPE causes dissolution of the SPEC and formation of a soluble
NPEC (Scheme 11) with a characteristic composition!®H0H2 =16 1y 4 gimplification,
its structure is that of a block copolymer with alternating hydrophilic and hydrophobic
blocks** !9, The former involve a charged HPE chain which is hydrated and sustains
the NPEC in solution, whereas the latter involve double chains of HPE and GPE
macromolecules linked by ionic bonds, because due to the electrostatic interactions the
functional group lose, partly or completely, their hydration shells whereby this segment

loses its hydrophilic nature.
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SPEC (HPE+ GPE) HPE (PH,.EIPGPE» 1)
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NPEC (£ = fenar )

ScHeMmr 11

The above analysis indicates that the polymerization degree of the polyelectrolyte
affects appreciably the formation of the complex. Various combinations of the macro-
molecular chain and component proportions in solution can lead to SPECs, which can
be water insoluble or soluble, and to NPECs having various properties. Hencee, the
PECs formed differ in their composition as well as in their degree of conversion. This
implies that cquilibria of two kinds cstablish in the solution. The one cquilibrium
pertains to reversible association of segments of HPE macromolecules with oligomeric
GPE molecules, as shown in Scheme 12. This equilibrium occurs provided that Pypy
>> Ppp; and that Pipy < P

i Since we always have © = 1 in such circumstances, the

HPE (Ripe >> Rpe )

r 1
LTrr 1, - . F]|l1
+ - l_‘._l_l.Jn
nafa PEC (8=1)
GPE (/’G,,Esl"’;,it )

ScHEME 12

equilibrium only affects the ratio of the oligomeric GPE molecules bonded to the HPE
chains to those in solution, hence, the composition of the complex formed. The other
kind of cquilibrium pertains to the behaviour of the HPE and GPE macromolecules if
the polymerization degree of the latter is higher than the critical value. This equilibrium
is shown in Scheme 13, In this case one must discriminate between bonded pairs
(forming jon pairs) and nonbonded pairs of appositely charged functional groups in the
Land
Pipr > Pgopp), no free GPE macromolecules occur in the solution as long as

HPE and GPE chain segments. In such conditions of the reaction (Pgpy; > P,

cn
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[GPEJ/[HPE] < 1 in the reaction mixture, but the @ value of the PECs formed, with a
composition d, can change.

HPE (Pupg > Pgpe)

1
{ll|1llrJn [ 1 11 1

+ —— —
naaseafl LI AL
GPE (Fope > FRornr ) PEC (#, 6<1)

I

pEC (¢1j 9=1)

ScHEME 13

The determination of the degree of conversion was also the concern of ref.!'7 which
studied the protein—sulfosynthane (a strong oligoclectrolyte) system. The © value
(referred to as the sulfo-group bonding paramcter, p) of the PEC formed was found and
calculated to be unity.

3. 3. 3. Reaction between Two Weak Polyelectrolytes

Reaction of two oppositely charged WPELs with approximately identical poly-
merization degrees, mixed in a nonstoichiometric ratio, gives rise 1o NPECs whose
composition is identical with the reactant ratio'*®, In contrast to that, reaction in the
poly(potassium methacrylate)-PEVP-Br systcm only provides the water-insoluble
SPEC, regardless of the component ratio*,

4. EFFECT OF REACTION CONDITIONS ON THE FORMATION OF POLYELECTROLYTE
COMPLEXES

The naturc and formation of PECs can also be affected by the reaction conditions such
as solution pH, ionic strength, solvent and temperature.
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4. 1. EFreCT OF pH OF MEDIUM

The pH of the medium is among the most important reaction conditions with respect to
the PEC formed because the activity of HY jons determines the instantancous degrees
of necutralization of the two PELSs and thus also their dissociation degrees (particularly
for WPELSs) and the effective charge densitics. In other words, the H* activity alfects
appreciably the strength of the polyions formed, and since the stoichiometry as well as
the structure of the PECs is dependent on the charge densities of the polyions, the pH
value will affect signilicantly the formation of the PECs, particularly if at least one of
the PELs is weak.

4. 1. 1. Reaction of Two Strong Polyelectrolytes

Strong polyclectrolytes can be assumed to be completely dissociated in solution over a
wide pH region. This implies that over a wide pH region, the insoluble SPEC is
formed, both during the reaction of two oppositely charged pendent type PELs and
during the reaction of a pendent type PEL with an integral type PEL™, The case
where the reaction mixture comtains an integral type PEL and an overstoichiometric
amount of a pendent type PEL is an exception®™. The formation of an NPEC, however,
is duc to the position of the charged functional groups in the integral type PEL rather
than to the pH value.

4. 1. 2. Reaction between a Strong Polyelectrolyte and a Weak Polyelectrolyte

If onc of the reacting PELs is a WPEL (2nd PEC subgroup), the pH plays an
important part in the PEC formation because it affects the dissociation degree of the
WPEL and thereby the ceffective charge density of the polyion formed by its disso-
ciation, which in turn affects the composition () and degree of conversion () of the
PEC, the dissociation degree of the WPEL being independent of the initial degree of
neutralization.

The composition of the PEC formed by reaction of a completely dissociated SPEL
and a WPEL dissociated to degree ff can be caleulated from Eq. (7). This equation
demonstrates that the PEC will be the closer to the stoichiometric composition the
more closcly the dissociation degree of the WPEL approaches unity. The p value of the
WPEL can primarily be affected via the solution pH. Thus, a suitable pH is a precondi-
tion for the formation of the SPEC: this is the basic region for weak polyacids, and the
acid region for weak polybases.

The pH also affects the @ value of the PEC. According to the © valuc and the
reaction conditions, the SPECs and NPECs can be soluble or insoluble in aqucous
media. The maximum degree of conversion of the SPEC at which the complex is still
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soluble (i.c. the @y, value) depends on the nature of the PELs and typically
lies 4678104119 = 121 \ithin the range 0.2 to 0.5.

If equivalent amounts of a WPEL and a SPEL are mixed at a pH which is unfa-
vourable to the dissociation of the former, an insoluble NPEC is formed. This NPEC
has a constant composition and contains excess WPEL, whereas the SPEL, if present
in excess, remains in solution. The degrees of conversion of insoluble NPECs are lower
than 1 (refs*® = 48 66 12y The most common NPECs emerging from reactions of
poly(carboxylic acids) with various counter-PELs in acid region exhibit < within the
region of 0.1 — 0.5 (ref.!). By changing the pH, the insoluble NPEC can be converted
to the insoluble SPEC, viz. by increasing the pH of systems involving a weak polyacid
and by decreasing the pH in systems involving a weak polybase. Over a certain pH
range, the insoluble, constant-composition NPEC (whose © value is pH dependent)
and the unrecacted SPEL coexist. Starting from a certain pH, which depends on the
naturc of the WPEL, the NPEC composition also changes and ultimately transforms
into the SPEC. At the pH at which the SPEC forms, the degree of conversion in the
latter is lower than O, and the SPEC is soluble in aqueous medium. Additional
change in pH brings about increase in the © value, and after the O, value is reached,
the insoluble SPEC separates. The changes in the PEC composition and in the @
values occur across a narrow pH region''?, as Fig. 3 demonstrates. In fact, pH change
leading to an increase in the neutralization degree in the WPEL also brings about
increase in its dissociation degree, which in turn gives rise to new reaction siles
forming ionic bonds with the oppositely charged groups of the SPEL; this is associated
with an increasc in the © value and a change in the PEC composition.

The effect of the degree of conversion in the PEC on its propertics has been exami-
ned viscometrically and by sedimentation measurements for the reaction of equivalent
amounts of poly(sodium phosphate) (PPh-Na) and PDMAEMA (ref.!"’) (Fig. 4)*. At
© < 0.25, the sedimentation cocfficient decreases and the reduced viscosity increascs
duc to the attachment of PPh-Na to the PEC particles, which is associated with an
increasc in their hydrodynamic volume. The minimum sedimentation cocfficient value
and the maximum reduced viscosity are then obtained during the formation of the
soluble SPEC whose @ value is 0.25. At higher © values the viscosity of the system
decreases and the sedimentation coefficient increases due to conformation changes in
the SPEC particles, leading to their higher compactness. This effect is caused by

* The © values for the behaviour of the system 1o which Fig, 4 pertains are calculated for the SPEC. Hence,
the © value is calculated here as the ratio of the formed ionic bonds in the complex (NPEC or SPEC) 10
the maximum number of functional groups capable of carrying a charge in the WPEL. In the NPEC, the
WPEL is present in excess, and therelore the € value in Fig. 4 does not correspond to the true © for this
NPEC as defined. For @ = 0.2, the true degree of conversion in an NPEC with, c.g., & = 0.2, cquals onc.
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hydrophobization of the SPEC macromolecules. At © = 0.5, the SPEC loscs its solu-
bility and scparates from the solution as a precipitate or coacervate!'’.

If the insoluble, constant-composition NPEC emerging from the reaction between a
low-dissociated WPEL and a SPEL is isolated and transferred into water at the same
pH as was that of the reaction mixture, it remains insoluble, but & pH change (addition
of an acid or basc) transforms it into a soluble NPEC having the same composition.
The basis of this transformation is conversion of undissociated functional groups of the
WPEL into the dissociated state and thereby, formation of hydration shells about these
charged groups. It is also prerequisite for the formation of the soluble NPEC that its &
value be lower than the corresponding @, value!O 11010 The hehaviour of soluble
NPECs formed by reaction of a WPEL with a SPEL in an unsuitable pH region where
dissociation of the WPEL is suppressed, followed by conversion of the insoluble
NPEC into the soluble NPEC by changing the pH, is the same as the behaviour of
soluble NPECs obtained by mixing noncquivalent quantitics of the corresponding alka-
li salt of the weak polyacid and a salt of the strong polybasce in a suitable pH region,
provided that the two resulting NPECs have the same composition and degrees of
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Dependence of the degree of conversion in poly- Dependences of the sedimentation cocfficient of

electrolyte complexes on the final pl of the
reaction mixture. Aqueous solutions of poly-
electrolytes (15 meq 1"y mixed in cquimolar
proportions: O complex {rom PPh-Na and
PDMALMA, @ complex from PAA-Na and
PDMALMA

the SPEC (1) and of the reduced viscosity (2) of
the reaction mixture on the degree of conversion
after mixing aqueous solutions of PPh-Na and
PDMAEMA (15 mey I_l) at 20 °C. Broken line
shows boundary between the homogencous system
(soluble SPIC) and the heterogencous system
{insoluble SPEC)
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4. 1. 3. Reaction between Two Weak Polyelectrolytes

In the reaction of two WPELs (3rd PEC subgroup), the SPEC is only formed across
the narrow pH range where the two WPELSs are dissociated to the maximum degree.
The SPEC has the character of a polyelectrolyte coacervate’’!. At lower or higher
pH’s the complex does not form at all, if the degree of dissociation of the weak polya-
cid or polybase is very low, or there forms an insoluble NPEC containing excess of that
WPEL which is less dissociated in the conditions applied.

For SPECs obtained by reactions of pairs of WPELSs, the pH dependence of the
degree of conversion has been examined in the acid as well as in the basic region’®108,
In the basic region the shape of the curve is similar to that shown in Fig. 3, it is,
however, shifted to lower pH values. In the acid region, however, the curves are less
steep than in the basic region, as are the dependences observed for SPECs between
weak polyacids and strong polybases. As compared to the weak acid—strong basc
combination, the curves in the acid region for the weak polyacid—weak polybase arc
shifted to higher pH values 108,

Insoluble NPECs formed by reactions of pairs of WPELs mixed in equivalent ratios
at a higher or lower pH can be transformed, by a suitable pH change, into the soluble
SPECs (at lower © values) or insoluble SPECs (at © > @, ). The situation is similar
for the PEC subgroup formed by combination of 4 WPEL with a SPEL. The pH must
be changed so as to reach that value at whicl: the two WPELs simultancously exhibit
the maximum dissociation degree, that is, towards the ncutral region!%,

If the insoluble NPEC has been isolated from the reaction mixture and transferred
into an aqucous solution at the same pH, it can be converted into the soluble NPEC of
the same composition by a suitable pH change, i.c, by adding a fow-molccular-weight
basc or acid. In contrast to the 2nd PEC subgroup (SPEL-WPEL combination),
soluble NPECs in this subgroup can have a positive or negative charge according to the
solution pH. If the insoluble NPEC has been formed in the acid or basic region, the
resulting charge of the soluble NPEC
prercquisite for the formation of the soluble NPEC also is a & value not higher than
Dy Fora given combination of two WPELS there can exist two different &

is negative or positive, respectively. Another

char Values
in dependence on the functional groups of that PEL which is contained in excess in the

NPEC.

4. 2. EFFECT OF SOLUTION [ONIC STRENGTIH

The ionic streagth of the solution is determined by the concentration of the PELs
and/or the concentration of the low-molecular-weight electrolyte. The effect of the
ionic strength has only been examined for inert uni-univalent clectrolytes.,

A simple clectrolyte dissociates into small ions, whercupon the average concentra-
tion of counterions and co-ions in solution increases. The counterions are attracted by

Collect. Czech. Chem. Commun. (Vol. 58) (1993)



Review 735

the clectrostatic ficld of the polyion and their concentration in its vicinity thus increa-
ses, whereas co-ions are displaced from its vicinity. Due to the increased concentration
of counterions in the ionic atmosphere of the polyion the shiclding between the polyion
groups of the same charge increases, as does the number of ion pairs formed between
the charged groups of the polyion and the counterions (Manning counterion condensa-
tion®*122- 128} qye to which the effective charge density of the polyion decreases™ 129~ 136,
As a result of the two clfects, the polyion coil contracts, and this cffect is further
intensificd by the high concentration of co-ions in the surrounding solution. During the
fast ionic reaction the polyionic coils fail 10 copy their shapes and form a PEC by the
zipping mcchanism acting in the case of dilute solutions of the simple salts, where
PECs with a ladder molecular structure emerge®’ (Fig. 2b). lon pairs between oppo-
sitely charged functional groups thus only form within certain polyion scgments; the
remaining segments only mutually compensate their electrostatic ficlds. PECs with the
prevailing scrambled egg structure are formed®’. This implics that the degree of
conversion is lower than 1 and decreases with increasing ionic strength.

4. 2. 1. Effect of the Polyelectrolyte Own Concentration in Solution

4. 2. 1. 1. Reaction between Two Strong Polyelectrolytes

In the first subgroup of PECs, which are formed by reaction between two SPELSs, the
SPECs can be cxpected to form across a wide PEL concentration region because the
SPEL:s should be completely dissociated. This presumption has been confirmed expe-
rimentally in ref.!, where a PMAA salt (« = 1) in conditions of its complete dissociation
was reacted with a strong polycation, viz. 2,X-jonene, to obtain the SPEC (P = 1)
irrespective of the final PEC concentration.

4. 2. 1. 2. Reaction between a Strong Polyelectrolyte and a Weak Polyclectrolyte

In the sccond subgroup of PECs, formed by reaction of a SPEL with a WPEL, the
concentration of the PEL affects the composition of the PEC. As the concentration
increascs, the dissociation degree of the WPEL decreases and so docs the charge densi-
ty, whereupon the composition of the PEC changes!. Actually, the number of reaction
sites capable of reacting with the SPEL decreases and an NPEC is formed (the b value
lowers). Despite these conclusions, the authors™! found that if salts of WPELs arc
reacted with salts of oppositely charged SPELs, PECs emerge whose © values are
independent of the starting PEL concentration (¢, = 0.5 = 10 meq 17). No effect of the
component concentrations on the “yield” of the insoluble PEC was also observed in the
reaction between a solution of fully protonated gelatine and a solution of the sodium

salt of sulfo-synthane (a strong oligoclectrolyte).
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4. 2. 1. 3. Reaction between Two Weak Polycelectrolytes

In the third subgroup of PECs, formed by reaction between two WPELs, the PEL
concentration should have a substantial c¢ffect on the composition of the PEC. This
composition should depend on how the dissociation degree varies for the two WPELSs
on increasing their concentration in the solution. If the dissociation degrees of the two
WPELs changed in the same manncr, the composition of the PEC formed should not
change (Eq. (2)).

4. 2. 2. Effect of Concentration of Low Molecular Weight Salt

4. 2. 2. 1. Reaction between Two Strong Polyelectrolytes

The reaction of two SPELs gives rise to the insoluble SPEC across a wide region of
salt concentrations*®, If the solutions contain a low-molecular-weight electrolyte in an
extremely high concentration, the PELs sceparate from the solution due to the Manning
counterion condensatjon™ 122 - 128,

If the concentration of the low-molecular-weight salt in a dilute solution of the PELs
is fairly but not extremely high, ion pairs form between the functional groups of the
polyions and the low-molecular-weight counterions. The number of jon pairs depends
on the ionic strength and on the salt used. If two SPELSs with charge densities reduced
in this manncr are reacted, the SPEC should form again, its degree of conversion,
however, should be different (© < 1) in dependence on the concentration and kind of
the Jow-molecular-weight salt used. If the two oppositely charged SPELSs form together
stronger ionic bonds than with their counterions, the reaction will be associated with a
displacement of the low-molecular-weight counterions from the formed ionic bonds
with the polyion, and the SPEC will emerge with a degree of conversion approaching
or equal to unity. This SPEC cannot be dissolved or dissociated into components by
addition of the simple salt. A mixed ternary solvent containing waler, a water-miscible
organic solvent and a low-molecular-weight clectrolyte, such as water—acctone—NaBr,
must be used to dissolve the SPEC (refs!6-37),

4. 2. 2. 2. Reaction between a Strong Polyelectrolyte and a Weak Polyelectrolyte

If simple clectrolytes are present in the PEL solutions in low concentrations, a low
number of ion pairs form between the weak polyion and the counterions, and so the
insoluble SPEC with © = 1 should cmerge. As the concentration of the salt is raised,
the number of ion pairs should increase and the © value of the SPEC should decrease.
This implics that the number of hydrophilic regions (Ioops, tails) in the SPEC structure
increases. After attaining a certain proportion between the hydrophobic and hydrophilic
regions in the structure, the SPEC dissolves. The © value, naturally, decreases. The
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soluble SPEC then can be looked upon as a special block copolymer which consists of
hydrophobic and hydrophilic blocks** 104105108 "Eyrther increase in the salt concentra-
tion in the system ultimately results in complete dissociation of the SPEC to the
starting components$> 3139 The salt concentration in solution at which the soluble
SPEC with a low © valuc emerges, depends on the interaction of the low-molecular-
weight counterion with the WPEL and on the properties of the PELs used.

Instead of the soluble SPEC, an insoluble NPEC enriched with the WPEL can form
in the same conditions; the functional groups of the incorporated WPEL which have
not formed ion pairs with the oppositely charged groups of the SPEL are ncutralized
with counterions (ion pairs formed). Which kind of PEC is formed, is detcrmined by
the kind of the low-molecular-weight salt.

The concentrations of low-molecular-weight electrolytes at which the heterogencous
systems transform into homogencous systems (the SPECs dissolve), for a given SPEC
concentration in the system, can be characterized by phase separation curves in the
phase diagrams'*®, Phasc diagrams of some systems are shown in Fig. 5. The curves are
unsymmetrical, exhibiting a maximum at low PEC concentrations. The phase diagrams
agree in their shape with those of coacervate complexes forming on mixing PELs with

- 2 .
140~ 142 For coacervate complexes, the homogeneous systems exist

low charge densities
at lower concentrations of the simple salts. The concentration of the low-molccular-
weight clectrolyte at which the insoluble SPEC transforms to the soluble SPEC
depends on the chemical structure of the PELs involved (Fig. 5). Morcover, this value
is also affected by the kind of the low-molecular-weight salt and by the molecular
weight of the PELs (ref.'*®). This phenomenon is associated with the different ability
of the counterions to bond to charges of the corresponding polyions. It is clear that the
higher the ability of the counterion to bond to the charged group of the polyion, the

lower the concentration of the corresponding low-molecular-weight clectrolyte requisi-
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tc 1o disturb the ion pairs formed between the oppositely charged functional groups of
the two PELs. The bonding of alkali metal cations to the polymethacrylate anion is
higher for potassium jons than for sodium ions, and the bonding of halide ions to the
poly(N-cthyl-4-vinylpyridinium) cation increases in order F~ < CI7 < Br™. These facts
arc consistent with the data of the Manning condensation of the counterions of the
PELs alonc?* 122~ 128 For PELs with lower molecular weights (lower polymerization
degrees), the SPEC dissolves at a lower concentration of the low-molccular-weight
clectrolyte!'8,

The behaviour in aqueous solutions of simple salts is considerably different for
soluble NPECs, formed by rcaction of a WPEL with a relatively high polymerization
degree (HPE) and a SPEL with a relatively low polymerization degree (GPE), where
the HPE is present in the NPEC in cxcess and is responsible for its solu-
bility6267.110.114143134. The pehaviour of the soluble NPEC (4 = [GPE)/[HPE] s ®,,.)
in aqueous solutions of low-molecular-weight clectrolytes is apparent from turbi-
dimetric titration of the NPEC with a solution of a simple salt (Fig. 6). The titration
curve exhibits three different regions, I, 11, 11 In regions Tand HI the system is single-
phase, homogcencous, whereas in region 11 it is two-phase, heterogencous. Such beha-

T T T T T '
° AN
or 1 0 b o ° ! 6150
| -
i i o, Ay10t| Fa
TiTmex M, .10 \ nm
g mol™ | 4140
i ] |
2\
04t . {
06| ! 2430
|
- . |
3 1
I
0 " 1 L OL i a1 0
01 03 Y 0-05 01 4015,
1 Cm&,ml 2 Cwﬂ'ldl
FiG. 6 Fii. 7

Turbidimetric curve for the titration of the NPEC
(P = 0.33) formed by reaction between PMAA-Na
M, =26. 10 g mol™y and PEVP-Br M, =60. 10!
g mol_l), with NaBr solution at pH 7.5 and
temperature 20 °C

Dependence of molar parameters of the NPEC (P
= 0.33) formed by reaction between PMAA-Na
(M,=26.10° g mol™) and PEVP-Br (M, = 6.0 10"
g mol™) on the concentration of NaBr at pH 7.5;
7 mass average of the NPEC molar mass (M), 2
gyration ratio (K,), 3 second virial cocflicient
(A5). Broken
regions 1 (soluble NPLEC) and Il (insoluble
NPEC)

tine shows boundary between
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viour is characteristic of all NPEC solutions so far studiced, formed by mixing GPEs
with HPEs in nonstoichiometric ratios. In region I, where the ionic strength of the
solution J is lower than the critical value J;, the NPEC behaves in the solution like a
PEL with flexible polymeric chains. Fig. 7 demonstrates that increase in the concentra-
tion of NaBr in the solution is accompanied by a change in the molecular charac-
teristics of the NPEC. As the ionic strength of the solution is increased, the size of the
NPEC particles decreases, as do the gyration radius values and the sccond virial coeffi-
cient values (A,), while the molar mass of the NPEC remains constant in this region.
Thus in region [, the NPEC behaves like a PEL in a simple salt solution. AtJ, the A,
value approaches zero and the NPEC loses its solubility, the insoluble PEC scparates.
The J, value depends, in otherwise identical conditions, on the chemical structure of
the HPE and GPE constituting the NPEC, on the NPEC composition (<P value) and on

~

the kind of the salt used 2. It the & value is lower, the formation of the insoluble PEC

.

requires a higher ionic strength. 1@ approaches zero, the NPEC is soluble over the
catire ionic strength region examined.

For an NPEC having a constant composition, the ionic strength necessary for the
formation of the insoluble PEC depends on the low-molecular-weight electrolyte, on
the ability of the counterions to bond to the charged functional groups of the HPE: their
nature affects the J, value whereas that of the co-ions does not. The J| value increases
with decreasing degree of association of the low-molecular-weight counterions of the
HPE. For instance, for a polyanion carrying carboxy functional groups, the solubility
of the NPEC in salt solutions increases in order'® LiCl < NaCl < KCI < (CH;),NCl;
this is also the decreasing order of bonding constants of cations 10 a polyanion contai-
ning carboxy functional groups!®.

In the sccond region, with J, < J < J,, the GPE-to-HPE ratio in the NPEC changes
abruptly in the two phases formed. The SPEC (P = 1) segregates in the concentrated
phase or precipitate, independently of the composition of the starting NPEC. The beha-
viour of the dilute phase which is in cquilibrium with the concentrated phase is consid-
crably more complex!!O 48143 CThis can only contain the HPE released from the
initial NPEC, or a new NPEC with a lower GPE content, because a portion of the
GPE has been spent on the formation of the SPEC. The composition of the new NPEC
(d,) differs from that of the initial NPEC (d)); we have @, < Py, the @, value being
lower for higher jonic strengths ol the solution'*4,

The restructuring of the NPEC when passing from region 1 to region 11 leads to the
SPEC, which separates in the form of a concentrated phase from the salt solution. The
formation of the SPEC during disproportionation (Scheme 14) and its separation into
the concentrated phase or precipitate is explained! in terms of the lower solubility of
the SPEC as compared to the initial NPEC in the existing conditions; the dispro-
portionation mechanism, however is not quite clear. The authors!'% suggest two difte-
rent mechanisms: the one involves separation of the NPEC (rom the solution into the
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concentrated phase (duc to the lower solubility as a result of the Manning condensation
causcd by the high J value) and its successive rebuilding in the concentrated phasce,
associated with the formation of the SPEC and separation of the excess HPE into the
dilute phase. The other mechanism involves the formation of the SPEC in the solution
as a result of the chemical reaction of GPE chain transfer from one NPEC particle to
another, and subsequent precipitation of the SPEC. The two mechanism do not exclude
onc another and their concurrent operation is conccivable.

A44 2118 TT T T T V7T 717
NaC

™ T T T 7T 7T — TTTTTTTT + ALl

121 Al AALLsdand S S o e ¢

TT T T T T T 17717 insoluble SPEC L8 A

a1 A28 ($=1) new NPEC, §, < &,

NPEC (HPE+ GPE), §,

SciEME 14

Increase inionic strength in region 11 is associated with a decrcase in the © value in
the SPEC duc to the Manning condensation. The behaviour of SPECs formed from
NPECs on increasing the ionic strength is similar to that of SPECs formed by mixing
the PELs in stoichiometric ratios, as described above. In turbidimetric measurements,
the system hazc decreases with increasing concentration of the simple salt in the solu-
tion, and at ionic strength J, the system becomes homogencous again. The J, value
depends on the nature of the GPE and HPE involved as well as on the kind of the
low-molecular-weight salt. Unlike the J, value, the J, value is dependent on the initial
concentration of the NPEC in the solution® (Fig. 8).

The transition from the heterogeneous system to the homogeneous system (from
region II to region III) is due to the conversion of the insoluble SPEC to the solubie
SPEC. This change is causcd by the dissociation of a certain number of jonic bonds
between the WPEL and the SPEL in the SPEC and change in the ratio of the
hydrophilic to hydrophobic regions in favour of the former. The phase separation
curves between regions I and I in Fig. 8 have a shape similar to that of curves in Fig.
5 for the SPEC obtained by reaction of a SPEL and a WPEL. Additional increase in
the salt concentration®? 110143
to the starting GPE and HPE,

NPECs formed from GPEs and HPEs which are stabilized by introducing cross-link

in region Il also brings about dissociation of the SPEC

covalent bonds between the polycations and polyanions constitute a particular

group!® 14 At a covalent bond content as low as 10% in the NPEC, the phase sepa-
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ration docs not take place up to a salt concentration which is sufficient for a complete
disturbance of the intermolecular ionic bonds!!*1#4, This implies that the introduction
of cross-link bonds prevents redistribution of the GPE among the HPE, dispro-
portionation docs not occur in such a system, and the complex retains its solubility over

a wide range of ionic strength of the solution!%146,

4. 2. 2. 3. Reaction between Two Weak Polyelectrolytes

The cffect of addition of a low-molecular-weight salt on the composition of the PEC
formed by reaction of two WPELs in the optimum reaction conditions (pH, low WPEL
concentration) should be as in the case of the 2nd PEC subgroup (SPEL + WPEL). By

~

adding a low-molecular-weight salt, the insoluble SPEC can be converted into the
soluble SPEC and further completely dissociated into the starting components. The
shape of the phase separation curves is as in Fig. 5, the phase changes, however, take
place at lower ionic strengths, hence, at lower concentrations of the same simple
electrolytes 07100 = 111138140 - 142

Soluble NPEC in this 3rd subgroup can be formed by mixing nonequivalent amounts
of a WPEL with a relatively high degree of polymerization with a WPEL with a rela-
tively low degree of polymerization, in the optimum pH region. The former WPEL
must be present in excess. Such an NPEC behaves in the presence of simple salts in the
same manner as an NPEC obtained from a WPEL and a SPEL, only the J; and J,

values are lowcr()ll(’&l Hl,ll4,|43.

4. 3. SOLVENT EFFECT

Polyelectrolytes are low soluble in organic solvents, therefore few studies concerned
with the solvent ¢ffect on the formation of polyelectrolyte complexes have been pub-

T L T T
]
7
151 4
Cnect 2 ]
mot
FG. 8 3 il
Phase diagrams of the NPEC-water-NaC'l system 11 J: 1
at pll 7.0. Composition of the NPEC () formed H—L . _ T
by reaction between PAA-Na (M, = 1.8 . 10° I 05 e o > |
mol_l) and poly(cthylene imine) (M, = 1.0, 107 g 2 |
mol™): 1 0.5, 20.33, 30.25. @ Transition of the 03 |e—o—e » T .
soluble NPEC (region ) to the insoluble SPEC . L . :
(region 11); O dissolution of the SPEC (region 1) 0 0-04 CNPEC'Ql-1 0-08 01
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lished 46140 = 142 "The following effects are expected in organic solvents': (i) stronger
Coulomb forces, (ii) lower dissaciation of the polyelectrolyte components due to the
lower dielectric constant of solvent, and (iii) considerably lower hydrophobic inte-
ractions.

The cffect of a water-miscible solvent on the composition of the PEC has been
cxamined for the PMAA-PEVP-Br system*. The changes in the PEC composition (P =
[PMAAJ/[PEVP-Br]) accompanying changes in the water—cthanol solvent composition
arc shown in Fig. 9. Up to 30% cthanol, no change in the PEC composition appears.
Over the region of 30 to 40 % (v/v) cthanol at pH 3.5 — 3.7, the & value decreases
down to a value of 2.5 and then remains constant irrespective of the further increasing
cthanol content of the solvent. The change in the PEC composition is due to
disturbance of the compact conformation of PMAA, which is stabilized by the
hydrophobic and hydrogen bonds between the carboxy groups 47148,

The behaviour of the PMAA-PEVP-Br system in 40% (v/v) cthanol approaches
closcly that of this system in water. As cthanol is further added, the PEC composition
changes: at the water—cthanol volume ratio 50 : 50, we have & = [PAA]/[PEVP-Br] =
2.5, which is the same as for the PMAA-PEVP-Br mixturc in 50% clh;neol“’, In the
system of PMAA with poly(4-vinylbenzyltrimethylammonium chloride) (PVBTMAC)
in methanol, a PEC gel forms with & = [PVBTMAC]/|[PMAA] = 0.5, whercas in water

the gel possesses b = 0.17 (refs!4%150),

4. 4. EFFECT OF TEMPERATURE

The effect of temperature on the stoichiometry of polyclectrolyte complexes has been
studied in ref.* for a WPEL-SPEL system and for a WPEL-WPEL system. Under

T T T T T
5 -
.
¢t .
3} | FiG. 9
Dependence of the PEC composition (b =
[PMAAYPEVP-Br]) on the ethanol content in the
water-cthanol mixed solvent (pl 3.5 — 3.7), for the
2 ) ) ) , . 7 mixing of aqueous-cthanolic solutions (5 meq 1Yy of
0 20 60 PMAA (M =30, 10° g mol™") and PEVP-Br (M,,
cET,VOl.°/o = 1.0. 100 g mol—l)
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optimum conditions (pH, ionic strength), stoichiometric PELs were observed over the
temperature region of 0 — 45 °C.

For NPECs, the effcct of temperature has been studied®” in a system where onc of
the PELs contained the bulky nonpolar poly(N-tert-butylaziridine) substituents. At 40
to 60 °C, when interactions of the nonpolar groups begin to play a substantial part,
NPECs containing such groups remain soluble in aqueous solutions cven though the
ionic strength of the solution is increased to a value which is nearly the J, valuc at
normal temperature. As the warm aqueous NPEC solution with a salt concentration
corresponding to the precipitate—solution cquilibrium (J,) at low temperature is cooled
down, the SPEC precipitates {rom the solution. Such precipitate can no more be
dissolved by heating the system — the NPEC—water-NaCl system is irreversible. For
instance, at a certain combination of NaCl and temperature equal 1o 50 °C, the same
system can be homogencous or heterogencous. The authors®” explain this fact in terms
of stabilization of the NPEC structure on heating the sali-free sample duce to increase in
hydrophobic interactions between the nonpolar groups. Heating the solution of the
water-soluble NPEC brings about fixation of its structure by hydrophobic interactions,
as in the casc of introduction of covalent bonds into the PEC.

Similar results concerning the effect of temperature on the behaviour of PECs have
been obtained in refs! #1590 where the viscosity of the PMAA-PVBTMAC system was
cxamined in water and in methanol. In both systems, the viscosity decreased appre-
ciably on heating, the viscosity change, however, was irreversible in water and revers-
ible in methanol. The authors suggest that in water the complex is stabilized by
irreversible conformation changes resulting from hvdrophobic interactions, whereas in
organic solvents the hydrophobic interactions arc negligible.
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