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ABSTRACT: The influence of salt concentration on the size and on the thermodynamic stability of
interpolymer complexes composed of oppositely charged macroions having different affinity to solvent
was studied from a theoretical viewpoint. It was shown that increasing salt concentration causes changes in
the structure of complex particles. At low salt concentration, the particles preserve their structure and size. At
a critical salt concentration, n§’, the particle size rises sharply to a slightly larger dimension. From this
concentration, the macroions forming the interpolymer complex start to separate, and the complex is fully
destroyed at a salt concentration n. After separation, the macroions coexist in solution and with further
increase in salt concentration reduce their sizes according to the screening of polyion charges by salt ions. n§"
and n& depend on physical parameters such as the degree of polymerization of macroions, their degree of
ionization, and macroion—solvent interaction parameters. Experimental data collected in the particular cases
of PLL-PLCA and PLL-PLCAI complexes with polylysine qualitatively agree with the trends indicated by

the theoretical approach.

Introduction

Intermolecular polyelectrolyte complexes (IPECs) have at-
tracted considerable attention for a long time starting from first
studies in the middle of the 20th century.'~> IPECs are formed
spontaneously in solution thanks to strong cooperative electro-
static interactions when positively and negatively charged poly-
ions are mixed.' * IPECs play essential roles in nature where
many charged systems, namely, proteins, polysaccharides, and
cells, are dispersed in fluids and tissues in the absence
of macroscopic precipitation.’ They are involved in many biolo-
gical phenomena that condition life, some of them being very
complex such as DNA—protein interactions occurring in cell
machineries.>® Somewhat related to this, IPECs dispersed in
water have potentials for various biomedical applications, in-
cluding encapsulation of biological substances for drug delivery,
gene transfection, and gene therapy.” '

A great number of comprehensive experimental studies of
IPECs, including preparation and structure characterization,
have been reported in recent decades.””” It has been shown that
IPEC properties depend considerably on the ratio of positive to
negative charges within mixtures. Nonstoichiometric complexes
appear if there is an excess of charges of one sign in the solution.
They take on the form of hydrodispersed tiny particles or micellar
aggregates stabilized by the presence of a surface net charge. In
contrast with nonstoichiometric ones, stoichiometric IPECs
contain equal amounts of opposite charges. The net charge of
IPEC is zero; as a result, the different IPECs aggregate and
precipitate.

Recently, it was shown that the phase separation in stoichio-
metric mixtures could be prevented if at least one of the
polyelectrolytes is a diblock amphiphilic copolymer that
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includes a hydrophilic nonionic block, for example, poly-
(ethylene glycol)."~'* The interactions between monomeric
units of this block and the solvent stabilize the formation of
finite-size particles in the solution. These particles have a well-
defined core—shell structure where the core is surrounded by
an hydrophilic corona formed by the hydrophilic block.
Theories have been proposed for such complexes that are
named block—ionomer complexes'>!¢.

Some of us found recently that cationic macromolecules such
as poly(r-lysine), PLL, and poly(amino serinate), PSA, form
water nanodispersed (apparently soluble) stoichiometric IPECs
with anionic macromolecules of poly(L-lysine citramide), PLCA,
and poly(L-lysine citramide imide), PLCAI, two polycarboxylic
acids whose backbone bears one hydrophilic hydroxyl group on
each lysyl—citryl repeating unit'”. Because the mixture of cationic
macromolecules of poly(L-lysine) with poly(acrylic acid), whose
backbone is hydrophobic, always leads to macroscopic phase
separation (i.e., never shows nanodispersed particles in aqueous
media),'” the aqueous nanodispersion of the PLCA and PLCAI
complex was assigned to the presence of hydrophilic hydroxyl
groups along main chains that contributed to form a water-
friendly corona thanks to interaction with the aqueous surround-
ing medium.

The theory of such IPECs was proposed by us in ref 18, where
the factors that govern the stability of complexes between
oppositely charged macromolecules having different affinity to
solvent were analyzed. This theory was based on the assumption
that such IPECs have core—shell structure. Accordingly, they
were regarded as beign composed of an inner part with radius
r that contains monomer units of both macromolecules and
an external part (with radius R) that consists exclusively of
monomer units of longer hydrophilic macromolecules. Conse-
quently, the external charged hydrophilic shell prevents the
complex elementary entities from aggregating and precipitating.
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Scheme 1. Chemical Formula of PLCANa, PLCAINa, and PLL,HBr
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The shell is formed thanks to the energetic gain for hydrophilic
monomer units to be exposed in the surrounding solvent rather
than into the hydrophobic core. The factor that acts against the
formation of such a layer is the Coulomb attraction between the
excess of negative and positive groups in the internal and external
parts of the IPEC, respectively. The balance of these two main
factors determines the availability and the thickness of the
external protective layer.

It is well known that salt ions screen electrostatic interactions and
can destabilize IPECs when their concentration is high enough. In
the case of the core—shell complexes under consideration, the
introduction of salt ions can play a double role. On one hand, the
screening of electrostatic interaction does weaken the electrostatic
attraction between oppositely charged ions and for sure destabilizes
IPECs. On the other hand, the decrease in electrostatic interaction
between oppositely charged core and shell of complex can lead to
the increase in the thickness of the protective shell and thus serves to
the stabilization of complexes with respect to the aggregation in the
solvent within a certain range of salt concentration.

The aim of this article is to analyze the influence of salt on the
stability, the structure and the solubility of interpolyelectrolyte
complexes formed by macromolecules having different affinity to
water from a theoretical viewpoint. In attempts to test the theory,
a comparison is made with experimental data obtained in the case
of PLL complexes with PLCA/PLL and PLCAI/PLL.

Experimental Section

Materials. Poly(L-lysine) hydrobromide (PLL,HBr) of differ-
ent molecular weight (PLL12: M, = 12700 g/mol, PLL27:
M, = 26300 g/mol, and PLL80: M, = 73500 g/mol) was
purchased from Sigma. Poly(rL-lysine citramide) (M, = 39000
g/mol) and poly(L-lysine citramide imide) (M,, = 51 000 g/mol)
sodium salts, respectively, PLCANa and PLCAINa, were
synthesized as previously described.'” PLCA was generated
from the alkaline hydrolysis of the cyclic imide groups of
PLCAI. PLCA molecules contain two negative charges per unit,
whereas PLCAI molecules contain only one negative charge per
unit (Scheme 1). The calculated distance between neighboring
charges in PLL is about 5 nm, which is almost 2 times less than
the distance between charges in PLCAINa, equal to ~11 nm. In
PLCANa macromolecules that contain two charges per unit, the
calculated distances between neighboring charges varied from
10 to 3.5 nm according to main chain isomeries.

Deionized water obtained with a Milli-Q system from Milli-
pore was further distilled once and filtered three times through a
0.22 um filter from Millipore before use. Analytical grade NaCl
was purchased from Merck.

Methods. [PEC Formation. Typically, IPECs were prepared at
charge stoichiometry (cationic charges to anionic charges Npc/Npa
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ratio = 1) by direct addition of a polycation aqueous solution to
a strongly stirred polyanion solution in water or NaCl at the
desired concentration in a Pyrex tube at 25 °C. Experiments
were conducted at 10~° mol/L polyion concentrations.

Analyses. Vertically polarized dynamic light scattering (DLS)
measurements were performed at 25 °C on a Brookhaven
Instrument Corporation BI-200SM instrument equipped with
an Ar—Kr laser (514.5 nm) and a multibit, multi-z digital
correlator (model BI-9000AT) covering more than 10 decades
in delay time, 7. The apparatus was calibrated with toluene,
whose absolute scattering value was 32 x 10 ®cm ™" at 6 = 90°.
The hydrodynamic radius, Ry, was calculated using the Sto-
kes—Einstein equation

kT
)

Ry

(1)

where k is the Boltzmann constant, 7'is the absolute temperature,
7 is the viscosity of the measured liquid at 25 °C, and D is the
average diffusion coefficient. The viscosity of the polymer solu-
tions was determined using a Rheometer Rheostress RS 100 (from
Haake) at 25 °C. The refractive index increments were determined
using a Brice-Phoenix refractometer at 633 nm at 25 °C.

Model of Intermolecular Polyelectrolyte Complexes Made of
Polyelectrolytes with Different Solvent Affinities. Let us consider
an interpolyelectrolyte complex consisting of two charged
macromolecules in the presence of a 1—1 salt at concentration
ns. For the sake of simplification, the model takes into account
the main features of IPECs only, that is, the affinity of the
macromolecules to solvent and the distance between ionic
groups along macromolecule backbones. Accordingly, the in-
terpolyelectrolyte complex is formed by negatively charged A
and positively charged C macromolecules that: (i) have different
solvent affinities, the nonionic part of macromolecules being
more hydrophilic for A than for C; (ii) bear equal numbers of
ionic groups distributed at random along the chains, the total
numbers of charged groups per macromolecule being equal and
amounting to Q regardless of the charge sign e, and (iii) have
different degrees of polymerization (hydrophilic A being longer
than C). Furthermore, the mixture is neutral; that is, the number
of positive charges in the solution is assumed to be equal to the
number of negative charges according to stoichiometry.

To be definite, let us propose that macromolecules A are
2 times longer than C. Furthermore, let the nonionic part of the
A backbone have affinity to water, whereas the nonionic C
backbone does not like water.

Let us now denote N, the degree of polymerization
of polycation C, and fc, its degree of ionization; then, fc =
Q/Nc. Accordingly, the degree of polymerization, N, of anion
A is equal to 2N, and its degree of ionization is fo = fc/2. We
assume that both macroions are flexible and have monomer unit
of equal size a.

Let us propose that oppositely charged macroions A and C
form spherical IPECs having a core—shell structure. The inner
part of the complex with radius r contains monomer units of
both macromolecules, whereas the exterior part (having radius
R) consists exclusively of monomer units of the longer hydro-
philic macromolecule A (Figure 1).

Finally, let us assume that macroions forming complexes are
long enough to neglect surface effects (volume approximation).
It is noteworthy that the volume approximation was already
used to describe globular IPECs from a theoretical viewpoint.”’

In volume approximation, the total free energy, F, of core—
shell IPECs can be presented as the sum of three contributions:
(1) free energy of the inner part of the complex Fi,, (ii) free energy
of the outer layer, F,,, and (iii) free energy of the external
solution Fiy

F = Fin+F0ut+Fext (2)
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Figure 1. Schematic picture of interpolymer complex.

The free energy of the inner part, Fj,, is the sum of four
contributions

F, = FDH+Fé?+Ei:[+Fcl (3)

where F1iy is the free energy of non-Coulomb van der Waals-
type forces in the inner part of the interpolymercomplex particle;
Fpy is the free energy of Debye—Hiickel electrostatic interac-
tions due to charge fluctuations; F¢} is the contribution due to
the translation entropy of counterions; and F describes the
elasticity of macromolecules. In the internal part of the IPEC
particles, N¢ cationic species combine with NA' < 2N polyanion
charges. Therefore, the internal part of complex contains Ncfc
positively charged monomer units and N¥¢/,) negatively
charged monomer units. Also, the internal part of the IPEC
contains saltions. Let us denote Ng'c and Ng'a the total numbers
of positively and negatively charged salt ions in the complex
particle core, respectively.

The free energy Fpy can thus be written as®'?

(N 1 _}_Nin.& NI 4 pyin >3/2a3/2
ac A2 S, A S,C
e (4)

in

FDH__2 3/2
kT 3V

where Vj, is the volume of the internal part of the particle of
interpolymer complex (Vin = (*/3)r); 4 = ¢ /ireq is a char-
acteristic dimensionless parameter, where ¢ is the dielectric
constant of medium and e is the elementary charge. In the case
of aqueous solution (¢ ~ 80) at room temperature (7'~ 300 K)
and for ~1 nm monomer units (¢ &~ 1 nm), the parameter u is
approximately equal to unity, u ~ 1.

In the Flory—Huggins approximation, the free energy of non-
Coulomb interactions Fip, is

R Nea' _ o’
= Nc—*+ Ncl 11— -
kT~ Xacic Vma FXcsiVe V. v,
. Nca3 Nina3
+ Nm 1— . _TA
XAS A( Vi Vi
(Vi e —nin ) (1= New _NRa (5)
LZ3 ¢ A Vin Vl

where yac, xas, xcs are the Flory—Huggins parameters of
interaction of A and C monomer units between each other
and with solvent molecules, S.
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The contribution F? due to translational entropy of salt ions
can be written as

R Ng pa® in Ng ca’
o Ngl o ln( V. +Ng.c In 7 (6)

Finally, the elastic energy, F, that describes the changes in the
set of possible conformational states of the macromolecules with
respect to their ideal conformations can be noted as

2/3 2/3

Fo [N 1 N Nad® 1 )

kT Vin <Po,c Vin+ Vout (po,A
where ¢, ; is the volume fraction of polymers in ideal coil (i =
A, O).

In ideal conformation, which is a conformation with the end-

to-end distance proportional to the square root of the degree of

. . 2 .
polymerization, N; /-, the volume fraction of macromolecules
within its effective volume is inversely proportional to N;'/%, with
prefactor o depending on macromolecular flexibility. (For more
details, see ref 23.) To be definite, in our calculation, we set oL =
0.1 for both macroions, meaning the volume fractions of poly-
mers A and C in their ideal coil are, respectively, equal to

—-1/2 —1/2
Po,c = NG g n =Ny (8)

Analysis shows that in the shell the electrostatic interactions
are small** 727 and the free energy of the shell, F,, is equal to the

sum of two terms: (i) the translational entropy of salt ions F "

and (ii) the free energy of non-Coulomb interactions, Fjn('

Fou = FS" 4+ FQ" ©)

int

with the contribution to free energy FO"' equal to

Fout Nout 43 Nout 43
= N n(—ls/’:t +NS In Is/,:t (10)

where Vo is the shell volume (Vou = (*/3)R* — Vi) and NS¢
and N§'A are the total amounts of positively and negatively
charged ions in the shell, respectively.

out

The free energy, Fi,, of non-Coulomb interactions in the
shell is expressed as

Aout . NA _Nin
mt N _Nm 1— A3
kT Xas(Na A) < Vou a

V. i Na—NY
+( _— —NA—N}{‘) In{1-=A A4 (11)
a Vout

Finally, the free energy Fe,. of the external solution contains
only contribution due to the translation entropy of salt ions. It is
read as

Foxt N3
= ONIp [ === 12
kT s n( Vo (12)

where NS stands for the total amount of similarly charged salt
ions out of complex particles, and V., is the volume of the
solution per one interpolymer particle.

To ensure electroneutrality at the macroscopic level, salt ions
within the complex are redistributed to compensate the core
charge 600 = N.f. — Na(fc/2) and the shell charge in excess in
such a way that the total amount of salt cations, Ng'c, in the
particle core is a little bit smaller than the total amount of salt




7498  Macromolecules, Vol. 42, No. 19, 2009

anions, Ng'a. Conversely, in the shell, the total amount of salt
cations, N§¢, is slightly greater than the total amount of salt
anions, N§'x.

It is easy to show that in the case of dilute solutions, that is,
when the volume per single interpolymer complex noticeably
exceeds the volume of the particle, the addition of relatively
large amounts of salt into the solution changes the distribution
of charges within the core and the shell and causes macroion
redistributions that are totally compensated by appropriate salt
ion redistributions according to

NG\ —NG'e = N§ ¢ —N& (13)
Nin ,\,Nin _N g Ninfs 14
5. ANNg. ¢ =Ncfc+Ny 3 (14)
Nout ,\,Nout N, _Nin]& 15
S.ANNG c+Ncfc =Ny ) (15)

The equilibrium values of the outer, V., and the inner, Vj,,
volume of the interpolymer complex, the salt concentrations
in its core, n" = (N& + N €ca®)/Vin, and in the particle shell,
nS" = (N + N 28a°)/ Vo are determined by the equilibrium
conditions of osmotic pressures and chemical potentials of the
coexisting phase

aFOth . aFext . aFOth _ aFext

Wouw Ve’ Vouw  9Vex 6
aFin o aFout . aFout aFext ( )

in out ’ out ext
aND.  ONg'C GNG'C  aNgC

The amount of anionic monomer units entering into the com-
plex core, Ny, is determined by minimization of the full free
energy, F

oF
aNin

=0 (17)

The system of eqs 16 and 17 was numerically solved for
different values: (i) of the interaction parameters yas and ycs,
assuming yac = 0; (ii) of macromolecule lengths N¢ (and
therefore Nyp), with No = 2Nc; (iii) of the degree of ionization
fc; and (iv) of the salt concentration multiplied by the volume of
monomer units >, ny = (N'a*)/V4y. Note that because of this
definition of salt concentration, ny < 1. As a result, we defined a
volume fraction of polycations in a complex core, pc = (Nca3)/
V', a volume fraction of polyanions in the inner part, A =
(NRa®)/V'", and in the outer part, pX™ = (Na — N)a)/ Vo™,
of the particle, and also a fraction of monomer units forming the
shell, AN = (1 — NX)/Na.

Note that these calculations simultaneously allow us to check
the validity of the core—shell model. Indeed, our calculation
confirm core—shell if the fraction of monomer units in the shell
is0 < AN < 1 and the volume fraction of polyanion in the inner
and outer parts are not equal to each other: o'y # "', It is also
noteworthy that yas and ycs values were primarily selected to
reflect trends.

Results are shown in the next section.

Results and Discussion

Theoretical Approach. Figure 2A presents the polycation
volume fraction, ¢¢, and the polyanion volume fractions in
the core, ¢, and in the outer shell, 3™, as the function of
salt concentration, ng, for fully ionized long macromolecules
(Nc = 1000, fc = 1), and for ycs = —yas = 1.0. Figure 2B

shows the corresponding dependency of the fraction AN of
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Figure 2. (A) Volume fractions of polycation ¢ and polyanion ¢a in
the complex core and of polyanion in the shell pQ™ and (B) fraction of
monomer units forming the shell AN as a function of salt concentration,
ng, at Nc = 1000, fc = 1, xcs = 1,and yas = —1.

anionic monomer units forming the shell. At relatively low g
salt concentrations, the @A volume fraction in the core
counts for approximately twice that of the polycation ¢c,
and only a small amount of units (about 0.1%) are involved
in the particle shell. The fraction of anionic monomer units
present in the particle shell, AN, remains very small although
it increases linearly with salt concentration: AN = ng. In
parallel, A and ¢c remain practically constant up to a
critical salt concentration, ng§'. At this point, the complexed
chains undergo a sharp increase. After this sharp transition
referred to as “decollapse”, macromolecules are still com-
plexed, but ~5% of the anionic monomer units move from
the inner part of the complex to the shell. Above ng’, more
anionic monomer units are leaving the particle core, and AN
increases rapidly (AN ~ ns*?) to reach finally a salt concen-
tration n§, at which AN becomes close to 1. At this point,
polyanionic and polycationic macromolecules are practi-
cally separated, and the interpolymer complex is destroyed.
Both macromolecules are coiled according to their highly
charged polyelectrolyte structural characteristics. Above n,
high salt concentrations screen electrostatic charges, and
polyelectrolyte macromolecules are relaxed until the size of
coiled uncharged macromolecule.

In Figure 3A, the dependences of the polycation volume
fraction, ¢c, and of the polyanion volume fraction in the
inner part of the IPECs, ¢, on the salt concentration, n,
for sufficiently long macromolecules (N = 1000) are given
for different values of degree of ionization, fc. Figure 3B
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Figure 3. (A) Volume fractions of polycation ¢pc and of polyanion ¢
in the complex core and (B) fraction of monomer units forming the shell
AN as a function of the salt concentration, ng, at Nc = 1000, ycs = 1,
and yas = —1 for different degrees of ionization, fc.

presents the corresponding dependency of AN, the fraction
of anionic monomer units involved in the shell. When the salt
concentration is low, @z is up to 2 times greater than ¢, and
only a small amount of anionic units are included within the
protective shell according to AN. The trend depends on the
degree of ionization. The smaller the degree of ionization, the
greater the value of AN. The particle size remains the same up
to ng’, at which “decollapse” occurs. The higher the degree of
ionization, fc, the greater the critical salt concentration, ng',
and the larger the change of AN at the point of complex
“decollapse”. It should be mentioned that in the case of
strongly charged polyions (fc ~ 1), the total complex
destruction (when AN approaches 1) occurs at a higher 7
salt concentration than for weakly charged macroions, that
is, when fc is small. A

Figure 4 shows the evolution of ¢c and @4 (Figure 4A)
and of AN(Figure 4B) with increasing ng for macromolecules
with Ne = 1000, fc = 1, and y 45 = —1 and different values
of ycs. With increasing y s, that is, for greater polycation
hydrophobicity, ¢c and ¢ both increase. In parallel, the
“decollapse” occurs at greater ng salt concentration, and the
change of AN at “decollapse” is larger. It is noteworthy that
before and after “decollapse”, variations are totally congru-
ent. This means that one observes particle destabilization
(AN approaches 1: AN & 1) at the same salt concentration.

The AN(ny) dependences for particles differing only by the
affinity of the polyanion to the solvent (i.e., yas) are also
congruent (Figure 5B). In this case, the greater the affinity of
the polyanion to the solvent (i.e., the greater the y g absolute
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Figure 4. (A) Volume fractions of polycation ¢ and of polyanion ¢y
in the complex core and (B) fraction of monomer units forming the shell
AN as a function of salt concentration ng at Nc = 1000, fc =1, and
xas= —1 for different values of parameter ycs.

value), the lower the density in monomer units within the
particle core at low salt concentration, and the lower the salt
concentration at which “decollapse” occurs (Figure 5).

Figure 6 presents results of calculation of ¢c and ¢ (A)
and of AN (B) as a function of ng for different degrees of
polymerization, Nc. One can see that at low ng values,
increasing the degree of polymerization, N¢, causes a de-
crease in the density of monomer units in the particle core.
However, in the case of sufficiently long macromolecules
having different large N¢, the variations of the monomer unit
density in the core of a complex are practically congruent.
The shorter the macromolecule, the higher the values of ng at
which “decollapse” occurs. Furthermore, the bigger the AN
leap at “decollapse”, the smaller the zone where the swollen
interpolymer complex is stable. Analysis shows that at any
salt concentration (before and after “decollapse” transition),
the free energy per one monomer unit of complexes grows
with an increase in the macroion degree of polymerization.
This implies that the IPECs are stable with respect to
aggregation with each other.

Therefore, by monitoring the solution of the above-de-
scribed macromolecules with an increase in salt concentra-
tion, one can see at relatively low salt concentration the
interpolymer complexes: first, they are collapsed; then, they
are swollen. At high salt concentration, one observes the
solution of individual macroions. For the sake of comparing
theory and experiment, it is useful to plot the evolution of size
R of particles (interpolymer complexes or macroions) with
salt concentration.
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Figure 5. (A) Volume fractions of polycation ¢ and of polyanion ¢
in the complex core and (B) fraction of monomer units forming the shell
AN asa function of the salt concentration, ns, at Nc = 1000, fc = 1,and
2cs = 1 for different values of interaction parameter, yas.

We assume that at salt concentration smaller than n&, that
is, before the total destruction of the interpolymer complex,
the particle size R is equal to that of the anion macromo-
lecules forming the external shell: R, = R. After destruction,
the average particle size is proposed to be equal to

Ry = Bt (18)
where Rc and Ru are the sizes of separately moving polyca-
tion and polyanion.

To evaluate Rc and R, we use the theory of individual
polyelectrolyte macromolecules with the degree of polymer-
ization, N;, and the degree of ionization, f;, in solution of salt
at concentration, n,. Here and later on, index j is attributed
either to polycationic (j = C) or polyanionic (j = 4) macro-
molecules. The concentration of macroions is low, and one
can neglect interactions of macromolecules. Also, we pro-
pose that the total charge, Q, of each macromolecule is
totally compensated by the excess of opyositely charged
small ions in the effective volume V; = ( ”/3)R,3. In other
words, the number of salt ions, Ng};°”, having opposite sign
to the polymer chain charges exceeds the number of salt ions
with the same charge Ng'; by O: Ngi°P = Ng!; + 0.

The free energies of macroions (both polycations and
polyanions) are presented as the sum of three contributions

Ff:F/

int

+FL+F) (19)

where F,, is the free energy of non-Coulomb van der Waals
type forces, F,; is the free energy due to the translation
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Figure 6. (A) Volume fractions of polycation ¢c and of polyanion @
in the complex core and (B) fraction of monomer units forming the shell
AN asa function of salt concentration, ng, at fc = 1, ycs = 1,and yas =
—1 for different degree of polymerization, Nc.

entropy of counterions, and FZ is that corresponding to
the elasticity of macromolecules.

Using the same approximation as that discussed in the
above theory of interpolyelectrolyte complexes, we should
write the interaction free energy, FZ,, in Flory—Huggins
approximation

FL N; Vi N;
=xsNi(1-~La |+ =Ny | In[ 1-—La’ | (20
st Vja +<a3 A/) n Vja (20)

where y;s is the Flory—Huggins parameter of interaction
j monomer units (j = A or C) with solvent molecules, S.

The contribution to free energy F; due to the translational
entropy of salt ions is

kT v

N3
+2NG 1n< S ) 1)

Fl. . NP +Q)d® N a
Fa = v vy m BSEOT e —5-

Finally, the elastic free energy F is

) 2/3
Fjl N/»a3 /
& = 2L (22)
kT Vigo,j
where ¢, ;is a volume fraction of a polymer in ideal coil state
(eq 8).
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Figure 7. Calculated size R, of particles (¢) as a function of salt
concentration, ng, for fc = 0.6, ycs = 0.75, yas= —0.75, and N¢ =
(A) 200 and (B) 1000. Corresponding radii of individual polycation Rc
(a) and polyanion R, (b) are shown by dashed lines.

At equilibrium, salt osmotic pressures within a macroion
and in the external solution are equal to each other and
chemical potentials as well. Both equilibriums condition the
size of macromolecules. The equations were solved numeri-
cally using the parameter values used in the case of inter-
polymer complexes above.

The evolution of the averaged radius of interpolymer
complex particles, R, and those of the averaged radii of
separate macroions, R; = (Clan) Vj)'/3, on the salt concentra-
tion, ng, are shown in Figures 7 and 8. The salt concentration-
dependency of the size R of particles made of oppositely
charged macroions with different affinity to solvent is non-
monotonic. At low salt concentration, interpolymer com-
plexes are compact. At the critical salt concentration, ng', Ry
increases sharply. For higher values of the salt concentra-
tion, the complex size (i.e., calculated size of particles)
remains the same up to the point where segregation between
polyanions and polycations is almost completed. At this
point, ny = n& and the averaged size, R, is determined
as the average of polyanion, R, and polycation, Rc, sizes.
(See eq 18.) The polyion sizes within the complex (curve c)
differ from those in free conformation (curves a and b). In
other words, the polycation size, r, within the interpolymer
complex (not shown in Figures) is somewhat larger than that
of the separate polycation, Rc. In contrast, the polyanion
size R, within the complex is smaller than the size Ra of the
freely moving corresponding macromolecule. (See the dif-
ference between the complex size and curve a at n§ in
Figures 7 and 8.) Respectively, the change of average size
Ry of particles at point n is determined by the relative
difference between the sizes of macroions in free state and
within the complex.
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Figure 8. Calculated size R (c) as a function of the salt concentration,
ng, for fc = 0.6, xcs = 1.0, xas = —1.0,and Nc = 1000. Corresponding
radii of individual polycation R¢ (a) and polyanion R4 (b) are shown by
dashed lines.

Figure 7 shows the variations of averaged radius, R,
calculated for ycs = —xas = 0.75 and for two different
degrees of polymerization of macromolecules Nc and N4. In
the case of the complex consisting of macromolecules with a
relatively small degree of polymerization (N¢c = 200, Np =
400) at the salt concentration, n, one could see a sharp
steplike change of R corresponding to the separation of
oppositely charged polyions (Figure 7A). In contrast, for
longer macromolecules (Nc = 1000, No = 2000), there was
no significant R changes observed for the polycation and
polyanion sizes within the complex and in the free state
(Figure 7B). In both cases, R, decreased smoothly for salt
concentration greater than n§.

Figure 8 shows the calculated sizes R of particles com-
posed of long macromolecules (N = 1000) for the case of a
more hydrophobic polycation and a more hydrophilic poly-
anion than that in Figure 7B (ycs = —xas = 1.0 instead of
0.75). Under these conditions, the sizes of free macroions R
and Rc differ from those in the complex, and there is a
stepwise decrease in R at macroion separation. For ng > né,
the separate polycation, in its turn, undergoes a coil—globule
transition, and thus above the salt concentration, n, shown
in Figure 8 by arrow, the polycations can precipitate, and if
so, the average size of particles in the soluble fraction is
determined by the size of polyanions floating in the super-
natant (curve b).

In conclusion, in the case under consideration, the calcu-
lated size, R, is a nonmonotonic function of salt concentra-
tion, ng. One can distinguish two critical points on this
dependency: the “decollapse® transition of interpolymer
complex, ', and the point of total separation of macroions,
n&. In the point of macroion separation, the observed change
in averaged sizes of particles depends on the degree of
polymerization N, (and N¢) and on parameters of macro-
ions interaction with solvent ycs and yas. For fixed values of
xcs and yas, the higher the degree of polymerization, the
smaller the change of particle size upon macroion separa-
tion. We would also like to mention here that experimentally
determined hydrodynamic radius or radius of gyration differ
from what we described here as a calculated size, R, of the
particle and what for the case of macroions is more close to
the chain end-to-end distance. However, it is known that all
of these parameters differ from each other by a factor of the
order of unity.>® Therefore, one can observe qualitatively



7502  Macromolecules, Vol. 42, No. 19, 2009

1000

800

600

Rh (nm)

400

200

0 I A—— — S
0 1072 10 100

ng in mol/L

Figure 9. Experimental average hydrodynamic radius, Ry, of PLCA/
PLL complex particles as a function of salt concentration, ng. [polymer] =
10~ mol/L. W, PLL80-PLCA; @, PLL27-PLCA; A, PLLI2-PLCA.

similar dependences on the experimental techniques used to
determine the characteristic size of particles.

Comparison with Experimental Data. The values of the
hydrodynamic radius, Ry, of IPEC particles of PLCA/PLL
and PLCAI/PLL complexes obtained after the addition of
the polycation into the polyanion solution were determined
in NaCl solutions by DLS.

Figure 9 shows the dependency of Ry for PLL/PLCA
complexes involving a PLCA sample combined with PLL of
different molecular weights to mimic the situation described
in Figure 7A. Experiments were conducted at very low
polyion concentrations (~10~® mol/L in repeating units)
selected to be in the range generally used in the case of the
administration of macromolecular prodrugs or of complexes
for gene transfection in cell cultures.®? In pure water, IPEC
particles of 100—150 nm size were dispersed in crystal clear
aqueous media. When the salt concentration increased from
0to 0.1 M, IPEC particles started swelling, leading to a sharp
increase in their size and appearance of turbidity. Accordin-
gly to curve profiles, it seems that at very low concentration
inthe 0 < ng < 0.02, the increase looks moderate compared
with the zone 0.02 < ng < 0.1. It is worth noting that
experimentally it was not possible to collect Ry data for salt
concentrations lower than 0.02 M. Inthe 0.1 M < ng< 0.2M
zone, Ry increased rather rapidly but not as sharply as the
theoretical curves in Figure 7A suggest, probably because of
the polydispersity of the real polyions. Theory yields radii of
ideal complex particles with minimal free energy for each set
of system parameters (salt concentration, solvent quality,
etc.). In the case of a sharp first-order transition, two objects
can be present® that lead to bimodal size distributions
corresponding to “collapsed” and “swollen” interpolymer
complexes whose relative numbers change with system para-
meters, a phenomenon that can contribute to broaden the
transition as well. Beyond 0.2 M, particles size decreased
more or less rapidly depending on the PLL molecular weight,
and this up to a salt concentration where a slop change is
observed with a sharper decrease also depending on PLL
molecular weight. The higher the molecular weight, the
flatter the first decrease and the steeper the last decrease.
The slope change in the low salt concentration range can be
seen as ng, and the beginning of the fast decrease at high salt
concentration can be seen as n§, with ng being relatively
independent of the PLL molecular weight, in contrast with
n&. Indeed, the NaCl concentration required to destabilize
the IPEC increased from 0.85 to 1 M, and the IPEC particle
maximal size increased from 725 to 840 nm when PLL
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Figure 10. Experimental average hydrodynamic radius, Ry, of PLCAI/
PLL complex particles as a function of salt concentration, ng. [polymer] =
107 mol/L. W, PLL80-PLCAI; @, PLL27-PLCALI; a, PLLI2-PLCAL

molecular weight varied from 12700 to 73 500 g/mol, that
is, when the number of positive charges per macromolecule
increased. At high salt concentration, Ry values are similar
to those obtained for solutions of the initial polyions taken
separately at high salt concentrations (5—10 nm). This
behavior, which reflects the ionic strength-promoted IPEC
dissociation, depended on PLL molecular weight. The same
trends were observed in the case of PLCAI complexes
(Figure 10). Particle size increased with the polyanion charge
density and gained ~100—200 nm when comparing PLCAI
and PLCA data, with PLCA having a higher charge density
than PLCAI (Figure 9 and 10). n§" and n& critical salt
concentrations were lower in the case of PLCAI than in the
case of PLCA, probably because of the greater number of
electrostatic interactions per chain length unit in the latter, a
feature that made PLCA/PLL complexes more stable than
PLCAI/PLL complexes.

It should also be mentioned that experimentally we have
studied a mixture of macromolecules with different ratios of
molecular weight, that is, the degree of polymerization, and
the total number of charges per oppositely charged macro-
ions. Actually, PLCAINa contains ~165 monomer units,
and PLCANa has 112 monomer units with a two-fold larger
number of negative charges. The total numbers of monomer
units, and simultaneously, the total numbers of positive
charges in PLL12, PLL27, PLL8O0, are 61, 126, and 352,
correspondingly. Therefore, one can expect that to compen-
sate the total charge, the separate interpolymer complexes
contain different numbers of oppositely charged macroions.
These facts as well as various facts related to polymer
complexity in terms of polydispersity, molecular weights
distribution, and intrachain variation of charge density when
one deals with more or less random copolymers limited the
present comparisons.

For the comparison of the theory with the experiments, we
considered the presence of OH groups along the PLCA and
PLCAI main chains to be a good way to provide the extra
hydrophilicity required to form a core—shell structure with
respect to PLL or PAA chains. One can see that the shape of
the dependence of hydrodynamics radii, Ry, on the salt
concentration qualitatively corresponds to the theoretically
calculated one.

Conclusions

The thermodynamic stability of nanodispersed, stoichiometric
polyelectrolyte complexes (IPECs) consisting of oppositely charged
macromolecules having different affinity to water were considered
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in the presence of increasing salt concentration. It was shown that
such complexes have a core—shell structure, the shell accommodat-
ing the polyion with the higher affinity to water preferentially.

According to the theory, at low salt concentrations, the
fraction of hydrophilic units forming the complex shell is rather
small and grows smoothly with the salt concentration up to a
critical salt concentration, 7", where the complex size increases
sharply. This change is associated with a decollapse transition
undergone by the complexed macromolecules by analogy to
corresponding transitions in polyelectrolyte gels and designated
by the term “decollapse”. After the “decollapse” transition,
macroions are still complexes. At this point, the separation
is unfavorable from the entropic viewpoint. Indeed, separating
both macroions requires much higher concentrations of oppo-
sitely charged counterions to compensate the total charge.
Separation occurs at salt concentration, n§, when polyions
separate totally; that is, each becomes freely moving in
the aqueous medium. For concentrations higher than n§, poly-
ions undergo normal charge screening that can go up to pre-
cipitation.

The volume fraction of polymer in inner and external parts of
the polyelectrolyte complex composed of polyions with suffi-
ciently long chains is almost independent of the chain length, N¢,
and primarily depends on the salt concentration. The critical salt
concentration, 7§, rises when the degree of ionization, f¢, of the
macromolecules increases and when the hydrophobicity of the
polycation increases, whereas it decreases when the degree of
polymerization, Nc, increases or when the affinity of the anionic
hydrophilic sites with water increases. The higher the degree of
ionization of the macroions, fc, the higher the concentration, ng,
at which total separation occurs; this concentration does not
depend on interaction parameters or on the degree of polymer-
ization of macroions. It was shown that in both the collapsed and
swollen states, the interpolymer complexes are stable with respect
to their aggregation.

The evolution of size, Ry, of particles (the interpolymer
complexes at low salt concentration or separate macroions at
high concentration of salt) in solution of such macromolecules
with an increase in salt concentration, s, was calculated. R ()
was shown in the nonmonotonic function with a sharp increase
and decrease in the size, Ry, at ng and ng, respectively. The
calculated change of particle sizes, R, at n& is determined by the
relative difference between the sizes of macroions in the free state
and within the complex. It depends on all physical parameters,
such as the degree of polymerization, N¢, the degree of ionization
fc, and the parameters of macroions interaction, ycs and yas.

Experimental data collected in the particular cases of PLL/
PLCA and PLL/PLCAI complexes agree well with the trends
indicated by the theoretical approach, although critical salt
concentrations, 75 and n§, are not as sharply defined, a feature
tentatively assigned to the polydispersity of real systems and to
averaged sizing due to the coexistence, in the first-order transi-
tion, of IPEC of different sizes with characteristics depending on
system parameters (salt concentration, solvent quality, etc.).

We would like to emphasize that the sharp increase in IPEC
particle size with an increase in salt concentration was not due to
aggregation, that s, to an increase in the number of macromolecules
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forming the complexes, but rather to the <decollapse> of complex
particles themselves. One can expect that this phenomenon will be of
interest in the case of the polyelectrolytes main chain bearing
hydrophilic groups such as proteins, polysaccharides, and other
biopolyelectrolytes.
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