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Abstract

We develop a scaling theory and perform molecular dynamic simulations of weakly interacting
coacervates with electrostatic interaction energy per charge less than thermal energy A7. Such
liquid coacervates formed by oppositely charged polyelectrolytes can be asymmetric in charge
density and number of charges per chain. We predict that these coacervates form interpenetrating
solutions with two correlation lengths and two qualitatively different types of conformations of
polyelectrolytes with lower and higher charge densities, which are analogous to chain
conformations in quasi-neutral and in polyelectrolyte solutions, respectively. Weaker charged
chains are attracted to and adsorbed on stronger charged chains forming a screening “coat” around
the stronger charged polyelectrolytes. Salt added at lower concentrations screens the repulsion
between stronger charged chains, thereby reducing the thickness of the screening coat and
resulting in the non-zero net polymer charge in the coacervate. At higher salt concentrations salt
screens the attraction between oppositely charged chains, decreasing the coacervate concentration
and its polymeric charge density. Thus, we predict a non-monotonic salt concentration dependence
of polymeric charge density for asymmetric coacervates. Phase diagram for a mixture of
oppositely charged polyelectrolytes at various compositions is proposed for different salt
concentrations.
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1. Introduction

Mixing oppositely charged polyelectrolytes often results in phase separation into a dense
phase, called coacervate, and a dilute solution, containing isolated chains and sometimes
small clusters of oppositely charged chains, called complexes. Coacervates consisting of
oppositely charged polyelectrolytes are encountered in nature! and used in food,23
pharmaceutical®®, and other industries.®":8 Even though coacervates formed by mixing
oppositely charged polymers have been extensively studied experimentally®10.11.12.13 gyer
many decades, there is still no satisfactory description of their structure on a molecular level.
Prior theoretical studies of symmetric coacervates include Voorn-Overbeek model4.15
combining Flory-Higgins with Debye-Huckel theories to incorporate fluctuations in
concentrations of charges. Although this model ignores the connectivity of charges on the
chains, its predictions are in qualitative agreement with experiment. The effect of
connectivity of charges on density fluctuations within the one-loop Random Phase
Approximation (RPA) was performed by several groups.16:17:18.19 This approximation
assumes that polymers are weakly perturbed from their ideal Gaussian conformations, and it
is, therefore, applicable only for symmetric weakly charged polyelectrolytes. Zhang and
Shklovskii2® mapped out a phase diagram for various salt concentrations, describing the
behavior of coacervates and complexes formed by oppositely charged chains with all
monomers charged and interacting with each other upon contact with electrostatic energy ~
kT, where kis Boltzmann constant and 7 is absolute temperature. Another proposed
mechanism is coacervation driven by the release of condensed counterions?1:22.23,
Complexation of oppositely charged polyelectrolytes has also been investigated by Monte-
Carlo?* and molecular dynamics simulations?® which demonstrated the formation of
different polyelectrolyte complexes accompanied by the counterion release. The field-
theoretic simulation methods26:27.28 made it possible to study complexation and
coacervation in symmetric polyelectrolytes with large fluctuations, accounting for
inhomogeneities in the polymer concentration. At high concentrations, these methods yield
results similar to those obtained within the one-loop approximation.

In this work, we present a scaling theory of the structure of coacervates formed in a solution
of polyanions mixed with polycations, containing a different density of charges along
polyanion and polycation contours, various charge stoichiometries, and salt concentrations.
We demonstrate that chain conformations in coacervates can significantly deviate from ideal
(Gaussian) in the case of large asymmetry in charge density charges along polyanion and
polycation chain contours. We also generalize the coacervation theory of Shklovskii and
coworkers2? by accounting for polymer flexibility and describing the detailed structure of
coacervate and complexes on length scales smaller than the correlation length.

In section 2 we briefly review chain conformations in solutions of positively or negatively
charged polyelectrolytes before they are mixed together. In this section, we also review the
scaling results for symmetric polyelectrolyte mixtures of polyanions and polycations. In
section 3 we develop scaling theory of weak (liquid) coacervates of oppositely charged
polyelectrolyte chains. The effect of salt on weak coacervates and the phase diagram of the
solution of oppositely charged polyelectrolytes is described in section 4. The details of
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molecular dynamics simulations are presented in section 6. The main results are summarized
and discussed in section 7.

2. Review of polyelectrolyte solutions and symmetric mixtures of
oppositely charged polyelectrolytes

Polyelectrolytes are polymers containing ionizable groups that can dissociate upon

dissolution in polar solvents leaving charges on polymer chains and counterions in solutions.
29

2.1. Review of chain conformations in polyelectrolyte solutions.

A polyelectrolyte chain in a dilute solution can be described at the scaling level as a
stretched array of the so-called electrostatic blobs.2%:39 An electrostatic blob is a section of a
polyelectrolyte whose energy of electrostatic interaction with an adjacent chain section of
similar size and charge is on the order of thermal energy k7. The average number of
monomers in an electrostatic blob of a polycation is denoted by g+ with the fraction £, of
them charged. The charge of an electrostatic blob of this polycation is ef, g+ and its size in a

L ~b,g)"2 where b, is the Kuhn length3! of the polycation and eis the

6-solventis D,
elementary charge, see Figure 1. The approximately equal sign “~" denotes scaling equality
up to a coefficient on the order of unity. The electrostatic energy of repulsion between

neighboring blobs of a polycation is

2
(ef 8,4
1/2
e+

~kT. (1)
ebg

From the definition of the Bjerrum length /5 - the distance at which two elementary charges
in a solvent with dielectric constant e interact with thermal energy €%/(elg) = kT, one can
express the number of monomers

~u 23 ()

Beg Uy Ty

in and size

—1/3 /=2/3
D, =bu ""f, ®)

of an electrostatic blob for a polycation in a ©-solvent in terms of the dimensionless ratio of
the Bjerrum length, /g, and the Kuhn length, b;, of the polycation
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Similarly, the number of monomers in and the size of an electrostatic blob of a polyanion in
a 6-solvent is obtained from the above equations by replacing “+” with “-”

g _=w_ 7 (5

D,_~b_(u_f>"'? (6)

e

and denoting the dimensionless ratio of Bjerrum and Kuhn lengths for the polyanion by ¢ =
15/ b_. We consider here polyelectrolytes in a ©6-solvent, while the results for a good solvent
are summarized in Appendix A.

A typical conformation of polyanion chains with AL > g,_ monomers in a dilute solution
without added salt is a linear array of A_/g._ electrostatic blobs?%:30, due to the long range
electrostatic repulsion, see Figure 1. The contour length of this array is equal to the end-to-
end distance of the polyelectrolyte chain in a dilute salt-free 8-solution

up to the logarithmic corrections.22-30 The conformations of these chains in salt-free
semidilute polyanion solutions are linear arrays of electrostatic blobs on length scales up to
correlation length, defined as the average distance between the nearest monomers on
neighboring chains

8_
e—ge_’

=D (@)

where g_ is the number of monomers per correlation volume of size £-. The charge ef_g- of
the polyelectrolyte section of size &= is completely compensated by counterions within this
correlation volume, so that the semidilute solution is on average electroneutral on this
correlation length scale &, as well as on larger length scales. A polyanion chain on larger
length scales is a random walk of stretched chain sections of size & with root-mean-square
end-to-end distance?9-30

R_~&(N_Ig)'"?. (9)

The correlation length &- of a semidilute polyelectrolyte 8-solution decreases with
increasing polymer concentration ¢ as29:30

Macromolecules. Author manuscript; available in PMC 2019 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rubinstein et al.

Page 5
T CID R I i A ¢ 10)

The osmotic pressure of a polyelectrolyte solution is positive and is dominated by
counterions. For salt-free solutions, it is on the order of A7 per counterion — the van’t Hoff
law /7= kTc_f. The properties of dilute and semidilute solutions of polycations are similar
to the corresponding polyanion solutions (replace “~” by “+” in the above equations). At
higher concentrations of polycations

&, >co, b D, (1)

the correlation length of the polyelectrolyte solution is smaller than the size of the
electrostatic blob. Such solutions are called quasi-neutral with chain conformations almost
ideal on all length scales in 6-solvents.

2.2. Review of symmetric mixtures of oppositely charged polyelectrolytes.

We consider coacervates formed by complexation of oppositely charged polyelectrolytes in a
B-solvent for uncharged backbones, while the results for a good solvent are presented in
Appendix A. In this section, we briefly discuss scaling predictions for symmetric
polyelectrolyte mixtures of polyanions and polycations, which are analogous to symmetric
block polyampholytes.32:33:34 By symmetric, we mean polyelectrolytes with the same
electrostatic blob size D,y = D, and, therefore, the same number density of charges along
the array of electrostatic blobs of polyanions and polycations, y, = ., where

f—ge— ~ f_ 1/3
7= (D, Iy ”%bl(u_) . (12)

e —

and the same expression for y, with “=" replaced by “+”. Note that symmetric coacervates
could have different degrees of polymerization of polycations and polyanions Ay # A and
different polymeric charges N, f. # N_£.. We require symmetry of electrostatic blob sizes
and of the resulting line charge densities (Eq. 12), but not necessarily of the degrees of
polymerization of chains. The electrostatic blobs, that repel the same sign neighboring blobs
with energy kT, attract the oppositely charged blobs of the same size and charge with energy
kT. This attraction of oppositely charged blobs in a solution of oppositely charged
polyelectrolytes leads to their precipitation into a coacervate (Figure 1).

In the absence of salt, the coacervate has to be electroneutral with the same number density
of positive and negative charges. Even though there is the same number of positive and
negative blobs in the coacervate, the oppositely charged blobs are more likely to be close to
each other because of lower electrostatic energy and higher statistical weight of these
configurations. The resulting net attraction is balanced by the short-range repulsion (three-
body in a ©-solvent or two-body in a good solvent) that stabilizes coacervate at equilibrium
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concentration and zero osmotic pressure, corresponding to the dense packing of electrostatic
blobs. Note that the monomer number density of polyanions and polycations in a symmetric
coacervate could be different as long as the number density of monovalent charges is the
same

fi8e+ 1 52 _ .57
fiep = —s— =g ernly=rily=fc (13
De+ ZB De+

with the same equilibrium concentration of charges as in each of the blobs. Thus, the
monomer concentrations of polycations and polyanions are reciprocally proportionally to the
fractions of charged monomers on the chains ¢i/¢- = £/£. and will only be the same if the
fractions of charged monomers are identical £ = £.

3. Weak (liquid) coacervates

Consider the asymmetric coacervate with different number densities of charges along the
chains y, # y_. For definiteness, we assume that polyanions have higher linear charge
number density along the array of their electrostatic blobs (Eq. 12) than polycations

r_>rye (14)

In this case, polyanions create a higher electric field (see Figure 2a) that attracts polycations
and forces them to adsorb on a polyanion forming a screening coat around it (Figure 2b).
The attraction of polycations within this coat to the polyanion is stabilized by the short-
range (three-body in a 6-solvent or two-body in a good solvent) repulsion between
polycations.

The coacervate can be divided into cells consisting of stronger charged polyanions at their
centers and compensating coats of weaker charged polycations. Each such cell is overall
electroneutral, and therefore, the electric field at the boundary between neighboring cells is
zero. Nevertheless, these cells attract each other electrostatically. Since electrostatic
interactions decay with the distance between charges, the attraction of a polyanion to the
coat of the neighboring cell at typical distance k£ < €_ is stronger than its repulsion from
the polyanion in the center of this cell at the distance €_, where 1/2 < k< 1. In addition to
this electrostatic attraction, there is an attraction between neighboring cells induced by the
entropic elasticity of polycations bridges stretched between regions of the attractions of
neighboring polyions. Therefore, the neighboring coats are stitched together by shared
polycation chains, different parts of which are attracted to the corresponding polyanions (see
Figure 2c). Both electrostatic attraction and bridging are compensated by the short-range
repulsion between and within polycation coats and thus, result in the overall zero osmotic
pressure of the coacervate.

The unique property of asymmetric coacervates formed by oppositely charged
polyelectrolytes with unequal charge densities y. < y_ is that they form two interpenetrating
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polymeric liquids characterized by two corresponding correlation length: &, for polycations
and &- for polyanions. The correlation length of the polycation “coat” around polyanions, &
+ 1S determined by the local balance of electrostatic attraction of polycations to polyanions
and short-range repulsion between polycations. The average distance between sections of
neighboring polyanions, the correlation length &, is the thickness of the polycation coat at
which the electro-neutrality of the coacervate is established.

In salt-free solution we distinguish two cases sketched in Figure 3:

a) the semidilute case for long polyanions with the length L_ of the arrays of their
electrostatic blobs (Eg. 7) larger than correlation lengths &_, resulting in the coacervates
with overlapping polyanion chains, considered in section 3a. We will show that this case
corresponds to L_ > D, (Dpy/ Do-)¥'8 in a 6-solvent (see Eq. 25 below).

b) the dilute case for shorter polyanions with L_ < &_, discussed in section 3b, corresponds
to coacervates with spherically symmetric compensating coats on length scales between £_
and &-.

Note, that we distinguish these two cases based on the size L_ (Eq. 7) of polyanion chains
with higher charge density in dilute salt-free polyelectrolyte solution relative to the
polyanion correlation length & of coacervate and not to the polycation size, which can be
either larger or smaller than L_. For simplicity, we assume that both polyanions and
polycations have the same Kuhn length, b, = b_ = b, and therefore, dimensionless ratios of
Bjerrum to Kuhn lengths are also the same, v = - = Ig/lb= u.

3a Weak (liquid) coacervates with long stronger charged polyelectrolytes — double-
semidilute interpenetrating solution.

If the stronger charged polymer (say polyanion) is much larger than its electrostatic blob £
» Dg, the electric field around it felt by the polycation screening coat has cylindrical
symmetry, see Figure 2a. The electrostatic energy of attraction between a polyanion with F
—N\_ charges and its compensating polycation coat of equal and opposite total charge and
thickness £&- < L_ s

F,~kTlgy f N_In¢_/E). (15)

Here &, is a minimal radius of the polycation coat to be described in more details below, see
Eq. (20). Expression (15) can be interpreted as the energy ¢%/(2C) of a cylindrical capacitor
of thickness & with the charge Q= ef-AL and the capacitance C=~ eL_/In(e&_/£L). This
attraction is balanced by the osmotic repulsive energy of the polycation coat containing £A-
compensating charges and therefore £A_/f£- monomers in the coat volume L_g% with the

average polycation concentration in the coacervate ¢~ f_N_/(f +L_§3). The osmotic free

energy of repulsion between polycations compensating the charge of a single polyanion in
volume Z_¢ in a ©-solvent with the third virial coefficient ~ £ is
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b I N
A3 273
& fiu

6-3 2
F, = kTb°c (L_E”) ~ kT (16)

Here we used relation (7) between L_ and A_. Minimizing the sum of electrostatic (Eq. 15)
and osmotic (Eq. 16) free energies per polyanion

2/3
o
+? 3 373
_fu

F=Fo+ Fog = KTS_N_{lgy_In| = (17)

with respect to £_, one obtains the width of the coat — the polyanion correlation length

f1/12 D N 1/8

- e

5_ o~ bW ~ De +(D_) for L_ > é_ . (18)
¥ —

Here we used Egs. (3) and (6) for D,y and D,—. The average polycation number density in
the coacervate is

1/2 /1/6. 1
_FNIf, fARre 1 (D
C+ﬁ o~

1/4
e+
~ forL_>¢&  (19)
L& b »’D, ,\D. _)

Our prediction in Eq. (19) is verified by the coarse-grained molecular dynamics simulations
of 6-coacervates formed by asymmetric oppositely charged polyelectrolytes (see section 6

for the details of the simulations). In Figure 4 we plot ¢, o°/ 3/

Loasa function of normalized

Bjerrum length /g/a, where o is the simulation monomer size. The plot confirms the scaling

1/2

model prediction that the ratio ¢/

collapses the simulation data onto a master curve (see
Eq. 19) for polycations with different fractions of charged monomers 7. between 3/61 and
7/61 for the same fraction £ = 1/2 of charged monomers along the polyanions. This master

curve is well fit by the power law function (dashed line in Figure 4) 7, o>/} = 0.6(15/0)"*.
The slope 0.4 of the master curve on the double logarithmic plot is slightly larger than its

asymptotic value 1/3 predicted by the scaling model 7, /71/% ~ 13 f1/05= 1953 /3,

The number of monomers g; in the correlation volume gi of the polycation coat is

determined by the close-packing condition, g =~ Egi. Conformations of polycation chains

on the length scales up to this correlation length are Gaussian, g ~ (&,/6), since the
correlation length &, is smaller than the size of the electrostatic blob D, and the polycation
solution is in a quasi-neutral regime with ¢, > ¢y (see Eqg. 11). Equating these expressions
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for g., we find that the corresponding correlation length is reciprocally proportional to the
concentration, as expected in the quasi-neutral regime in a 6-solvent3!

1 b 1/4
£, ~ ~ ~D (L) (20)
+ 5+b2 u1/3 .1|./2 1_/6 e+ De+

where we used expression (19) for ¢;. For this equilibrium value of the monomer
concentration ¢ y4 # y- ~ ¢, the energy of the electrostatic attraction of the polycation
section of the size &, containing £.g. positive charges to the polyanion with linear charge
number density y- is on the order of thermal energy k7/gy-f.g. ~ kT. These polycation

sections of size &, sterically repel each other with the energy kaéEi‘fi ~ kT.

The average concentration of positive charges in the asymmetric coacervate is

1/4
~f+g+ 1 (Dey

[y 23— p=p
4 I De+kD‘"

(21)

Note that for symmetric coacervate with D, = D, this equation for the concentration of
charges reduces to Eq. (13).

The sizes of electrostatic blobs D, of polycations and D, of polyanions determine the
multiscale structure of the asymmetric 6-coacervate

1/4 D

1/8
e+
<D, <é =D, +(—) forL_>¢&  (22)

— e+ D

e+ D

D,_
D, <&, =D, |+

with three important length scales. The smallest length scale D, is related to the strongest
interactions — intramolecular electrostatic repulsions of charges along the polyanions. The
next length scale — the correlation length of the polycation coat, &, corresponds to the
balance of electrostatic attraction of polycations to polyanions and short-range non-
electrostatic repulsion between polycations. The largest length scale, &, is the distance
between polyanions at which the electroneutrality of the coacervate is achieved.

Thus, asymmetric liquid coacervate consists of two interpenetrating polymer solutions, each
with its own correlation length and qualitatively different chain conformations (Figure 5a).
These conformations are similar to conformations of pure polyanion and pure polycation
solutions with corresponding polymer concentrations ¢, and ¢—. Higher charge density
chains (polyanions) with L_ > & adopt the conformations similar to polymer conformations
in semidilute polyelectrolyte solutions. This observation is supported by a good agreement
between structure factors of polyanions in the coacervates and in the pure polyanion
solutions, see Figure 5h.

Macromolecules. Author manuscript; available in PMC 2019 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rubinstein et al.

Page 10

The largest of the three scales we are discussing in Eq. (22) is the correlation length of
polyanions that determines the position of the maximum of the polyanion structure factor
S(g) at wavevector g~ 1/£_, see Figure 5b. Different sets of data in this figure correspond to
different strengths of electrostatic interactions, characterized by the Bjerrum length /g.
Increasing the strength of the electrostatic attraction requires a stronger short-range
repulsion between polycations to balance this attraction at higher concentrations of a thinner
coat. The corresponding decrease of the coat thickness &- with the Bjerrum length /5
predicted by Eq. (18) can be seen in Figure 5b as a shift in the position of the maximum of
the structure factor S(g) to higher wavevectors g~ 1/£..

On length scales smaller than the correlation length &-, polyanion conformations both in
coacervates and semidilute polyelectrolyte solutions are linear arrays of electrostatic blobs
of size D, (see the lower set of points in Figure 6 with a slope approaching —1 with
increasing Bjerrum length). On length scales larger than the correlation length £, polyanion
conformations both in coacervates and in semidilute polyelectrolyte solutions are random
walks with chain size

N 1/2 D 9/16
R 25_(—_) ~ bN1_/2(DL+) forL_>¢& ., (23)

e —

where g_ is the number of polyanion monomers in the correlation volume g

-f 9/8
—_:ge_( ”) forL_>¢& . (24)

The validity of this semidilute description requires polyanions in coacervates to be above the
overlap with each other, A > g_, which is the same condition as L_ > &_ corresponding to

N_lg,_=L_ID, > (D,,/D, ). (25)

1/2

Note that polyanion chain size becomes that of a random walk R_ ~ bN_’“ in symmetric 6-

coacervates with D, = Do, but increases in asymmetric coacervates with the asymmetry
factor D,/ D, see Eq. (23).

Since both intra- and intermolecular electrostatic repulsions between polycations are too
weak to affect their conformations, the polycation form-factor can be approximated by the
Debye function, see upper sets of points and solid line in Figure 6. Thus, polycations adopt
random conformations on all length scales in a ©-coacervate with chain size

R, ~bNY2  (26)
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as expected for the quasi-neutral solution with ¢, > ¢y+.

The similarity between polyanions in coacervates and polyelectrolyte solutions extends
beyond chain conformations. Salt-free polyelectrolyte solutions have a characteristic peak in
the structure factor S(g). Stronger charged polyanions in the coacervate exhibit similar
strong correlations manifested in their structure factor, see Figure 7. The role of lower
charge density chains (polycations) in the coacervate is similar to the role of counterions in
polyelectrolyte solutions — to screen the charge of strongly charged chains. The difference
between the polyelectrolyte solutions and the coacervates is that the behavior of free
counterions is dominated by their entropy and therefore, the osmotic pressure of salt-free
polyelectrolyte solutions is ~k 7 per counterion.2? The compensating charges in the
coacervates reside on the lower charge density chains with significantly reduced
translational entropy. The short-range non-electrostatic repulsion between the weaker charge
density polycations compensates their electrostatic attraction to the stronger charge density
polyanions and reduces the osmotic pressure of the coacervate to zero. This interpenetrating
double-semidilute coacervate structure is unique and leads to a number of unusual
thermodynamic and dynamic mechanical properties.

Note that the above scaling picture is approximate and ignores a weak variation of the
polycation concentration with distance 7 from the polyanion. Indeed, the charges on
polycations adjacent to a polyanion partially screen its electric field and polycations at a
larger distance raway from the polyanion feel a weaker electrostatic attraction towards it.
This weaker attraction at larger distances requires a weaker stabilizing short-range repulsion
between polycations and correspondingly, lower concentration ¢;(7). Thus, the concentration
of screening polycation coat is expected to slowly decrease with the distance rfrom the
polyanion.3 (see Figure 7). This figure also demonstrates that increasing the electrostatic
attraction with the Bjerrum length /g results in the polycation coat with a higher
concentration ¢,(7) and stronger short-range repulsion.

In Appendix B we calculate the concentration profile ¢,(7) of polycations by solving the
Poisson equation for the dependence of electrostatic potential around a polyanion on the
distribution of polycation charges efi.c,(r) and by balancing the electrostatic and short-range
osmatic forces on polycation segments. We show that this concentration profile of
polycations around the oppositely charged rod can be approximated by

[n(¢_/r)1
“1+ 0.95[In(¢_/r)>"?

c,(r) ~ 27)

+(

where ¢; is the average concentration of polycations estimated by the scaling model (Eq.
19). This prediction (lines in Figure 7 with the fitting parameters presented in Table 1)
agrees well with the results of coarse-grained molecular dynamics simulations of M, = 33
polycation chains consisting of Ay = 41 monomers each with a low fraction of charged
monomers f. = 3/41 adsorbed on a fully charged (£ = 1) rod-like polyanion containing 99
charged monomers (symbols in Figure 7) in a simulation box with size L = 99¢ equal to the
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length of the linear array of 99 monomers, and with periodic boundary conditions in the
direction of this array, thus forming an infinite straight line of negative charges.

3b Weak (liquid) coacervates with short strongly charged polyelectrolytes — dilute-
semidilute solution.

The polyanions with the contour length L_ of the linear array of electrostatic blobs (Eq. 7)
smaller than the correlation length &= do not overlap with each other. The symmetry of the
electric field around each of these polyanions becomes spherical on the length scales L_ < r
< & (Figure 3b). The energy of electrostatic attraction between a polyanion with the net
charge ef-\_ and the polycation screening coat of thickness &- with a charge of the same
magnitude and opposite sign, is

(f_N_)*

F ~ — leBf—

e

(28)

This electrostatic attraction of polycations to polyanion is balanced by the short-range
repulsion between polycations. The free energy of three-body repulsion between £AL/f;
polycation monomers with an average concentration

&= fIN_I(FLE) (29)

in the screening volume £ is

N

s

6-3 3 67 —

FOS ~ kTbh C+§_ ~ kTb 3 6
+ -

(30)

where £8 is the third virial coefficient in a 6-solvent. Minimization of the free energy per
polyanion

L, p6f.N
F=F,+F, ~kI(f_N_) —f—B + b—6—f}3 - (31
- o= Jy

with respect to &- results in the size of the screening coat — the polyanion correlation length

f N 1/5
5_:17( _3 _) forL_ <& (32)

Flu

Substituting this expression for polyanion correlation length into equation (29) for
polycation concentration, we find
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g, = b33 fi F5 0 (33)

In Appendix B we show that the balance of electrostatic attraction of polycations to the
polyanion and the short-range three-body repulsion leads to the polycation concentration
profile

(uf f_N?

—————forL_<r<é . (34)
r1/2b5/2

c (r) =

in the outer spherical region of the screening coat. The symmetry of the electric field at
shorter distances from a polyanion r< L_ is still cylindrical and the structure of the
polycation coat around a polyanion at these smaller length scales is similar to the case

described above (Eq. 27) with the average polycation density z, ~ 5= f}/2¢/%!/3 (Eq. 19).

4. Liquid coacervates in the presence of salt

Addition of salt screens the electrostatic interaction on the length scale of Debye screening
length

rp=8alge)™* (35)

where ¢ is the concentration of a monovalent salt (e.g. MaCl). In the presence of salt, the net
charge of polyions does not have to be zero. Below we start from describing coacervates
with optimal composition, at which the Gibbs free energy per unit volume of polycations
and polyanions are equal ¢, iy = ¢ £ - and gy and g- are polycation and polyanion
chemical potentials per charge, and ¢, and ¢- are concentrations of polycations and
polyanions in the coacervate.

4.1 Atlow salt concentration

with large Debye length rp> £, the salt practically does not affect the coacervate structure.
This low salt regime corresponds to salt concentrations

3/2 —1/6
324

s <Gl = PERYE (36)

In this regime, the optimal composition corresponds to electroneutral coacervate with equal
concentrations of charges of polycations and polyanions, % ¢; = £~ ¢— and equal chemical
potentials per charge i = (L.
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4.2 At intermediate salt concentrations

in an asymmetric coacervate with intermediate Debye radius &, < rp> &, salt ions screen
repulsion on length scales larger than the Debye length, whereas attraction predominates on

a smaller length scale &, < rp. Therefore, the thickness of the polycation coat /;E decreases
with increasing salt concentration from its salt-free value &_, see Figure 8 a. The charge qi
of polycations in the correlation cell with size & also decreases with increasing salt
concentration and is smaller than the charge 4° of a polyanion in this cell by the factor
414> =~ (fs_/g_)d < 1. Here d'= 2 for a cylindrically-symmetric cell with L > £° and d=3
for a spherically-symmetric cell with L > £° . The attraction force between polyanion

charge ¢* and polycations in the neighboring cell with the charge qi at the effective distance
keL < &S lpq' g /(kED )zexp( — k& /rp,). The repulsion force between polyanions in
neighboring cells lB(qS_)Z/((:S_)Zexp( — & /rp) is weaker than the attraction force as long as the
cell size & is logarithmically larger the Debye screening length, & > rpin(¢_/r ).

Below, we drop the logarithmic corrections and limit our discussion to the scaling relations.
Within this approximation the correlation length & decreases with increasing salt

concentrationfrom its salt-free value &- (see Eq. 18)

§S
E for ¢y < ¢y (37)

~

—-1/2
AN for g <Cg<Cp

see Figure 9. Here the upper boundary c , of the intermediate salt concentration regime
corresponds to the Debye radius on the order of polycation correlation length, rp ~ &, Eq.
(20):

c o~
s, h
S, b3u1/3

173 1/2
SLEE =(;—‘) ¢ (38)
+

The coacervate structure is determined by the balance of attraction of polycations to
polyanions and steric repulsion between polycation chains. This balance is unaffected by the
salt at distances from polyanions shorter than the Debye screening length. Therefore, in the
intermediate salt regime, the coacervate structure at these length scales r< rparound
polyanion is almost the same as in the salt-free case.

Polycation chains are Gaussian in a &-solvent since their intramolecular electrostatic
repulsion on the scale &, is weaker than A7. Their concentration profile depends on whether
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Debye length is smaller or larger than the size L_ of polyanions in a dilute salt-free
polyelectrolyte solution (Eq. 7):

4.2a Coacervates with a long stronger charged polyelectrolyte, L_ > £ in the intermediate
salt regime.

In this regime, polyanions overlap with each other since their size is larger than their
correlation length £° . Polyanions conformations in such a coacervate are similar to

conformations of the same polyanions in the semidilute polyelectrolyte solution with the
same concentration c-, see section 3a. The salt screens both repulsion and attraction between
charged chains, thereby reducing the separation between polyanions to the Debye length 7p.
The polycation concentration in the coacervate remains almost the same as in the salt-free
case, see Eq. (19), due to unchanged interactions on the length scales smaller than the Debye
length. The correlation length &, of polycations is also unaffected by the salt as long as it is
smaller than the Debye screening length rp in the intermediate salt concentration regime, see
Figure 9.

The net charge of chains inside the optimal coacervate is no longer zero and is controlled by
the polyanion charges. The number density of polyanion charges is the net charge £ A_ of

one chain divided by the volume per chain L_rf). Using Eqg. (7) we find that it increases
linearly with salt concentration ¢, (see Figure 10)

f_D,_
Fi = 2313,

22 JS= s
bry

at ¢ <cg<cgg, (39)

4.2b Coacervates with a short stronger charged polyelectrolyte, L_ < £, in the
intermediate salt regime.

This intermediate salt regime can be divided into two sub-regimes. The first sub-regime with
L_< rp< & corresponds to dilute/semidilute coacervate with non-overlapping polyanions.
With increasing salt concentration, the separation between polyanions is reduced to the
Debye length rp. In this sub-regime polymer conformations and the structure of the
coacervate are similar to those in the salt-free case, see section 3. The polycation
concentration c+(/), Eqg. (19), in a cylindrical zone &, < r< L_ close to the polyanion is
almost uniform, and decreases with distance rfrom the polyanion, Eq. (34), in the outer

spherical zone for L_ < r< rp. In this first sub-regime with L_ < r, < :_(czplh <, <c; with

P M3 and ¢ = (1,22)7") the coacervate concentration is dominated by

polycations in the outer spherical zone and increases with salt concentration as ¢; =~ ¢.(rp)
(see Figure 10):

P f NP for c, < cPp

C~C, ~ (40)
+ _
b 9/4u3/4(f+f_N_)1/26‘;/4 for cip? <c <c;
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where Eq. (34) was used.

The total charge of all chains is dominated by polyanions and increases with increasing salt
concentration ¢, approaching the charge of polyanions at high salt concentration. The

density of total charge on chains increases with salt concentration as f ¢~ f_N_/ri) (see
Figure 10):

-3 3/5,9/5 2/5 sph
) b~ uwf(fN )™ for ¢, < c:f’l
fc_ =~ (41)

3/2 sph *
S_N_(gcy) for Cop <€y <y

In the second intermediate salt sub-regime, the Debye length is shorter than the polyanion
size, & < rp< L_, and polyanions overlap with each other forming double-semidilute
coacervate discussed in section 4.2a. Salt dependence of polymer concentration and of the
net charge on chains in this sub-regime is the same as in double-semidilute coacervates (see
section 4.2 and Eq. 39).

4.3 In the high salt regime with cg > cg p,

the screening length is smaller than the correlation length of polycations, rp < &, and the
structure of the optimal coacervate for both cases with longer (L- > £2) and shorter (L- < &
_) stronger charged polyanions is identical. In this high salt regime, electrostatic attraction
between polycation and polyanion sections of size rp. Therefore, the interaction between
positively and negatively charged chains within coacervate can be described as an effective
two-body attraction between elementary charges with a negative second virial coefficient

-1 Brf). This virial coefficient determines the free energy density —kT! Br%)( fe)(f_c)of

electrostatic attraction between positive charges with concentration £.c, and negative
charges with concentration £.c_. This free energy is on the order of thermal energy A7 on the

scale of polyanion correlation length & ,

KTlgrof f_cc (8 ~kT.  (42)

The attraction between polycations and polyanions is stabilized by the third virial repulsion
between polycations with energy density kT/(:‘jr)3 and two-body intermolecular repulsion

between polyanions kT/(éS_)3, which are on the same order of magnitude in the optimal
coacervate. Therefore, the correlation lengths of both polycations and polyanions within the
optimal coacervate are the same

be

~E S~ S
fxfi= =—pm At o>c, (49)
+ —_
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see Figure 9.

The structure of the optimal coacervate is the dense packing of correlation blobs of size &
Half of these blobs contains polycation sections, while the other half contains polyanion
sections. This structure on the scale of the correlation length is similar to the structure of the
“scramble egg” symmetric coacervate with equal charge densities, see Ref.36,
Conformations of polycations are Gaussian in a &-solvent for uncharged backbone for both
asymmetric and symmetric coacervates. Polyanion conformations are Gaussian for
symmetric coacervates while they are non-Gaussian in asymmetric coacervates and depend
on salt concentration.

The conformations of polyanions in an asymmetric coacervate in the high salt regime with
Debye length rp < &, are similar to conformations of the same chains in the polyelectrolyte
solution with the same salt and polymer concentration.3” Polyanion conformations in both
cases for rp> D, can be described as a linear array of electrostatic blobs of size D, on
length scales up to the Debye screening length rpand as a self-avoiding walk of Debye
volumes on length scales between rpand the correlation length & On length scales larger
than &, polyanion conformations in both asymmetric coacervate and polyelectrolyte solution
are random walks of correlation volumes.

At even higher salt concentration with Debye screening length smaller than polyanion
electrostatic blob size, rp < D, polyanions are ideal on scales larger than the correlation

blob &, Eg. (43), as well as on length scales smaller than the size &, ~ Di _/rf) of the thermal

blob. The conformations are self-avoiding walks of thermal blobs of size £7on intermediate
length scales, £7< r< & Note that the thermal blob size £7increases proportionally to the
salt concentration similarly to the correlation length & Eq. (43). This implies, that the range
of the self-avoiding behavior &&7~(£/f.)%?2 is independent of salt concentration. In the
optimal symmetric coacervate with £ = £, the size of the thermal blob is on the order of the
correlation length, &7~ £, and both polycations and polyanions are Gaussian in a €-solvent.
Also note, that linear dependence of the correlation length on salt concentration £ ~ ¢ is
valid for both high salt sub-regimes with Debye screening length D, < rp< & and rp< Dg-
only for Flory exponent v=3/5. In Appendix C we show that the salt dependence of the
screening length is slightly modified for v=0.588.

The concentration of coacervate is dominated by polycations in all salt regimes. In the
double-semidilute regime with L_ > £_ the concentration of the optimal coacervate is

b 3B for e <c
- K s, h
CNC, o —— * ’ » (44)

1
2 — —
Tove, bR o o> ey,

It is almost salt independent in both low and intermediate salt regimes for ¢s < ¢; 4 with
Debye length rp> &;. In the high salt regime for ¢s> ¢, With rp < &, salt screens
attraction between polyanions and polycations and the coacervate concentration decreases
reciprocally with increasing salt concentration, see Eq. (44) and Figure 10.
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The polyanion concentration ¢ varies nonmonotonically with salt concentration cgand is
lower than the polycation concentration:

=3 1/3 23/2 ,—5/6
b= u L f_7 for ¢y < ¢y

; o~ u2/3f_2/3c

- - s

for ¢, ,<c,<c,, (49)

b—6 26‘_1

4Cs for Cg>Cop

The net number density of charges on chains in the optimal coacervate is non-zero and is
dominated by the stronger charged polyanions £¢- — f.¢ ~ £.¢- at salt concentrations
above ¢, This charge density varies non-monotonically with salt concentration: it increases
linearly with ¢ in the intermediate salt regime, see Eq. (39), and decreases reciprocally with
increasing salt concentration ¢, in the high salt regime, see Figure 10. This non-monotonic
behavior disappears for the optimal symmetric coacervate with £ = £ because there is no
intermediate salt regime with &, < rp< &_, since &, ~ £_. The net charge density on chains
in the symmetric coacervate decreases reciprocally with salt concentration.

In the case of shorter polyanions with L_ < &, there is an additional salt dependence regime
for Debye screening length rp < L_, corresponding to polyanion chains below their overlap.

In this regime at a salt concentration ¢, < c;* ~ (lBLE)‘l, the correlation cell has spherical

symmetry with the coacervate concentration and the net charge increasing as 1/4 and 3/2
powers of salt concentration, respectively (Egs. 40 and 41), see dotted lines in Figure 10.

4.4 Generalized Shklovskii phase diagram.

In the above sections, we studied coacervate with optimal composition, corresponding to
equal Gibbs free energy per unit volume of polycations and polyanions, ¢, fii = ¢y
Oppositely charged polyelectrolytes are often mixed with the stoichiometry different from
the optimal one. Below we describe the states of such mixtures at different total number

fractions of polycation monomers ¢ = /"' + z"") and various salt concentrations ¢,

see phase diagram in Figure 11. The thick black lines on this diagram separate a two-phase
region from a single-phase region. The dense phase in the two-phase region is the
coacervate. Therefore, the thick lines are the boundaries between states with and without the
coacervate. The dilute phase could consist of either only free chains or a mixture of free
chains and complexes — small aggregates of oppositely charged polyelectrolytes. The
complexes can be found in the regions between thin blue lines and red dashed lines in the
phase diagram, and thus, can exist in both single and two-phase regions. The single-phase
region outside the red dashed line corresponds to a homogeneous mixture of free polyanion
and polycation chains with attraction electrostatic energy between them less than 7.

At the green dotted line, the coacervate has an optimal composition with concentrations

tot

Plandz_ =%, In the low-salt

equal to the total concentrations of the mixture, ¢, =

solutions, ¢ < ¢ the concentrations of polyanion and polycation charges in the optimal
coacervate are the same, f.¢cy = £.¢-, corresponding to the number fraction of polycation
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monomers ¢,s= £/(f + £) (see low vertical part of the green dotted line in Figure 11). At
higher salt concentrations ¢s> ¢ 4 in the optimal coacervate, the total charge of the stronger
charged chains (polyanions) is higher than the charge of the weaker charged chains
(polycations). In the high-salt regime, ¢s> ¢; 4, from Egs. (44) and (45) the ratio of
polyanion and polycation charges in the optimal coacervate reaches its maximal value, ¢
[(f.cv) = (£1£)Y2, corresponding to ¢, = r1/(r}/> + r1'?) (upper vertical part of the

green dotted line in Figure 11). At intermediate salt concentrations ¢; ;< ¢s< ¢ p, Using Egs.
(44) and (45) we find that the green dotted line, corresponding to the optimal coacervate
composition is a hyperbola

f_(1 B
Mf—+($—1), for ¢, <p=¢""" <¢, . (46)

~
CS_C

This prediction is for double-semidilute coacervates with L_ > £, while for a coacervate
with shorter polyanions, L < &, there is an additional regime with spherical symmetry and
a slightly different shape of the green dotted curve, cs= ¢, [£-/£.(1/¢ — 1)]*° for

Ci?? <c <c.

In the presence of salt, the coacervate can exist even in mixtures with the composition ¢
different from the optimal coacervate composition (dotted green line in Figure 11). In such
mixtures, the coacervate composition deviates from the optimal composition, ¢, described
above, and in the absence of complexes (between thin blue lines in Figure 11, for

¢.. < ¢ < ¢.) the coacervate composition coincides with the total mixture composition, ¢ =

¢! see the green line in Figure 12. At larger deviations of the coacervate composition from
the optimal one (between thin blue and thick black lines in the phase diagram, for
¢ <¢<¢.and ¢ < ¢ < ¢") the coacervate coexists with complexes. The composition of

the coacervate in this part of the two-phase region of the phase diagram is the same as its
composition at the thin blue line in Figure 11 at the same salt concentration, see two
horizontal blue lines ¢ = ¢/ and ¢ = ¢ in Figure 12. The coacervate dissolves at the

boundary of the two-phase region (thick black lines ¢* and ¢*), and the composition of
complexes inside the two-phase zone (between thin blue and thick black lines in the phase
diagram, for ¢ < ¢p’ < ¢ < ¢..and ¢” < ¢ < ¢") is given by its value at the phase boundary

(thick black line ¢’ or ¢*) at the same salt concentration. The relative fractions of polymers
in the coacervate and in complexes is determined by the lever rule.38 The shapes and the
locations of boundaries of these regimes (thin blue and thick black lines in Figure 11) are
obtained by equating chemical potentials of polyanions per negative charge in the coacervate

and in the complex, x“*"P*¢* = ;i _, and similar equality for polycations, 47" = 4, see

Appendix D for details.

The red dash line in phase diagram corresponds to the condition at which the attraction
energy per chain is on the order of entropic free energy gain per chain upon dissociation of
complexes into individual chains. Note that in the limit of symmetric (with fractions of
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charged monomers £, = £ ~ 1) strongly interacting (with interaction parameter v ~1) chains,
the details of the molecular structure of the polymer chains are not important, and the phase
diagram in Figure 11 approaches the diagram obtained in Ref.20,

5. Molecular Dynamics Simulations

The molecular dynamics simulations were carried out using the bead-spring model.3% All
beads had mass /mand diameter o-and interacted with each other via the truncated and
shifted Lennard-Jones (LJ) potential

UL = 45”[(%)

where the cutoff distance r, = 2.5¢ and the LJ parameter £, ;= 0.30k7 corresponds to the &
solvent for uncharged polymers. Beads along the chains were connected by the additional
unbreakable finitely extensible nonlinear elastic (FENE) potential Uggnge(r)

1 2
Uppng() = = 5KRIn(1 - %) (48)
0

Here K = 30&; Juv? is the spring constant and R, = 1.5¢ is the maximum bond length.

Each polyanion chain consisted of A = 101 beads with the fraction of charged monomers £
=51/101 and therefore contained n- = 51 negatively charged beads. Polycation chains
consisted of A, = 61 monomers each, and contained 7, between 3 and 7 positively charged

beads corresponding to fractions of charged monomers f = =. =1, ¢t 21> &1 Charged

monomers were monovalent and evenly spaced along the chain backbones with both ends of
each chain charged. The periodic simulation box contained M- = 20 polyanion chains for n;
=3,4,5,6 and M_ = 21 polyanion chains for n; = 7. The number M, of polycation chains
was determined by the overall electroneutrality condition of the simulation box M, = M_n
_Iny in the range between 153 < M, < 340.

The simulations were carried out with an implicit solvent modelled by a dielectric medium
with the dielectric constant e. All charged beads interacted with each other via the
unscreened Coulomb potential

UCoul(r )=k TIBT (49)

where z;is the charge valence of the /th particle (+1 for positive and —1 for negative beads).
The Bjerrum length /g determines the strength of the electrostatic interactions and was
varied in the interval 0.01c < /g< 200. The electrostatic interactions between all charges in
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the simulation box and all of their periodic images were computed by the particle mesh
Ewald (PME) algorithm implemented in the LAMMPS software packages.*042 All
stochastic molecular dynamics simulations®! were carried out using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) parallel MD code.#? The equations of
motion were integrated using the velocity-Verlet algorithm with a time step 6¢= 0.01z;
where the Lennard-Jones time is z; ;= (mo?/e; )Y2. For all simulations, the constant
temperature was maintained by weakly coupling the system to a Langevin heat bath,*3 with
a damping constant /"= 1.0/ z; ; The coacervate phase of oppositely charged
polyelectrolytes was simulated by setting the osmotic pressure to zero. The Berendsen
barostat was used to simulate the equilibrium coacervate at constant pressure p = 0.44 Initial
states for chains was chosen from the ensemble of self-avoiding random walk configurations
within a periodic cubic box with boundary length L. The approach to equilibrium was
quantified by monitoring the relaxation of end-to-end vectors of chains, as well as the
fluctuations of the volume of the coacervates. The duration of the equilibration after the
coacervate volume reached its final value was chosen to be 2-10 relaxation times of the end-
to-end vectors of chains. The structure factor of polyanions at wavevector q was calculated
as

5@ = (@ -0 (©0)

where the Fourier transform of the monomer concentration profile ¢(¢q) = Zl/.v: | explig - 1)),

with monomer coordinates r;for all polyanion chains in the periodic simulation box, and
brackets (...) denote the ensemble average over chain conformations.

The form factor of a chain was calculated as

1 sin(qu.j)
iLj gr.

where 7;;is the distance between #th and /~th chain monomers. Form factors of polycations
were fitted by the Debye function (see Figure 6)

P(g) = é(e‘Q ~1+0). (52)

with 0 = q2R§ resulting in the mean square radius of gyration R; =21.7+0.55° in good

agreement with R§ = 20.6 6> obtained directly from the chain coordinates.
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6. Conclusions

We presented a scaling theory of the structure of liquid coacervate formed by oppositely
charged polyelectrolytes with electrostatic interaction energy between two elementary
charges less than the thermal energy k7. We consider relatively weakly charged
polyelectrolytes with the line density of charges below the counterion condensation
threshold, ¥ < yps=1//g. In the case > ¥y, the counterion condensation results in
saturation of the effective line density of charges at the Manning value y,,. In either case,
mixing of weakly-interacting polyelectrolytes does not lead to a counterion release upon
formation of liquid coacervates because electrostatic energy per charge is less than thermal
energy k7. The intramolecular electrostatic interactions in dilute solutions of only
polyanions or only polycations are described by the so-called electrostatic blobs of size D,y
or D, respectively, see the upper part of Figure 1. Sections of a polyelectrolyte chain of size
equal to the electrostatic blob size repel neighboring sections of the same chain with
electrostatic energy on the order of k7. Conformations of polyanion or polycation chains in
their respective dilute solutions before mixing with no added salt can be described as linear
arrays of their corresponding electrostatic blobs of size D, or D,.. Mixing of oppositely
charged polyelectrolytes can result in:

i single-phase homogeneous solution containing charged complexes and/or
isolated chains or

ii. two-phase solutions with a coacervate and a dilute phase containing complexes
and/or isolated chains

The structure of the coacervate formed upon mixing polyanion and polycation solutions is
determined by the balance of electrostatic attraction between oppositely charged
polyelectrolytes and short-range repulsion. In the symmetric case with D,- = D, = D,, the
coacervate is a dense packing of these electrostatic blobs with neighboring oppositely
charged blobs of size D, attracting each other with energy on order k7, see the lower right
part of Figure 1. This attraction is stabilized by the short-range non-electrostatic repulsion
with energy on the same order k7 between all chain sections of size D,.

In an asymmetric case with stronger intramolecular electrostatic repulsion within the
polyanion, D, < D,,, the structure of the coacervate is more complex. Such a coacervate is
characterized by two correlation lengths, &, and &-, of polycations and polyanions,
respectively (Egs 20 and 18). Conformations of both positive and negative polyions in
coacervates are similar to their conformations in their respective solutions containing
polyelectrolytes of only one sign, with the same concentrations (¢, and ¢-) and the same
correlation lengths (£, and £- as in the coacervate. Since the polycation correlation length £
+ is smaller than its electrostatic blob size, D, the corresponding polycation solution with
chains of only one sign is quasi-neutral and is analogous to a semidilute solution of
uncharged polymers with correlation length &, with ideal chain conformations in a &
solvent. The polyanion correlation length & is larger than its electrostatic blob size, D,
resulting in its stretched conformations on length scales between its electrostatic blob size
D, and correlation length &- due to strong intermolecular repulsion, similar to their
conformations in pure polyanion solutions, see Figure 5.
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Weaker charged polycation chains adsorb on stronger charged polyanions forming screening
“coats” around them. The electrostatic attraction of polycations to polyanions is balanced by
the short-range repulsion between sections of polycations of size &, with energy on the
order of thermal energy 4 7. This short-range repulsion between polycations is stronger than
the electrostatic repulsion between them, since &, < D,,.

The attraction of polycations to a polyanion slowly decreases in strength with increasing
distance from the polyanion within the polycation “coat” resulting in a slow (logarithmic)
decrease of coat concentration (see Eqs. 27 and B4a-B7a). The thickness of this coat is the
inter-polyanion correlation length £, and in the salt-free mixtures, it is determined by the
length scale at which the polycation “coat” compensates the polyanion charge. This
compensating polycation coat of coacervates plays the role of counterions of semidilute
polyanion solution with the essential difference of negligible translational entropy and
important short-range inter-polycation repulsion balancing electrostatic attraction and
reducing the osmotic pressure of coacervates to zero (see Figure 5). The order of interactions
from strongest to weakest corresponding to the order of length scales from shortest to largest
iSDp < &< Dpr < £

Key predictions of our scaling model, such as:

i the dependence of polycation concentration ¢y in the optimal coacervate on the
fraction 7. of polycation monomers that are charged (Figure 4),

ii. an equivalence of the structure factors of polyanions in the coacervate and in the
semidilute polyelectrolyte solution with the same concentration ¢- (Figure 5),

iii.  ideal conformations of weakly charged polycations and stretched conformations
of strongly charged polyanions in the coacervate, obtained from their form
factors (Figure 6),

iv. the concentration profile in polycation screening coat around strongly charged
polycation (Figure 7),

were confirmed by the molecular dynamics simulations.

The coacervate can be isolated from the supernatant, and the coacervate concentration can
be increased by partially removing (evaporating) the solvent. In this case, both polyanion
and polycation concentrations increase proportionally to each other, while the corresponding
correlation lengths are not proportional to each other. The polyanion correlation length & is
reciprocally proportional to the square root of the coacervate concentration, & ~ 1/4/c,

whereas the polycation correlation length &, decreases reciprocally with coacervate
concentration, &, ~ 1/¢. This implies that the ratio of the two correlation lengths &/,
increases as the square root of coacervate concentration, thereby increasing the coacervate
asymmetry.

At low salt concentrations with Debye length longer than polyanion correlation length (for
rp> &), the structure of the coacervate is almost the same as in the salt-free case. For
intermediate salt concentration with Debye length between the two correlation lengths, &, <
rp €, the thickness of the polycation coat is reduced and becomes on the order of the Debye
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radius 7p. The coacervate concentration is dominated by polycations, and in the high salt
regime, it decreases inversely proportionally with increasing salt concentration.

The net charge of the chains of such optimal coacervate in the presence of salt is no longer
zero and approaches the net charge of polyanions with decreasing the Debye length. The net
charge density of chains in the coacervate varies non-monotonically with salt concentration.
It is almost zero at low salt concentrations ¢; < ¢; 4 increases linearly with ¢;in the
intermediate salt regime, ¢ ;< ¢s< s 5, and decreases reciprocally with increasing salt
concentration ¢ in the high salt regime, ¢s> ¢, see Figure 10.

The above predictions for asymmetric coacervate structure and qualitatively different chain
conformations of polyanions and polycations (see Figure 5 and Figure 6) can be tested by
scattering experiments. The overall coacervate structure factor can be directly measured by
small angle X-ray scattering, while the form-factors of polyanions and polycations can be
obtained by small angle neutron scattering using the index matching technique*®. The
predicted dependence of the coacervate concentration on fractions £ and £ of charged
monomers can be experimentally tested by either varying pH for weak polyelectrolytes, or
by synthesizing and measuring concentrations of strong polyelectrolytes with different
charge fractions. This dependence is predicted to be different for relatively long and short
polyanion chains (Egs. 19 and 33).
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Appendix A General solvent

Below we present main results obtained for general scaling exponent v describing different
solvent conditions for uncharged backbone. The case v = 1/2 corresponds to a 8-solvent,
described in details in the main text with the same equation numbers, and the case v= 0.588
describes the corresponding athermal solvent:

8pr = (u, fH)7VCE=Y(22)

- 2.—v/(2 )
D,,~b (uf) """ (3a)

g, = _fH V=" (5
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D, _=b_(u_f>)™"C7" (6a)
L_=p""N_ /D" (7a)
5_ ~ (b_E_)_l/z(u_fz_)_(l —-/22-v)) (10&)

&, ~D, (D, /D, )"* (20a)

e+)

L7, = ll;llzDe_-?—/z(De _ID, +)(3v— D2 (o1q)

&0 = [, (L CTVP T (19a)

¢ ~D, (D,,/D, \&7M" (183)

D, <& =D, (D, ID,)*<D, <& ~D, (D, /D, )¢ (22a)

R_~bN"*D, /D, *~V'% (233

g =g, (D, /D, Y~V (24a)

2-3v 3v-1 3
f_zb(N_f_)4_3vu 4—3vf+ 4 -3y (183.)
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Appendix B Polycation concentration profile

Consider a single polyanion surrounded by a polyanion coat. In case of cylindrical
symmetry (d= 2), a long polyanion with length L_ < &_ is modeled as a uniformly charged
cylinder of radius 1y >~ D, with linear charge density y_. In case of spherical symmetry (d'=
3), a short polyanion with length £_ < &_ is modeled as the charge ey_L_ inside a sphere of
radius 1y ~ L_. The electrostatic potential ¢(s) in the polycation coat, at iy < r< &, is
determined by the Poisson equation

B¢ d—1dp 4n
ﬁ+ r W—?ef+c+ (Bl)

within the mean-field approximation. The boundary condition at the charged cylindrical
surface at r=ry is

Wl =2 (@)

r - —
dr r=r, €

The density ¢, of polycation monomers is found by minimizing the free energy which has
both electrostatic and osmotic contributions. In the case of &-solvent, the osmotic part
accounts for the three-body repulsion between monomers, and the ¢;-dependent contribution
to the free energy is

/ |-+ ef e, + k1B |d*r  (BI)

The chemical potential #in Eq. (B3) takes into account the normalization of the density c.
of polycation monomers with their total numer N*' = /c+d3r. Minimizing this free energy

with respect to ¢, we find the dependence of monomer concentration ¢,(7) of polycations on
the electrostatic potential ¢(7):

¢ (1) = b7 [, (kT2 (B4)

The electrochemical potential u/7) = ¢+ ef; ¢(r) and the monomer concentration ¢.(7)
decay to zero at distance r> £- outside the polycation coat.

In the case of cylindrical symmetry d'= 2, we are looking for the solution of Egs. (B1) and

(B4) in the form
o] e
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where the dimensionless function y»(x), which determines the dependence of the polycation
monomer density on the distance rfrom the polyanion, is the solution of the equation

22

d” y5(x)

22 = )(z(x)e_zx. Its analytical expression can be found in two limits x<< 1 and x> 1
dx

(near the surface of the polycation coat and away from it). Joining these solutions for x =~ 1,

we can approximate the solution for all x> 0 by

=————, (B6
)(Z(X) ax3/2 ( )

The constant a ~ 0.95 is determined from the best fit of the numerical solution of this
equation by the function y»(x) given in Eq. (B6), see Figure 13. Substituting this solution
into the boundary condition (B2), we get

£~ b5/4y1_/4u_1/4f;3/4 (B7)

Generalizing the above consideration for the case of a general solvent with scaling exponent
v, we find

e (N = b7 f o ! (Bda)

£ 1/(2 =3v)
$(r) = %T[ub_zfivﬁxz 1(—)“ (B5a)

a2
Xp(X) = 2 63‘}) X ol 5, (B6a)

E o~ b2 - 3v/2}/1_— 3v/2u(1 - 3v)/2f;3v/2 (B7a)

Here, the exponent v = 1/2 in the case of a 6 solvent, and v = 0.588 in the case of a good
solvent.

In the case of spherical symmetry (&= 3) the solution of Egs. (B1) and (B4) for a ©-solvent
is
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#0) = Liamv™ 128 e (B50)

dzxg(x)
= ()c)xl/2 an
3 43 '
dx

The dimensionless function o3(X) is determined by the equation

approximate solution of which is

_ (1—x)21+ax
B =" Ta

(B6C)

with constant a2~ 0.35, see inset in Figure 13. Substituting Egs. (B5¢) and (B6c¢) into the
boundary condition (B2), we reproduce Eqgs. (32) for £- and (34) for the concentration
profile c.(1).

Appendix C. High salt regime

Salt ions screen electrostatic interaction at the length scale of the Debye radius rp, Eq. (35).
Charged polymers with their screening salt ion clouds can be represented in the high salt
regime ¢s> Csp= (£1£)Y2 Cs/(see Egs. 36 and 38) by chains of effectively neutral blobs of
size rp, see Figure 8b). The electrostatic interaction energy between polycation blobs of size
rp< &4 is less than AT in the high salt regime. Therefore polycations have Gaussian statistics

in a ©-solvent on all length scales including the scale of the correlation length ¢, =~ bg}r/z.

The number of polycation monomers g, on this length scale is determined by the close-
packing condition of correlation blobs, g =~ c+§i. Solving these two equation, we find the

relation between the polycation concentration ¢, and the correlation length &, for the quasi-
neutral polyelectrolyte regime in a 8-solvent

¢, ~—— (Cl)
b
This dependence was used in the derivation of Eq. (44). Stronger charged polyanions repel

each other, and their statistics depends on the ratio between the Debye radius, Eg. (35), and
the electrostatic blob size, Eq. (6). Below, we consider two cases:

High salt regime 1 with ¢ < Cg < Cg¢ = Cspf-/f..

In this case D,- < rp< &, and polyanion chains have excluded volume statistics on length
scales rp< r< & larger than Debye length, but smaller than the correlation length &- ~ r(g
_lgp).v. Here g_ and gp =~ g.-(rp/ Dp-) (EQ. 7 for the segment of gp monomers) are the
number of polyanion monomers inside the correlation and Debye volumes, respectively.
Since different correlation volumes do not overlap with each other, the polyanion
concentration is determined by the dense packing condition of the correlation volumes:
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¢ ~g /8, (C2)

Substituting the expression for the number of monomer units

5_)V " 5_)v De_rD(g_ v
8_=8p|l—| = 8 _ —| =——=—|—| (3
P\rp =D, _\rp p* \"p
we find the polyanion concentration
D,_
¢ ~————+——— (C4)

- A1 3-1lv
er -

Substituting Egs. (C1) and (C4) into Eq. (42) for the attraction energy between polycations
and polyanions with £~ £ ~ £&,, we find the correlation length

_3=5v v Sv—1
Exbu VTP 1@ T for ¢, <e <, (CB)

High salt regime 2 with cg > cg¢ = cg hf-/f..
In this case, the Debye length is smaller than the electrostatic blob of polyanions, rp< D,_.
The electrostatic energy of g, = r%)/b2 monomers of the polyanion blob of radius rpis ep ~
kTlg(gpf-)? rp~ kT(rpl Ds-)3, and is smaller than thermal energy k7 for rp< D,. A chain
segment of the thermal blob size £7> rp with the number of monomers g, = .»:%/b2 is

Gaussian, and its energy e7~ ex(g79p)}/? is on the order of k7. Here (g7/gp)Y/2 is the
number of pair contacts with energy ep of electrostatic blobs on the length scale of the

thermal blob size &7 From this condition, e~ T, we find the number of monomers,

6 ;.24 ; 12 .13 ;.2
gr=D,)_I(b7r;) > g, and thesize, & ~bg, "~ D, _/ry,> D, _ of the thermal blob. On

larger length scales, the polyanion has excluded volume statistics and the correlation length
becomes

&~ &g lgp) for ¢, >c , (C6)

Substituting this expression into Eq. (C2), we find the average polyanion concentration
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3 \2—-1/v
D, _

2
bry,

- 1

c_ = m for c,.>cC (C7)

s s, t

Substituting Egs. (C1) and (C7) into Eq. (42), we find the correlation length

__v_ =2
IR0 0 S N (o::)

For the value of Flory exponent v = 3/5, both expressions (C5) and (C8) turn to Eq. (43). For
v=0.588, the exponent 0.927 of the cs-dependence of correlation length in Eg. (C5) only
slightly differs from its Flory value of unity.

Appendix D. Chemical potentials and phase diagram

The unique feature of mixtures of oppositely charged polyelectrolytes is the existence of
stable complexes consisting of chains of opposite charges. Below we assume that the charge
of the polycationic chain significantly exceeds the charge of the polyanionic chain, A_£ >
N, f,. Consider a complex consisting of a single polyanion chain with AL~ elementary
charges and n polycation chains with g, = n/N, f. elementary charges. The structure of the
complexes is determined from the condition of the equality of polyions chemical potentials
in the coexisting phases. In general, the chemical potential per charge is defined as the
energy of moving a unit charge to infinity. Since the charges of the complex can be removed
only with the corresponding chains, this definition requires a substantial refinement:

The polycation chemical potential is

Iuiomplex — aFc'onzplex(q+)/ aq+ (Dl)

where Feomplex(g.) is the free energy of the complex. Since there is only one polyanionic
chain per complex, its “removal to infinity” leads to a decrease in the number & of
complexes by unity. In order to define the polyanion chemical potential, consider the
difference of free energies of configurations of <+ 1 complexes with ¢/, positive charges and

k complexes with g, charges:

(k + l)Fcomplex(q;) _ kFcomplex(q+) (D2)

These configurations have the same total number of positive charges, (k + 1)¢/, = k¢, and

the difference of AL negative charges. Dividing Eq. (D2) by A_£, in the limit A4>> 1 we
find the polyanion chemical potential per unit negative charge:
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complex complex

complex _ (C]+) T 94y
- N_f_

(D3)

Low salt regime with cs < cg.

In this case, the charge with concentration ¢, £, — ¢— £ is distributed in the volume Vof the
coacervate, and its free energy density is

FIV ~ kTlgri(@, f, — E_f)? +kTc_f Ly In( /€,), (D4)

where [ Br%) is the effective second virial coefficient, and the second term in Eq. (D4) is the

energy of attraction of polycation coat with the radius & ~ ¢_ to the polyanion, see Eq. (15)

and Figure 2b. Differentiating the free energy of the coacervate (D4) with respect to the
number of charges, 7, = VC,f. and n- = VC_F., we find its chemical potentials,

p, = kTlgre@, fo—E_f_),
(D5)
p_ = —KTlgrp(C,ofy —E_f)+kTlgy I /E,)

Now, consider the cylindrically-shaped complex with the diameter &, the length L_, and

occupying the volume V ~ L_(&°)% see Figure 14. The free energy of such a complex with

polycation charge g, ~ ¢, £, Vis the sum FEomPleX = F~+ F\,+ Fsof the Coulomb F,
volume F, and surface Fgterms:

/ min(L_, rp)
B —'p
Fom kT (g, —N_ )2 1n§—s, (D6)
§S
Fy ~kTVe_f_lgy_In i . Fg~o L_

Here ¢ ~ kT/.f;i is the surface tension. The chemical potentials of the complex are obtained
by substituting this free energy into Egs. (D1) and (D2).

Below we describe the equilibrium of the coacervate and dilute phase of complexes.
Equating the corresponding chemical potentials of the coexisting phases, we find that the

Coulomb and the surface contributions are on the same order, F,~ F;, and that the charge of
the complex is
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cf_  min(L_,rp) 172

q+—N_f_z iL_(leB/ln Z

(D7)

The charge density of the coacervate, coexisting with the complexes is

(D8)

1 (o6 min(L_,rp)\'?
(™)

The sign (=) describes the left region between thick black and thin blue lines in Figure 11,
and the sign (+) describes the corresponding right region. The charge of each of these
complexes (Eq. D7) is, respectively, lower and higher than the chain charge per polyanion in
the coacervate.

At the blue lines in the phase diagram in Figure 11 the concentration of the polyions in the

coacervate is the same as the total concentrations, ¢, =" and ¢_ = ¢’”’. Substituting these
equalities into Eq. (D8), we find the number fraction of polycation monomers at the lower
part of these two lines:

2 - 1/2
1 &2 min(L_,rp)
B~ = — —2(111— . (D9)
2 5 S
L& min(_rp)\l/2
¢c x5+ rT lnT
D

The fraction of complexes in the dilute phase is increasing upon approaching the thick black
lines on the phase diagram in Figure 11 from the two-phase side, while the fraction of
coacervate is decreasing and disappears at the phase boundary. At this line, the fraction of
polycation charge of the complex is the same as the total fraction of polycation charges in
the mixture,

~tot
9y 4 )4
W=t (010

Substituting g, from this equation into Eq. (D7), we find the number fraction of polycation
monomers on the boundary between one- and two-phase regions on the phase diagram:
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min(L_, rpy)\~1/?
¢ ~ L In b ,
2 s
(D11)
: -1/2
L1 min(L_, rp)
Q" ~ 3 + [In E

Intermediate salt regime with cg; < Cs < Cgp.
The diameter & of the optimal polycation coat in the coacervate (see Figure 8a) can be
estimated in this case, from the minimum of the free energy of correlation cells with size &° :

SN2 s s s s

(q_) _6_/rD q+q_ e_ké_/rD

¢ t R

(D12)

F ~kTl,

with polyanion charge of the complex ¢° ~y L_and polycation charge qi_ ~ E+f+(§s_)2L_,
giving £2P" ~ 21 — kyrp,In(¢_/rp). Expanding this free energy near this minimum, we find

within the quadratic approximation

201+ k) 2

& -

p

(D13)

lg (D 2
~ kTL—(ég—_) (24— 45"

This expression replaces the first term in Eq. (D4) for the case of intermediate salt
concentration. The resulting phase boundaries in Figure 11 in this regime can be
approximated by the vertical lines.

High salt regime with cg > Cg .

All the results obtained in Appendix C for this regime can also be derived from a minimum
of the coacervate free energy:

FIV = —kTlgrpf,f_c,c_+kTb°3 +kT/E  (D14)

The first term is the energy of attraction of polyanions and polycations with the second virial
coefficient IB}% per charge, see Eq. (42), the second term is the energy of steric 3-body

repulsion of polycations, and the last term is the energy of the effective repulsion of
polyanions. Here we use this free energy to describe a coacervate with non-optimal
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structure. Since the structure of the complexes in this region is rather complicated and lies
beyond the scope of this work, it will be described elsewhere. The qualitative behavior of the
phase boundaries in this region is shown by the dashed line in Figure 11.
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Figure 1.
Conformations of a polyanion and a polycation in dilute solutions (upper panels) and in a

mixture of symmetric oppositely charged polyelectrolytes (lower panels).
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Figure 2.
a) The electric field (arrows show its lines) around the stronger charged polyanion attracts

polycations. b) A polycation coat around a polyanion is stabilized by the steric repulsion
between its monomers. c) The polycation coat of a polyanion is also electrostatically
attracted to a neighboring polyanion. In addition, neighboring coats are stitched together in
an asymmetric coacervate by bridges of polycation chains (thick black curves).
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Figure 3.
Conformations of a polyanion and a polycation in dilute solutions and in a mixture of

asymmetric oppositely charged polyelectrolytes: a) double-semidilute coacervate with L_ >
&- and b) dilute-semidilute coacervate with L_ < £._.
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Figure 4.
Number density z, of polycation monomers in a coacervate normalized by f1/%/>, where £,

is the fraction of charged polycation monomers and o is the Lennard-Jones length (Eq. 47
below), as a function of normalized Bjerrum length /g/lo. Coacervates are formed by mixing
polyanions containing A~ = 101 monomers per chain (fraction £ = 1/2 of them charged)
with polycations containing A~ = 61 monomers per chain and charge fraction £, as
indicated in the figure legend.
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Figure 5.
a) Conformations of polyanions, shown by blue lines, in the coacervate (left) are analogous

to their conformations in solutions of only polyanions (right) at the same concentrations. b)
Comparison of the structure factors S(g) of polyanions in coacervates (symbols) and in
semidilute solutions (lines) with the same polyanion concentration ¢_ for various values of

the Bjerrum length /g. Polyanion chains contain A = 101 monomers each with charge
fraction £ = 51/101, while polycation chains contain A, = 161 monomers each with charge
fraction 7. = 7/61. See Eq. 50 below for the details of S(g) calculation.
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Figure 6.
Form factors (see Eq. 51 below) of polycations for different values of Bjerrum length /g

(upper sets of points, solid line is their best fit by the Debye function, see Eq. (52) below)
with A4 =61 monomers per chain and charge fraction £ =7/61 and of polyanions (lower
sets of points) with A = 101 monomers per chain and charge fraction £ = 51/101.
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Figure 7.

The concentration profile c.(7) in polycation screening coat as a function of distance rfrom
a polyanion rod with unit charge density £ = 1. The fraction of polycation charge monomers
is £ = 0.07. Different symbols correspond to different values of the Bjerrum length /. The
solid lines are best fits to the data by equation 27 in the distance range 2o < r< 6o. The
fitting parameters are listed in Table 1. The resulting dependence of &£- on /glo (symbols)
and its theoretical prediction & ~ (/glo) 13 (dashed line) are shown in the inset.
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Figure 8.
Charged chain conformations in asymmetric coacervate with long polyanion chains L_ > &_

at salt concentrations: a) ¢s /< ¢s< s 4 in the intermediate salt regime with &, < rp< £- and
b) ¢s> cs ppin the high salt regime with 7p> &,.
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Figure 9.

?
Cs,h L

Salt concentration dependence of the Debye length rp (solid black line), polyanion
correlation length & (solid blue line), and polycation correlation length 51 (solid red line) in

an asymmetric coacervate with long polyanion chains, L_ > &_.
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Figure 10.
Salt concentration dependence of the coacervate concentration ¢~ ¢ (red lines) and number

density of charges on chains £¢_ — £.c; (green lines) in the optimal asymmetric coacervate
(log-log scales). Dashed and dotted lines correspond to longer and shorter polyanions with L

* * H
->& andc; <c  and Lo < & and g > ¢, respectively.
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Figure 11.
Phase diagram of a mixture of oppositely charged weakly interacting polyelectrolytes. The

horizontal axis is the number fraction of polycation monomers in solution

¢ =@ + '), The left vertical axis is salt concentration cs, whereas the right
vertical axis (pointing down) is the corresponding Debye length. The thick black lines (¢’
and ¢°) are the phase boundaries between two-phase region, containing coacervate (denoted
by orange sediment in cartoons) and single-phase regions, containing dilute chains, denoted
by red and blue lines and complexes containing chains of both signs. The complexes exist
only in regions between outside thin blue lines (¢, and ¢;) and inside red dash lines. The

green dotted line (¢%7) corresponds to the optimal coacervate composition.
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The dependence of the number fraction of polycation monomers ¢ in the coacervate on total
number fraction ¢/’ in the mixture.

Macromolecules. Author manuscript; available in PMC 2019 December 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Rubinstein et al.

Page 48

0.1 —
-
= ~, .
~ up |
e — 0.01 - .
= .. d=3 .
= %)
o 0011 =R \
0.001 '
0.1 1 |
r/é '
0.001- , C : L
0.001 0.01 0.1 1

r/&

Figure 13.
Numerical solution for the concentration profile c.(7) ~ y»[In(£-/7] (solid line) in the salt-

free regime for d= 2, and its approximation by Eq. (B6) (dotted line). Inset: numerical
solution for the function y3(/7&-) (solid line) and its approximation by Eq. (B6c) (dotted
line) in the case of spherical symmetry = 3.
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Figure 14.
Cylindrically-shaped complex
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Table 1.

Average concentration ¢, of polycations and correlation length £ of polyanions obtained from the fits of Eq.
(27) to the simulation data presented in Figure 7.

lg/o ¢ [079 & [o]

05 0.089+0.002 10.7+0.2
10 0.233+0.004 802+0.11
20 0410+0.008 6.94+0.09
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