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There has been significant interest in the tendency of highly charged particles having the same charge to
form dynamic clusters in solution, but an accepted theoretical framework that can account for this ubig-
uitous phenomenon has been slow to develop. The theoretical difficulties are especially great for flexible
polyelectrolytes due to the additional complex coupling between the polyelectrolyte chain configurations
and the spatial distribution of the ionic species in solution. For highly charged polyelectrolytes, this leads to
the formation of a diffuse “polarizable” cloud of counter-ions around these polymers, an effect having signif-
icant implications for the function of proteins and other natural occurring polyelectrolytes, as emphasized
long ago by Kirkwood and coworkers. To investigate this phenomenon, we perform molecular dynamics
simulations of a minimal model of polyelectrolyte solutions that includes an explicit solvent and counter-
ions, where the relative affinity of the counter-ions and the polymer for the solvent is tunable through
the variation of the relative strength of the dispersion interactions of the polymer and ions. In particular,
we find that these dispersion interactions can greatly influence the nature of the association between the
polyelectrolyte chains under salt-free conditions. We calculate static and dynamic correlation functions to
quantify the equilibrium structure and dynamics of these complex liquids. Based on our coarse-grained
model of polyelectrolyte solutions, we identify conditions in which three distinct types polyelectrolyte asso-
ciation arise. We rationalize these types of polyelectrolyte association based on the impact of the selective
solvent affinity on the charge distribution and polymer solvation in these solutions. Our findings demon-
strate the essential role of the solvent in the description of the polyelectrolyte solutions, as well as providing
a guideline for the development of a more predictive theory of the properties of the thermodynamic and

transport properties of these complex fluids.

I. INTRODUCTION

Polyelectrolytes are of broad scientific and technolog-
ical interest because they are crucial to biological func-
tion and are essential for the development of many mod-
ern materials and processes.! Polyelectrolyte solutions
have been the focus of decades of theoretical and exper-
imental investigations and observational patterns have
been established, even though no generally accepted
theory explaining these patterns currently exists.? 2 In
particular, small angle neutron scattering (SANS) stud-
ies show that these solutions normally exhibit two struc-
tural features in the angular dependence of the scattered
intensity in the absence of salt: a primary peak, along
with a steep upturn at very low scattering angles.'? 18
The absence of these scattering features in neutral poly-
mers in solution'® has triggered an ongoing theoretical
discussion??23 regarding the origin of these structural
features, and this has resulted in the development of
numerous models aimed at describing these structural
features. While considerable attention has been placed
in understanding the scaling of the primary “polyelec-
trolyte peak” position with polymer concentration, no
generally accepted model currently exists that can pro-
vide a microscopic description of all these structural fea-
tures.
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The steep upturn of the static structure at low an-
gle in salt-free polyelectrolyte solutions has been inter-
preted as the formation of multi-chain domains.'”-22 Dy-
namic scattering studies'®'7:2! have revealed that these
solutions exhibit a “fast mode” corresponding to the
coupled interactions between the counter-ions and the
polyelectrolyte, and a “slow mode” corresponding to
the motion of the multi-chain domains. The formation
of multi-chain domains by polyelectrolytes carrying the
same charge evidently requires the existence of effective
interchain attractions causing the chains to come into
close proximity to each other. Several models have been
proposed in the past that outline conditions at which
attractive inter-chain attractions may rise.?* 2> How-
ever, most previous models of polyelectrolyte solutions
treat the solvent as a structureless continuous medium
that only indirectly influences the polyelectrolyte chains
through the solvent’s dielectric constant. However, an
explicit solvent is required to model the competitive
binding between the solvent and the counter-ions, along
the polyelectrolyte backbone.

To highlight the significance of solvation in polyelec-
trolyte solutions, we first summarize the effects of solva-
tion in the “simple” case of electrolyte solutions (with
no polyelectrolyte chains). Electrolyte solutions hav-
ing different salts exhibit a wide range of solution prop-
erties, such as the density, viscosity, and surface ten-
sion. Changes in these solution properties are typically
discussed in terms of “chaotropic” and “kosmotropic”
nature of the ions, corresponding to whether the ions
decrease or increase the viscosity of the aqueous solu-
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tion when the salt is added at low concentrations.26-30

This phenomenon is linked phenomenologically to the
Hoffmeister series®! governing the solubility of the pro-
teins in the same salts, but an understanding of how
protein solubility in salt solutions and mobility changes
upon adding salt to water without proteins is presently
unclear. Observations by Collins,?233 and theoretical
arguments by Ninham et al.,** suggest the importance
of ion-size on the extent of ion-solvation and the disper-
sion interaction between ions and water, respectively, in
understanding both the trends in the solution viscos-
ity of aqueous solutions, and the origin of the Hofmeis-
ter series. Indeed, the ion solvation energy effectively
reflects a combination of Coulombic and dispersion in-
teraction contributions between the ions and the sol-
vent molecules surrounding the ions.?® Motivated by
these general observations, we explored an explicit elec-
trolyte solvent model in which the water-ion dispersion
interaction parameter was determined by the ion sol-
vation energy through the application of Born theory
of ionic solvation to estimate the dispersion interaction
strength.? We found that molecular dynamics simula-
tions utilizing this model captured semi-quantitatively
observed changes in solution viscosity and water dif-
fusion coefficient on ion type,?® an effect that classi-
cal coarse-grained pair-potential models had previously
failed to reproduce.?” Recent calculations of the same
model reveal that several other thermodynamic prop-
erties, including the density, isothermal compressibility,
and surface tension, can be understood via the solvent-
ion interactions, suggesting that the chaotropic and kos-
motropic effects primarily arise from ion solvation.?®
Thus, if the solvent interactions with the ionic species
plays such a crucial role in modulating the electrolyte
solution properties, then it is logical to expect analogous
effects in polyelectrolyte solutions.

In our previous study,? we demonstrated that an en-
hanced affinity of the solvent for the counter-ions can
influence the spatial distribution of the counter-ions as-
sociated with the polyelectrolyte chains, leading to ion-
ization and localization of the counter-ions between the
polyelectolytes. These ion-polymer correlations, in turn,
result in the emergence of effective long-range inter-
chain attractive interactions that induce chain cluster-
ing at low chain concentrations and the formation of
voids (regions depleted of both counter-ions and poly-
electrolyte chains, but occupied by solvent) at mod-
erate polymer chain concentrations.?® However, these
findings are based on the variation of only one interac-
tion parameter suggesting the potential of finding more
intriguing structural behaviors of polyelectrolyte solu-
tions. Indeed, we have investigated the effect of solva-
tion in an isolated polyelectrolyte chain and we found
that the solvation significantly influence the counter-ion
distribution around the polyelectrolyte chains, as well
as their conformational properties. 04!

In the present work, we investigate the effects of the
solvent affinity for charged species and how it leads to
heterogeneous structure formation in salt-free polyelec-

trolyte solutions. In particular, we use molecular dy-
namic simulations (MD) of a coarse-grained of polyelec-
trolyte solvent model** 4 that includes an explicit sol-
vent and counter-ions, along with energetic parameters
that govern the relative affinity of the solvent for the
counter-ions. This model accounts for the short-ranged
interactions of solvent needed to address counter-ion
and polymer solvation, while at the same time it en-
ables long time and relatively large scales simulations
that are required to study the associative behavior of
polyelectrolyte solutions. In particular, we calculate the
static structure factor S(q) of the counter-ions and the
polyelectrolyte chain segments for four different types of
solvents, i.e., uncharged polymers in solution, no solvent
affinity, solvent affinity for the counter-ions and solvent
affinity for the polyelectrolyte segments. The location
of the polyelectrolyte peak is quantified as a function
of the polymer concentration and the strength of the
solvent affinities. We also characterize the short-ranged
interchain correlations by calculating the pair distribu-
tion function, g(r). Finally, we calculate the interme-
diate scattering function and determine the relaxation
times of the counter-ions and the polyelectrolyte seg-
ments. Overall, we find that the resulting heterogeneous
structure formation arising from the type and strength
of solvent affinity for the charged species changes in con-
cert with the dynamics of polylectrolyte solutions.

Our paper is organized as follows. Section II contains
details of the model and simulation methods. Results of
the structure of the polyelectrolyte solution, as well as,
the dynamics results at different solvent affinity for the
charged species are presented in Section III. Section IV
concludes the paper.

1. MODEL AND METHODS

We employ a bead-spring model of Lennard-Jones
(LJ) segments bound by stiff harmonic bonds sus-
pended in explicit LJ solvent particles, some of which
are charged to represent counter-ions*?>44 All macro-ion
segments, dissolved ions, and solvent particles are as-
signed the same mass m, size o, strength of interaction
€. We set € and o as the units of energy and length;
the cutoff distance for the LJ interaction potential is
re = 2.50. The size and energy parameters between
i and j particles are set as 0y = 0j; = 04 = o and
€ii = €5 = €5 = €), except for two energy interaction
parameters: the first interaction parameter is between
the solvent particles and the positive ions .5 and the
second interaction parameter is between the solvent par-
ticles and the polyelectrolyte segments e,s. Variation
of the interaction energy parameters between different
types of particles reflect the degree of chemical incom-
patibility between the polymer repeating units.*® The
primary focus of this study is on influence of .5 and
€ps parameters on the structure and dynamics of salt-
free polyelectrolyte solutions; a schematic of the various
energetic parameters is presented in Fig. 1. All poly-
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FIG. 1. Schematic illustrating the different energetic in-

teractions between three species in polyelectrolyte solutions
namely, the polyelectrolyte segments, the counter-ions, and
the solvent. The parameters at the corners of the outer tri-
angle correspond the self-interaction energy parameters and
the parameters at the corners of the inner triangle corre-
spond to the cross-energy interaction parameters.

electrolyte chains have a molecular mass of M,, = 41,
carrying a —e charge per segment, where e is the ele-
mentary charge, and the total polyelectrolyte charge is
Zp, = — M, e. The bonds between polymer segments are
connected via a stiff harmonic spring, Vi (r) = k(r—Iy)?,
where [p = o is the equilibrium length of the spring,
and k = 1000¢/0? is the spring constant. All charged
particles interact via the Coulomb potential (with a cut-
off distance 10 0) and a relatively short range Lennard-
Jones potential of strength e, and the particle-particle
particle-mesh method is used.*¢

The system is composed of a total of N = 256 000 par-
ticles in a periodic cube of side L and volume V. The
system includes N, polyelectrolyte chains and N, =
Ny|Z,/e| counter-ions; the number of neutral particles
is No = N — Ny — N, M,, and we define the charge frac-
tion as ¢ = (N4 + Np|Zp/e])/N. All systems have neu-
tral total charge. The Bjerrum length was set equal to
Ig = €%/ (eskgT) = 2.40, where T is the temperature,
kg is Boltzmann’s constant, and ¢ is the dielectric con-
stant of the medium. The systems were equilibrated at
constant pressure and constant temperature conditions,
i.e., reduced temperature kpT'/e = 0.75 and reduced
pressure (P) ~ 0.02, and the production run were per-
formed at constant temperature constant volume, main-
tained by a Nosé-Hoover thermostat. Typical simula-
tions equilibrate for 4000 T and data is accumulated over
a 10000 7 interval, where 7 = o(m/e)/? is the MD time
unit; the time step used was At /7 = 0.005.

I1l. RESULTS AND DISCUSSION
A. Structural properties of polyelectrolyte solutions

Polyelectrolytes release a significant fraction of their
counter-ions into polar solvents into which they are dis-

solved and this ionization process results in long-range
repulsive Coulomb interactions between the polymer
segments that cause the polymer to swell. While many
counter-ions associate with the chain backbone on a
scale of the order of the chain segment size, many of
the solvated counter-ions form a diffuse “cloud” around
the chain due to residual unscreened polyelectrolyte
charge. These distinct counter-ion bound states are
transient with a constant dynamic exchange of counter-
ions between them.*34447 The spatial distribution of
these weakly associated counter-ions and their effect
on chain conformation make the modeling of polyelec-
trolytes challenging. Here, we explore how the variation
of dispersion energy of the solvent with one of the ionic
species influences the competitive binding between the
counter-ions and the solvent particles with the polyelec-
trolyte backbone. We have explored the competitive
binding for an isolated polyelectrolyte chain in solution
in previous studies.*?

Here, we investigate polyelectrolyte association for
three types of solvents at the same electrostatic con-
ditions, i.e., Ig and ¢ are fixed, unless stated otherwise.
The first type of solvent is the “no selective solvent
affinity” having e.s/e = eps/e = 1, corresponding to
a solvent having no preference for solvating either the
counter-ions or the polyelectrolyte segments. For a no
selective affinity solvent, the polyelectrolyte backbone is
occupied by solvent particles and a fraction of counter-
ions; counter-ions that are located at distancesr < 1.1 o
from any polyelectrolyte segment are labeled as interfa-
cial counter-ions.***8 As noted above, a significant frac-
tion of counter-ions is located at longer distances, but
is still associated with the polyelectrolyte chain, corre-
sponding to the formation of a diffuse ionic cloud sur-
rounding the polyelectrolyte chains. When the disper-
sion energies of the solvent for one of the ionic species
start to become stronger then more interfacial counter-
ions become dissolved in the solvent, as we have demon-
strated in previous studies.?? 4! In other words, the sol-
vent affinity for either the counter-ions or the polyelec-
trolyte segments leads to nearly complete ionization of
the polymers. Thus, based on the relative solvent affin-
ity for one of these ionic species, we label the solvent
accordingly, i.e., “counter-ion affinity solvent” for sol-
vents having e, s/e > 1 and ¢, s/e = 1, and “polyelec-
trolyte solvent affinity” e.s/e = 1 and €, 5/e > 1. The
choice of these parameters is to highlight the contribu-
tion of each dispersion interaction has on the structure
and dynamic of the polyelectrolyte solution separately.
The newly dissolved counter-ions continue to associate
with the polyelectrolytes by enriching the surrounding
counter-ion cloud, located at distances of r/o = 3 to
5, see Figs. 2a and 2b. In other words, the affinity of
the solvent on the charged species greatly influences the
spatial distribution of counter-ions at the same the elec-
trostatic conditions, e.g., same [;, and Debye screening
length. Polyelectrolyte models based on an implicit sol-
vent completely miss this basic phenomenon.

We now focus on understanding the structural nature
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FIG. 2. (a) Pair correlation function between polyelectrolyte segments and counter-ions as a function of distance from the
polyelectrolyte segments at different solvent affinities: no solvent affinity (ecs/e = ep,s/e = 1); strong counter-ion solvent
affinity (ec,s/e = 8); strong polyelectrolyte solvent affinity (ep,s/e = 8). The highlighted region corresponds to the interfacial
counter-ions. The charge fraction for all cases was ¢ = 0.032. (b) Schematic illustrating the structure of different types of
solvent affinities.
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FIG. 3. Static structure factor S(gq) of polyelectrolyte segments for polyelectrolyte solutions having a charge fraction ¢ = 0.032
at different solvent affinities: (a) no solvent affinity (ec,s/e = ep,s/e = 1); (b) uncharged polymer solution; (c) strong counter-
ion solvent affinity (ec,s/¢ = 8); (d) strong polyelectrolyte solvent affinity (ep,s/e = 8). Computer simulation screenshots of
salt-free polyelectrolyte solutions for each case are presented; polyelectrolyte segments have red color, counter-ions have blue
color, and the solvent is rendered invisible for clarity.

of polyelectrolytes in solutions based on our polyelec- relations in the positions of the polyelectrolytes. For a
trolyte model, and we consider estimates in the average collection of point particles, S(q) is defined as:
correlations in the positions of polyelectrolyte segments

to quantify the different structures. In particular, we

use the static structure factor S(q), which is a suitable 1 .
property for this purpose and describes the mean cor- Sla) =+ exp[—iq- (r; —r)] ), (1)

S \j=1k=1
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where i = \/—1, ¢ = |q| is the wave number, r; is the
position of particle j, () denote the time average, and N;
is the total number of polyelectrolyte segments defined
as Ny = Ny M,,. Uncharged polymer chains in solution
exhibit a monotonic decrease in S(gq), see Fig. 3b. For
salt-free polyelectrolytes, S(gq) exhibits a primary peak
located on a scale intermediate between the order of the
polymer size and its location is influenced by the poly-
mer concentration,*?:° molecular architecture,?® and
charge valence.!” Another characteristic feature of these
complex liquids is the sharp upturn of the intensity of
S(q) at the low g-region, which varies with the par-
ticular system, and this scattering feature is often at-
tributed to the chain clustering.!”-5152 Qualitatively
similar data is found for DNA, dendrimers, proteins,
and other biological and synthetic polyelectrolytes.'®
We also note that the upturn at low ¢ has been in-
terpreted in the past as evidence of incipient macro-
scopic demixing promoted by hydrophobic interactions
in aqueous solutions®® or the presence of “dust” in the
solution. However, the same behavior has been consis-
tently observed from different groups for different so-
lutions and polyelectrolytes, ' ! including systems not
having hydrophobic interactions,'® suggesting that the
upturn at low ¢ reflects the formation of large scale
structures.

In solvents having an absence of selective solvent affin-
ity for the charged species, the polyelectrolyte becomes
structured and a primary polyelectrolyte peak arises,
as expected. We also find that in no selective affinity
solvents, there is no or little low-angle enhancement of
scattering intensity, see Fig 3a. Alternatively, if we treat
the solvent as a continuum fluid in our polyelectrolyte
model, as in the “standard restricted primitive model,”
then we find no steep upturn in the low g-region.?® This
suggests that when the interactions of the solvent for the
charged species are relatively weak and balanced, i.e., in
our model eqs/e = epg/e S 1, then the polyelectrolyte
chains tend to suppress the density fluctuations at long
length scales by forming a homogeneous polyelectrolyte
solution.

Enhancing the counter-ion solvation affinity results in
a spatial re-arrangement of the counter-ions around the
polyelectrolyte chain, as discussed above, but it also re-
sults in a shift in the location of the primary peak to
larger g-values, meaning that the chains are closer to-
gether, and counter-ion solvation leads to a steep up-
turn in S(g) at low g, see Fig 3c. As demonstrated
in a previous study,? the affinity of the solvent for
the counter-ions results in the emergence of effective
long-range interchain attractive interactions that induce
chain clustering at low chain concentrations (not repro-
duced here). Note that these long-range interchain in-
teractions are mediated by the the structure of diffuse
counter-ions surrounding the polyelectrolyte chains. In
Fig. 4b, we present a comparison of the structure of
counter-ions in a polyelectrolyte solution and in an elec-
trolyte solution, where the solvent has strong affinity
for the counter-ions; for more details on the electrolyte
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FIG. 4. Comparison of the structure factor S(q) of the poly-
electrolyte segments (red continuous line) and the counter-
ions (blue dashed line) in a salt free polyelectrolyte solu-
tion at different solvent affinities: (a) no solvent affinity
(ec,s/e = €p,s/e = 1); (b) strong counter-ion solvent affin-
ity (ec,s/e = 8); (c) strong polyelectrolyte solvent affinity
(ep,s/e = 8). The resulting S(q) of the counter-ions in the
case of electrolyte solutions is included as point of reference
for the case of counter-ion solvent affinity (green dot-dashed
line) as illustrated (b). The charge fraction for all cases was
p = 0.032.

solution see Ref.%%. It is evident from this comparison
that the counter-ions with or without the polyelectrolyte
chains exhibit sinusoidal-like behavior in S(g), suggest-
ing that when the solvent has strong affinity for the
counterions, the counterions then form random charge
density waves. Note that these random density waves
are not well organized in space at a large length scale



and occur even in the absence of polyelectrolyte chains;
these waves are an obvious source of correlations in the
fluid giving rise to effective long-range attractions be-
tween the polymers mediated by the counter-ions. The
clustering at low polymer concentrations results also to
large regions of space in the solution significantly de-
pleted of both polymers and counter-ions. In other
words, large charge-free domains are formed, making the
polyelectrolyte solution highly heterogeneous. At higher
polymer concentrations, the clustering of the polyelec-
tolyte chains leads to the formation of “voids” (bounded
regions depleted by charges, but occupied by solvent),
for more details about this phenomenon, see Ref. 39.
Notably, the chain clustering and void formation are
quite stable in time and exhibit characteristics of self-
assembly rather than phase separation.®’

Polyelectrolyte solvents having a high affinity for the
polyelectrolyte segments result in the primary peak
shifting to lower g-values with respect to the no selective
affinity solvents, and a modest increase in S(g) at lower
q regions. This seems counter-intuitive because it sug-
gests that there are density fluctuations at large length
scales, while at the same time the average interchain
distance is larger than in case of no selective affinity
solvents. The physical picture that emerges from a vi-
sual inspection of the screenshots (Fig. 3) is that the
polyelectrolyte chains form a network-like structure in
this case. We quantify the short range correlations be-
low, but here we note that the polyelectrolyte chains ap-
proach each other at much shorter distances then in the
case of a solvent having high counter-ion affinity. Specif-
ically, for high counter-ion affinity solvent the polymer
chains approach each other on the order of the radius
of gyration, while in the polyelectrolyte affinity solvent
the polymer can be found at the order of a couple sol-
vent particle diameters. While the polymers approach
each other at such short distances, there is no physical
contact or salt bridges, since the polymers are nearly
fully solvated, see Fig. 2a. For the polymers to ap-
proach each other at such short distances, we do not
observe the formation of large heterogeneous structures
as we observed in the case of strong counter-ion solva-
tion. For the screenshots in Figs. 3c and 3d, it is evident
that the polyelectrolyte solvation leads to a relative ho-
mogeneous polyelectrolyte solvation, although a modest
upturn in S(gq) is observed.

To better understand the effect of selective charge sol-
vation, we keep track of the location of the polyelec-
trolyte peak (gpeak) for a salt-free polyelectrolyte solu-
tion having ¢ = 0.032, and the results are presented in
Fig. 5. For additional details on S(q) for different poly-
mer concentrations and at different solvent affinities, see
supplementary information (SI). For modest enhance-
ment of the solvation strength for either the counter-
ion affinity or polyelectrolyte affinity (i.e., gcs/c S 4
or eps/€ S 4), the location of the polyelectrolyte peak
remains at the same level as with no selective affin-
ity solvents. However, there is significant shift in po-
sition for strong affinity solvents. Specifically, the ratio
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FIG. 5. Location of the polyelectrolyte peak position gpeak
normalized by the peak location gpeak,0 for no selective affin-
ity solvent (ecs/e = eps = 1). The charge fraction for all
cases was ¢ = 0.032. The symbols represent the counter-
ion solvent affinity (squares) and the polyelectrolyte solvent
affinity (circles).
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FIG. 6. Polyelectrolyte peak scaling exponent with poly-
mer concentration gpeak ~ ph as a function of the strength
of different solvent affinities. The symbols represent the
counter-ion solvent affinity (squares) and the polyelectrolyte
solvent affinity (circles). The charge fraction for all cases
was ¢ = 0.032.

peak/(peak,0 iNCreases, meaning that the average dis-
tance between polyelectrolyte chains becomes smaller
for strong counter-ion affinity solvents, e.s/e > 4.%9
On the other hand, the ratio ¢peak/@peak,0 increases for
strong polyelectrolyte affinity solvents, e, s/ 2 4. The
deviation from unity is different between the two types
of solvent affinity for the charged species illustrating the
crucial role the solvent has in the structure formation
of polyelectrolyte solvents.

The influence of the solvation for different charged
species extents to scaling of “primary peak” position
in S(q) with polymer concentration, p, = N,/V. We
briefly summarize what is known regarding the scaling
of the primary peak. The peak broadens and shifts to
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FIG. 7. Interchain segmental correlation function g(r) for polyelectrolyte solutions having a charge fraction ¢ = 0.032 at
different solvent affinities: (a) no solvent affinity (ecs/e = eps/e = 1); (b) uncharged polymer solution; (c) strong counter-
ion solvent affinity (gc,s/e = 8); (d) strong polyelectrolyte solvent affinity (ep,s/e = 8). Computer simulation screenshots of
typical molecular conformations of a polylectrolyte chain in salt-free solutions for each case is presented, as well as the case
of uncharged polymers; polyelectrolyte segments have red color, counter-ions have blue color, and the solvent is rendered
invisible for clarity. We also note that the for (a) and (b) cases a single polymer chain is presented, while in the cases (c)
and (d) a pair of associated polyelectrolyte chains are presented.

higher g-values as the concentration is increased, sug-
gesting that this “liquid-like” local ordering progres-
sively decreases with increasing concentration. There
has been considerable theoretical effort to understand
this variation in peak position, however, there is no
agreed interpretation of this trend.?»49:°%:> Most experi-
ments for linear chain polyelectrolytes show that gpeax ~
pl scales with a power law exponent near p ~ 1/3 in
dilute solutions and approximately p ~ 1/2 in semidi-
lute solutions.*?:%> The exponent 1/3 represents the ten-
dency of particles spatially localizing at interparticle
distances. Since the particle concentration being pro-
portional to their volume fraction, this behavior is typ-
ical in charged colloidal-like particles. Polyelectrolyte
chains in dilute solution are often observed to follow
this scaling behavior rather well, meaning that in dilute
regime the polyelectrolyte chains can be effectively rep-
resented as point soft particles with long-ranged inter-
actions. For semi-dilute polyelectrolyte chain solutions,
scaling theories®® predict Qpeak ~ p;e/g , which is consis-
tent with simulation®” and experimental studies.*:58

Our model calculations indicate that the scaling ex-

ponent u can significantly vary between systems having
different solvent affinities, as illustrated in Fig. 6. No
solvent affinity results in pu =~ 0.46 as we have shown in
a previous study.® Solvent having counter-ion affinity
greatly decreases the scaling exponent from p ~ 0.46
all the way to zero for .5/ = 8. In the case of se-
lective polyelectrolyte solvent affinity, we find a modest
decrease of the scaling exponent. Based on the trends
in Fig. 6, a scaling exponent 1/2 can be recovered by
decreasing the strength of the solvent affinity (e.s or
€p,s) to zero. In other words, the prediction of 1/2 is
feasible in our model only when the solvent ceases to
interact with the charged species.

Scaling arguments for polyelectrolyte solutions have
predicted a concentration exponent of 1/2, but these ar-
guments assume that polyelectrolyte solutions are struc-
turally homogeneous. In contrast, many low angle neu-
tron and x-ray scattering measurements on polyelec-
trolyte solutions indicate the presence of large excess
scattering at low ¢, corresponding to some kind of large
scale heterogeneity.!3 18 Moreover, the measured expo-
nents, while often near 1/2, are observed to lie in a
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FIG. 8. Potential of mean force, U(r) = —kgT In[g(r)],

based on the interchain segmental pair correlations, as a
function of the distance. Results for different solvent affini-
ties are also presented; the interaction parameters for each
solvent affinity are the same as in Fig. 7. The charge frac-
tion for all cases was ¢ = 0.032. The radius of gyration R,
of the polymer chain is approximately, Rg /o ~ 7; see SI for
details.

range between 1/3 and 1/2.137® Our calculations indi-
cate that the solvation of charged species can greatly
influence the homogeneity of the polymer solution, as
well as the concentration scaling exponent of the poly-
electrolyte peak. The scaling of the polyelectrolyte peak
position with polymer concentration would appear to be
non-universal, depending on the many physical factors
affecting the association of the polyelectrolytes in solu-
tion. This phenomenon obviously deserves further study
from computational and experimental standpoints.

To better understand the trends observed in S(q), we
focus on the inter-segmental correlation function, g(r),
which is the Fourier transform of S(q) and vice versa.
The key advantage of g(r) over S(q) is that it captures
the structural information at relative short length scales,
while for longer length scales S(q) becomes appropriate
quantity. The g(r) results for the different solvent affini-
ties are presented in Fig. 7. No selective affinity solvents
exhibit no conspicuous structural features. Specifically,
the polyeletrolyte chains exhibit long range repulsions,
evident from g(r) becomes non-zero at relative long dis-
tances. Also, at long distances there are no pronounced
peaks indicating that at these length scales the poly-
mer chains fill the space as if the chains were particles
in the vapor state. The effective interchain segmental
interactions can also be seen by the calculation of the
potential of mean force U(r) = —kgT In[g(r)]. Indeed,
for no selective affinity solvents U(r) is purely repulsive
as illustrated in Fig. 8. Uncharged polymers in solution
can approach each other at much shorter distances to
the point that occasionally the polymer can be in di-
rect contact /o = 1. Uncharged polymers also exhibit
long-range attractions, which originate from hydrody-
namic forces acting through the solvent; the U(r) for

neutral polymers resulting in a small but wide mini-
mum as illustrated in Fig. 8. Curiously, polymers in
no selective affinity solvents do not exhibit these struc-
tural signatures in g(r) for the long-range hydrodynamic
attractions, suggesting other factors may contribute in
the structure of the polyelectrolyte chains, e.g., the long-
range Coulombic repulsions may suppress the structural
signatures in g(r). Counter-ion affinity solvents, as we
discussed above, lead to the emergence of long-range
attractions. This is evident in g(r) with the emergence
of a peak at length scales of the order of the radius
of gyration.?® These effective long-range attractions are
due to the localization and clustering of counter-ions,
which in turn bring closer together the polyelectrolyte
chains, as seen in Fig. 7c.

We find for polyelectrolyte affinity solvents that there
are effective short-range attractions and long-range re-
pulsions. The short-ranged attractions is evident from
the pronounced peak at distances r/o = 2, which means
that while the polyelectrolyte chains are fully ionized
they can approach to each other at very short distances.
This results to a U(r) minimum located at /o ~ 2 as
seen Fig. 8, while the minimum for counter-ion solvent
affinity the minimum is located at r/o = 8 which is
closer to the size of the overall polymer chain. How-
ever, due to the electrostatic interactions between the
chain segments only a fraction of the chains approach
at such short distances, while the rest of the chains ex-
tends outward away from each other. This results in
a long-range repulsion, which is evident in g(r) at dis-
tances 3.5 < r/o < 11. The combination of short-range
attractions and long-range repulsion effectively forms a
branched polymer-like structure see the screenshot in
Fig. 7d and from the schematic in Fig. 2b. At low con-
centrations, this short-range attraction is absent, but
as the polymer concentration increases, pairs of poly-
electrolyte chains form four-arm star-like structures and
at higher polymer concentrations, these branched struc-
tures start to rebranch with each other by forming larger
branched structures and evidently a percolating net-
work.

We emphasize the significant variation in the struc-
ture of polyelectrolyte solutions, both at short and long
length scales, as the ion-solvent affinity is varied. Con-
temporary mean field type theories do not take into the
effects of solvation and as a result do not predict the
emergence of structural heterogeneity in polyelectrolyte
solutions. Based on our results on the structure of the
polyelectrolyte solution becomes apparent that one can-
not describe these solutions without an explicit solvent.
To better understand the emergence of these structural
features in polyelectrolyte solutions, we shift our focus
on the dynamics of the charged species.
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B. Segmental and counter-ion dynamics of
polyelectrolyte solutions

We briefly examine the dynamics of polyelectrolyte
chains for different solvent affinities to gain insights on
the origin heterogeneous structure formation in poly-
electrolyte solutions. In particular, we probe the dy-
namics through the considerations of density fluctua-
tions and the dynamical extension of the static struc-
ture factor, from which the structural relaxation time
To can be obtained. There is a large literature focusing
on 7, in the study of glass-forming liquids and we draw
on this literature here.’*"%3 Our analysis begins with
how the solvent affinity influence the dynamics of the
charged species, i.e., the polyelectrolyte chain segments
and the counter-ions. To this end, we first calculate the
self-intermediate scattering function:

Fa) = i < > exp{-ia-fr,(0) - rj<o>]}>,

j=1

(2)
where r;(t) is the position of the polyelectrolyte segment
or counter-ion j at the time ¢. The structural relaxation
time 7, may defined as F(¢ = gpeak;t = Ta) = 1/e,
where e is the Euler’s constant.

The resulting F'(g,t) curves for counter-ion affinity
solvents are presented in Fig. 9. For no selective affin-
ity solvent we find that F(q,t) for counter-ions decays
approximately six to seven time faster than the poly-
electrolyte segments. This is to be expected, as in a
real solution typically the counter-ions have higher mo-
bility than the polyelectrolyte. However, as we increase
the strength of the solvation of the counter-ions, we find
that the F(g,t) for the counter-ions decays slower while
F(q,t) for the polyelectrolyte segments remain approx-
imately the same. For e.s/e = 8 the mobility of the
counter-ions becomes slower than the polyelectrolyte
segments.

To better describe the changes rising from solvation
of the charged species and highlight the difference be-
tween the counter-ion and polyelectrolyte solvent affini-
ties, we consider the ratio of the structural relaxation of
the polyelectrolyte segments over the structural relax-
ation of the counter-ions 74 5/74,c as a function of the
strength of the solvent affinity. The trends for this ratio
for the different types of solvent affinity and strengths
is presented in Fig. 10; we note that the ratio is nor-
malized by the value of 7, s /74, for no selective affinity
solvent (ecs/e = €ps/e = 1). An enhancement of the
counter-ion solvent affinity resulting in a significant de-
crease of this ratio since for this type of solvent affinity
the influence of the solvation impacts the mobility of
the counter-ions. On the other hand, an enhancement of
the polyelectrolyte solvent affinity results in a significant
increase of 74 5/Ta,c because now the solvation inhibits
the mobility of the polyelectrolyte segments. This is to
be expected because essentially stronger solvation inter-
actions with the polyelectrolyte chains leads to a tight
solvation shell around the polyelectrolyte chain and thus
the main way for the polyelectrolyte chain segments to
relax is by carrying the solvation shell along them, which
inhibits the segmental mobility.

The deviation from no solvent affinity solvents be-
tween different types solvent affinities runs parallel to
the deviations observed in the primary polyelectrolyte
peak, compare Figs. 5 and 10. This also reflects the close
connection between structure and dynamics in polyelec-
trolyte solutions. From this comparison we can extract
the following conclusion. For both ranges of solvent
affinity, we observe that the solvated charged species
starts to associate with molecules of its kind, leading
to clustering and heterogeneous structure formation.
In the case of counter-ion solvent affinity, we observe
the formation of regions rich in counter-ions that are
surrounded by polyelectrolyte chains. We obtain simi-
lar trends when the strength of the polyelectrolyte sol-
vent affinity is varied, where the polyelectrolyte chains
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FIG. 10. Ratio of structural relaxation of polyelectrolyte
segments over the structural relaxation of counter-ions,
Ta,s/Ta,c, normalized by 7o which is the ratio 7a,s/7a,c for no
selective affinity solvent (ec,s/e = ep,s/e = 1). The symbols
represent the counter-ion solvent affinity (squares) and the
polyelectrolyte solvent affinity (circles). The charge fraction
for all cases was ¢ = 0.032.

closely associate with each other surrounded by a cloud
diffuse fast-moving counter-ions. What is in common
here is that the clustering occurs for the charged species
having their mobility strongly inhibited by the effects of
solvation. This effect appears to be similar to depletion
effects observed colloidal solutions, where the uneven
distribution of fast moving solvent particles around the
colloids can lead to an effective attraction between these
colloids.®* A similar trend is found in polyelectrolyte so-
lutions when we enhance significantly the solvent affin-
ity for one the charged species. Overall, our current
findings suggest that the heterogeneous structure for-
mation in polyelectrolyte solutions is greatly influenced
due to the solvation effects of the charged species. This
is a new factor that must be considered in understand-
ing of polyelectrolyte solutions and requires a general re-
examination of the fundamental assumptions that un-
derlie existing of polyelectrolyte and ion solution theo-
ries.

C. Emergent picture of polyelectrolyte solutions and
prospects for coarse-grained modeling

Solvation evidently plays a crucial role in the struc-
ture formation in polyelectrolyte solutions since solva-
tion dictates the ion distribution around the polyelec-
trolyte chain, which in turn impacts polyelectrolyte con-
formation and intermolecular interactions. The qualita-
tive picture that emerges from our simulations is that
the solvation of charged species causes ions to disas-
sociate from the chain backbone, but the uncompen-
sated charge of polymers and the ion and polymer sol-
vation cause the counter-ions to become loosely local-
ized within the domain pervaded by the polyelectrolyte
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segments.** This tendency of the polyelectrolytes to
cluster is symptomatic of the asymmetry in the mobility
of the counter-ions and polyelectrolyte segments. The
extent of these solvation effects depends on the relative
strength of the solvent affinity of the counter-ions and
polyelectrolyte segments to the energy interaction pa-
rameter of the solvent molecules, so that polyelectrolyte
structure formation is an outcome multiple competing
interactions.

We consider a wider range of these interactions to de-
termine the sensitivity of the solution structure to these
interactions individually and to gain insight into the im-
pact of the different dispersion interactions of the poly-
electrolyte structures. In previous work,>®3® we have
shown how the dispersion interaction can be fixed for
particular salts. Specifically, the dispersion energy in-
teraction parameter between the solvent and counter-
ions corresponds to .5 and for known monovalent ions
the range of values start from 0.86 for Cs™ to 1.6 for
LiT.36:38 Even, larger values are expected for higher va-
lent ions due to the higher charge density for a given ion
size. The emphasis in the present paper is to understand
qualitatively how the dispersion energy interaction be-
tween the solvent and charges influence the structure of
salt-free polyelectrolyte solutions generally.

With regard to comparison of our polyelectrolyte and
ionic model to experiment, we note that we have already
rationalized a broad range of trends on the influence
of specific salts on both dynamics, e.g., viscosity and
solvent diffusion coeflicient, and basic thermodynamic
properties, such as density, surface tension, and isother-
mal compressibility, of aqueous salt solutions,>6-38 and
the origin of “anomalous” low angle scattering,'”* in
conjunction with the polyelectrolyte peak in monova-
lent salt-free polyelectrolyte solutions.'”3? Our model
also allowed us to understand the general experimental
tendency of higher valent salts to enhance the flexibility
of polyelectrolyte chains in solution*® and the concomi-
tant increase in the rate of relaxation of the solution
layer around the polyelectrolyte chain.5®

We also offer some thoughts about the prospects of
implicit solvent modeling of polyelectrolyte solutions.
Implicit solvent models have the advantage of being sig-
nificantly faster than explicit solvent models, thus allow-
ing the simulation of significantly larger systems com-
pared to what is feasible with explicit solvent modeling.
While the appeal of implicit solvent models of polyelec-
trolyte solutions is obvious, it is also important for the
coarse-grained models to preserve the essential physics
of these solutions. Our simulations suggest that sol-
vation of charged species can profoundly influence the
distribution of counter-ions around the polyelectrolyte
chains so that any model that does not incorporate the
effects of solvation can not provide a satisfactory de-
scription of these solutions. Even if a coarse-grained
model is developed based on the potential of mean force
description derived from an explicit solvent simulation,
it is not clear that type of approach can treat the dy-
namics of polyelectrolyte solutions faithfully. Thus, the



development of implicit solvent model of polyelectrolyte
solutions will require additional effort to ensure that the
developed coarse-grained models capture the solvation
effects described in the investigation.

IV. CONCLUSIONS

In summary, we investigated the associating behavior
of salt-free polyelectrolyte solutions by utilizing molecu-
lar dynamic simulations of a coarse-grained model with
an explicit solvent and counter-ions. The use of the ex-
plicit solvent allowed for the control of the degree of
solvent affinity for the charged species. In particular,
we find that an enhancement of the solvent interac-
tions with one of the charged species leads to hetero-
geneous structure formation in the polyelectrolyte so-
lution. Specifically, we consider a wide range of values
of dispersion interactions of the counter-ions and the
polyelectrolyte segments in comparison to those of the
solvent and based on this analysis we identify three main
behaviors of polyelectrolyte structure formation in salt-
free solutions: (a) no selective solvent affinity results
in repulsive interchain interactions leading in a homo-
geneous polyelectrolyte solution; (b) solvent affinity for
the counter-ion leads to the emergence of long-range in-
terchain attractive interactions due to the formation of
disorganized charge density waves; (c) solvent affinity
for the polyelectrolyte results in short-range interchain
attractions and long-range repulsions leading to the for-
mation of a gel-like network. The emergence of het-
erogeneous structure formation in the polyelectrolyte
solutions influences the scaling of the polyelectrolyte
peak in S(q) as well as the relative location with respect
to no selective affinity solvents. Finally, we calculated
the intermediate scattering function and determined the
structural relaxation of the polyelectrolyte segments and
counter-ions. We find that the preferential solvent affini-
ties greatly inhibit the mobility of the charged species
depending on the type of solvent affinity. These results
demonstrate that the dynamics and the heterogeneous
structure formation in polyelectrolyte solutions are cou-
pled, and highlight the direction in which future theories
of polyelectrolyte solutions provide a direction for future
theories.

Future work will focus on how polyelectrolyte alter
the thermodynamic and transport properties of these
complex fluids, the effects of added salt on rheological
properties, e.g. time-salt superposition,®® and the origin
salt specific trends in polyelectrolyte miscibility as the
Hofmeister series.?>%7 We expect our explicit solvent
polyelectrolyte model to open a scientific window on a
vast range of phenomena that is not conceivable within
a solvent-free framework.
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SUPPLEMENTARY MATERIAL

See supplementary material for information on poly-
electrolyte peak in S(¢) as a function of polymer con-
centration and the radius of gyration results.
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I. RADIUS OF GYRATION

The size of the polyelectrolyte chains can be described
by the radius of gyration, R;. We find a modest in-
crease of R, with increasing the solvent affinity for the
charged species, either with an increase in the strength
of the dispersion interaction between the solvent and the
counter-ions, €. ¢ or with the strength of the dispersion
interaction between the solvent and the polyelectrolyte
segments, €, s, see Fig. S1. This is due the ionizstion of
the backbone chain leading to stronger repulsions be-
tween the polyelectrolyte segments and thus swelling
further the polyelectrolyte chain. However, for strong
solvent affinities (for either e.s/e 2 3 or e, 5/ 2 3)
we find that the chain size starts to decrease. In pre-
vious work,! we have examined the polymer size of an
isolated polyelectrolyte chain in an electrolyte solution
and we found similar trends. There is one notable dif-
ference, however, while in our current study we find that
the solvent affinity for the polyelectrolyte segments re-
sults in an overall Rq(eps) 2 Rg(ec,s), but in the case of
an isolated polyelectrolyte chain in solution, the R, of
the chain becomes smaller when there is strong solvent
affinity for the polyelectrolyte segments than a strong
solvent affinity for the counter-ion.!

T T T
8.0f E
//’ \\
75+ prag S~o E
\\
7
B S o\\\0
@) 11
< 10F \\\ -
& e
S o
N z
6.51 N B
1 N
\\
u]
6.01 B
1 1 1 1
2 4 6 8
/le; e e

FIG. S1. Average radius of gyration, Ry, of polyelectrolyte
chains in a solution having charge fraction ¢ = 0.032 as
a function of the solvent affinity for the counter-ions, e
(squares), and the solvent affinity for the polyelectrolyte seg-
ments e, ¢ (circles). The error-bars correspond to one stan-
dard deviation.
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Il. STATIC STRUCTURE FACTOR
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FIG. S2.  Structure factor of polyelectrolyte solutions at
different polymer concentration having charge fraction ¢ =
0.032 (red continuous line) and ¢ = 0.064 (blue dashed line)
and at different solvent affinities: (a) No selective affinity,
(b) counter-ion selective solvent affinity ecs/e = 8, and (c)
polyelectrolyte selective solvent affinity e;,,5/c = 8.

The static structure factor, S(g), is a suitable prop-
erty for probing the structural nature of polyelectrolytes
in solutions based on our polyelectrolyte model. This
quantity describes the mean correlation in the positions
of the polyelectrolyte segments. For a collection of point
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particles, S(g) is defined as:

Ns Ng
0= 3 (3w ety xl) ()
5 \j=1k=1

where i = v/—1, ¢ = |q| is the wave number, r; is the
position of particle j, () denote the time average, and N,
is the total number of polyelectrolyte segments defined
as Ny = N, M.
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FIG. S3. Location of the peak location gpeak in the structure
factor of the polyelectrolyte chains in solution as function of
the polymer concentration, ppo1 = Np/V at three different
solvation affinities. The dashed lines are fits over the range
0.0003 < ppor < 0.0006 based on the power-law relation,

v
Gpeak ™ Ppeak-

Typical results of S(q) for polyelectrolyte chain in so-
lution at different polymer concentrations and at dif-
ferent solvent affinities are presented in Fig. S2. It is

S2

evident from the results that the solvation influences
the excess scattering at low ¢ at different polymer con-
centrations, ppo1 = Np/V. We discuss these trends in
main manuscript and for the case of counter-ion solva-
tion in Ref. 2. Solvation also influences the peak loca-
tion in S(g) and the rate at which the peak is shifted
by adding polymers into the solution. Previously, we
studied® trends in Gpeak for a no selective affinity sol-
vent (ecs/e = eps/e = 1) and found that gpeax scales
with ppol 88, gpeak ~ ppo, Where v is scaling exponent
v =~ 0.46.

We track the location of the polyelectrolyte peak in
S(g) for different polymer concentrations and solvent
affinities. Typical results for gpeak trends as a func-
tion of pyo1 at different solvent affinities are presented in
Fig. S3. For strong affinity solvents for the counter-ions
(€c,s/e = 8) results in high values of gpeax, but they have
little variation with ppo1, resulting to relatively small
scaling exponent v. For strong affinity solvents for the
polyelectrolyte segments (e, s/e = 8) result in low val-
ues of gpeax and having a modest variation with ppei.
For a no selective affinity solvent (e.s/e = ep /e = 1),
S(q) exhibits gpear values that lay in between the solvent
affinity for the counter-ions and the polyelectrolyte seg-
ments. For each type of solvent affinity, we fit the gpeax
values of different solvent affinities to gpeak ~ pp) to de-
termine v. We note that the fitting was performed in the
range of polymer concentrations 0.0003 < ppo1 < 0.0006.
We discuss the trends in the scaling exponents in the
main manuscript.
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