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Disappearance of the polyelectrolyte peak in salt-free solutions
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We investigate the nature of the polyelectrolyte peak in salt-free solutions by molecular dynamics simulations
using a minimal model of polyelectrolyte solutions that includes an explicit solvent and counterions and small
angle scattering experiments. It is found that the polyelectrolyte peak progressively disappears as the strength of
solvation for the charged species is increased and the scattering profiles start to resemble those of neutral polymer

solutions. The disappearance of the polyelectrolyte peak coincides with the emergence of attractive interchain
interactions over a wide range of length scales. These findings provide insights into the microscopic origin of the

polyelectrolyte peak.
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I. INTRODUCTION

Polyelectrolytes are charged macromolecules with unique
solvating properties that are crucial to their biological func-
tion, such as DNA and proteins, which makes them essen-
tial for the development of many modern materials [1]. A
characteristic feature of polyelectrolyte solutions is a broad
peak in the scattering profiles observed by small angle neutron
(SANS) and small angle x-ray (SAXS) studies, suggesting
a liquidlike ordering on a length scale of the size of the
polymers [2,3]. It is often referred to as the “polyelectrolyte
peak” due to its ubiquitous nature, and its absence in neutral
polymer solutions [4] has motivated extensive theoretical and
experimental investigations to rationalize the peak’s behavior
[3,5-15]. For example, the polyelectrolyte peak broadens and
moves to higher wave vectors as the polyelectrolyte con-
centration is increased, suggesting that the liquidlike order
diminishes as the polymer concentration is increased [16,17].
The peak also disappears by adding salt due to the screen-
ing of electrostatic interactions [10,17]. However, researchers
have reported SANS and SAXS measurements indicating that
several salt-free polyelectrolyte solutions, such as hyaluronate
[18,19] and polyaspartic acid [20], do not exhibit a poly-
electrolyte peak, suggesting that this scattering feature is not
universal in polyelectrolyte solutions. The disappearance of
the polyelectrolyte peak in salt-free conditions poses a signif-
icant challenge in establishing a general microscopic theory
for polyelectrolyte solutions, as it is inherently linked to the
following unresolved question [11]. What is the microscopic
origin of the polyelectrolyte peak?

The challenge in establishing general microscopic models
and theories for polyelectrolyte solutions lies in the com-
plexity of these systems. Polyelectrolytes release a significant
fraction of their counterions into polar solvents and this
ionization process results in long-range repulsive Coulomb
interactions between the polymer segments that cause the
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polymer to swell [21]. While a fraction of the counterions
is transiently bound to the polyelectrolyte chains, many of
the solvated counterions form a diffuse ionic “cloud” around
the chain due to residual unscreened polyelectrolyte charge
with a constant dynamic exchange of counterions between
bounded and unbounded states [22-24]. The importance of
these unbound counterions has been advocated by Langmuir
[25], Feynman et al. [26], and Ise and coworkers [27,28],
as mediators of effective attractive interactions between like-
charged particles. However, the influence of the ionic cloud
on the structure of polyelectrolyte and particle solutions is not
fully understood.

Recent molecular dynamics (MD) simulations [29,30]
showed that the strength of solvation enhances the localization
of the solvated charged species, e.g., the counterions within
the ionic cloud, giving rise to effective interchain attractive
interactions at different length scales depending on the type of
solvation. These interactions operate on length scales on the
order of the polymer size (long ranged) and polymer segment
size (short ranged) for enhanced counterion solvation [29] and
enhanced polyelectrolyte solvation [30], respectively. Here,
we investigate how the structure of salt-free polyelectrolyte
solutions is influenced by variation of both counterion and
polyelectrolyte solvations, and we use SANS to validate the
disappearance of the polyelectrolyte peak. Our findings reveal
that the polyelectrolyte peak disappears when both long- and
short-range attractive interchain interactions emerge in salt-
free polyelectrolyte solutions.

II. METHODS AND MODELS

A. Experimental methods

SANS measurements were made on the 10-m Small An-
gle Neutron Scattering instrument at National Institute of
Standards and Technology on samples of chondroitin sulfate
and hyaluronic acid in salt-free polyelectrolyte solutions,
using wavelength A = 8 A, with wavelength spread Ax/A =
0.13. Two sample-detector distances were used, 4 and 10 m,
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corresponding to an explored wave vector range 0.003 A~ <
g < 0.2 A" where g = 47 /A sin (6/2), with being the scat-
tering angle. The sample temperature during the experiment
was maintained at 25 0.1 °C. After radial averaging, cor-
rections for incoherent background, detector response, and
cell window scattering were applied. The neutron-scattering
intensities were calibrated using water [31]. The molecular
weights were 1.2 x 10° Da for hyaluronic acid and 40000
Da for chondroitin sulfate. The polymer concentration in
each system was 4% (m/m), corresponding to the semidilute
concentration regime.

B. Simulation model

We employ a bead-spring model of Lennard-Jones (LJ)
segments with charges bound by stiff harmonic bonds sus-
pended in explicit LJ solvent particles, some of which are
charged to represent counterions [23,24,32]; the particular
model accounts for the short-ranged interactions of solvent
needed to address ion and polymer solvation, while at the
fixed time it enables long time and relatively large scale
simulations that are required to study the associative behavior
of polyelectrolyte solutions. All particles are assigned the
same mass m, size o, and strength of interaction ¢. We set ¢
and o as the units of energy and length; the cutoff distance for
the LJ interaction potential is r. = 2.5 ¢. The size and energy
parameters between i and j particles are set as 0; = 0j; =
oij =0 and ¢; = ¢;; = &;; = ¢, except for two energy inter-
action parameters: the first interaction parameter is between
the solvent particles and the counterions ecs and the second
interaction parameter is between the solvent particles and the
polyelectrolyte segments eps. All charged particles interact
via the Coulomb potential (with a cutoff distance 100) and
a relatively short-range Lennard-Jones potential of strength ¢,
and the particle-particle particle-mesh method is used [33].

The system is composed of a total of N; = 256 000 parti-
cles in a periodic cube of side L and volume V. The system
includes N, = 100 polyelectrolyte chains composed of N =
41 segments, each segment carrying a negative elementary
charge —e, and N, = N,N monovalent counterions to satisfy
electroneutrality. The number of neutral solvent particles is
No = N; — N; — N,N. The bonds between polymer segments
are connected via a stiff harmonic spring, Vi (r) = k(r — Iy)?,
where [y = o is the equilibrium length of the spring, and
k=1000¢/0? is the spring constant. The Bjerrum length
was set equal to Iy = e?/(ekgT) =2.40, where T is the
temperature, kg is Boltzmann’s constant, and ¢; is the dielec-
tric constant of the medium. The systems were equilibrated
at constant pressure (P) ~ 0.02 and constant temperature
kgT /e = 0.75 conditions, maintained by a Nosé-Hoover ther-
mostat. Typical simulations equilibrate for 5000 T and data are
accumulated over a 150 000 7 interval, where T = o (m/ )12
is the MD time unit; the time step used was A ¢ / T = 0.005.

C. Calculation of the structure factor

To probe the structure of polyelectrolytes in solution, we
focus on calculating the spatial correlations between the poly-
mer segments. The structure factor, S(g), is a suitable property
for this purpose and describes the mean correlations in the
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FIG. 1. Small angle neutron scattering profiles of chondroitin
sulfate and hyaluronic acid in salt-free solutions and sodium (Na™)
counterions. The polymer concentration in each system was 4%

(m/m).

positions of a collection of point particles distributed in space,
and S(gq) is defined as

1 Ny N
S(g) = 17<]§ ;exp [—iq- (r; — rk>]>

2

>, ey

where i = /—1, g = |q| is the wave number, r; is the position
of segment j, () denote the time average, and N; is the total
number of polymer segments defined as Ny = N,M,,.

1 N >N
= 17< Zcosqmj + Zsinqrj
S\ =1 j=1

III. RESULTS AND DISCUSSION

We produced SANS scattering profiles for chondroitin
sulfate (ChS) and hyaluronic acid (HA) in salt-free solutions
with sodium (Na™) counterions (see Fig. 1). Both polymers
play an important role in providing osmotic swelling pressure
necessary for cartilage to act as a shock absorber [34]. Scatter-
ing profiles for both polymers in the semidilute regime have
two common features.

(i) The scattering intensity scales as I(g) ~ 1/q at the high-
q regime, indicating that the scattering elements are rodlike as
expected for individual polyelectrolyte conformations.

(ii) In the low-g regime, /(g) exhibits a sharp upturn due
to the formation of multichain structures commonly observed
in associating liquids [35] and in polyelectrolyte solutions
[14,36].

Despite the strong similarities in the monomer structure
of these polyelectrolytes, polymer concentration, and electro-
static conditions, one system exhibits a well-defined scatter-
ing peak at intermediate length scales while the other does
not (Fig. 1), in quantitative agreement with previous scatter-
ing studies [18-20]. However, this effect is not anticipated
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FIG. 2. Structure factor, S(g), of salt-free polyelectrolyte solu-
tions and neutral polymer solutions at the same polymer concentra-
tion obtained from molecular simulations. The curves are separated
by four points along the y axis for clarity.

theoretically or by models based on the primitive model of
polyelectrolyte solutions [5,6,21].

To probe the disappearance of the polyelectrolyte peak,
we conducted MD simulations of an explicit solvent bead-
spring model of polyelectrolyte solutions [23,24,32]. While
the particular model is an extension of the primitive model
of polyelectrolyte solutions [21,37], it differs by treating the

solvent explicitly, e.g., we can vary the strength of dispersion
interactions between the solvent particles and the counterions
ecs and between the solvent particles and the polyelectrolyte
segments eps with respect to the strength of solvent-solvent
interactions ¢. The scattering profiles are estimated by cal-
culating the static structure factor S(g) at the same polymer
concentration and electrostatic conditions with variation of
ecs and eps. To better understand the underlying mechanism
of these changes in S(g), we utilize the potential of mean
force of the segmental interchain interactions, U (r), to map
the structures found at different solvating conditions. We find
that variation of ecs and epg plays a crucial role in the form
of S(q) (Fig. 2) and U(r) (Fig. 3), resulting in five distinct
regimes.

Long-range repulsive interactions are the main charac-
teristic features in U (r) for solvents having weak solvation
for both the counterions and the polyelectrolyte segments
(ecs/e < eps/e < 5) [see Fig. 3(a)]. This suggests that the
effective interchain interactions can be described as N-valent
charged points interacting with each other as % exp (—r) in the
dilute regime, an approximation often used in the modeling
of polyelectrolyte solutions [38]. The resulting S(g) exhibits
a scattering peak at length scales (g,) on the order of the
radius of gyration, R, ~ 2m /qp, along with a small or no
upturn in the low-g regime indicative of a homogeneous
polymer solution (Fig. 2). Greater suppression of the upturn
is achieved by weaker solvation (ecs/e ~ eps/e < 1), thus
matching with the structures obtained from the primitive
model of polyelectrolyte solutions [21,37] [see Fig. 3(b)]. In
other words, a homogeneous polyelectrolyte solution occurs
when the polyelectrolyte chains maximize their distance from
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FIG. 3. (a) Potential of mean force, U(r), based on the segmental intermolecular pair correlation U (r) = —In[g(r)], as a function of

the distance. The continuous and dashed lines correspond to polyelectrolyte and neutral polymer solutions. The highlighted regions outline
U (r) characteristic features. The downward pointed black arrows indicate the average position of the polyelectrolyte peak, g,, found in
S(g). Screenshots of typical conformations of a pair of neighboring polyelectrolyte chains (in red and orange colors) for each case U(r);
counterions are transparent in blue color; solvent particles are rendered invisible for visualization purposes. (b) Morphology diagram of
salt-free polyelectrolyte solutions as a function of the strength of solvation for the charged species. The highlighted regions and symbols
approximately outline the boundaries between the different types of structures based on the resulting U (r) of salt-free polyelectrolyte solutions.
We also outline the region corresponding to structures resembling structures generated by the primitive model of polyelectrolyte solutions (see

Ref. [29]).
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each other, due to the interchain repulsive interactions driven
by weak solvation.

When one type of solvation becomes stronger than the
other, then more interfacial counterions dissolve in the sol-
vent, leading to nearly complete ionization of the poly-
mers [29,39]. Enhanced counterion solvation (ecs/e = 5 and
eps/e < 5) gives rise to effective long-range interchain attrac-
tive interactions due to localization of counterions in ion-rich
domains that bring polyelectrolyte chains closer together by
wrapping around these counterion-rich domains [29]. On the
other hand, enhanced polyelectrolyte solvation (gcs/e <S5
and eps/e = 5) increases the difference in mobility between
the charged species, inducing depletionlike interactions that
bring polyelectrolyte chains in close proximity to each other
to form a polymer network; this effect gives rise to short-
range attractive interactions in U (r) [30] [see Fig. 3(a)]. The
emergence of effective interchain attractive interactions re-
duces the homogeneity of the polyelectrolyte solution, which
is reflected in S(g) by a sharp upturn in the low-g regime
[29,30], and provides support to experimental and theoretical
observations of heterogeneous multichain structure formation
[14,15,36,40]. All types of solvation discussed so far exhibit
a well-defined peak in S(g), and its position coincides with
U(r) — 0 at the length scales of the polymer size, r ~ R, ~
2w /q, [Fig. 3(a)], suggesting that g, is associated with the
characteristic length scale of interchain repulsive interactions
in agreement with experimental observations [41]. Typical
examples of S(g) for the above mentioned cases are presented
in previous work [29,30].

Now that we have an understanding of the structure of
salt-free polyelectrolyte solutions that exhibit strong solva-
tion on one of the charged species, we examine changes in
S(q) as the strength of solvation progressively increases for
both counterions and polyelectrolyte segments by the same
amount (ecs = eps). We find that the peak in S(g) becomes
less pronounced, followed by a sharp upturn in the low-q
regime. When the solvation becomes strong enough (ecs/e =
eps/e 2 6), then the peak in S(g) disappears (see Fig. 2).
Despite the resemblance in the scattering profiles of neutral
polymer solutions, there are significant differences in U (r). In
neutral polymer solutions, U (r) is dominated by an effective
“soft” interchain repulsive interaction, which is entropic in
origin [42], on the length scales of the polymer size [see
Fig. 3(a)]. In polyelectrolyte solutions, U (r) is dominated by
the same-charge Coulomb interactions between the polymer
segments, giving rise to steep repulsive interactions on length
scales of the polymer size. Enhanced solvation for one of
the charged species does not fully reduce these repulsive
interactions, as discussed above. However, enhanced solvation
for both charged species results in the emergence of both
short- and long-range attractive interactions that effectively
suppresses any long-ranged repulsions in U(r) [Fig. 3(a)].
This effect greatly increases the probability of finding poly-
electrolyte chains in close proximity with each other by
forming meshlike structures due to short-range attractions,
and large heterogeneous multichain structures resulting from
long-ranged attractive interactions. These dynamic multichain
structures are stable due to a significant localization of counte-
rions near the center of mass of polyelectrolyte chains (Fig. 4).
Another consequence of localization is the enhancement of
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FIG. 4. Pair correlation function of the center of mass of poly-
electrolyte chains gem(7) (continuous lines) and the pair correlation
function between the counterions around the center of mass of
polyelectrolyte chains gcwm, + (1) (dashed lines). Screenshots of poly-
electrolyte solutions at different types of solvation are also presented;
polyelectrolyte segments are in red; counterions are transparent in
blue color; solvent particles are rendered invisible for visualization
purposes. Results for neutral polymer solutions are also presented.

structure near the polyelectrolyte chains, resulting in small
oscillatorylike peaks in the correlations of the solvated species
seen in Fig. 3(a).

The formation of meshlike structures by like-charged poly-
mer chains without exhibiting a characteristic length scale
is not anticipated by contemporary theories and models of
polyelectrolyte solutions, but it is consistent with experimen-
tal observations. It has been argued, based on the SANS
scattering profiles, that HA chains form meshlike structures,
which is further supported by deviations from ideal Newto-
nian behavior that depend on concentration and salt content
observed in viscoelastic measurements [43]. The underlying
mechanism that leads to such structures is assumed to be
intermolecular associations, specifically hydrogen bonds [19].
However, this assumption fails to explain why the SANS
responses of two polymers having similar monomer structures
are different. Our findings suggest that the disappearance of
the polyelectrolyte peak occurs at a balance of competitive
interactions between the solvent particles and the charged
species that lead to the emergence of effective short- and
long-ranged attractions. Without this balance, the emergence
of this scattering feature is expected to emerge as discussed
above.

Different values of ecg correspond to different types of ions
based on their enthalpy of solvation [44,45], e.g., ecs/€ =
0.85, 1.25, and 1.6 in electrolyte solutions (no polymer
chains) at low salt concentration ¢ < 0.5M for caesium,
sodium, and lithium, respectively. Divalent ions are expected
to exhibit values in the range ecs/e ~ 4 to 7 in low salt
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electrolyte solutions. However, we anticipate these values to
change (i) in close proximity to polyelectrolyte chains where
the dielectric permittivity decreases significantly (by a factor
of 5 to 8) [46], (ii) when the packing of water molecules
is disturbed by the polymer (both the degree of localization
and orientational interactions such as hydrogen bonds, etc.),
and (iii) in regions having high concentration of ions near the
proximity of the polyelectrolyte chains (equivalent to the high
salt limit). While these effects are not incorporated directly
in our model, limitations inherited by the primitive model,
their effects in a coarse-grained fashion are captured by the
increased value in ecs and epg, leading to the distribution
of the charged species as seen in Fig. 4. This means that
minor differences in the chemical structure between HA and
ChS have the potential to influence both the ion-solvent and
solvent-polymer interactions. Indeed, water molecules inter-
act less strongly with the sulfate group compared with the
pyranose ring [47], meaning that epg is higher in HA than in
ChS solutions. Moreover, the packing of water molecules and
spatial dependence of dielectric permittivity in close proxim-
ity to polyelectrolyte chains are anticipated to be different,
affecting the value of ecg even though counterions are the
same in HA and ChS solutions. Taking these effects into
consideration suggests that the differences in ecg and epg
between the HA and ChS solutions are significant enough to
jump from one structural regime to another [Fig. 3(b)] as it is
evident from the SANS data in Fig. 1.

IV. CONCLUSIONS

Our simulation results provide the basis for understand-
ing the disappearance of the polyelectrolyte peak in salt-
free conditions and provide an interpretation on why the
scattering responses of two polyelectrolytes having similar
monomer structures (hyaluronic acid and chondroitin sulfate)

are different: one exhibits a well-defined scattering peak
while the other does not. In particular, our simulation of
a coarse-grained polyelectrolyte model with an explicit sol-
vent and counterions indicates that the polyelectrolyte peak
becomes less pronounced along with a steep upturn in the
low-g regime as the strength of solvation for both counterions
and polyelectrolyte segments becomes progressively stronger.
Eventually, the scattering peak disappears and the scattering
profile resembles the profiles obtained for neutral polymer
solutions. Unlike neutral polymer solutions, the disappear-
ance of the polyelectrolyte peak is due to the emergence
of effective interchain attractive interactions that are both
short and long ranged. Long-ranged attractive interactions,
induced by enhanced counterion solvation, lead to forma-
tion of heterogeneous multichain structures. Within these
multichain structures, polyelectrolyte chains associate with
each other at short distances, forming a polymer network or
mesh due to enhanced polyelectrolyte solvation. Thus, the
disappearance of the polyelectrolyte peak means that there
is no characteristic length scale associated with the average
distance between the polyelectrolyte chains. Our observations
provide insights into the microscopic origin of the poly-
electrolyte peak and reinforce the idea that solvent interac-
tions with charged species are just as important as Coulomb
interactions.
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