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ABSTRACT: Transport of ionic species in heterogeneous polymeric
media is highly dependent on the charge distributions and interactions
between mobile and immobile groups. Here we perform coarse-
grained molecular dynamics simulations to study the ion dynamics in
swollen polyelectrolyte gels under external electric fields. A nonlinear
response of the ionic conductivity to an applied electric field, for field :
strengths that are comparable to the ionic coupling strength, is 8 RS 0fz
observed. This behavior correlates to a broadening of the ionic :

V. G S -
-e~®*"**"*"strong coupling

101 100 101
electric field, E [¢/qo]

distribution around the polymer backbone under an increasing electric

field. Also, we find that the weak-field ionic mobility in gels increases with density, which is opposite to the behavior of simple
electrolytes. This relates to the mean coupling between charges that decreases in gels, but increases in simple electrolytes, with
increasing density. These results provide more insights into the electric response of polyelectrolyte gels to support the
development of applications that combine electric and mechanical properties of polyelectrolyte gels for energy storage, sensing,

selective transport, and signal transfer.

B INTRODUCTION

Ionic transport in heterogeneous media on the microscale and
nanoscale is of paramount interest for many ag)plications
including water desalination, " biomimetic systems,"4 and the
potential for future generations of man-made devices, which
can interface and be intrinsically compatible with biological
tissues. An important type of heterogeneous medium is the
polyelectrolyte gel.>~"' These polymer networks are cross-
linked polyelectrolyte chains with ionizable groups covalently
bonded to the backbones. At specific conditions (e.g, pH,
temperature), the ionized counterions dissolve into solvent as
the only mobile charge species.

The unique property of polyelectrolyte gels as single-ion
conductors has been used to synthesize ion-selective mem-
branes. In electrodialysis, one of the common techniques to
produce drinking water in addition to reverse osmosis and
nanofiltration, ions are selectively transported from one
solution (diluted) to another solution (concentrated) through
ion-exchange membranes under an electric potential difference.
These membranes are anionic (cationic) polyelectrolyte gels
with positively (negatively) charged groups, which reject
positively (negatively) charged ions and allow negatively
(positively) charged ions to flow through. Polyelectrolyte gels
have also been facilitated in the area of soft ionic devices, such
as ionic diodes,lz_14 ionic transistors,ls_18 and ionic con-
ductors.”"” One example is the polyelectrolyte diode composed
of two hydrogel layers doped with oppositely charged
polyelectrolytes; the oppositely charged counterions produce
a nonlinear current response as a rectifying junction at the
interface.'”'* Not surprisingly, in almost all field driven
processes, mobility of ionic species in gels depends on the
distribution of the charged and uncharged groups, electrostatic
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coupling strength (e.g., polarity of the solvent), and molecular
details of the background network.

Experimentally, ionic conductivity of polyelectrolyte gels has
been measured in various conditions.”*>* The concentration-
dependent ionic conductivity of polyelectrolyte gels is reported
to differ from those of polyelectrolyte solutions or binary
electroly‘ces.zo’25 In electrolyte solutions, increasing concen-
tration leads to a decrease in molar conductivity, while no
distinct concentration dependencies of molar conductivity were
observed for gels. In addition, the ionic conductivity in
polyelectrolyte gels has been reported to depend on cross-
linking density (i.e., the average molecular weight between
cross-linkers).”>***° This hints that topology of these gels at
the nanometer scale is of paramount importance in altering
membrane function. Hence, further design of such systems
requires theoretical determination of interactions between ionic
species and the gel network and of the effect of accessible
parameters.

In this study we use coarse-grained molecular dynamics
(MD) simulations to investigate the ijon dynamics in
polyelectrolyte gels under external electric fields. We find a
nonlinear response region, where the molar ionic conductivity
of polyelectrolyte gels increases with external fields. The
counterion redistribution under electric fields is proposed as
the underlying mechanism. We also show that the ionic
conductivity can be modulated by changing the polyelectrolyte
network density particularly in the weak-field regime. The
simulations reveal that the mobility increases as the density of
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charged monomers increases when the electric field is small,
where linear response theory can be applied. Above a critical
field strength, the linear response regime breaks down and then
the mobility decreases as the concentration of monomers
increases. This is observed well before the saturation value.
Note that there is no obvious reason for the existence of two
concentration-dependent mobility behaviors. A qualitative
theory based on a field-induced weakening of binding energies
can qualitatively describe the mobility of counterions for the
range of external fields considered here. Our results also
underline an essential difference between the ionic response in
simple electrolyte solutions and that in polyelectrolyte gels.
These results could be extremely important in many new areas
of research given the large number of new applications of
polyelectrolytes gels in energy storage where there is a need to
understand diffusivity and mobilities in different regimes (slow
or rapid charging with electric fields and discharging by
diffusion).”” "

B METHODS

Simulation Model. Figure 1a illustrates the unit cell of a defect-
free isotropic cubic polyelectrolyte network that is used in the

Figure 1. (a) Snapshot depicting the unit lattice of a N = 100 isotropic
polyelectrolyte network structure. Monomers and counterions are
denoted by cyan and purple spheres, respectively. Each cross-linking
node (drawn as oversized red spheres for illustration purposes) is
attached by six polyelectrolyte chains, each of which has N monomers.
Unit cell box in simulation typically has 4 X 4 X 4 cross-linking nodes
(2 X 2 % 2 shown here). (b) Ilustration of the cell parameter that is
used to determine condensed ion distributions. The distance from
chain d is defined by the distance between an ion and its nearest
monomer. The ion is considered as condensed ion when d < 20.

simulations. The polymer segments connecting two network nodes are
modeled by bead—spring chains composed of N monomers. The steric
and bonded interaction between monomers are calculated by the
Lennard-Jones (LJ) and FENE (finite extension nonlinear elastic)
potentials in the forms of
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Here the L] potential is shifted at the cutoff radius r = r, to obtain a
continuous potential profile. ¢ is the monomer diameter (L] units).”
Good solvent conditions are modeled by r. = 2%¢ and € = 1ksT,
leaving only the repulsive part of the interactions. This potential is
employed for both the mutual chain—counterion and counterion—
counterion excluded volume interactions. For the FENE bond, the
parameters are set to kz = 10.0kzT/6® and 7z = 1.56.°" Periodic
boundary conditions are applied in all direction in the simulation box.
A typical cubic simulation box contains 4 X 4 X 4 cross-linking nodes
in xyz directions. The sizes of simulation box for different gels are in
the range of S06—2000.

The sizes of all counterions and backbone monomers are equal to
1o. Each counterion has a unit charge of g = +1e, while each backbone
monomer of N-mer chains bears a unit charge of g = —1e. Initially,
counterions are added at random positions in the periodic simulations
box. Because of the macroscopic requirements of electroneutrality, the
number of counterions is set equal to the total number of charged
backbone monomers. The short-range pairwise Coulomb interaction
between two charges is Ucoy(r) = €lyq,q;/r, where the Bjerrum length
is Iy = ¢*/(4meye€). Here e is the unit charge; €, and €, are the
permittivity of the vacuum and the solvent, respectively. The Bjerrum
length is defined as the distance, at which two unit charges have an
electrostatic interaction energy equivalent to thermal energy kyT. As
an example, for water Iy & 7 A = 1o and is roughly equal to four
adjacent carbon—carbon bonds and the hydrated ion diameter of
simple electrolytes such as Na®. For less polar solvents such as n-
propyl alcohol at 40 °C, I ~ 35 A & 56.>> The long-range Coulomb
interaction is calculated via the PPPM algorithm,33 with a force
accuracy of 107*. The cutoff distance that determines the short- and
long-range scheme in simulations is chosen to optimize the
computation time between real and K-space. Typically, the range of
the electrostatic cutoff distance ranges 86—20¢ depending on the size
of the system.** Isothermal—isobaric (NPT) ensemble for implicit
solvent is used to allow swelling of gels to obtain the equilibrium
volume of the system (V,, = V(P=0)) prior to nonequilibrium
simulations.*

The nonequilibrium simulations are conducted by applying a
constant external electric field on each charged particle (ie., the
external force per monomer is F,,, = qE). The external electric fields
are in the range of 107°—10'¢/qo and in the z-direction (E = E2).

The molecular dynamics simulations are performed using LAMMPS
software packages.’® The Langevin equation of motion are solved to
iterate velocities and coordinates of particles. To keep the temperature
constant in all the simulations, a Langevin thermostat scheme is
applied with a damping parameter of y = 0.17"", where the reduced

1/2
time unit is 17 = (%) t. Throughout the thermostatting process,
mo

each bead experiences a dissipative force of F° = —yv, where v, is the
velocity of ith bead, and a random force, FY, which satisfies the
fluctuation—dissipation theorem.”’

Since the network chains are not entangled (i.e., they are highly
stretched), a Rouse type of relaxation time 7y ~ N* is enough for N-
mer network chains. For N = 100 gels, typically 10*z (10° time steps
with At = 0.017) is an acceptable relaxation time.”® Following the
relaxation, in the field driven cases, an additional 2 X 107 time steps
(At = 0.0057) are run for the data used in the analysis. The statistical
errors of time-series data are analyzed by using block averages as
detailed in refs 39 and 40. Error bars that are of the order of the
symbol size or smaller are not shown in the figures.

Mobility Calculations. The average drift velocity of all counter-
ions relative to the polyelectrolyte network under the field is used to
calculate the average mobility of counterions, regardless of their
relative positions

DOI: 10.1021/acs.macromol.6b01276
Macromolecules XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.macromol.6b01276

Macromolecules

(u;)
=
qE (1)
where the angular brackets (...) refer to averaging over all the ions and
time frames. The mobility of counterions can be related to the molar
conductivity by A = qu. Additionally, the diffusion coefficient of
counterions at vanishing fields (ie, D = ksTu(E—0)) is calculated
from the mean-square displacement of counterions by

o (Ix(®) = x(0)F)
b= tlir?o 6t (2

where () is the position vector of an ion at time t.

In addition, by using trajectories we calculate the position-
dependent mobility for the ith counterion, u; located at d;, where d,
is the distance between the ith counterion and the closest chain
monomer (Figure 1b). The mobilities are binned with respect to their
distances to the chains. The total number of bins is 100, and the
maximum d; considered is R./3 for all cases, where R, is the network-
chain end-to-end size.

To calculate the integrated distribution for the counterions near the
network chains, the counterions whose distances obey d; < d are
determined, and their population is plotted as a function of d.*>*!

B RESULTS AND DISCUSSION

Polyelectrolyte Gels in the Absence of External
Electric Field. To systematically reveal the effect of the
external field in the next section, we first consider the
equilibrium distribution of charges and related transport
properties in gels at vanishing electric fields. In a polyelectrolyte
gel, the balance between the osmotic pressure of ionized
counterions and the elastic response of the network chains
leads to highly stretched network chains. The scaling theory
gives the average end-to-end distance of the network chains as
R, =~ No for a finite charge fraction (ie, f > 0).*** In the
simulations, where we have strongly charged polyelectrolyte
chains (ie., f= 1), R, ~ N for various electrostatic strengths and
for N > 1 (Figure 2a). As the electrostatic strength (Bjerrum
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Figure 2. (a) Average end-to-end sizes of the polyelectrolyte network
chains R, as a function of monomer number between two cross-links
N for both Iy = 1o and So cases. A linear reference line is shown to
guide the eye. (b) Fraction of condensed counterions f¢; at zero
external electric field. All ions within a distance of 26 around the
backbone chains are considered as condensed. Note that as N — oo,
the counterion condensation ratio approaches the Manning theory

(dashed line).

length) is increased, the polyelectrolyte gels are less swollen
due to the increased localization (condensation) of the
counterions onto the network chains** (Figure 2a).

An estimate for the fraction of counterions condensed onto
the chains (nonfree ions) f; can be obtained by counting the
ions confined in cylindrical cells of radius 2o around each
chain®® (see Figure 1b for the schematic definition). The
fraction of condensed ions is much higher for strong
electrostatic coupling as expected (Figure 2b). However,
independent of the electrostatic coupling, the fraction of
condensed counterions approaches plateau values only for very
dilute polyelectrolyte gels (ie., N > 100) (Figure 2b).

According to Manning’s theory of condensation,”** a single
strongly charged and infinitely long charged rod attracts
oppositely charged counterions to reduce its line charge
density. Similar phenomena in polyelectrolyte gels have been
reported in previous simulation studies.”** The simplified
Manning model predicts the fraction of condensed counterions
as fc;=1—1/¢ for & > 1, where the Manning parameter is £ =
Ig/o as in our case with f = 1. For [ = 1o and Iy = So, the
predicted Manning values, fc; = 0 and f¢; = 0.8, respectively
(dashed line in Figure 2b). Our results suggest that the
Manning picture is still qualitatively valid for ion distributions
in gels in the dilute limit. A more accurate method indeed uses
the inflection point based on Poisson—Boltzmann theory to
estimate the counterion condensation around single
chains**** yet cannot be easily applied to arbitrary
geometries such as networks in our simulations.

The transport properties of counterions are related to the
fraction of condensed ions since electrostatic forces exerted on
the counterions depend on their position relative to the
stretched network chains. In Figure 3a, we show the diffusion
coeflicient calculated over all counterions as a function of N for

(@)

>
£0.6
2 » D, (E=0)
g * Hgel
P
2‘0'2 ¢ 4 3 8
5
g 000 107 102 108
N
(b);.
Z | a5
308 c .
g ° )
% 0.6 :f,/h‘m:/,»m(E:O) Q
?\, D, (E=0)
>,0'4 @ j1get " ; '
= . . ¢+ ‘
8028 s ¢ 1 N=10
£ ?
N=100 N=30
B+ 905 02 T07 00

number concentration Ny, /V [0 ~%]

Figure 3. (a) Linear-response mobilities ¢ and equilibrium diffusivities
D of counterions in gels as a function of N, for an electrostatic strength
of Iy = So. (b) Comparison of y and D of counterions in gels and 1:1
simple electrolytes with identical concentrations. Note concentration is
lower for gels with larger N. Gels with N = 500 to $ are studied here,
where N = 100, 30, and 10 are marked for clarity. The diffusion
coefficients are calculated via mean-square displacement of counter-
ions (MSD) in eq 2 at zero field, whereas the mobilities are calculated
via eq 1 at E = 0.le¢/go. All the mobilities and diffusivities are
normalized by the Langevin damping parameter p, = 1/7.
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Ig = So. Interestingly, for larger values of N (i.e., the monomeric
concentration c is lower, see Figure 3b), the diffusion coefficient
of the counterions decreases. This hints that the high
counterion mobilities cannot be explained by a simple
condensation model since one would expect that more
localized ions would lead to slower transfer coefficients. We
will discuss counterion distribution profiles in more detail in the
next sections. Figure 3b also compares the diffusivity of ions in
the polyelectrolyte networks to that of 1:1 binary electrolyte
solutions at the identical ionic concentrations. Unlike
polyelectrolyte gels, in the electrolyte solution, diffusion of
ions is faster for lower concentrations, as also observed
experimentally.*

At lower electrostatic strengths (i.e., Iy = 106), although the
trend in the diffusion coeflicient is similar to the Iy = So case,
the difference in mobilities at low and high concentrations is
weaker (data not shown). This again indicates the dependence
of averaged transport coeflicients on the position of ions with
respect to the backbone chains since, for Iy = 5o, ions are more
condensed onto the network chains.

The equilibrium charge distribution and diffusion behavior in
polyelectrolyte gels that we discuss so far is expected to be
altered under external electric fields. In the following section,
we discuss how the applied field alters the charge distribution
and, in turn, the mobility of mobile counterions in
polyelectrolyte gels.

Effect of External Fields. Figure 4 shows counterion
mobility in various polyelectrolyte gels with N = 10, 30, and
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Figure 4. Mobility of counterions for various gels under external
electric fields for both Iy = 1o and Iy = So. All the mobility values are
rescaled by the Langevin damping parameter y, = 1/y. Arrow indicates
the value of the electric field (E = 0.1¢/qo) that is used in Figure 3.
Notice that this field is within the linear-response regime. The dashed
lines are guide to the eye in order to indicate the onset of nonlinear
regime for N = 100 gels.

100 for Bjerrum lengths Iy = 16 and So. To compare various
cases on a single plot, all mobilities are normalized by their bulk
value yy = 1/y, where y is the Langevin friction term. Based on
the data in Figure 4, the mobility of counterions in
polyelectrolyte gels under the external electric field E can be
discussed under three regimes:

i. Linear-Response Regime. In this regime, the electric field
is not strong enough to alter the equilibrium distribution and
the related transfer properties of charge carriers significantly.
The mobility remains constant as long as the external electric
fields is weaker than the electrostatic coupling between
backbone charges and counterions (ie, E < E* = ely/c?)
(Figure 4). This regime corresponds to weak perturbations
(e.g, Ohm’s law is valid).

The linear-response behavior can also be seen in Figure 3,
where we compare the mobility values obtained at an electrical
field strength within the linear regime, E = 0.1¢/qo (filled

spheres in Figure 3), to the equilibrium diffusion coefficients
(filled squares). The diffusion coefficients are calculated via eq
2 and related to the mobilities with the Einstein relation, D =
kgTu. The linear-response mobility indeed converges to the
equilibrium diffusion coeflicients within error as E — 0 in
Figure 3.

In Figure 4, within the linear-response regime, the gels
composed of shorter network chains exhibit slightly larger
mobilities in accord with the data in Figure 3. To further reveal
the effects of counterion clouds near network chains, in Figure
Sa we show the integrated distributions of counterions around
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Figure S. (a) Integrated ion distributions for various polyelectrolyte
networks. The distance from chain d is normalized by the end-to-end
distance R.. Inset shows mobility of ions as a function of their distance
from chains at E = 0.1e/q0 with [ = So. A moving average is
performed to improve the noisy raw data. (b) Calculated electrostatic
energy of counterion as a function of its distance to chains. Inset shows
average Coulomb energy per counterion (U = 2 Ukow/Nions) in
various gels and 1:1 binary electrolytes at identical ionic concen-
trations at E = 0.1¢/qo.

the network chains as a function of the rescaled distance from
the nearest chain d/R.. The strength of electric field is E =
0.1€/qo for all cases. In Figure Sa, the data for Iy = So are
specifically chosen to demonstrate the effect of condensation
more clearly. In Figure 2, the condensation is calculated by
considering the counterions within a cylindrical region around
each network chain. According to this calculation, the
condensation is more marked for system with short chains,
since the relative volume of the cylindrical region is larger.
However, the counterion clouds near the chains are relatively
more extended in the gels composed of short chains due to
mutual attraction by the backbone charges of the neighboring
chains (Figure Sa). Indeed, the average mobility of counterions
is higher if they are away from the network chains as can be
seen in the inset of Figure Sa. Despite the noise in the data due
to thermal fluctuations, the closer the counterions are to the
networks chains, the slower they move. Hence, if the
counterions are more scattered in the gel, the average mobility
is larger (Figure Sa).

The extended ionic clouds near the polyelectrolyte network
chains manifest themselves also in the electrostatic potential
distribution. The position-dependent electrostatic potential is
calculated by computing the electrostatic energy of each ion
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and averaged over many time steps. The results are shown in
Figure Sb. Near the chains (i.e,, d/R, — 0), deep potential wells
are common in all networks. Away from the chains, the
potentials decay to zero (Figure Sb). At intermediate distances,
the Coulomb potential is stronger in gels with longer chains.
This indicates that for a counterion located near, say N = 100
network, escaping from the potential requires higher forces
compared to that in a N = 10 network. Combining these results
with the counterion distributions in various polyelectrolyte
networks shown in Figure Sa, the decrease in ionic mobility
with increasing size of network chains in the linear-response
regime can be related to distribution of counterions in dilute
gels.

ii. Transition Regime. The linear-response regime ends at
around E ~ E*, and the transition regime, where the mobility
increases with increasing strength of electric field, sets in
(Figure 4). Linear polyelectrolyte solutions also exhibit similar
nonlinear response to external electric fields.” In Figure 4, the
threshold electric field strengths for N = 100 gels are denoted
by two dashed lines for Iy = 16 and Iy = So cases, respectively,
and by definition Ejf_;,/Ef_,, = S.

To address the underlying mechanism of the nonlinear
mobility of counterions at E > E*, the microscopic distribution
of counterions is investigated. Indeed, strong electric fields are
known to reduce the number of condensed counterions near
the charged chains.**’ In Figure 6a,b, we show the integrated
distributions of counterions around the chains of the N = 100
network at various electric field strengths. The values of the
electric field correspond to both linear and nonlinear regimes
(Figure 4). For both Iy = 1o and g = So cases, at vanishing
electric fields, the distributions are weakly affected by the
external field as expected. However, at E > E* the counterion
distributions are broader as a result of the counterions
departing away from the network chains. This can be seen
more clearly in the 2D concentration profiles shown in Figure
6¢ for two different external fields, E = 0.1¢/go and E = 1¢/qo.
At the higher field, more ions occupy spaces between the
network chains (notice the light and darker blue regions in
Figure 6c).

Saturated Regime. In this regime, due to the strong external
field (E > E*), most of the condensed ions are stripped off the
network chains and dragged by the field. Indeed, when E is
strong enough, the resulting mobility is expected to be
independent of network properties and electrostatic coupling
for highly swollen gels. The mobility of counterions becomes
independent of the applied field and approaches its bulk value y
— py = 1/y (Figure 4). However, we should note that in the
cases of dense gels (i.e., when the end-to-end distance does not
obey the scaling R, ~ N),*’ the counterion diffusion can be
coupled to chain motion. Thus, the final saturation values can
be a function of cross-linking density. Interestingly, the higher
weak-field mobility observed for shorter network chains are
reversed at the saturation regime, since physical hindrance due
to the network chains is weaker in dilute gels (ie, N > 1).

The detailed analysis of the counterion mobility and related
concentration profiles suggests that the main contribution to
the mobility in polyelectrolyte gels are from uncondensed
(free) ions that can move through the network structure.
Indeed, there is an excellent correlation between the fraction of
free ions and the mobility for a wide range of external fields as
shown in the insets of Figure 6a,b. The fraction of the free
counterion as a function of external field overlaps with mobility
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Figure 6. Integrated ion distribution around the chains of N = 100
polyelectrolyte networks for various external electric fields (a) Iy = 1o
and (b) Iy = So. The distance is normalized by the end-to-end distance
R.. Insets show mobility and number of free ions on a single plot. Blue
squares denote the mobility values with respect to left y-axis, while red
dots denote the fraction of free ions with respect to right y-axis. (c) 2D
plots of counterions—concentration profiles are shown for E = 0.1¢/g0
(left) and E = 1e¢/qo (right); the external field is in the z-direction.
The red regions refer to high local concentration of counterions
around the network chains, whereas blue color refers to the low local
concentration.

data remarkably well. Thus, the mobility can be expressed as
the sum of contributions from the free and condensed ions as

H= '%ffCI + ”free(l _fCI) (3)

where pg.. is mobility of free ions and p, is mobility of
condensed ions. As a simple estimate, in gel with N = 100, the
fraction of condensation is f¢; ~ 0.8 for Iz = 56 and E = 0.1¢/
go. Thus, eq 3 gives the mobility u ~ 0.2, which qualitatively
agrees with simulation results. However, eq 3 is less accurate for
weak electrostatic strengths, e.g, Iz & 1o, since a distinction
between “condensed” and “free” ions is hard to establish due to
weaker interactions (which are of the order of the thermal
energy) between the ions and the backbone charges.
Comparison: Simple Electrolytes versus Polyelectro-
lyte Gels. In 1:1 electrolytes in the dilute limit, according to
Debye—Huckel theory, the molar conductivity A (which is
proportional to diffusivity) decreases linearly with the square
root of concentration, A = A° — K\/ ¢ (Kohlrausch’s law),
where K is a constant and A° is the molar conductivity at
infinite dilution (or limiting molar conductivity). Accordingly, a
single diffusing ion feels a drag friction due to the surrounding
ionic atmosphere of oppositely charged ions. The drag force
increases with increasing concentration. Thus, the ion
diffusivity decreases with increasing concentration. In contrast,
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the ion diffusivity in polyelectrolyte gels increases with
increasing concentration (Figure 3).

Note that simple electrolytes also have an underlying
potential landscape, just like the gels, which in simple
electrolytes is responsible for Kohlrausch’s law. Interestingly,
Kohlrausch’s law is not observed by constraining one of the
charged components to a flexible chain (in polyelectrolyte
gels).

A scaling argument can be made to invoke the difference
between simple electrolytes and PE gels. In electrolytes, the
average distance between two ions in solution can be estimated
as ~c 3, where ¢ is the concentration. Hence, the average
distance decreases with increasing concentration (assuming no
charge pairs are formed). This results in stronger repulsions
between like-charged ions and stronger attractions between
oppositely charged ions. The inset of Figure 5b compares the
average Coulomb energy per counterion in a 1:1 electrolyte
solution to that in various gels at E = 0.1¢/go, regardless of the
ion positions. For the electrolytes, the absolute value of the
Coulomb energy increases with increasing concentration. In
contrast, for polyelectrolyte gels, the absolute value of the
Coulomb energy decreases with increasing concentration. This
behavior indicates an essential difference in ion distributions,
which results in different ion dynamics in electrolytes and
polyelectrolyte gels.

lon Asymmetry and Hydrodynamics. In the simulations
the sizes of all counterions and backbone monomers are
equivalent. However, the steric interactions of counterions or
solutes with the background network can alter the transfer
properties.‘“’52 Indeed, asymmetric steric interactions in ionic
systems are known to change the charge—charge correlations.>
In the gels considered here, the main effect is due to the free
ions. Therefore, we expect that any asymmetry in ionic size can
mostly change the threshold electric field for the onset of the
nonlinear regime, while quantitatively the behavior of the
mobility under external fields should be conserved.

Hydrodynamic effects are important in polyelectrolyte
electrophoresis studies” and high concentration systems.
According to previous studies,”* hydrodynamic effects cause
an approximate 2% difference of Na* diffusivity at a
concentration of 0.25 M. In our study, only dense gels with
N <10 have a comparable counterion concentration ~0.25 M.
Therefore, in the Langevin thermostat scheme applied here,
hydrodynamic interactions between the monomers are not
considered. Since the free counterions are far apart from each
other in the dilute gels, we anticipate that hydrodynamic effects
will not change the results qualitatively as long as the gels are
swollen. In the calculations of the mobilities, we use the
velocities of ions with respect to less mobile network chains.
Adding hydrodynamics can slow down the ions particularly in
the linear regime (i.e., weak fields), but overall our observations
and related regimes will hold.

Theoretical Arguments for Mobility. In order to
rationalize the behavior of the mobility from a different
perspective, we develop a theoretical model to refine eq 3 and
the notion of “free” and “condensed”. We assume simple
reaction equilibria, set by reaction constants K, connected to
different states i of an ion. This rate constant is calculated from
a single-ion partition function that depends on a mean binding
(Gibbs) energy AG(E), depending on the external field E, and
a volume V in which a single ion interacts with a site on the

backbone.

K, = Vet (4)

In addition, we distinguish three regions: (1) the region where
the ions are “free” (AG, = 0), (2) the region where the ions are
close to the chain but still mobile (AG, ~ 1kzT), and (3) the
region where the ions are condensed and immobile (AG; >
1kgT). The number of ions in each region, 1, is determined by
a reaction equilibrium:

K.

1

— i
K + K, + K ()

n, =

We use an equation similar to eq 3 to estimate the total
mobility, but now with three states for ions, corresponding to
the three regions. Before we can make a comparison to the
simulation results, many assumptions are required about the
scaling behavior of V; (the volume of region i) and the mean
free energy of binding, and in principle also the mobility in
region 2, although this parameter appeared of little influence.
The predictions of the model depend sensitively on these
assumptions, especially on the scaling behavior of V; and
AG/(E) and also on the input parameters. However, regardless
of the specific assumptions, we find general trends that largely
coincide with the simulation results, namely, that the mobility
increases with increasing field E because a larger E shifts the
reaction equilibria in favor of region 1 (the “free” region), with
a transition in the region where E has the same order of
magnitude as the Coulomb pair interaction. The remarkable
behavior in Figure 4 at small electric fields is in contrast, only
predicted for rather specific assumptions. An important, but not
sufficient, assumption is that AG in a dilute gel need to be
larger than in a more dense gel. That is ions stick more strongly
in dilute networks. This assumption is confirmed by the
simulation results in Figure 5b. The results are shown in Figure
7, under the assumption that the length of the chains scale
linearly with N, and AG decreases linearly with E, for I = 5:

AG(E) = A¢ —E (A¢ > E) (6)
1 fractions of ion population
I R free
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Figure 7. Mobility as a function of the applied electric field. The
mobility increases with the electric field as the reaction equilibria shift
toward the region where ions move freely (i.e., ions break free from
the gel backbone). The contrast in the mobility is larger for dilute gels
(N = 100). Under specific assumptions, the (relative) mobility at zero
field is lower in dilute gels than the more dense gels. The simulations
were required to confirm these assumptions and to show the same
qualitative trend without these assumptions. The inset shows the
fraction of the ion population in each of the three regions as a function
of E, for N = 30.
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The drop in the average electrostatic potential A¢; in region i is
estimated from a Poisson—Boltzmann theory, and AG; = 0 for
Ag; < E. From the perspective of this model we can draw two
main conclusions. First, the nonlinear response can be
rationalized as a general consequence of ions breaking free
from the polymer backbone, which are being less impeded by
the interactions with the polymer chains as the electric field
increases. Second, we conclude that the density dependence of
the mobility at low electric fields is not easily captured in a
simple model and only reproduced under very specific
assumptions for the scaling behavior of the gel volume and
the binding energy of the ions. These assumptions are in line
with the simulation results in the previous section. However,
considering the simplifications in our theoretical models, and
the number of unknown parameters, the molecular dynamics
simulations are necessary for conclusive results. The model
highlights qualitative trends and suggests conditions for the
required scaling behavior of the binding energy and gel
swelling.

B CONCLUSION

We have analyzed the ion dynamics in polyelectrolyte gels by
using molecular dynamics simulations and invoked theoretical
models to rationalize the results. Regardless of the gel
characteristics, we find a nonlinear response of the conductivity
to an applied electric field for field strengths that are
comparable to the ionic coupling strength. This behavior
correlates to a broadening of the ionic distribution around the
polymer backbone under an increasing electric field. The weak-
field mobility for dilute gels can be directly estimated from the
fraction of free ions, using Manning’s theory, if the ionic
coupling is larger than the thermal energy, Iz/c > 1. For dense
gels, the mobility is not easily estimated due to the complicated
interplay of Coulomb interactions and steric repulsions. We
find that the ion mobility in dilute gels shows a larger transition
than in denser gels, and we connected the behavior to a larger
binding energy of the ions to the polymer backbone.
Remarkably, we find that the weak-field ion mobility in
polyelectrolyte gels increases with increasing concentration,
which is opposite to the behavior observed in simple
electrolytes. This is related to the mean coupling between
charges, which decreases in polyelectrolyte gels and increases in
simple electrolytes, with increasing concentration. These results
provide more insights into the electric response of polyelec-
trolyte gels to support the development of applications that
combine electric and mechanical properties of polyelectrolyte
gels for energy storage, sensing, selective transport, and signal
transfer.
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B ADDITIONAL NOTE

“In L] units, LAMMPS sets the fundamental quantities mass m,
length o, energy €, and the Boltzmann constant kg equal to 1.
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