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ABSTRACT: Polyelectrolyte gels, made by crosslinking of ion-containing polymers,
showcase extraordinary swelling capabilities, with their volumes expanding up to 100
times in salt-free solutions. This swelling behavior of polyelectrolyte gels is attributed to
the delicate balance between the gels’ elasticity and the osmotic pressure produced by
counterions and salt ions localized within the gel volume due to the Donnan equilibrium.
We use a combination of the nonlinear version of Flory−Rehner theory and coarse-
grained molecular dynamics simulations to explore the swelling and deformation of
polyelectrolyte gels undergoing large biaxial deformations in contact with a salt solution.
The analysis of the gel deformation points out that the swelling ratio of the
polyelectrolyte gels Qeq describing the volume change upon swelling is a nonmonotonic
function of the gel deformation ratio α characterizing changes in a gel shape under biaxial
deformation with respect to a free-standing swollen state. The swelling ratio first
increases with increasing α and then starts to decrease. This intriguing behavior is due to
the optimization of osmotic pressure and conformational entropy of charged strands in
the nonlinear deformation regime. Furthermore, we observe that the location of the maximum swelling ratio shifts toward large gel
deformations with increasing salt concentration and decreasing fraction of the charged groups on network strands. This behavior is a
direct result of the reduced influence of the ions’ osmotic pressure on strand prestretching in the free-standing gels.

■ INTRODUCTION
Polyelectrolyte gels, made by crosslinking linear chains with
ionizable groups (Figure 1), exhibit significant swelling due to

the osmotic pressure generated by counterions and salt ions.
These ions are localized within the gel volume due to the
Donnan equilibrium.1−13 At equilibrium, corresponding to a
free-standing gel, the osmotic pressure is counterbalanced by
the stress generated in deformed polyelectrolyte strands. The
gel swelling ability is quantified by the swelling ratio Q = V/V0,
demonstrating how much the volume of the gel, V, is changed
with respect to that of a dry network, V0. In salt-free aqueous
solutions, polyelectrolyte gels could increase in volume by 100
times, Q∼100.2,7,8 Unfortunately, salt-free conditions are rare
in practical applications where salt concentrations are relatively

high, 0.1 − 1.0 M.2,14,15 The presence of salt diminishes the
osmotic effect of counterions, significantly limiting the
polyelectrolyte gel’s swelling capacity and reducing
Q∼20.3−7,9−13 However, a strong dependence of gel swelling
on salt concentration makes polyelectrolyte gels a mechano-
chemical system capable of absorbing solvent which amount
could be controlled by changing solution pH or salt
concentration.16−24 This feature of polyelectrolyte gels was
exploited in the design of absorbing materials used in
agriculture and consumer goods, drug delivery systems,
implantable devices, 3D manufacturing, and water purification
systems.25−36

Although the passive response of polyelectrolyte gels to
changes in environmental conditions has been extensively
studied,3,6,21,24,37−41 the effects of mechanical deformations on
polyelectrolyte gel swelling were overlooked. To address this
issue, we focus on how the biaxial deformation of a
polyelectrolyte gel in contact with a salt solution could
transform mechano-chemical equilibrium and affect salt and
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Figure 1. Schematic representation of a polyelectrolyte gel.
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solvent partitioning in a gel in the framework of the Flory−
Rehner approach.42 This analysis reveals a nonmonotonic
dependence of the gel swelling ratio on deformation. At high
deformation levels, the polyelectrolyte gel contracts and expels
salt, resulting in swelling below that of free-standing gels. To
further understand the molecular basis of this process, we
perform coarse-grained molecular dynamics simulations of
polyelectrolyte gel deformation in contact with a salt solution.
The remaining part of the paper is organized as follows. We

begin with adapting the Flory−Rehner model16,17,42 of the
nonlinear gel deformation to networks of charged polymers.
After that, we present the results of coarse-grained molecular
dynamics simulations of the biaxial deformation of a film made
of crosslinked polyelectrolyte chains in contact with a salt
solution. This simulation setup offers the advantage of
simplifying the modeling of ion exchange between the
surrounding solution and the swollen network. The film
geometry of the charged gel allows us to study the
redistribution of salt between the gel and surrounding solution
in the entire range of polyelectrolyte gel deformations.

■ SWELLING AND DEFORMATION OF
POLYELECTROLYTE GELS

Consider a network of polyelectrolyte chains with the degree
of polymerization between crosslinks nx and a fraction of
ionizable groups f. The polyelectrolyte network is undergoing
swelling and deformation in a salt solution with salt
concentration (number density) ρs from a dry state with
monomer number density ρ0, initial dimensions L0, i (i = x, y,
and z), and initial volume V0 = L0, xL0, yL0, z reaching
dimensions Li and volume V = LxLyLz (Figure 2). The final

state of the gel is characterized by the elongation λi = Li/L0, i
and swelling Q = V/V0 ratios quantifying shape and volumetric
changes with respect to a dry state. The total Helmholtz free
energy of the swollen and deformed network surrounded by a
salt solution is a sum

F F L F V

F V

( ) ( , , , , , )

( , , )

itotal elast gel g sol,g c s,g s,g

sol sol sol s

= { } +

+

+

(1)

of the elastic free energy of the gel, Felast({Li}), free energy of
the gel/solvent system, Fgel(V, ρg, ρsol, g, ρc, ρs, g

+ , ρs, g
− )

describing the solvent, salt ion, and counterion distributions
in a gel and interactions of monomers, solvent, counterions,
positively and negatively charged salt ions with densities ρg,
ρsol, g, ρc, ρs, g

+ and ρs, g
− , respectively, and free energy of the salt

solution, Fsol(Vsol, ρsol, ρs), occupying volume Vsol outside gel at
a solvent ρsol and salt ρs densities. We assume that the total
volume of the gel/salt solution system, Vtotal, does not change
upon network swelling and deformation, Vtotal = V + Vsol =
constant.

In the framework of the Flory−Rehner approach,16,17,42 the
elastic free energy of a gel with semiflexible strands is written as
follows:43−45

F L V G I I( )
1
6

(1 2(1 /3) )ielast
FR

0 dr 1 1
1{ } = +

(2)

where I1 = λx2 + λy2 + λz2 is the first deformation invariant
expressed in terms of the deformation ratios λi. There are two
parameters in eq 2 that relate the network’s deformation and
swelling ability to its structure: (i) the strain-stiffening
parameter (strand elongation ratio) β and (ii) the structural
shear modulus in the dry state, Gdr. The parameter β = ⟨Rin

2 ⟩/
Rmax
2 is a ratio of the mean-square end-to-end distance of a

network strand between crosslinks ⟨Rin
2 ⟩ in the undeformed

network and the square of the end-to-end distance of a fully
extended strand, Rmax

2 = nx2l2, with monomer projection length l
and the degree of polymerization of network strands between
crosslinks nx. The structural modulus of a dry network with
monomer number density ρ0 made by crosslinking polyelec-
trolyte strands with the Kuhn length bK is equal to44−46

G k TC
n

R
b Rx K

dr B
0 in

2

max
=

(3)

where C is a numerical constant that accounts for the network
topology and crosslink functionality, kB is the Boltzmann
constant, and T is absolute temperature.
The true stress generated in the deformed gel under biaxial

deformation in the xy-plane is equal to
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A similar expression can be written down for the y-component
of the stress tensor, σyy. Since no force is applied in the z-
direction, we have
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Equations 4 and 5 can be rewritten in terms of the deformation
ratios λi, the swelling ratio of the gel Q and gel osmotic
pressure

Q F V F V( ) / /gel sol sol= + (6)

as follows

G I Q1
3

(1 2(1 /3) ) ( )xx
x

z y
dr 1

2= +
(7a)

G I Q0
1
3

(1 2(1 /3) ) ( )z

x y
dr 1

2= +
(7b)

Biaxially deformed gels are described by two independent
variables λ and Q that reflect changes in the gel shape and
occupied volume

Figure 2. Swelling and deformation of a dry polyelectrolyte network
in salt solution from volume V0 to volume V.
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After taking into account relationships given by eq 8, eqs 7a
and 7b are reduced to
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For free-standing polyelectrolyte gels, σxx = σyy = 0, resulting in
λx = λy = λz = λ = Q1/3 (eq 9a) which transforms eq 9b into the
classical Flory−Rehner expression defining the equilibrium gel
swelling ratio, Qeq

f , by balancing gel shear modulus and osmotic
pressure.
Note that our selection of biaxial gel deformation is dictated

by the setup of our coarse-grained molecular dynamics
simulations of the polyelectrolyte gel swelling and deformation
which is modeled as a gel slab surrounded by a salt solution.
This setting allows for easy exchange of salt ions between the
outside salt solution and gel’s interior as it undergoes swelling
and stretching as discussed below.

In polyelectrolyte gels, there are two contributions to
osmotic pressure associated with a solvent quality for the
uncharged polymer backbone and with a salt partitioning
between the polyelectrolyte gel and the surrounding solvent.
The ionic contribution to the osmotic pressure is accounted
for by using Donnan’s equilibrium condition for the ionic
species.47 Assuming a θ-solvent condition for the polymer
backbone, the osmotic pressure of a polyelectrolyte gel has the
following form

Q k T Q k T f Q( )
1
3

( ( ) 4 2 )B 0
3

B 0
1 2

s
2

s= + +

(10)

In writing the ionic term of the osmotic pressure in eq 10, we
assume that all counterions are “free” and contribute to the
osmotic pressure.
Our analysis of the polyelectrolyte gel mechanics presented

above considers a network dry state as a reference state.
However, for polyelectrolyte gels, their mechanical properties
in the dry state could be significantly different from those in
the swollen state due to the association of ionizable groups
playing a role of additional crosslinks. Therefore, it is
convenient to rewrite eqs 9a and 9b by considering an
equilibrium swelling state of a free-standing polyelectrolyte gel

Figure 3. (a) Schematic representation of gel shape as a function of gel’s deformation ratio α with respect to the equilibrium swollen state. Swelling
and deformation of a polyelectrolyte network with structural modulus in the dry state Gdr=0.01 kBT/σ3 with monomer number density ρ0 = 0.2 and
β = 0.04 in salt solutions. Dependence of the biaxial stress σxx (b) and equilibrium gel swelling ratio Q̃ = Q/Qeq

f (c) on deformation ratio α for
polyelectrolyte gels with fraction of the ionized groups f equal to 0.25, 0.5, 0.75, and 1.0 (corresponding to the colors from light to dark) and
different salt concentrations corresponding to ρs/ρ0= 0.015 (squares), 0.05 (circles), and 0.5 (triangles). (d) Dependence of the gel swelling ratio Q̃
on βgelI1̃/3 for polyelectrolyte gels shown in panel b.
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with a swelling ratio Qeq
f as a reference state. Defining the gel’s

deformation ratios αi with respect to this state, we arrive at

Q Q Q Q Q

I Q

/ ; / ; / ;

(2 / )

x y
f

z
f

eq
1/3 2

eq

1
2 2 4

= = = = =

= +

G G Q Q/ ;f f
gel dr eq

1/3
gel eq

2/3= = (11)

In these new variables, eqs 9a and 9b are rewritten as follows
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Figure 3 combines the results of the numerical solution of
the eqs 12a and 12b with the osmotic pressure term given by
eq 10 replotted in terms of relative deformation ratio α. Figure
3a illustrates gel shape evolution starting from the equilibrium
swelling state described by Qeq

f to highly asymmetric biaxial
deformation. The dependence of stress upon the stretching of
polyelectrolyte gels is shown in Figure 3b. All curves
demonstrate a monotonic increase of the stress with gel
deformation with a strong nonlinear response when individual
strand deformation approaches the fully extended strand limit.
The gel swelling ratio Q̃ is a nonmonotonic function of gel
deformation (Figure 3c). It first increases with gel deformation
and then begins to decrease. The decrease in Q̃ as in the case
of gels of neutral polymers indicates that a gel begins to shrink
upon deformation expelling a solvent in order to minimize
strand elongation caused by a combination of stretching and
swelling. The height of the maximum of Q̃ increases while its
location moves to the right with decreasing the fraction of
ionized groups f and increasing salt concentration, indicating a
weakening of the osmotic effect of the salt ions and
counterions on the equilibrium gel swelling ability. In addition,
both these effects result in weaker pre-stretching of the gel
strands upon equilibrium swelling, providing a larger
deformation window before the gel strands reach the nonlinear
deformation regime. To highlight the role of nonlinear strand
deformation in such gel response, we plot the normalized
swelling ratio Q̃ as a function of βgelI1̃/3 (Figure 3d). By
representing gel deformation as βgelI1̃/3, we effectively plot the
gel swelling ratio as a function of the ratio ⟨R2(α)⟩/Rmax

2 , which
characterizes the degree of elongation of the network strands.
These curves have a peculiar shape with a double value of Q̃ as
a function of βgelI1̃/3 in the regime where biaxial extension
changes to uniaxial extension (biaxial compression). This curve
shape immediately follows from the definition of the first
deformation invariant in terms of α and Q (eq 11).

■ COMPUTER SIMULATIONS OF
POLYELECTROLYTE GELS

We performed molecular dynamics simulations of the
deformation of the gel film immersed in salt solution (Figure
4). We use a coarse-grained representation of polymer gels and
small ions by modeling them as beads interacting through the
truncated-shifted (WCA) potential:
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(13)

For all beads, the Lennard-Jones interaction parameter εLJ =
1.0kBT and the cutoff radius r 2cut

6= . The connectivity of
beads into gel strands are modeled by a combination of the
FENE potential:

U r KR
r
R

( )
1
2

ln 1FENE 0
2

2

0
2

i
k
jjjjj

y
{
zzzzz=

(14)

with the spring constant K = 30kBTσ−2 and the maximum bond
length R0 = 1.5 σ, and pure repulsive WCA potential with εLJ =
1.0 kBT and cutoff radius r 2cut

6= . The electrostatic
interactions between charged beads with charge valences qi
and qj separated by a distance rij are described by the Coulomb
potential:

U r k Tl
q q

r
( )ij

i j

ij
Coul B B=

(15)

Figure 4. Snapshot of the simulation box containing a film of
polyelectrolyte gels made of negatively charged strands surrounded by
salt. Neutral beads on the polymer backbones are shown in white and
negatively charged beads are colored in green. Positively and
negatively charged ions are shown in red and blue colors, respectively.
The inset on the bottom illustrates definition of the fraction of
charged groups on gel strand with 8 beads. Crosslinker beads (gray)
are not included in these calculations.
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The Bjerrum length was set to lB = 1.0 σ and charge valence
was equal to qi = ± 1. The temperature was set to T* = 1.0
kBT/εLJ.
The gel film was prepared by end-crosslinking chains with

the degree of polymerization N = 8 to crosslinking beads
uniformly distributed withing a film thickness (Figure 4). Each
crosslinking bead is connected to four polymer chains. The
film contains 1000 crosslinks and 2005 chains. The fraction of
charged beads on the chain is varied between f = 0.125 and 1.0.
The equilibrated film was placed in the middle of the
simulation box which was filled with counterions and salt
ions (Figure 4). Details of the network preparation and
equilibration procedures are described in the Supporting
Information. The simulations of gel deformation were
performed under 3D periodic boundary conditions and a
constant pressure in the z-direction. In particular, the stress−
deformation curves in the swollen state were determined from
a set of biaxial deformation simulations. In these simulations, a
new deformed state was obtained by a series of small affine
deformations xi → (1 + Δλ)xi and yi → (1 + Δλ)yi with a
constant rate increment Δλ = vt with v = 0.01σ/τ by
maintaining pressure in the z direction constant at P = Pext.
The Nose−́Hoover style thermostat with time constant 5.0τ
and barostat in the z-direction with external pressure set at Pext
and time constant 5.0τ, where τ = σ(m/εLJ)1/2 is the standard
Lennard-Jones time of beads with diameter σ, mass m, and the
Lennard-Jones interaction parameter εLJ; the bead mass was set

to unity in mass units for all beads. The velocity-Verlet
algorithm with a time step Δt = 0.005τ was used for the
integration of the beads’ equations of motion. The electrostatic
forces between charged beads were calculated by implementing
the PPPM method with accuracy 10−4. The Pext value was
selected in such to have a required salt concentration outside
the gel by using the pressure/salt concentration calibration
curve obtained from separate simulations of salt solutions
(Figure S3). All simulations were performed using
LAMMPS.48

In Figure 5, we illustrate how changes in salt concentration
and fraction of the charged groups on gel strands influence
gels’ mechanical response. The data shown in Figure 5 are in
very good agreement with predictions of a nonlinear version of
the Flory−Rehner model of polyelectrolyte gel elasticity
(Figure 3). Specifically, simulations confirm that with
increasing the fraction of charged monomers f, the gel strands
are more swollen, which shifts the crossover to the nonlinear
gel deformation regime to smaller α-values (Figure 5b). The
same trend continues for the dependence of normalized
swelling ratio Q̃ on deformation α (Figure 5c) where the
location of the maximum shifts toward smaller α-values while
its magnitude is decreasing. The addition of salt reduces
equilibrium gel swelling shifting the location of the maximum
to larger α and increasing its magnitude (Figure 5c). Note,
however, there are noticeable differences in Q̃ as a function of
βgelI1̃/3 plots shown in Figures 3d and 5d. The theoretical plots

Figure 5. (a) Snapshots of gel shape as a function of gel’s deformation ratio α with respect to the equilibrium swollen state. Dependence of the
biaxial stress σxx (b) and equilibrium gel swelling ratio Q̃ = Q/Qeq

f (c) on the deformation ratio α at different salt concentrations for polyelectrolyte
gels with fraction of the ionized groups f equal to 0.125, 0.25, 0.5, and 1.0 shown by red, green, and blue symbols, respectively. (d) Dependence of
the gel swelling ratio Q̃ on βgelI1̃/3 for polyelectrolyte gels is shown in panel b.
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are more symmetric and round, while simulation data clearly
show the change of curvature in the limit of large strand
deformations. This is a manifestation of the excluded volume
effects of counterions and salt ions at large gel deformations
when the free volume available to small ions within a gel
significantly diminishes (see Figure 5a). This effect is not
included in our theoretical model.
To confirm that our model of nonlinear network elasticity

correctly captures the gel elastic response in Figure 6a and to

highlight the nonlinear effect in gel deformation, we plot the
Mooney stress:17

G I
Q

Q
G I( )

1
3

(1 2(1 /3) )yy1

2

4

1

gel gel 1
2i

k
jjjj

y
{
zzzz = +

(16)

as a function of I1̃/3. The lines are the best fits to eq 16 by
considering Ggel and βgel as fitting parameters. The data are
summarized in Table 1. Figure 6b combines all gel deformation
data in one universal plot, confirming the validity of the
functional form given by eq 16.
Figure 7a shows the dependence of polyelectrolyte gel

structural modulus, Ggel, on the equilibrium gel density ρgel at
different salt concentrations and fractions of the ionizable
groups, f. The gel modulus monotonically decreases with
increasing gel swelling (decreasing gel density), which is
directly related with fraction of the ionizable groups on
network strands. The data sets are clearly separated into two
groups: one for lower salt concentrations (ρsσ3 ≤ 0.01) and
another for high salt concentrations (ρsσ3 > 0.01). Note that
the gels in these groups with f = 0.125 and 0.25 could hardly be
called polyelectrolyte gels since the network strands have one
or two charges. The more pronounced effect of salt
concentration on the gel swelling and shear modulus is
observed for ρsσ3 > 0.01. The grouping of these data sets could

Figure 6. (a) Dependence of the Mooney stress on the first
deformation invariant for swollen polyelectrolyte gels. The lines are
the best fits to eq 16. (b) Normalized shear modulus G(I1̃)/Ggel as a
function of βgelI1̃/3. Data and symbol notations are summarized in
Table 1.

Table 1. Summary of Simulation Results

Figure 7. (a) Dependence of gel modulus Ggel on equilibrium gel
density ρgel for different salt concentrations and fraction of the ionized
groups f. (b) Gel extensibility ratio βgel as a function of ρgel. (c)
Dependence of gel modulus G0 at small deformations on equilibrium
gel density ρgel. Symbol notations are summarized in Table 1.
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indicate the onset of counterion condensation with increasing
salt concentration. As expected, the addition of salt results in
the decrease in gel swelling ability and an increase in gel
modulus. The gel extensibility ratio βgel (Figure 7b) monotoni-
cally increases with decreasing gel density indicating a strong
prestretching of the gel strand at equilibrium swelling. All data
sets collapse into a universal curve described by the scaling
relation βgel∼ρgel

−2/3, in accordance with eq 11.
The shear modulus of polyelectrolyte gels at small

deformations

G G
1
3

(1 2(1 ) )0 gel gel
2+

(17)

depends on both the structural shear modulus Ggel and
extensibility ratio βgel. The combined effect of these two
parameters results in a monotonic decrease of the shear
modulus G0 with gel density ρgel (Figure 7c). This unexpected
modulus dependence is due to the dominant contribution to
gel elasticity by the finite strand extensibility associated with
the divergent term in eq 17. Thus, the modeled polyelectrolyte
gels achieve equilibrium swelling in the limit of large strand
elongations.
Figure 8a,b shows the evolution of charge distribution across

the simulation box with increasing gel deformation. Specifi-

cally, Figure 8a shows dependence of the ion density within a
gel on the gel deformation. The magnitude of positive ion
density decreases with increasing the deformation ratio α. Note
that the net charge of the gel is zero, which is confirmed by the
overlap of the density profiles of positive and negative charges
combined in Figure 8b. At large deformation, α = 1.305, there
is structuring in charge distribution on the polymer backbones

due to the strong alignment of the network strands imposed by
the strand packing constraints.

■ CONCLUSIONS
We utilize a combination of analytical calculations and
molecular dynamics simulations to investigate the biaxial
nonlinear deformation of polyelectrolyte gels in salt solutions
as a function of the fraction of ionizable groups on the network
strands and salt concentrations. The results from both theory
and simulations reveal that polyelectrolyte gels undergo
deswelling with increasing deformation. This process is driven
by the optimization of the stretching of the network strands
and osmotic pressure of the counterions and salt ions (Figures
3 and 5). The crossover point to the deswelling regime shifts to
the smaller deformation ratios α with decreasing salt
concentration and increasing fraction of the ionizable groups
on network strands. Note that this deswelling behavior mirrors
that observed in brush gels under uniaxial deformation.49 Our
analysis of the gel deformation (Figure 6) shows that the gel
nonlinear elastic response is well described by a model based
on the nonlinear deformation of semiflexible strands with a
characteristic quadratic divergence of stress at large deforma-
tions (eqs 9a and 9b). The gel extensibility ratio βgel, which
governs the network nonlinear response, scales with gel density
as βgel ∝ ρgel

−2/3. This scaling relation is in very good agreement
with the nonlinear gel deformation model (eq 11).
The developed framework to study polyelectrolyte gel

swelling and deformation is different from the currently
adopted approach. Instead of using hybrid of molecular
dynamics simulations and Monte Carlo simulations for ion
exchange between a gel and a salt reservoir,38,50−52 we
performed simulations of the gel film surrounded by salt
solution. This setup has an advantage since it does not suffer
from simulation slow down due to the rejection of insertion
steps at large densities of salt ions and monomers in a gel. For
the first time we studied polyelectrolyte gel deformations in the
linear and nonlinear deformation regimes. Our model of the
nonlinear gel elasticity is based on the expression for
deformation of the semiflexible strands,53,54 which is more
realistic in describing large deformations of different network
systems43,54−58 than a network model based on deformation of
the freely jointed strands.17,20,38,59

Our approach can be extended to examine the effects of gel
deformation on the dissociation equilibrium of ionizable
groups in gels of weak polyelectrolytes.50,52,59,60 Such a study
could illuminate the interplay between solution pH and
nonlinear gel elasticity. We hope that this work will prompt
further studies in this area.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.macromol.3c01034.

Computer simulation details, equilibration of the
polyelectrolyte gel films in salt solutions, concentration
dependence of the pressure in salt solutions, and time
evolution of the PE gel density during production runs
(PDF)

Figure 8. (a) Density profiles of positively charged salt ions and
counterions (thick lines) and negatively charged salt ions (thin lines)
along the z direction for different deformation ratios α =
0.384,0.461,0.614,0.921,1.305 of gels with f = 0.5 in a solution with
bulk salt concentration ρs = 0.01σ−3. (b) Density profiles of positive
charges (thick lines) and negative charges including charges on the
network strands (thin lines) along the z-direction for the data sets are
shown in panel a.
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