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ABSTRACT.

In this work the effect of volume exclusion on ionic partitioning in swollen and
moderately collapsed gels has been studied through coarse-grained simulations. Our
results show that finite size effects yield deviations from the classical theory of Donnan
exclusion. At low or moderate reservoir electrolyte concentration these discrepancies
become important if one of the ions has diameters of just a few nanometers. When the
reservoir electrolyte concentration grows, volume exclusion can lead to a drastic failure
of the ideal Donnan exclusion even for conventional hydrated monoatomic ions. In
addition, an approximate analytical expression for the partition coefficient of ionic
species including the volume exclusion associated to the polymer network and the
neutralizing counterions has been proposed and tested. This theoretical approach also
provides an expression for the Donnan potential difference that takes such effects into
account. Good agreement between theory and simulations is found for slightly and
moderately charged gels (both at low and high reservoir electrolyte concentrations). The
theory also works acceptably for highly charged gels at high salt concentrations or for

electrolytes with large counterions.
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INTRODUCTION.

Certain polymers and polyelectrolytes can be synthesized forming cross-linked
networks usually known as gels, microgels or even nanogels, depending on the size of
the network. One of the most intriguing properties of hydrogels and their submicron
counterparts is their ability to uptake and release aqueous solutes in a controlled fashion
since they can absorb large amounts of water in response to changes in some
environmental conditions, such as temperature and/or pH.l’2 The equilibrium ratio of the
solute concentration in a porous material to that in bulk solution, known as the partition
coefficient, plays a key role innumerous separation processes (such as chromatography
ultrafiltration or gel electrophoresis) in which gels are involved. It is also an important
quantity in some biomedical applications of these smart materials, such as the controlled
uptake and release of pharmaceuticals.” In addition, there is a direct interplay between
the partitioning of a given electrolyte into a gel and its swelling behavior in the presence
of salt.

The quantity of solute into a gel clearly depends on the different interactions between
the polymer network and the solute. In the case of neutral solutes and absent specific
interactions, it is well established that excluded volume effects are the responsible for
partitioning. For that reason models for diverse situations and geometries have been
devised*™® since the pioneering work of Ogston, who derived an expression for the
partition coefficient in the case of spherical solute into a solution of randomly arranged
fibers.” This expression has been widely employed and, recently, it has been applied to
calculate the interactions between nanogels. '

Some of these models have been extended to macromolecular charged solutes (e.g.,

11,12

proteins, colloidal particles).” > “For instance, Johnson and Deen modified Ogston’s

model by using a Boltzmann factor that contained an electrostatic free energy to modify
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the probability of fitting a sphere in a space between fibers.''In this approach, however,
ions were only accounted for through the Debye screening parameter.

Other authors have been interested in the partitioning of cations and anions rather than
highly charged macromolecular species.”>'’ When only small ions are present,
excluded volume effects are usually neglected and partitioning is generally explained in
terms of an ideal Donnan exclusion, i.e., the reduction in concentration of mobile ions
within a permeable membrane due to the presence of fixed ions of the same sign as the
mobile ions."*">'® In this case, an expression for the Donnan potential difference (yp)
between the gel and the reservoir can be obtained from the condition of overall

electroneutrality within the gel:

(M

Where k3 is Boltzmann’s constant, e the elementary charge, 7' the absolute temperature,
Z the valence of the fixed charged groups of the gel, c,; the concentration of such

groups, z the absolute value of the valence of the symmetrical electrolyte, and c,.; its
concentration at the reservoir.

An exception in which excluded volume effects were partially considered for
partitioning of conventional electrolyte solutions is the work performed by Fatin-Rouge

1.'° These authors treated the exclusion due to volume, Donnan and specific effects

eta
separately, in such a way that the partition coefficient was expressed as a product of
steric, electrostatic (Donnan) and specific effects. They employed the pore model for the
description of volume exclusion but steric effects were not taken into account in

Donnan exclusion. In other words, Fatin-Rouge et al. used the expression for the

Donnan potential that assumes point ions (Equation 1). Some author have however
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found failures of this classical approach for moderately charged hydrogels or in the
presence of multivalent ions.'**°

Very recently, Durschet al. have also shown that the so-called enhancement factor
(defined as the quotient between the partition coefficient and the hydrogel water volume
fraction) can also be expressed as a product of the enhancement factors corresponding
to steric, electrostatic and specific interactions.!” Unlike Fatin-Rouge et al., Dursch and
coworkers have employed an expression for Donnan exclusion that does account for
excluded volume effects. Jha et al. have also proposed a modified Donnan theory for
nanogels that considers ion-ion exclusion and even predicts swelling at high salt
concentrations.”’

The theoretical expressions put forward by Fatin-Rouge ez al.'® and Durscher al.'” were
applied to the partitioning of common electrolytes and small drug molecules in agarose
and 2-hydroxyethyl methacrylate/methacrylic acid hydrogels. These expressions are
user-friendly and can be very useful for experimentalists providing that their validity is
previously tested. For instance, Fatin-Rouge et al. reported specific interactions between
metal ions and the gel.'® Unfortunately, a recent work has shown that the pore model
(employed by these authors) provides a poor description of such effects in the case of
cross-linked polymer networks.”> Thus the deviations induced by such a description
might be erroneously attributed to other effects and lead to wrong conclusions. For
instance, recent simulations have explained why pore sizes obtained from the pore
model by fitting experimental partitioning data are systematically overestimated.*
Computer simulations are extremely helpful when tailor-made systems are highly
recommended. Indeed diverse aspects of partitioning in fibrous media (such the effect
of the solute concentration) have been investigated through simulations. In these works,

fibers were usually modeled as separate cylinders. In a recent work,” however, gels
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have been modeled as crosslinked sequences of beads. In this way, certain aspects of
real gels such as flexibility and crosslinking were accounted for. In fact, some
researchers have also simulated charged gels within diverse bead-spring models of

23-30

polyelectrolyte, in which a single bead represent a small group of atoms (coarse

graining).”®?! This powerful tool, which has been also employed in studies on
adsorption and collapse of polyelectrolytes,”> ' is particularly helpful for the analysis of
some non-specific aspects on gels, such as charge and size effects, since electrostatic
and excluded-volume interactions can be explicit and directly considered. As an
additional illustrative example, we might comment that very recent coarse-grained
simulations have studied polyelectrolyte gels as a tool for specific viral detection.*?

According to the preceding introduction, our main objective is to propose and test a
simple model for considering excluded volume effects on ionic partitioning in gels. We
will also pay special attention to the effect of size exclusion on Donnan exclusion. It
should be mentioned, however, that our work is restricted to the partitioning induced by

nonspecific forces. Very recently, a theoretical approach has focused on the role played

. . . . . .. . 43
by specific interactions in ionic partitioning.

MODEL AND SIMULATION.

Model.

The usual model for gels and microgels consists in an idealized representation of a
polymer network in which monomer units and cross-linkers are modeled as spheres of
diameter d,. Each polymer chain is considered a sequence of a given number of
spherical monomer units (beads), designated by Np.,e. The number of fixed charged
beads per chain and the corresponding fraction are symbolized by Npurgea and f

(=Ncharged/Npeaa), respectively. The charge of every fixed charged group is —e (ie.,
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Zpe =—1). Four polymer chains can be connected to every crosslinker molecule. Ions

(with their corresponding hydration shells) are also modeled as spheres. As usual in
many coarse-grained models, the solvent is only taken into account though its relative
permittivity, €. What we actually simulate is a small and inner piece of the gel (or
microgel), assuming that the rest of the network, replicated through periodic conditions,
behaves in the same manner. In this work, we set d,=0.7 nm since many monomers
used in pharmaceutical applications have diameters close to this value.””> The short-
range repulsion between any pair particles due to excluded volume effects can be

modeled by means of purely repulsive Weeks—Chandler—Andersen poteni:i211:25’26’28’44

d% d° 1
4 ———t— <{d
€U(r12 r6 +4j r (2)

0 r>§/§

where 7 is the centre-to-centre distance between a given pair of particles, ,,~4.11- 107
Jand d =(d, +d,)/2 .All the charged species (charged monomers and ions) interact
electrostatically through the Coulomb potential:

4.9,
uelec (7") = (3)
4neye, 7

where ¢; is the charge of species i and g is the permittivity of vacuum. Consecutive
beads of a chain are connected by harmonic bonds, whose interaction potential

i8123’24’33’45

k
ubund (r) = % (r - rO )2 (4)

where kponq 1s the elastic constant (kp0,=0.4 N/m) and ry is the equilibrium bond length.
Simulations.
As mentioned previously, gels have the ability to change their volume in response to

environmental stimuli. In this work, however, the mechanisms responsible for the
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swelling or collapse of gels do not concern us. For that reason, the different volume
fractions in which we are interested are simulated just adjusting the dimensions of the
simulation cell while the number of particles of the network remains fixed. In other
words, the network is simulated in the canonical ensemble, in which volume,
temperature and the number of particles of the network remain fixed. Periodic boundary
conditions were applied to the cubic simulation box that contained the particles of
different species, including 8 nodes and 16 polymer chains. Different authors have
employed these numbers of nodes and polymer chains in similar simulations.>2%*#
Some of them have additionally checked that the effect of the cell size is not important
for the computation of certain global properties (such as the gel volume, or the osmotic
pressure) comparing with results for 8-fold larger cells.”* In this work, we have also
checked that cell size hardly affects the computation of partition coefficients employing
these cells. In any case, the nodes were initially positioned on a diamond lattice whereas
the monomer beads were distributed along the lines connecting them. Boltzmann-
weighted configurations were generated using the conventional Metropolis Monte Carlo
(MC) protocol.

It should be mentioned, however, that the electrolyte in equilibrium with the reservoir
was simulated in the grand canonical ensemble implementing the method of Valleau
and Cohen.”” The MC simulation in the GC ensemble consists of three moves
(displacement, insertion and removal). As the condition of electrical neutrality of a
system had to be preserved, electroneutral groups of p cations and ¢ anions were
inserted at random positions or were randomly selected from the ions contained in the
box and removed when insertions or removals were attempted, respectively. The

probability of acceptance of these trial moves were given by:
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p q
AMc + ln (cres NA VY) + ln (cres NA VY)
kT TV, +) [TV +0)

acc(insertion) = min| 1, exp| —

) Au, N, N_
acc(removal) =min| L,exp| —-——=+ pln————+¢gln—— (6)
kBT CreSNA VY CreSNA VY
Where: Ny is Avogadro’s number, V is the volume of the simulation cell, Au. and Auy
are the potentials of creation and destruction, respectively, N and N. are the current
numbers of ions before the insertion or removal attempts, and v is the mean activity

coefficient, which must be determined from a pure electrolyte simulation before

simulating the gel.

THEORY

Expressions for the Donnan potential difference and partition coefficients.

In this section, an approximate analytical expression for the partition coefficient will be
derived. Phase equilibrium requires that solute chemical potential in the reservoir equals

the chemical potential inside the gel:

wW+zey™ +k,Tlne” =pu) +z,ey* +k,Tlnct +us (7

Where ! is the ideal solution standard-state chemical potential (per particle) for
uncharged point ions of species #, z; is the valence of species i, y'*and y* are the
electrostatic potential at the reservoir and the gel, respectively, c/“and cf are the

concentrations of species i at the reservoir and the gel, respectively, and p;is the

excess chemical potential (of species i) associated to excluded volume effects in the gel.
Two ionic species are considered in this work: monovalent cations (=1, counterions in

our case, z, = +1) and monovalent anions (i=2, coions, z, =—1). The reader should

keep in mind that: i) ¢ equals the concentration of electrolyte inside the gel coming
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from the reservoir; ii) ¢ >cf for f >0 (charged network), since ¢ not only

includes the counterions coming from the external electrolyte but also those neutralizing
the fixed charged groups of the gel. In addition, the condition of electroneutrality
demands:

gel gel

201 + 2,6 + ZpaCrq =0 (8)

From Equation 7, it can be easily shown that:

gel _,exc _
K = G exp i exp %V 9)
o k,T k,T

i

res

where v, =y*' —y’® and K; is the partition coefficient. Dividing each term of

res

Equation 8 by ¢ =c)” =c¢", setting z, = +1 and z, =—1, inserting Equation 9 (with

i=1 and 2), and solving for v , yields:

exc 2
exp(— My J
kT kyT ZrGCrG Zr6CrG

Vp=— In — T - -
e H ;xc res u ;xc res H fxc
expl ——— 2¢™ exp| ——— 2¢"” exp| ———
p( kBTJ P( kBTJ P( kBTJ

It can be easily shown that Equation 10 reduces to Equation 1 when excluded volume

(10)

effects are neglected (pu;™ =0). In any other case, however, the Donnan potential
difference depends on finite size effects. In other words, excluded volume and
electrostatic effects are coupled in partitioning since, according to Equations 9 and 10,
the partition coefficient cannot be expressed as the product of two completely
independent factors associated to the corresponding effects. At this point, it is worth

mentioning that ¢, can be estimated from the polymer volume fraction as:

69,1

Cor =
FG 3
nd,

(11)

10
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Approximate expressions for the excluded volume chemical potential.

In any case, p;“ must be specified to predict partition coefficients. In general, chemical
potentials depend on ionic concentrations inside the gel, ¢/ . Thus, after inserting

Equation 10 and specifying p;, Equation 9 involves a set of two algebraic equations

(whose unknown quantities are cf and ¥ ) that must be solved numerically if

approximations are not used. In this work, however, we will provide an approximate
analytical expression for the partition coefficient that depends on the polymer volume
fraction but does not depend on ¢, which considerably facilitates its application in
practice.

. . . exc 8.48
If the polymer and ionic volume fractions are low enough, p™ can be expressed as:™

exc
Hi

=o,Q +a, +a, 12
kBT ll(pl 12(p2 lp(Pp ( )
where ¢; and @, are the volume fractions of ions 1 and 2 (counterions and coions),

respectively, and a;; (with j=1, 2 and p, ions 1, 2 and polymer) are geometrical factors

. .7
whose functional form is:

d‘ n
o, =|1+—+ 13
y { djj ( )

Where, d; is the diameter of species i, n=3 for two spherical species and n=2 when the
exclusion between a sphere and a cylinder is considered (recovering Ogston’s formula
in this case). Obviously, n=3 for a;; and o, since ions are modeled as spheres, but the
n-value for a;, deserves some discussion. As the polymer chain is modeled a sequence
of spherical beads, one might initially think that n=3 as well. However, a previous work
has shown that this necklace can be modeled as a fiber (cylinder) of diameter d,, if the

solute is large enough. In this case, n=2.%

11
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a)
space partially accessible to
solute solute (n=3)

polymer
chain

solute space hardly accessible to

solute: polymer chain
modeled as a cylinder (n=2)

polymer
chain

FIGURE 1. Schematic picture illustrating the meaning of exponent n. a) Solutes with
sizes comparable to or smaller than the monomer units can partially access to the space
between them (n=3); b) Large solutes (compared to monomer units) can hardly access
to the space between them and, consequently, the polymer chain can be modeled as a
cylinder (n=2).

Figure 1 can help us to understand the reason for this. As can be seen, solute particles
can partially occupy the space between adjacent polymer beads if the dimensions of the
solute molecules are comparable to or smaller than the monomer dimensions. In this
case, the polymer chain can be really modeled as a sequence of beads and »=3.
However, the situation becomes different when the solute is much greater than the
polymer beads since the interstices between adjacent beads are not accessible. In this

case, the polymer chain can be thought of as a fiber (n=3) rather than a sequence of

spheres. In this work, these two limit values will be considered for n (2 and 3).
gel gel

As we have previously supposed, Equation 12 involves ¢ and ¢5;° through ¢, and @,

respectively, which are just the quantities that we want to predict. In order to avoid

12

Page 12 of 30



Page 13 of 30

Physical Chemistry Chemical Physics

advanced numerical treatments, we will also assume that @, is negligible as compared to
¢p. This assumption seems sound if the electrolyte concentration at the reservoir is low

enough and/or the gel is moderately (or highly) collapsed and, in any case, it implies

that ¢5 is negligible as well. In turn, this means that ¢ ~ c,. Accordingly, @; can

be estimated from ¢,, as follows:

6 d’?
o =<, ar 280 _di

6 6 n  a (14)

Thus we finally obtain:

3 n
_exc d d3 d
F]‘;_Tz[(ud—’J d—gf+(1+d—’] :l(pp (15)
1 m m

Inserting this approximate result into Equations 10 and 9 leads to easy and
straightforward predictions of the Donnan potential difference and the partition
coefficient providing that ¢, is known. The reader should bear in mind that Equation 15
accounts for not only volume exclusion associated to the polymer but also finite size
effects associated to the counterions that neutralize the charge of the network, whose

contribution is also proportional to ¢,. This constitutes a novelty itself.

As mentioned previously, after specifying u;™, Equations (9) and (10) constitute a set

of coupled algebraic equations, which can be numerically solved. To figure out if the
approximations that lead to analytical expressions ( @, ~0 and Equation 14) are
reasonable, the predictions obtained for K, from such analytical expressions were
compared to the numerical solution of this set of equations. For 0.7/0.7 electrolytes, the
results were almost identical. For 2.8/0.7 electrolytes, some small differences were
found. Just as an example, Figure 2 shows the numerical and approximate solutions for
2.8/0.7, n=2 and franging from 0.0208 to 0.50. As can be seen, the K,-values obtained

numerically are slightly smaller than the approximate ones, but the discrepancies can be

13
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observed only at low polymer volume fractions and low f-values. This is logical since,

in this case, @, is not negligible as compared to @, or @; (approximation involved).

f=0.0208

f=0.0833

0.1

FIGURE 2. Partition coefficient K obtained from theoretical predictions as a function
of the polymer volume fraction for networks with different f~values (f'= 0.0208, 0.0833,
0.25 and 0.50) in the presence of the electrolyte 2.8/0.7. Theoretical predictions were
obtained from the numerical solution of the set of coupled equations (9, 10 and 12)
(solid lines) and using the approximation given by equation 15 (dashed lines).
RESULTS

In this work, we have simulated gels with polymer chains of 48 beads (Np..s= 48) at 298
K. In the main set of simulations, a reservoir electrolyte concentration of 1 mM was
chosen. Four monovalent electrolytes with different ionic sizes, summarized in Table 1,
have been studied in this work.

As can be seen, all the electrolytes that appears in this table include at least one type of
ion (cation and/or anion) with d; = 0.7 nm. This ionic size is representative for many

hydrated monatomic cations and anions (if the hydration shell is included)* as well as

some drugs (e.g., theophylline, caffeine).'” However, other drugs with ionized groups

14
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have greater diameters (e.g., hydrocortisone, acetazolamide)."” Thus it would be
interesting to explore what happen if one of the ions has a greater size. For this reason,
ions with deliberately larger diameters (d; = 2.8 or 3.5 nm) have been also included in
our survey.

TABLE 1. Ionic sizes and mean activity coefficients (at 1 mM) of the electrolytes

analyzed here.

Electrolyte Counterion diameter | Coion diameter (d,), nm | Mean  activity
(dy), nm coefficient (y)
0.7/0.7 0.7 0.7 0.9706
2.8/0.7 2.8 0.7 1.0115
3.5/0.7 3.5 0.7 1.0551
0.7/2.8 0.7 2.8 1.0116

For the ionic sizes explored in this survey, this implies ionic volume fractions that range
from 0.0001 to 0.01 (in round numbers). Consequently, such a reservoir concentration
can be considered dilute for many purposes (such as some previous assumptions made
in the theoretical model). First, it is quite instructive to analyze the predictions of
Donnan potential difference obtained from Equations 10 and 15 for the different
electrolytes mentioned previously and a slightly charged gel (f'= 0.0208, more charged
networks will be discussed later).

Figure 3 shows such predictions for the four above mentioned electrolytes. n=2 was
applied. The prediction in the absence of finite size effects is also plotted for
comparison. As can be seen, the deviations of yp from the ideal behavior for
counterions of 0.7 nm are not significant for polymer volume fractions below 0.1. In
contrast, the deviations from the ideal behavior caused by excluded volume effect

significantly increase when the counterion diameter grows.

15
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0.0 5

-0.14

-0.24

v, V]

-0.34

1E-3 0.01 0.1

FIGURE 3. Donnan potential difference predicted by Equations 10 and 15 as a function
of the polymer volume fractions for a network with /= 0.0208 and »=2 in the presence
of four different electrolytes: 0.7/0.7, 0.7/2.8, 2.8/0.7 and 3.5/0.7. The prediction of
Equation 1 (ideal Donnan) is also plotted (dashed line).

Now it is interesting to look into how partitioning deviates from the ideal Donnan
exclusion partitioning when finite size effects are accounted for. Figure 4 shows the
partition coefficient obtained from simulation as a function of the polymer volume

fraction for the same system and conditions as in Figure 3. The prediction assuming
ideal Donnan exclusion is also plotted for comparison. Given that cfd tells us the

concentration of electrolyte coming from the reservoir, we have preferred to analyze K.

16
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a
"3 Nbead= 8, charged=
0.1—:
g ]
= 0.7/0.7
A 28/0.7
0019 7 3507
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FIGURE 4. Partition coefficient K, obtained from simulations as a function of the
polymer volume fractions for a network with /= 0.0208 in the presence of four different
electrolytes: 0.7/0.7 (squares), 0.7/2.8 (circles), 2.8/0.7 (up triangles) and 3.5/0.7 (down
triangles). Theoretical predictions obtained from Equations 9, 10 and 15 (solid lines) for
n=2 and n=3 are also plotted in Figures 4a and 4b, respectively. The prediction ideal
Donnan exclusion is also plotted (dashed line).
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In relation to this figure, it should be first stressed the importance of ionic size in
partitioning. Figure 4 clearly reveals that the partition coefficient draws away from the
ideal Donnan exclusion when the size of counter- or coions grows. More specifically,
the discrepancies increase following the sequence: 0.7/0.7, 0.7/2.8, 2.8/0.7 and 3.5/0.7.
The predictions obtained after inserting yp into Equation 9 are also plotted for n=2
(polymer chain modeled as cylinder or fiber) and #n=3 (polymer chain modeled as
sequence of beads) in Figure 4a and 4b, respectively. As can be seen in Figure 4a, the
agreement between theory and simulation is good (taking the simplicity of the model
into account) not only qualitatively but also quantitatively for n=2. For n=3 (Figure 4b)
the agreement between theory and simulation is slightly better for the electrolyte
0.7/0.7, which suggests that polymer chains behave as sequences of beads rather than
fibers. However, the predictions obtained with n = 2 for 0.7/2.8, 2.8/0.7 and 3.5/0.7 are
clearly better than those obtained with n = 3. This means that, theoretically speaking,
polymer chains can be modeled as fibers when greater ions are present. As mentioned
above, the interstices between adjacent beads of the polymer chains are hardly
accessible for large solute particles. This also explains why such chains are seen as
cylinders rather than a sequence of spheres.

At this point, it is interesting to analyze the effect of charge. In the following subset of
simulations, different fractions of charged monomers were simulated for the 0.7/0.7
electrolyte: /= 0.0208, 0.0833, 0.25and 0.50 (corresponding t0 Nepargea = 1, 4, 12 and
24, respectively). Figure 5 shows the corresponding partition coefficients as a function
of the polymer volume fraction. The predictions obtained from Equations 10, 11 and 12,
with n = 2 are also plotted. As can be seen, the agreement between theory and
simulation is good for slightly charged gels (f= 0.0208 and 0.0833). When f'is increased

up to 0.25, some numerical discrepancies appear between theory and simulations. This

18
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disagreement clearly grows for /= 0.50. As can be seen, the K,-values obtained from

simulations are greater than those predicted by Equation 12.

0.14

0.01 f=0.5

ideal Donnan
prediction

FIGURE 5. Partition coefficient K, obtained from simulations as a function of the
polymer volume fractions for networks with f= 0.0208 (squares), 0.0833 (circles), 0.25
(up triangles) and 0.50 (down triangles) in the presence of the electrolyte 0.7/0.7.
Theoretical predictions with n=2 (solid line) are also plotted. In the case of /=0.5, the
prediction obtained from the assumption of ideal Donnan exclusion was also included.

This happens even for low volume fractions, when excluded volume effects are
negligible and the prediction that includes such effects tends to the ideal Donnan
exclusion. These differences cannot be attributed to the approximations made to obtain
analytical expressions for the partition coefficient, since the numerical solution is even
slightly smaller than the analytical one (as seen in Figure 2). Thus the failure of the
theory for moderately charged gels could be attributed to electrostatic (Donnan) effects.
Recently, Hopfner et al. have also reported that the classical Donnan approach

underestimates the concentration of salt inside the gel for moderately charged

hydrogels. These authors employed a similar model but their work is restricted good
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solvent conditions (when excluded volume effects are not expected to play an important
role) and smaller ions (d;=0.35 nm).

To understand why the assumption of ideal Donnan exclusion does not work at 1 mM if
£ is high, it is worth analyzing the counterion-counterion radial distribution function
(rdf), gni(r). Figure 6 shows this function for 0.0833 and 0.50, two f-values
corresponding to low and highly charged networks. As can be seen, g;;(r) vanishes for
distances smaller that contact distance (0.7 nm) as a result of the short-range repulsion

between any pair of particles.

2.0-
f=0.50 1 mM
1,5- /
f=0.50 100 mM
_
J:ﬁ 1,0
80
0,54
f=0.0831 1 mM
OIO T T T T T T T T T T T 1
0 5 10 15 20 25 30

r/d

1
FIGURE 6. Counterion-counterion radial distribution function, gi;(r), for three

networks in the presence of 0.7/0.7 electrolyte: = 0.0831 and 1 mM; f= 0.5 and 1 mM,;
f=0.5and 100 mM.

For larger distances, this radial distribution function (rdf) is very close to 1, which
means that the effective electrostatic repulsion between counterions is negligible and

these particles behave as an ideal gas. However, when f increases up to 0.50 the

20
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situation noticeably changes, since the rdf exhibits a high peak. Thus these particles are
now spatially ordered and the hypothesis of ideal gas does not hold anymore. As
Equation 1 was derived under this assumption, it is not surprising that the ideal Donnan
exclusion fails to predict the partition coefficient even at low polymer volume fractions.
Finally, Figure 6 also shows the rdf for /~0.5 and 100 mM. As can be seen, the peak that
the gel with /=0.5 exhibits at 1 mM has disappear as a result of the electrostatic
screening at high ionic strength. Thus the classical Donnan approach should work better

under such conditions. This will be confirmed later.

FIGURE 7. Partition coefficient K, obtained from simulations as a function of the
polymer volume fractions for networks with different f~values in the presence of the
electrolyte 2.8/0.7. Same legend as Figure 5.

After analyzing the effect of charge on the partitioning of the electrolyte solute with
identical ionic sizes (0.7/0.7), we turn our attention to electrolytes with counterions

greater than coions. Figures 7 and 8 show the partition coefficients provided by
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simulations for the same set of f-values, but with electrolytes 2.8/0.7 and 3.5/0.7,

respectively. Theoretical predictions for n = 2 are also plotted.

FIGURE 8. Partition coefficient K, obtained from simulations as a function of the
polymer volume fractions for networks with different f~values in the presence of the
electrolyte 3.5/0.7. Same legend as Figure 5.

It should be mentioned that some quantitative agreement between simulation and
theoretical predictions is now found for f=0.5, in contrast with the discrepancies
reported for 0.7/0.7, previously discussed (see Figure 5). This somewhat surprising
agreement could be justified as follows. First, the partition coefficient predicted by the
ideal Donnan exclusion, which governs the behavior at low volume fractions, does not
change when the counterions of 0.7 nm are replaced by counterions of 2.8 nm.
However, the K-values obtained from simulations reduce because accommodating

large ions is more difficult. As a result of these effects, simulation and predictions of
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ideal Donnan exclusion tends to approach at low polymer volume fractions. The
agreement at higher ¢,-values is achieved accounting for excluded volume effects.

Regarding partitioning of electrolytes at low concentration (1 mM in this work), we
finally analyze what happens if electrolytes with large coions (instead of conterions) are
considered. Figure 9 shows the partition coefficients for the same set of f~values but
now for the electrolyte with coions of 2.8 nm (0.7/2.8). In this case, the behavior
resembles that reported for counterions of 0.7 nm. For /= 0.5, theoretical predictions
again underestimate the partition coefficient, as reported for these counterions. The

reasons argued in that case could be valid now.

FIGURE 9. Partition coefficient K, obtained from simulations as a function of the
polymer volume fractions for networks with different f~values in the presence of the
electrolyte 0.7/2.8. Same legend as Figure 5.

We might then wonder why the accidental agreement between theory and simulation

reported for counterions of 2.8 and 3.5 nm and networks with /=0.5 is not observed in
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this case. To answer this question we should recall that, for high f~values and 1 mM,

counterions are much more numerous than coions.

£=0.0208 n=2

1.0
0.84

0.6 1

(gl

s
0.4-

0.2

1E-3 0.01 0.1

¢

p
FIGURE 10. Partition coefficient K, obtained from simulations as a function of the

polymer volume fractions for networks with f=0.0208, (circles) and 0.50 (down
triangles) in the presence of the electrolyte 0.7/0.7 at 100 mM. Theoretical predictions
with n=2 (solid line) and »=3 (dotted line) are also plotted. The predictions obtained
from the assumption of ideal Donnan exclusion were also included (dashed line).

Thus accommodating external counterion/coion pairs in the network is more difficult
only if the excess counterions neutralizing the gel are greater. In other words, 0.7/0.7
and 0.7/2.8 ionic pairs can enter the gel with similar difficulty. In fact, the reader can
check that the partition coefficients (obtained from simulation) at low volume fraction
(say 9,=0.001) for electrolytes 0.7/0.7 and 0.7/2.8 are almost identical (=0.3).

Although this work has been focused on the partitioning of relatively dilute electrolytes

(1 mM), we would like to show a few results for more concentrated solutions. Figure 10

shows the partition coefficient of a 0.7/0.7 electrolyte at 100 mM as a function of ¢, for
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gels with £= 0.0208 and 0.50. The predictions obtained from n = 2, 3, and the ideal
Donnan exclusion are also plotted. To begin with, let us analyze the results for the
slightly charged gel. First, it should be stressed that the partition coefficient predicted by
the ideal Donnan exclusion decays much more slowly than that obtained from
simulations. This obviously suggests that the role played by excluded volume effects in
partitioning is now much more important. In relation to this, the reader should recall
that we are dealing with the 0.7/0.7 electrolyte. If greater ions were considered, the
discrepancies between ideal Donnan exclusion and simulations would be even larger.
When excluded volume effects are taken into account, theoretical predictions are much
better. More specifically, the best agreement is achieved for n = 3, which means that the
interstices between adjacent monomer beads are partly occupied by ions.

When f increases up to 0.50, the role played by Donnan exclusion is expected to be

more important. This agrees with Equation 1, which predicts greater Donnan potential

values (in magnitude) for larger concentrations of charged groups (c,;). In fact, the

assumption of ideal Donnan exclusion works reasonably well at low polymer volume
fractions, which contrasts with the disagreement found in Figure 5 (for the same f~value,
0.50). In relation to this, we should keep in mind that electrostatic interactions
(responsible for the spatial ordering observed in Figure 6) are much more screened at
100 mM than at 1 mM. This was corroborated in Figure 4, where the rdf for f= 0.50 and
100 mM was also included. As mentioned before, the peak of this function at 100 mM
is much smaller than at I mM. Consequently, counterions are less ordered at 100 mM
and their behavior is more ideal. At any case, Figure 10 also reveals that the theoretical
predictions accounting for excluded volume effects work better than those derived from

Equation 1 at intermediate and high polymer volume fractions.
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CONCLUSIONS.

Our CG simulations reveal that excluded volume effects on ionic partitioning in swollen
and moderately collapsed gels can be important and produce deviations from the
classical theory of Donnan exclusion at low or moderate reservoir electrolyte
concentration if one of the ions has diameters of just a few nanometers (e.g., some drugs
with ionized groups). For larger reservoir electrolyte concentrations, volume exclusion
can become the dominant effect and lead to the severe failure of the ideal Donnan
exclusion even for subnanometer ions, such as conventional hydrated monatomic
cations. Apart from that, simulations also confirm that the classical theory does not
work properly for highly charged gels at low ionic strengths due to the high spatial
ordering of counterions.

Additionally, these simulations have allowed us to test an approximate analytical
expression for the partition coefficient of ionic species that accounts for the volume
exclusion associated to the polymer network and the counterions that neutralize its
charge. This theory also provides an expression for the Donnan potential difference that
takes such effects into account. Our result shows that reliable predictions of partitioning
are obtained for slightly and moderately charged gels (both at low and high reservoir
electrolyte concentrations). In these cases, the predictions in which the polymer is
modeled as a fiber agree better with simulations for electrolytes with large ions. The
theory also works acceptably for highly charged gels at high salt concentrations or for

electrolytes with large counterions.
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