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The Donnan — Manning model accurately describes the thermodynamic properties (e.g., ion sorption) of many
charged polymers equilibrated with aqueous electrolytes, such as the commercial ion exchange membranes CR61
and Nafion. It less accurately describes the ion sorption properties of sulfonated polysulfone, which is a prom-
ising desalination membrane polymer. One possible explanation is that other ionic interactions that are not
included in the Donnan - Manning model, e.g., dielectric exclusion (or ion solvation effects) that can be
described via the Born model, may have a significant influence on ion sorption in sulfonated polysulfones. We
developed a model to account for the influence of both Donnan — Manning and dielectric exclusion factors on ion
sorption properties and applied it to sulfonated polysulfones and Nafion. This Donnan — Manning — Born model
described the ion sorption properties of sulfonated polysulfones more accurately than the Donnan — Manning
model alone. The Donnan — Manning — Born model also predicted ion sorption properties in Nafion with
improved accuracy relative to Donnan — Manning predictions, but the improvement was less significant than in
the sulfonated polysulfone case. These results provide an approach for quantifying the influence of dielectric
exclusion on ion sorption in charged polymers and could be particularly important for materials where dielectric

exclusion is relevant.

1. Introduction

Polymers are promising membrane separation materials that are
used in desalination processes that separate salt and water to address
global water shortage issues [1-4]. To achieve a given desalination
separation via a polymer membrane, salt (i.e., ions) and water must
transport through the polymer at different rates [4,5]. Transport of ions
and water through a dense polymer can be described by a combination
of thermodynamic (i.e., sorption) and kinetic (i.e., diffusion) factors
[6-8]. Understanding how polymer structure influences transport
properties, through either kinetic or thermodynamic interactions be-
tween polymer and water/salt, is needed to inform strategies for engi-
neering polymers with favorable desalination properties.

Charged polymers (i.e., polymers with fixed, ionizable chemical
functionality tethered to the polymer backbone) are promising materials
for desalination applications due, in part, to their fouling resistance [9,
10], chlorine tolerance [11-13], and ability to reject salt, i.e., mobile
ions [2,14-16]. Often, this mobile ion rejection in charged polymers is
discussed, to a first approximation, in terms of Donnan exclusion
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[17-20]. Donnan exclusion describes how polymers with fixed charges
contain a higher concentration of counter-ions (which have the opposite
sign as the polymer fixed charges) in the polymer matrix compared to
the concentration of co-ions (which have the same sign as the polymer
fixed charges) [21,22]. Donnan exclusion is modeled by combining the
conditions of electrochemical equilibrium between the polymer and
external solution and electroneutrality [20,21], and in principle, the
Donnan model could be used in a predictive manner to quantify the ion
sorption properties of charged polymers equilibrated with electrolytes
[20,23-25].

Critical to the use of the classic Donnan model to predict ion sorption
properties of charged polymers is knowledge of the mean ionic activity
coefficients in the polymer [17,21], which cannot be measured inde-
pendently of the polymer ion sorption properties [20,23-27]. In the
past, researchers have circumvented this issue by using the ideal Donnan
model, where the mean ionic activity coefficient in the polymer is set
equal to that in solution (or, where the ratio of the mean ionic activity
coefficients in the polymer and solution is set equal to a constant) [16,
20,24,28]. However, the ideal Donnan model does not accurately
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describe the ion sorption properties of many materials, and this
discrepancy has led to significant efforts to reconcile the ideal Donnan
model and experimentally obtained ion sorption properties [16,20,24].

Recently, the combination of the classic Donnan model and the
Manning counter-ion condensation model (the so-called Donnan —
Manning model) has advanced efforts to model ion sorption in charged
polymers [23,26,27,29,30]. The Donnan — Manning model completes
the ideal Donnan model by incorporating the differences between the
mean ionic activity coefficients for both the solution and polymer phases
[26,29]. The mean ionic activity coefficients can be quantitatively
calculated in the polymer phase using the Manning counter-ion
condensation model and in the solution phase using a suitable model,
e.g., the commonly used Pitzer model [31-34]. While the Donnan —
Manning model does not describe the influence of specific ion effects on
ion sorption (i.e., does not describe differences in ion sorption properties
for polymers equilibrated with different electrolytes of the same valence
[26,27,35,36]), it effectively describes the sodium chloride sorption
properties of some commercially available charged polymers such as
CR61, sulfonated-polystyrene [23] and Nafion, a perfluorinated sulfo-
nated polymer membrane [27] (Fig. 1A).

The Donnan — Manning model does not predict effectively the ion
sorption properties of all polymers [29]. For example, the Donnan —
Manning model less effectively describes the ion sorption properties of
sulfonated polysulfone [11,37-44] (Fig. 1B) compared to CR61 or
Nafion (Fig. 1A). The over-prediction of ion sorption in sulfonated pol-
ysulfone by the Donnan — Manning model is likely because the Manning
model under-predicts the mean ionic activity coefficients for these ma-
terials [37].

The observation that the Donnan — Manning model over-predicts ion
sorption in sulfonated polysulfone may be related to suggestions that the
model most accurately describes ion sorption in high water content
polymers (i.e., materials with water volume fractions larger than 0.4)
[29]. From a desalination perspective, the most promising sulfonated
polysulfone materials have degrees of disulfonation that result in water
volume fractions that are less than 0.4 [11,45] and, as a result, are ex-
amples of low water content polymers. The observed breakdown of the
Donnan — Manning model for low water content polymers may be due to
additional ion exclusion as a result of ion solvation effects [46] that are
not captured by the Donnan — Manning model and that may become
more significant as polymer water content decreases.

These ion solvation effects (and their influence on ion sorption) are
sometimes referred to as dielectric exclusion [46-53]. In the simplest
case, dielectric exclusion can be described in terms of electrostatic forces
using the Born model [53,54], where both the membrane and external
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solution phases are taken as homogeneous dielectric media [46,48,55].
If the dielectric constants of the membrane and the solution are
different, as is often the case [55], then there is an excess solvation
energy associated with the movement of an ion from the solution into
the polymer. If this excess solvation energy is positive, as is generally the
case for desalination relevant materials [46,55,56], it represents a bar-
rier for the ion sorption process, and mobile ions are excluded from
partitioning into the polymer [48]. This excess solvation energy effec-
tively describes how the interactions between ions and their induced
polarization charges influence ion sorption processes. Therefore, similar
to how the Manning model describes the influence of ion-fixed charge
interactions on ion sorption, dielectric exclusion (through the Born
model) describes the influence of ion-induced polarization charge in-
teractions on ion sorption.

The dielectric constant of the hydrated polymer is the relevant
polymer property that influences ion sorption via the Born model, and
the magnitude of dielectric exclusion increases as the dielectric constant
decreases [55]. The hydrated polymer dielectric constant depends, to a
first approximation, on polymer water content, and low water volume
fraction polymers generally have lower dielectric constants than high
water volume fraction polymers [46,48,55-57]. Therefore, it is possible
that the Donnan — Manning model fails to quantitatively describe ion
sorption in low water volume fraction polymers because dielectric
exclusion may be more significant in these low dielectric constant ma-
terials compared to higher water content materials where the assump-
tions in the Donnan — Manning model are more appropriate.

This idea suggests a modeling approach where Donnan — Manning
and dielectric exclusion effects are combined. Modeling that combines
Donnan and dielectric exclusion has been reported [47,58,59]. For
example, the peNRTL model proposed by Yu et al. combines Donnan —
Manning and dielectric exclusion (among other interactions) and accu-
rately described ion partitioning in a series of sulfonated polymers using
few adjustable parameters [60,61]. However, a single predictive model
that accounts for Donnan exclusion, the ion-polymer interactions
described by the Manning model, and the ion solvation effects described
by dielectric exclusion could be useful for describing ion sorption in low
water content charged polymers.

Here, we present a mathematical framework to describe the influ-
ence of both Donnan — Manning exclusion and dielectric exclusion on
the ion sorption properties of hydrated charged polymers. We then
compare ion sorption properties, calculated using this approach, to ion
sorption properties experimentally determined using a series of sulfo-
nated polysulfones. In these materials, the effects of dielectric and
Donnan - Manning exclusion on ion sorption were manipulated by
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Fig. 1. Co-ion concentration in (A) commercially available CR61 [23] (red squares) and Nafion [27] (black circles) and (B) sulfonated polysulfone (navy squares and
orange circles) as a function of external salt solution concentration. The solid lines were calculated for each material using the Donnan — Manning model. The
parameters used to model each material are discussed in Section 4.2.1. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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external salt concentration and synthetic modifications that influenced
the dielectric constant and polymer fixed charge concentration. We
found that adding dielectric exclusion to the Donnan — Manning model
improved agreement with experimental data relative to the Donnan —
Manning model alone. In Nafion, adding dielectric exclusion to the
Donnan - Manning model improved agreement relative to that of the
Donnan - Manning model to a considerably lesser extent than for the
sulfonated polysulfones, suggesting that dielectric exclusion may be less
relevant in more highly hydrated charged polymers. Overall, the
modeling approach described here contributes to efforts to model ion
sorption in low water content charged polymers where the Donnan —
Manning model is insufficient for describing ion sorption data and
dielectric exclusion effects may be important. Insight from the model
informs connections between polymer properties and ion exclusion in
charged polymers, which may help guide future molecular engineering
strategies for polymeric desalination membranes.

2. Theory

Here we outline the modeling approaches used in the subsequent
analysis of experimental data. The subsequent sections are applicable to
situations where a single salt electrolyte, composed of a monovalent
cation and a monovalent anion (e.g., NaCl), is considered. This analysis
can, in principle, be generalized or applied to situations involving multi-
valent ions, though such manipulations are not included here.

Subsequently, we define ion properties as mean ionic values,
consistent with how such quantities are described in previous reports
[21,34,37,59,62]. This choice was made because experimental tech-
niques used to determine certain colligative properties of ions in poly-
mers only characterize quantities that contain contributions from both
cations and anions (e.g., the mean ionic activity coefficients). Mathe-
matically, the analysis in the subsequent section is identical to analysis
in other reports where the properties of ions are derived in terms of their
individual values [23,27,29,32].

All ion concentrations in the membrane are defined and/or reported
in units of mol/L (water sorbed). This definition is denoted by the su-
perscript w that accompanies the symbols for all membrane phase con-
centrations (e.g., the concentration of salt in the membrane, in units of
mol/L (water sorbed), is denoted as CI*"). This distinction is necessary
as the definition of the units of concentration can have a significant
influence on the analysis of hydrated polymer thermodynamic proper-
ties [5,32].

2.1. Donnan equilibrium

The equilibrium condition for a membrane equilibrated with an
electrolyte is [21]:

al =a Eq. 1
where a’, is mean ionic activity in the solution and a7 is the mean ionic
activity in the membrane. Expressing the mean ionic activity in terms of
an activity coefficient and concentration and re-arranging Eq. (1) yields:
ri_ G

o

Eq. 2

where y7 and %, are the mean ionic activity coefficients in the mem-
brane and solution phases, respectively, and C" and C, are the mean
ionic concentrations in the solution and membrane phases, respectively.
The mean ionic concentrations are defined using the concentrations of
cations (C, ) and anions (C_). For a salt containing a monovalent cation
and a monovalent anion:
C.=(Cc.c)"? Eq. 3

Similarly, the mean ionic activity coefficients are defined in terms of

Journal of Membrane Science 694 (2024) 122396

the contributions from both cations and anions as y, = (y +;/,)1/ %, At
equilibrium, the ratio of the concentration of salt in the membrane phase
to that of the solution phase is often referred to as the salt sorption (or
partition) coefficient, K;.

The electroneutrality condition states that all positive charges in a
phase must be balanced by negative charges in that phase. In mono-
valent electrolyte solutions, electroneutrality states that the stoichio-
metric ratio of cations and anions must be equal:

c=c =c Eq. 4
where C; defines the concentration of salt in the solution. In a charged
membrane with fixed monovalent charges (e.g., sulfonate groups),
electronuetrality requires that the stoichiometric ratio of the counter-
ions and co-ions is offset by the concentration of the fixed charges,

cv [21]:

Oyt = o Eq. 5
where CT" is the concentration of co-ions in the polymer, and Cg"" is the
concentration of counter-ions (or geggen-ions) in the membrane. In a
cation exchange material, counter-ions are positively charged ions, and
co-ions are negatively charged ions. The signs are simply reversed for
anion exchange materials.

Therefore, the electronuetrality conditions (Eq. (4), Eq. (5)) can be
used to determine the mean ionic concentration in the solution and
membrane. In the solution phase, the molar concentration of co- and
counter-ions are equal, and as a result, the mean ionic concentration is
equal to the solution concentration (C, = C%). In a charged polymer
membrane, an expression for the mean ionic concentration in terms of
quantities readily measured through experiment (i.e., the co-ion con-
centration, which is effectively equal to the mobile salt concentration,
and fixed charge concentration) is obtained by combining Eq. (5) and
Eq. (2):

Czw _ [sz,w(crcn,w + Czl-,w)]% Eq 6

Substituting the expressions for the mean ionic concentrations in
solution and membrane into the condition for electrochemical equilib-
rium (Eq. (2)) results in the following expression:

n Cs
L= Eq. 7
ja [C:n,w (C?n‘w + C;n.w)}:

which can be used to calculate the mean ionic activity coefficient in the
membrane provided that the membrane phase co-ion and fixed charge
concentrations are known in addition to the external solution properties
(i.e., the concentration and the mean ionic activity coefficient in the
external solution). In the analysis of salt transport in membranes, it is
often useful to define the mobile ion sorption (or partition) coefficient,
K;, and in ion exchange materials, K; is taken as the ratio of the con-
centration of co-ions in the membrane phase to the concentration of salt
in the solution phase [2]. Eq. (7) can be rearranged in this way to yield
the classic Donnan equation [20,21,37,59]:

1
ey, (ny] e
(G) () =%

Historically, the classic Donnan model has been applied in an
idealized form where the ratio of the activity coefficients in Eq. (8) were
taken as a constant or unity [20,21,62]. More recently, the importance
of these activity coefficients has been more widely realized [26,63], and
there has been much consideration of how to properly describe the ac-

tivity coefficients in the membrane phase. The mean ionic activity co-
efficient is defined using the molar excess Gibbs free energy of an

aqueous salt, @f [22,64]:
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Eq. 9

—Ej
. G
Ye =exp |:2RT:|

where R is the gas constant, T is the absolute temperature, and j is an
arbitrary superscript that defines the phase that the salt is in (e.g., so-
lution, s, or membrane, m). The factor of two in Eq. (9) appears because
E’SE = @i +E’E7 [64] and therefore éf = RT ln(yi), though this factor
ultimately cancels out. Inserting Eq. (9) into Eq. (8) yields:

—E z
c ey’ —AG,piion 1™
(L - Eq. 10
c 4( c > * (e"p{ RT 2 C 4
where Aéfmpﬁon is the change in the mean ionic partial molar excess

Gibbs free energy that is associated with the ion partitioning process (i.

e, AG =G"-GM).

sorption

2.2. Donnan — Born Model

When inter-ion and inter-polymer interactions are neglected, the
change in excess Gibbs free energy that accompanies the movement of
an ion from solution into membrane can be described using the excess
solvation energy, AW; (in units of kgT) [22,49,53]:

AG i
POt AW,

Eq. 11
RT d

The excess solvation energy describes the difference between the stored
dielectric energy (or self-energy) of an ion in the polymer relative to its
value in the bulk (i.e., the solution) [22,51,52]. If the polymer and so-
lution are both considered homogenous dielectric mediums of dielectric
constants &, and &, respectively, the Born model can be used to describe
the excess solvation energy associated with ion sorption into the mate-
rial [22,53,54].

Freger recently proposed a reformulation of the classic Born model,
where the influence of the local environment experienced by an ion in a
polymer (i.e., the presence of additional polymer-solution interfaces
within the polymer matrix) is also accounted for in the calculation of the
excess solvation energy [53]. In a simplified version of this case, the
local environment experienced by an ion in a polymer can be described
as a series of solvated cavities (filled with sorbed water) that are
distributed throughout the polymer matrix (Fig. 2). Accordingly, the
excess solvation energy for the ion is calculated as [53]:

2,2
AW, = _ge (1 1
8reokpTr, \&n &

where z; is charge of the ion, e is the elementary charge, ¢ is the vacuum
permittivity, and r, is the characteristic space representing an effective

Eq. 12

Fig. 2. Born model representation of an ion in a hydrated polymer, placed at
the center of a solvated cavity of solution surrounded by the polymer matrix.
Adapted from Ref. [53] with permission from Elsevier Ltd.
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distance between the low and high dielectric constant regions of the
polymer (Fig. 2). An important simplification in the derivation of Eq.
(12). is that the solution in the cavity has the same permittivity of that in
the bulk, which causes the dependence of the excess solvation energy on
the ion size to vanish [53]. In this case, the excess solvation energy of an
ion, due to its proximity with the low-dielectric constant polymer, re-
sults in a repulsive interaction that repels the ion away from the
polymer-solution interface [53]. This interaction is the physical basis for
what is commonly referred to as dielectric exclusion.

Because an ion cannot partition into the polymer without an
accompanying ion of opposite charge, the total excess solvation energy
that describes the ion partitioning process is that for the total salt
molecule, AW; (i.e., both the cation and anion). This value is taken as
the sum of the individual ion solvation energies [53]:

72e?

11
AW,.:AW++AW,—7< ——)

_ — Eq. 13
4neokpTr, \&n & q

The excess solvation energy calculated via Eq. (13) describes the
difference in ionic thermodynamic non-ideality between solution and
polymer (via Eq. (11) and Eq. (9)). Given an appropriate value of the
mean ionic activity coefficient in the external salt solution, the Born
model can be used to predict the mean ionic activity coefficient in the
polymer. Similarly, substituting Eq. (13) and Eq. (11) into the Donnan
Equation (Eq. 10) results in the Donnan — Born model, which accounts
for the influence of Donnan exclusion and dielectric exclusion on ion
partitioning [59].

2.3. Donnan — Manning Model

The Manning counter-ion condensation model can also be used to
quantify the mean ionic activity coefficients of charged hydrated poly-
mers. Originally, the Manning model was developed to describe in-
teractions between ions in polyelectrolyte solutions. One of the key
assumptions used to derive the Manning model is that the polymer chain
can be described as a uniformly charged line and that co- and counter-
ions only interact with the polymer chain nearest to them [29,31,32].
Despite the simplicity of these geometric assumptions, which seem more
reasonable for the highly stretched rod-like polymers in polyelectrolyte
solutions than dense charged polymer membranes, the Manning model
has yielded reasonable agreement with experimentally determined
mean ionic activity coefficients in many, but not necessarily all,
desalination-relevant polymers [23,26,27,29,32].

This model relies on the Manning Parameter, &, defined as [31]:

_s

=%

Eq. 14
where 75 is the Bjerrum length, and b is the charge spacing parameter,
which represents the separation between adjacent fixed charges teth-
ered to the polymer backbone. A critical value of ¢ = 1 is defined to
inform subsequent modeling [29,31]. When the Manning Parameter is
less than unity, ion-polymer interactions are described in the Debye--
Hiickel limit (i.e., described as screened coulombic interactions between
ions and charged polymer chains) [29,31]. When the Manning Param-
eter is greater than unity, a phenomenon referred to as counter-ion
condensation occurs, and this interaction, where counter-ions
condense along polymer fixed charges to reduce the effective Manning
Parameter to unity, is also considered in addition to the interaction
described by the Debye-Hiickel limit [31].

The mathematical framework of the Manning model treats ion-
polymer interactions in a manner similar to the Debye-Hiickel limiting
law, so the excess free energy due to ion-polymer interactions is calcu-
lated as [31]:

FE

VT~ ECY™ Infx]

Eq. 15
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where FF is the excess Helmholtz energy, V is the volume of the system,
and « is the characteristic Debye length. The Debye Length describes the
length scale over which electrostatic interactions between two charges
are screened and is defined as a function of the ionic strength, I, as [65]:

,_ A4me’l 4me?

T eoEmky T €0EmksT

(e +2cr) Eq. 16

The effective ionic strength in charged polymers is commonly esti-
mated using the concentration of dissociated co- and counter-ions in the
polymer matrix [31,32]. For a charged polymer equilibrated in a 1-1
salt, the ionic strength is effectively equal to the sum of the concentra-
tion of co- and counter-ions in the polymer matrix; the right-hand side of
Eq. (16) is therefore obtained using the relationship between fixed
charge, co-ion, and counter-ion concentration described by the elec-
troneutrality condition (Eq. (6)).

The excess Gibbs free energy and the excess Helmholtz free energy
are related as AGE = AFE + A(PV) [66,67]. Therefore, the activity co-
efficients can be obtained from Eq. (15) by taking the pressure-volume
work to be negligible and by applying the partial molar operator to
the Helmholtz free energy. The error associated with this approximation
has been suggested to be negligible and is consistent with the original
approach taken by Debye and Hiickel [65,66,68].

When the Manning Parameter is less than unity (i.e., counter-ion
condensation does not occur and ion-polymer interactions are
described in the Debye-Hiickel limit) the mean ionic activity coefficient
is obtained directly from Eq. (15) as [31]:

Eq. 17

where X = C}}/C7 [32]. When the Manning Parameter is greater than
unity, the mean ionic activity coefficient is calculated as [31]:

o= [ ()]

The activity coefficients, calculated using Eq. (18), reflect a physical
picture where counter-ions condense onto the fixed charge groups to
reduce the Manning parameter to unity, and the interactions between
the remaining ions and polymer are described in the Debye-Hiickel limit
[31]. In many charged polymer membranes, the sharp condensation
described by the Manning model is likely non-physical, and rather a
distribution of counter-ion states (i.e., condensed or mobile) exist within
the charged polymer matrix.

The Donnan — Manning model is obtained by substituting the mean
ionic activity coefficient calculated from either Eq. (17) or Eq. (18) into
the classic Donnan Equation (Eq. 8) [26]. The Donnan — Manning model
is an equation implicit in C7' that can be solved analytically for the
co-ion concentration that partitions in a polymer. Therefore, at a given
value of the fixed charge concentration, external salt concentration, and
mean ionic activity coefficient in the external solution (which can be
calculated using the Pitzer model [33,34]) the Donnan — Manning model
can be used in a predictive fashion [29].

Eq. 18

2.4. Donnan — Manning — Born Model

The expression for the excess Helmholtz free energy in the Manning
Model (Eq. (15)) is derived from the Poisson-Boltzmann equation (PBE),
which is solved via linearization using the Debye-Hiickel approximation
[31,65]. To develop an activity coefficient model that accounts for in-
teractions described by the Manning model and dielectric exclusion, we
derived an expression for the excess Helmholtz free energy using a form
of the PBE modified to include the excess solvation energy of an ion (Eq.
S1) [58]. This PBE was also solved using the Debye-Hiickel approxi-
mation (Section S1), and to do that, the excess solvation energy was
taken as a constant that is described by the Born Model (Eq. (13)). The
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approximation of constant excess solvation energy is an over-
simplification of the physics describing ionic interactions in the polymer
(for example, theory developed by Yaroshchuk suggests that in-
teractions between ions and polarization charges may be screened by the
Donnan potential [58]). This approximation, however, is valuable as it
provides an analytical way to describe the influence of dielectric
exclusion, counter-ion condensation, and Donnan exclusion on experi-
mentally determined ion sorption properties of charged polymers.

The excess Helmholtz free energy, modified to include the constant
excess solvation energy of an ion, is:

FE mw AW(
VT~ G (ln['(]f 2 )

Eq. 19

Here, the Manning parameter serves the same function as in the original
Manning model, and a critical value of £ =1 is defined to determine
whether counter-ions condense along the polymer fixed charges. When
the Manning parameter is less than unity, the mean ionic activity co-
efficients are determined using Eq. (19) as:

m §X mw :
yi: {exp(—m+§CA AWS

Eq. 20
and when the Manning parameter is greater than unity, the mean ionic
activity coefficients are calculated as:

m | (X/EF1 X cy” :
”‘KXH)“"( Xt2e" fAW“ﬂ

Both Eq. (20) and Eq. (21) are determined from Eq. (19) in the same
manner that Eq. (17) and Eq. (18) are determined from Eq. (15). The
derivations of each equation are discussed further in Section S1. The
Donnan — Manning — Born model is also obtained by substituting the
mean ionic activity coefficient calculated from Eq. (20) or Eq. (21) into
the Donnan Equation (Eq. 8), and the result is also an equation implicit
in C7', which is solved in the same manner as in the Donnan — Manning
model.

Eq. 21

3. Materials and methods
3.1. Materials

Two series of sulfonated poly(aryl ether sulfone) random co-
polymers were synthesized using a nucleophilic step growth reaction
reported previously [37]. The co-monomers were either sulfonated (3,
3'-disulfonated-4,4'-dichlorodiphenylsulfone (SDCDPS, >99 %, Akron
Polymer Systems)) or non-sulfonated (4,4-dichlorodiphenylsulfone
(DCDPS, 98 %, Sigma-Aldrich)). The sulfone co-monomers were joined
using either hydroquinone (HQ, >99 %, Sigma-Aldrich), methoxy-hy-
droquinone (MHQ, >99 %, Sigma-Aldrich), or biphenol (4,4"-biphenol
(BP), 97 %, Acros Organics) linkages. The first series of polymers, which
did not contain methoxy group functionality, were synthesized using a
2:3 M ratio of HQ:BP. The second series of polymers, which contained
methoxy groups, were synthesized using a 2:3 M ratio of MHQ:BP. The
order that sulfonated or non-sulfonated co-monomers and linkages were
joined was likely random [11,45,69], and the general structures are
reported below (Table 1). Polymer structural verification via H NMR
was reported previously [37].

The degree of disulfonation, controlled by varying the ratio of sul-
fonated to non-sulfonated co-monomers, was 20 %, 25 %, or 30 %
(Table 1). The degree of disulfonation is represented by XX in the
polymer nomenclature: HQ:BP — XX and MHQ:BP — XX. The degree of
disulfonation directly informs the ion exchange capacity (IEC) of the
polymer, and materials were prepared with IECs ranging from 0.81 to
1.19 mEq/g (dry polymer) (Table 1).

Polymer film samples were solution cast from a 5 % (w/v) solution of
polymer in anhydrous N,N-dimethylacetamide (DMAc, 99.8 %, Fisher



S.M. Bannon and G.M. Geise

Table 1
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Properties and chemical structures of HQ:BP — XX and MHQ:BP - XX. Reported ion exchange capacity (IEC) values were calculated according to the synthetic recipe (i.
e., by assuming the ratio of non-sulfonated to sulfonated co-monomers in the final polymer were equal to the ratio of DCDPS to SDCDPS initially added to the reaction
mixture). The uncertainty in the water volume fractions was taken as the standard deviation from the mean of three measurements.

Material IEC” Water volume fraction, ¢,,” Chemical structure

HQ:BP - 20 0.83 0.15 + 0.01 o FCN o e _ !
HQ:BP - 25 1.01 0.20 + 0.01 KO O-O- OO0~k
HQ:BP - 30 1.19 0.24 + 0.01 NaosS

MHQ:BP - 20 0.81 0.14 + 0.01 B =§0 o e s !
MHQ:BP - 25 0.99 0.19 + 0.01 OO OO OO KR
MHQ:BP - 30 1.16 0.25 £ 0.01 0 e

2 Calculated by assuming that the polymer is in the Na ¥ counter-ion form and reported in units of meq/g (dry polymer).

Y For polymers equilibrated with DI water.

Chemical). The casting solutions were prepared by mixing polymer and
solvent until the polymer dissolved completely, and then, the solutions
were filtered through a 1 pm poly(tetrafluoroethylene) (PTFE) syringe
filter. Films were cast by pouring the filtered casting solution into 6 cm
diameter circular PTFE molds.

To form solid polymer films, solvent was removed via a two-step
drying process. First, the solution in the molds was heated in a con-
vection oven at 80 °C for at least 24 h to remove most of the solvent and
form a solvated polymer film. Next, the samples were placed under
vacuum and dried for an additional 24 h at 80 °C. After these drying
steps, the samples were equilibrated in de-ionized (DI) water (18.2 MQ
cm) for at least 24 h. This equilibration step allowed the samples to fully
hydrate, and it facilitated extraction of residual solvent from the
polymer.

3.2. Water content and fixed charge concentration

First, the wet masses, my,, of hydrated samples equilibrated with
either 0.5 M, 1 M, 2 M, or 4 M NaCl were measured. The hydrated
polymer samples were dried under vacuum at 80 °C for 24 h to remove
water from the polymer. These drying conditions were verified to suf-
ficiently remove water from the polymer matrix by ensuring that
allowing the drying process to proceed longer did not appreciably in-
fluence the mass of the dry polymer [37]. After drying, the samples were
weighed quickly to determine the mass of dry polymer, mg.,, and the
water uptake was calculated as [37,38,46]:

_ Mhyer — Mayy

Wy Eq. 22

Myer

Immediately thereafter, the polymers were submerged and weighed in
cyclohexane, an auxiliary solvent that does not readily partition into
sulfonated polysulfone over the timescale of the experiment [45]. This
mass, Maux, was used to determine the dry density of the polymers, p, via
Archimedes’ Principle as [37,38,46]:

Mary

Pp=—————Puwx = Pair) T Puir

mdry — Mayx

Eq. 23

where p,,,, and p;, are the densities of cyclohexane air, respectively. The
measurement temperature was recorded for each measurement, and it
was 22 + 1 °C. The values of p,,,, and p;, used in Eq. (23) were taken as
0.789 g/cm? and 0.0012 g/cm?, respectively, at 22 °C [70].

Using the water uptake data and IEC, the concentration of fixed
charge groups in the polymer can be calculated as [71]:

IEC x p,,

Wy

o= Eq. 24

where CX“W is the fixed charge concentration in [mol (L water
sorbed)!]. Using the polymer dry density and water uptake data, the
polymer water volume fraction, ¢,,, is calculated as [46]:

W,
- Eq. 25
P Wy +p’7“ 4
P

where p,, was the density of water (1.0 g/cm®). A volume additivity
assumption is taken to calculate the water volume fraction in Eq. (25), (i.
e., the total volume of hydrated polymer was taken to be equal to the
sum of the volumes of polymer and sorbed water) [72].

3.3. Microwave dielectric relaxation spectroscopy

The frequency dependent relative permittivity properties of the hy-
drated polymers were characterized using microwave dielectric relaxa-
tion spectroscopy (DRS) [55,57,73,74]. The measurements were made
using a vector network analyzer (VNA), which generated and subjected
hydrated polymer samples to an oscillating electromagnetic field in the
microwave frequency range (45 MHz-26.5 GHz). Coaxial transmission
lines were used to carry the electromagnetic signals from the VNA to the
polymer, where they were either reflected by or transmitted through the
polymer, and to carry the reflected/transmitted signals back to the VNA
[55]. From these signals, the VNA generated a series of S-parameters,
which are mathematically related to the relative complex permittivity.
The dielectric constant was determined using the low-frequency limit of
the real component of the complex permittivity [55].

To prepare the samples for DRS, hydrated polymer films equilibrated
with either 0.5 M, 1 M, 2 M, or 4 M NaCl were cut into rectangular strips
with a 0.5 cm width. The coaxial transmission line sample holder (a 3.5
mm diameter outer conductor with a 1.52 mm diameter inner conductor
at its center) was filled with these polymer samples by wrapping the
strips around the inner conductor [55,57]. To ensure that there were no
air gaps in the sample holder, which could introduce measurement ar-
tifacts [57,74], the polymers were wrapped until all of the annular space
between the inner and outer conductors was filled.

3.4. Mobile salt concentration

The concentrations of ions that partition into the polymers at equi-
librium with either 0.5 M, 1 M, 2 M, or 4 M NaCl were measured using a
desorption technique [20,45,75,76]. First, to calculate the volume of the
swollen polymer samples, the diameter and thickness of circular sample
disks, equilibrated with salt solution, were measured using digital cali-
pers (Item No. 293-344, Mitutoyo). Then, excess NaCl solution was
wiped from the surface of the films, and the samples were placed into a
desorption solution containing 100 mL of initially DI water that was
equilibrated under atmospheric conditions for at least 48 h. The
desorption solution was stirred at 400 RPM to facilitate extraction of salt
from the polymer into this desorption solution. The conductivity of the
desorption solution, which is proportional to the concentration of NaCl
in the solution, was measured until it remained constant for at least a
period of time equal to the characteristic timescale for diffusion in the
sample. This criterion was chosen as a standard marker for the point
where salt desorption from the polymer had effectively stopped. The
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desorption solution temperature was held constant at 22 + 0.1 °C by
means of a jacketed beaker and a temperature-controlled circulator
because the relationship between solution conductivity and salt con-
centration depends on temperature.

In charged polymers, most of the counter-ions sorbed in the polymer
cannot desorb because they must remain in the polymer to preserve
electroneutrality with the fixed charge groups. The counter-ions that do
desorb from the polymer are those counter-ions that maintain electro-
neutrality with the desorbed co-ions (i.e., the so-called mobile salt) [20].
Thus, the final salt concentration of the desorption solution can be used
to determine the mobile salt concentration in the external salt solution
equilibrated polymer, as:

CaVy
V0,

cr=Cr= Eq. 26

where C; is the final salt concentration of the desorption solution, V; is
the desorption solution volume (i.e., 100 mL), and V,, is the swollen
polymer volume. The co-ion concentration calculated via Eq. (26) is in
units of [(mol)(L water sorbed)’l].

4. Results and discussion
4.1. Experimental

4.1.1. Water content and fixed charge concentration

The water content of the HQ:BP — XX and MHQ:BP — XX polymers
depended both on the degree of disulfonation and on the composition of
the external solution in equilibrium with the material. Polymer water
uptake increased with degree disulfonation (Fig. 3) consistent with
previous sulfonated polysulfone observations [45]. The fixed charge
concentration, however, decreased with increasing degree disulfonation
(Fig. 4) because increases in the dry polymer basis concentration of
sulfonate groups led to increases in swelling that diluted the volumetric
concentration of fixed charges in the material (Eq. (24)). The inclusion
of methoxy groups on the polymer backbone caused the water uptake in
the MHQ:BP - XX polymers to be lower than those in HQ:BP — XX (for
example, MHQ:BP - 30 and HQ:BP - 30 polymers equilibrated with 0.5
M NaCl had water uptakes of 0.23 and 0.26 [g (water)/g (dry polymer)],
respectively) (Fig. 3). As a result, the MHQ:BP — XX polymers had larger
fixed charge concentrations than the HQ:BP — XX polymers (MHQ:BP —
30 and HQ:BP - 30 polymers equilibrated with 0.5 M NaCl had fixed
charge concentrations of 5 and 4.5 [eq. (fixed charge)/L (water sorbed)],
respectively) (Fig. 4) [37].
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Polymer water uptake decreased with increasing external salt con-
centration (Fig. 3) due to osmotic de-swelling. Osmotic de-swelling de-
scribes a phenomenon where the water uptake in the polymer decreases
due to the reduction of water activity in the external solution, which
occurs as salt concentration increases [23,77,78]. Osmotic de-swelling
causes the fixed charge concentration to increase with increasing salt
concentration (Fig. 4) because the fixed charges in the polymer are
concentrated by the decreased water uptake (Eq. (24)).

Out of the three independent variables, the external salt concentra-
tion and fixed charge concentration influenced the polymer water up-
take and fixed charge concentrations most significantly, but the
influence of methoxy group incorporation on these properties was less
significant. Increasing the external salt concentration from 0.5 M to 4 M
NaCl caused the water uptake of HQ:BP — 25 to decrease by approxi-
mately 25 % and the fixed charge concentration to increase by
approximately 40 %. Likewise, increasing the degree disulfonation
(from XX = 20 to XX = 30), caused the water uptake of the HQ:BP
polymers to increase by approximately 50 % and the fixed charge con-
centration to decrease by approximately 30 %. However, at a given salt
concentration and degree disulfonation, the magnitude of the percent
change of the water uptake and fixed charge concentrations as a result of
methoxy group incorporation of the polymers were considerably
smaller. For example, the water uptake and fixed charge concentration
of MHQ:BP — 30 relative to that of HQ:BP — 30 both changed by
approximately 10 % (and generally, this change was similar in magni-
tude to the uncertainty associated with the measurements).

4.1.2. Dielectric constant

The dielectric constant increased as the degree of disulfonation
increased (Table 2). This result is qualitatively consistent with previous
observations where the dielectric constant of hydrated polymers in-
creases as polymer water content increases as a result of greater degrees
of disulfonation (Fig. 3) [46,55]. The dielectric constants of the MHQ:BP
— XX polymers were lower than those values for the corresponding HQ:
BP — XX polymers (Table 2). This result suggests that incorporating polar
methoxy groups along the polysulfone backbone is a molecular engi-
neering strategy that reduces the polymer dielectric constant [37].

For a given polymer, the dielectric constant was statistically inde-
pendent of the external salt concentration (Table 2). This finding is
consistent with previous measurements of the relative permittivity
properties of hydrated polymers where the dielectric constant was found
to be independent of the concentration of salt in the external electrolyte
solution [56]. The dielectric constant of aqueous electrolyte solutions
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Fig. 3. Water uptake for (A) HQ:BP - 20 (), HQ:BP - 25 (@), and HQ:BP - 30 (M) and (B) MHQ:BP - 20 (O)), MHQ:BP - 25 (&) MHQ:BP - 30 (@) reported as a
function of external salt concentration. The lines are intended to guide the eye. The uncertainties were taken as the standard deviation from the mean of three

measurements.
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were calculated via error propagation.

Table 2

Dielectric constants of the HQ:BP — XX and MHQ:BP — XX polymers equilibrated
with 0.5 M-4 M NaCl solutions. The uncertainties were taken as the standard
deviation from the mean of three measurements.

Material Dielectric constant

0.5 M NaCl 1 M NaCl 2 M NaCl 4 M NaCl
HQ:BP - 20 4.3+0.2 4.0 + 0.5 3.6 + 0.4 3.6 + 0.2
HQ:BP - 25 5.4+ 0.5 5.5+ 0.7 5.5 + 0.4 4.8+ 0.6
HQ:BP - 30 7.5+ 0.2 7.0 + 0.4 7.2 +0.4 6.8 + 0.2
MHQ:BP - 20 31+0.1 3.2+0.2 3.2+03 3.5+0.3
MHQ:BP - 25 4.0 £0.15 3.8+ 0.2 4.3+0.3 41+0.3
MHQ:BP - 30 5.0 £ 0.5 5.8+ 0.1 5.2+ 0.2 53+05

generally decreases as external salt concentration increases [79], so
overall, these results provide additional evidence that salt concentration
may influence the dielectric constant of hydrated polymers in a different
manner than in aqueous electrolyte solutions.

4.1.3. Mobile salt concentration
The co-ion (i.e., mobile salt) concentration (in units of mol/L (water
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sorbed)) increased with degree disulfonation by approximately 5-15 %
from HQ:BP — 20 to HQ:BP — 30 (Fig. 5A) and approximately 10-25 %
from MHQ:BP — 20 to MHQ:BP - 30 (Fig. 5B) over the range of external
salt concentrations investigated. Because the fixed charge concentration
decreases with degree disulfonation (Fig. 4), this result suggests that
increasing the polymer fixed charge concentration suppresses mobile
ion sorption in the sulfonated polysulfones, which is qualitatively
consistent with the relationship between fixed charge concentration and
ion sorption properties determined in other polymers [71]. The co-ion
concentrations were statistically equivalent between the HQ:BP — XX
and MHQ:BP - XX polymers (Fig. 5), suggesting that methoxy group
incorporation (and the suppression of the polymer dielectric constant
achieved through the methoxy group incorporation) did not appreciably
influence ion sorption in these measurements.

Co-ion concentrations increased with external salt concentration
(Fig. 5). This observation is also consistent with previous observations of
salt partitioning properties of sulfonated polymers [20,26]. Like the
observations for the water uptake and fixed charge concentration,
external salt concentration did not affect the relationships between
polymer structural elements (i.e., degree disulfonation and methoxy
group incorporation) on the co-ion concentration (Fig. 5).
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Fig. 5. Mobile salt concentrations for (A) HQ:BP - 20 ([J), HQ:BP - 25 (@), and HQ:BP 30 (M) and (B) MHQ:BP - 20 (O), MHQ:BP - 25 (&) MHQ:BP - 30 (®)
reported as a function of external salt concentration. The uncertainties were taken as the standard deviation from the mean of three measurements.
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The finding that the co-ion concentration in the sulfonated poly-
sulfones was proportional to the ratio of external solution concentration
and fixed charged concentration (i.e., CI' ~ C}/C}) is qualitatively
consistent with Donnan exclusion theory and suggests that, to a first
approximation, the Donnan equation (Eq. 8) describes the ion sorption
properties of the sulfonated polysulfones [21,80]. Alternatively, the
result that the co-ion concentration in the sulfonated polysulfone was
not influenced by polymer dielectric constant suppression via methoxy
group incorporation is not qualitatively consistent with the dielectric
exclusion described by the Donnan — Born model, which suggests that
co-ion sorption should decrease as the polymer dielectric constant is
reduced (Section 2.2). Given that the Donnan — Manning model does not
fully describe the ion sorption properties of the sulfonated polysulfones
either (Fig. 1), it is unclear which thermodynamic interactions influence
mobile salt partitioning in the sulfonated polysulfones. The following
sections aim to answer this question by quantitatively analyzing the
applications of the Donnan - Born, Donnan — Manning, and Donnan —
Manning — Born models to HQ:BP — XX and MHQ:BP - XX.

4.2. Modeling

The mean ionic activity coefficients in a hydrated polymer can be
described using the Born model (Eq. (12)), Manning model (Eq. (18)) or
Manning — Born model (Eq. (21)). The Born model describes the influ-
ence of interactions between ions and their induced polarization charges
on the mean ionic activity coefficients, and these interactions are un-
favorable for ions when the dielectric constant of hydrated polymer is
less than that in the external solution (i.e., &y < 80) (Fig. 6). Alterna-
tively, the Manning model accounts for interactions between ions and
polymer chains, which are inherently favorable (Fig. 6).

At low values of the dielectric constant, the Born model predicts that
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Fig. 6. Born, Manning, and Manning — Born model calculations describing how
the mean ionic activity coefficient depends on the dielectric constant. In these
calculations, the mean ionic activity coefficient of the external solution was set
at its value for a 1 M NaCl solution (i.e., 0.67 determined via the Pitzer model),
and the dimensionless parameter X was held constant at 20, which generally is
consistent with values for a typical ion exchange membrane equilibrated with 1
M NaCl external salt solution concentration. The application of this model
therefore represents a hypothetical case where the external salt solution con-
centration (and thus, concentration of salt in the membrane) is constant, and
the thermodynamic properties of the hydrated polymer matrix are only influ-
enced by variations in the polymer dielectric constant.
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the magnitude of the excess solvation energy is larger than that at high
values of the dielectric constant. As a result, the mean ionic activity
coefficients increase in magnitude (in the non-ideal, un-favorable di-
rection) as the dielectric constant decreases (Fig. 6). In the Manning
model, however, the Bjerrum length becomes larger as the dielectric
constant decreases (Eq. (16)), and this situation leads to more counter-
ion condensation as the dielectric constant decreases [31]. As a result,
the Manning model predicts that the mean ionic activity coefficients
become more non-ideal in the favorable direction as the dielectric
constant decreases (Fig. 6). Both the Born and Manning models predict
that the mean ion activity coefficients approach ideality as the dielectric
constant increases and approaches that of the external solution (Fig. 6).

The Manning — Born model describes ionic non-ideality resulting
from both the interactions between ions and their induced polarization
charges and ions and the polymer (Section 2.4). Accounting for both
interactions (which influence the ionic non-ideality in competing di-
rections) causes the ion activity coefficients predicted by the Manning —
Born model to remain more ideal than those predicted using either the
Manning model or Born model in the range of dielectric constants
relevant for sulfonated polysulfones (i.e., &, < 10 (Table 2)) (Fig. 6).
When the dielectric constant is equal to the dielectric constant of the
solvent (denoted by the sole square point in Fig. 6), the mean ionic ac-
tivity coefficient predicted via the Born model approaches the mean
ionic activity coefficient in the external solution (i.e., the excess solva-
tion energy equals zero and ion-solvent interactions are ideal). In this
situation, the excess solvation energy does not contribute to the ion
sorption process, and the ionic activity coefficient predicted via the
Manning — Born model converges with that predicted by the Manning
model (Fig. 6).

4.2.1. Model application and simplifications

To apply the Born, Manning, and Manning — Born models to the
experimental mean ionic activity coefficient data for the sulfonated
polysulfones, two simplifications were made to reduce the complexity of
modeling the series of materials over the 0.5-4 M NaCl range. First, each
model was applied to the sulfonated polysulfones using a single set of
parameters that describes all six structural conformations of the sulfo-
nated polysulfones. These parameters — specifically, the fixed charge
concentration, dielectric constant, and charge spacing — were taken as
their average value over the entire series (Table 3). This simplification
had a minor impact on the accuracy of the models (Section S2), which is
not surprising based on the previous observations that the external salt
concentration generally influenced material properties (e.g., ion sorp-
tion and fixed charge concentration) more significantly than the degree
disulfonation and methoxy group incorporation. The second simplifi-
cation was that the fixed charge concentration, dielectric constant, and
charge spacing parameters used for all materials were taken as their
values in their most hydrated state (i.e., when equilibrated with DI
water) (Table 3). While this simplification is consistent with applications
of the Donnan - Manning model in the literature [23,26,27], certain
parameters, such as the polymer fixed charge concentration, are influ-
enced by the external salt concentration. The influence of this simplifi-
cation on the model is discussed further in the supporting information
(Section S3).

The models were also applied to Nafion 212, a commercially avail-
able sulfonated perfluorinated polymer. Nafion is a good comparison
material to understand the relevance of dielectric exclusion in a wide
range of polymers because previous investigations from Sujianani et al.
suggest that the Donnan — Manning model describes the ion sorption
properties of Nafion with a high degree of accuracy (Fig. 1) [27]. The
parameters for the models applied to Nafion were taken as reported
(Table 3) [27]. The parameters used to apply the Manning model to
CR61 (Fig. 1) are provided for reference (and were taken as their values
reported by Galizia et al. [23]); however, the dielectric constant for
those polymers was not directly measured, so the Born and Born -
Manning models were not applied to CR61.
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Table 3
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Parameters used in the application of Donnan — Born, Donnan — Manning, and Donnan — Manning — Born models to the experimental data for the sulfonated polysulfone
polymers and Nafion 212. The parameters used to model the sulfonated polysulfone data were estimated using their average value for the entire series of HQ:BP — XX
and MHQ:BP — XX polymers. The parameters used to model Nafion 212 were taken as their values reported by Sujanani et al. [27].

Charge Spacing Parameter”, b Manning Parameter, ¢  Characteristic Space™, r,

Material Fixed Charge Concentration”, Cy"™ Dielectric Constant, €,
Sulfonated polysulfone 5.3 4.65

Nafion 212 3.96 20

CR61 3 42¢

0.66 19 0.75
0.9 3.2 2.5
0.73 1.83 -

@ Units of [eq./L (water sorbed)].
b Units of [nm].

¢ Estimated as the half of the characteristic spacing measured via small angle neutron scattering (SANS).

d Estimated based on polymer water volume fraction [23].

The agreement between model predictions and experimental data
was analyzed in terms of the root-mean-square (RMS) log error, which
was calculated as [29]:

1 [ c"
RMSI = LS 1og [ Zecwerimena
ogerror - Z ( 0g< o

ct c,predicted

Eq. 27

where n is the number of datum in the dataset, and the limits of the
summation C. - C" represent the external salt concentration range that
the dataset is collected/predicted over. For example, for the averaged
sulfonated polysulfone data set, C - C* is 0.5 M—4 M NaCl, and n is 24
(because there are 6 structural conformations of the sulfonated poly-
sulfones in the entire series). As discussed by Kitto and Kamcev, the RMS
log error is chosen to represent the visual agreement between the
experimental data and model predictions on a log-log ion partitioning
plot [29] For reference, a data point with a RMS log error of 0.0 is
identical to its predicted value and a data point with a RMS log error of
1.0 is either over-predicted by 900 % or under-predicted by 90 % of its
true value [29].

4.2.2. Donnan — Born Model

The two important parameters that influence ion sorption in the
Donnan — Born model are the dielectric constant (Section 4.1.2) and the
characteristic spacing parameter (Fig. 2). The characteristic spacing
parameter was estimated as 0.75 for the sulfonated polysulfones and 2.5
for Nafion; these values are half of the correlation length determined
using Small Angle Neutron Scattering (SANS) performed on a series of
similarly structured sulfonated polysulfones and Nafion [81,82]. The
correlation length is a material property that describes the separation

A Sulfonated Polysulfone

Donnan — Manning
10 F Model -

-
-

Donnan — Manning — Born
Model

Co-ion Concentration
[mol/L (water sorbed)]
\

Donnan — Born Model 7§
.

.

2

10 — l- 1
107 10” 10°
External Salt Concentration [mol/L]

between hydrophilic and hydrophobic regions of hydrated polymers
[83-85] and is believed to be a reasonable estimate for the value of r;,
(Fig. 2).

The Donnan - Born model under-predicts the mobile salt concen-
tration in the sulfonated polysulfones by at least five orders of magni-
tude (Fig. 7A) resulting in an RMS log error of 14.7 (Table 4). This result
is reasonable given that the Born model over-predicts the mean ionic
activity coefficients (i.e., suggests they are more non-ideal in the non-
favorable direction) by at least three orders of magnitude (Fig. 8A).
These large deviations between the Born model and experimental data
occur because, in low dielectric constant sulfonated polysulfones, the
Born model predicts that the excess solvation energy — or degree of ionic
non-ideality in the non-favorable direction — is large and positive
(Fig. 6), and it neglects the influence of favorable interactions between
counter-ions and fixed charges that cause favorable ionic non-ideality.

While the Donnan — Born model also under-predicted the co-ion

Table 4

Root-mean-square (RMS) Log error between the Donnan - Born, Donnan —
Manning, and Donnan — Manning — Born predictions and the experimentally
determined co-ion concentration. RMS log errors were calculated as described
by Kitto and Kamcev [29].

Material Model RMS log error
Sulfonated Polysulfone Donnan - Born 14.7
Donnan — Manning 0.93
Donnan — Manning — Born 0.34
Nafion 212 Donnan - Born 211
Donnan — Manning 0.30
Donnan - Manning — Born 0.26
2
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Fig. 7. Mobile salt concentration for the sulfonated polysulfones (A) (HQ:BP - 20 (), HQ:BP - 25 (@), HQ:BP 30 (M), MHQ:BP - 20 (0), MHQ:BP - 25 (&) and
MHQ:BP - 30 (®)) and (B) Nafion 212 (Hll) plotted as a function of external salt concentration. Lines represent calculations made using the Donnan - Born, Donnan —

Manning and Donnan — Manning — Born models.
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concentration in Nafion (Fig. 7B) (i.e., the Born model over-predicts the
mean ionic activity coefficients (Fig. 8B)), the predictions were more
accurate than that for the sulfonated polysulfones (i.e., had a RMS log
error of 2.11, which is considerably lower than that of the sulfonated
polysulfone (Table 4)). Nafion has a larger dielectric constant and
characteristic space relative to the sulfonated polysulfones (Table 3),
which reduces the Born model predictions for the excess solvation en-
ergy and mean ionic activity coefficients of a given ion (Eq. (13)). As a
result, the Born model suggests that the mean ionic activity coefficients
deviate from ideality in the non-favorable direction to a lesser extent
than in the sulfonated polysulfones, and the Donnan — Born predictions
of the co-ion concentrations are more realistic in Nafion than sulfonated
polysulfone.

4.2.3. Donnan — Manning Model

The two important parameters that influence ion sorption in the
Donnan — Manning model are the dielectric constant and the charge
spacing parameter (Section 2.1.3). The charge spacing parameter for the
sulfonated polysulfones was estimated using results reported by Von-
drasek et al. where the charge spacing parameter in a similarly struc-
tured series of sulfonated polysulfones was related to the sulfonate
group hydration (Section S4) [86]. For all combinations of the dielectric
constant and charge spacing parameters in the sulfonated polysulfones
and Nafion, the Manning parameter was greater than unity (Table 3), so
Eq. (18) was used to calculate the mean ionic activity coefficients.

Contrary to the Donnan — Born model, the Donnan — Manning model
over-predicts the mobile salt concentration in the sulfonated polysulfone
(RMS log error of 0.93) (Fig. 7A-Table 4) because the Manning model
under-predicts the mean ionic activity coefficients (Fig. 8A). In the low
dielectric constant sulfonated polysulfones, the Manning model suggests
that the mean ionic activity coefficients deviate from ideality in the
favorable direction to a large extent (Fig. 6). However, the magnitude of
the deviation from non-ideality in the non-favorable direction due to
dielectric exclusion is also large in this low-dielectric constant regime
(Fig. 6), and as a result, neglecting dielectric exclusion results in the
under-prediction of the mean ionic activity coefficients and resulting
over-prediction of ion sorption.

The visual agreement between the Donnan — Manning predictions
and experimental data increases with increasing external salt concen-
tration (Fig. 6). In other IEMs, the accuracy of the Manning model also
improved with increasing salt concentration [23,26,29]. The increase in
accuracy is likely related to a simplifying assumption made in the
derivation of the Manning model, where only interactions between ions
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and their nearest-neighbor polymer chain are considered [31]; this
assumption becomes more reasonable as the ionic strength of solution
increases and interactions between ions and distant polymer chains are
sufficiently screened [23,26].

The Donnan — Manning model describes the thermodynamic prop-
erties of NaCl in Nafion (RMS log error of 0.30 (Table 4)) more accu-
rately than those of the sulfonated polysulfone. In the range of dielectric
constants relevant for Nafion, the Born-model contributions to the mean
ionic activity coefficients approach unity (Fig. 6), suggesting that
dielectric exclusion does not contribute significantly to ionic non-
ideality in these materials. These results are consistent with previous
explanations of ion sorption in highly charged, high dielectric constant
polymers, where primary ionic interactions (here, ion-polymer in-
teractions described by the Manning model) govern ionic non-ideality,
and secondary interactions (such as those between ions and polariza-
tion charges) are less relevant.

4.2.4. Donnan — Manning — Born Model

The Donnan — Manning — Born model predicts the co-ion concen-
tration in the sulfonated polysulfones with a higher degree of accuracy
(i.e., the lowest RMS log error) compared to either the Donnan — Born or
Donnan — Manning models alone (Fig. 7A-Table 4). This result is due to
the fact that the Manning — Born model more accurately describes the
mean ionic activity coefficients in the sulfonated polysulfone (Fig. 8A).
As such, ion interactions with induced polarization charges and ion-
polymer interactions are likely important influencers for ion sorption
in sulfonated polysulfone.

The agreement between the Donnan — Manning — Born predictions
and experimental data decreases as the external salt concentration in-
creases. For polymers equilibrated with the 2 M and 4 M NaCl solutions,
the Donnan — Manning — Born model under-predicts ion sorption and the
Manning - Born model over-predicts the mean ionic activity coefficients.
This inaccuracy may occur due to the assumption in the derivation of the
model that the excess solvation energy is a constant that is not influ-
enced by the ionic strength of the solution. This assumption may break
down in higher concentration salt solutions. For example, although the
dielectric constant of the polymers did not change with external salt
solution (Section 4.1.2), the dielectric constant of aqueous NaCl de-
creases from 80 in the limit of infinite dilution to approximately 50 in 4
M NacCl [79,87], and the decrease of the relative permittivity of solution
suggests that the excess solvation energy decreases with increasing salt
concentration (Eq. (12)). Accounting for the concentration dependance
of the relative permittivity in models that describe electrostatic
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interactions in aqueous solutions typically improves their accuracy [66,
87,88], but accounting for this dependance in models describing
polymer-phase interactions is difficult, as there is little experimental
data to provide information for how the relative permittivity of the
sorbed water inside the polymer changes as a function of the external
solution conditions.

With the knowledge that the Donnan — Manning — Born model de-
scribes ion sorption in the sulfonated polysulfones, the model can be
used to understand the mechanisms driving previously unexplained
structure/property relationships observed in the materials. For example,
the Donnan — Manning — Born model provides an explanation for the
observation that methoxy group incorporation did not influence the ion
sorption properties in the polymers (Section 4.1.3). As discussed previ-
ously, the interactions described by the Manning and Born models have
opposing effects on the thermodynamic non-ideality ions experience in
the polymer matrix. For example, the self-interactions in the Born model
cause thermodynamic non-ideality that deviates in the non-favorable
direction while ion-polymer interactions described by the Manning
model cause thermodynamic non-ideality that deviates in the favorable
direction (Fig. 6). In polymers described by the Donnan — Manning —
Born model, where both interactions are relevant, it follows that the
changes in the polymer dielectric constant may cause changes in the
ionic interactions that effectively cancel out (i.e., the more non-
favorable Born interactions that suppress ion sorption are counter-
acted by the more favorable Manning interactions that promote ion
sorption). This physical picture provides a potential explanation for the
observation that suppressing the dielectric constant of the sulfonated
polysulfones through methoxy group incorporation does not influence
the polymer ion sorption properties.

In Nafion, the RMS log error for the Donnan — Manning — Born model
improved relative to its value for that of the Donnan — Manning model
(0.26 compared to 0.30, respectively) (Table 4), suggesting that
dielectric exclusion may also influence ion sorption in Nafion. However,
the magnitude of the improvement for Nafion was smaller than that for
the sulfonated polysulfones, which decreased from 0.93 to 0.34 between
the Donnan — Manning and Donnan — Manning — Born model, respec-
tively (Table 4). These results suggest that it is less important to account
for dielectric exclusion when modeling the ion sorption properties of
Nafion relative to sulfonated polysulfones, which is consistent with a
physical picture where in high dielectric constant polymers, primary
ionic interactions (here, ion-polymer interactions described by the
Manning model) govern ionic non-ideality, and secondary interactions
(such as those between ions and polarization charges) are less relevant.

5. Conclusions

Both Donnan and dielectric exclusion mechanisms influenced the ion
sorption properties of sulfonated polysulfones. Qualitatively, reducing
the degree disulfonation of the sulfonated polysulfones, which increased
the polymer fixed charge concentration, increased the Donnan exclu-
sion. However, the incorporation of the polar methoxy group, which
suppressed polymer dielectric constant, did not have a statistically sig-
nificant influence on the dielectric exclusion mechanism. This result
may be consistent with a physical picture where the suppression of
polymer dielectric constant increased the extent of ionic non-ideality in
both the favorable and non-favorable directions, and as a result, did not
influence the overall polymer ion sorption properties.

The Donnan - Born, Donnan — Manning, and Donnan — Manning —
Born models can be used to quantitatively describe ion sorption within
the limits of the assumptions incorporated in the models. When applied
to the sulfonated polysulfones, the Donnan — Born and Donnan —
Manning models overpredict the deviation of the mean ionic activity
coefficients (in the non-favorable and favorable directions, respectively)
of the sulfonated polysulfones from ideality, and as a result did not
provide quantitatively accurate predictions of the ion sorption co-
efficients. The Donnan — Manning — Born model, which accounted for
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favorable interactions between ions and polymer as well as non-
favorable interactions between ions and their induced polarization
provided more accurate predictions of the ion sorption properties of
sulfonated polysulfones. The Donnan — Manning — Born model also
improved the accuracy of the predictions of the ion sorption properties
of Nafion but to a much lesser extent than in sulfonate polysulfones.
These results help provide explanations for the underlying mechanisms
influencing the salt transport properties of hydrated charged polymers.
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