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Effect of external salt solution concentration
on carboxyl dissociation degree (a) and pKa

of weak polyelectrolyte membranes for
sustainable technologies

Yongha Kim,a Charleen M. Rahman, a Michael A. Shaqfeh,a Kyle M. Tierney,a

Andrew J. Lukaszewski,a Nikitha S. Kanumuru,b Dae Eun Kangc and
Hee Jeung Oh *abde

Understanding the dissociation process of weakly charged polymers under varied external salt

conditions is critical to develop innovative charged polymer membranes with desirable transport

properties for sustainable technologies. We previously designed a series of weakly charged polymer

membranes, i.e., cross-linked acrylic acid (AA)–poly(ethylene glycol) diacrylate (PEGDA) (AA–PEGDA)

random copolymer networks with a wide ion-exchange capacity (IEC = 0–4 mequiv. per g) range and

limited water swelling. Here, we report the dissociation process in the representative chemical structure

of AA–PEGDA series, i.e., 10-2 AA–PEGDA network (PEGDA cross-linker length n = 10, mIEC = 2

mequiv. per g) in different external salt concentration solutions (0–1 M NaCl (aq)). When titrated with a

strong base (NaOH), both POT titration (detecting a solution phase) and ATR–FTIR analysis (probing a

polymer phase) well describe the dissociation process and yield similar ranges of dissociation parameters

(a, pKa). The dissociation behavior follows the modified Henderson–Hasselbalch equation, showing

lower pKa values with increasing external salt concentrations. The governing molecular factor for disso-

ciation was determined by comparing four length scales (rc, rion, lB, and rD) in the system, including (1)

charged group distance in a polymer (rc), (2) distance between salt ions in an external solution (rion), the

respective (3) Bjerrum length (lB) and (4) Debye screening length (rD). At the lower external salt concen-

tration (0 M r CNacl r 0.01 M), the relative standing of these length scales (rc o lB { rD o rion)

indicates that the enhanced electrostatic interaction in dilute conditions suppresses the dissociation in

the network and thus increases pKa. At the higher salt concentration (0.1 M r CNacl r 1.0 M), the differ-

ent order of these length scales (rD { rc t lB t rion) represents that the screened electrostatic inter-

action via the added external salts promotes the dissociation and thus decreases pKa. As the external salt

concentration increases (0–1.0 M NaCl), water swelling in the network slightly decreases due to osmotic

deswelling. However, the lower water swelling has very little effect on effectively decreasing the charged

group distance in the polymer (rc), and thus, leads to little substantive influence on the electrostatic

interaction (consequently, the dissociation). Therefore, the screened electrostatic interaction by the

added external salts dictates the dissociation and pKa in our system. Our multiscale analysis of dissocia-

tion across varying external salt concentrations provides a pathway to tune the dissociation behavior of

weakly charged polymers and achieve desired transport properties for target applications.

1. Introduction

Charged polymers can offer selective and controlled transport
of small molecules (e.g., water, ion, gas) across the polymers,
enabling a broad range of membrane-based applications in
energy, environment and health.1–6 Relevant applications
include gas, liquid and vapor separations, energy generation
(e.g., batteries, fuel cells), resource recovery, environmental
remediation and health-related devices, amongst others.5–15
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Varied charged group content (type and concentration) com-
bined with polymer architecture and topology provides a useful
toolbox in controlling ion and water transport across the
polymer membranes. However, it is often challenging to under-
stand the effect of charged group content on ion transport in
the polymer membranes due to its coupled effects with polymer
morphology and high water swelling.16–21 For instance, chan-
ging charged group concentration in one polymer backbone
requires different processing variables (e.g., solvent, formation
methods), resulting in different polymer morphologies. Also,
increased charged group content leads to high water swelling in
the polymers. High water swelling often overshadows the
effects originating from charged group contents on ion trans-
port in the polymers. These coupled influences with polymer
morphology and high water swelling on ion transport make a
systematic comparison difficult. These difficulties hinder our
mechanistic understanding of ion transport in the charged
polymer membranes.

To overcome the current limitations in literature, we pre-
viously designed a series of weak polyelectrolyte membranes,
i.e., cross-linked acrylic acid (AA)–poly(ethylene glycol) diacry-
late (PEGDA) (AA–PEGDA) random copolymer networks with a
wide ion-exchange capacity (IEC = 0–4 mequiv. per g) range and
limited water swelling.22,23 Weakly acidic, acrylic acid (AA)
monomer was chosen as a charged block. Poly(ethylene glycol)-
diacrylates (PEGDAs) with different molecular weights were
used as cross-linkers to control the distance between network
junctions and thus limit high water swelling. In this model
polymer, using one fixed chemical structure, the charged group
concentration can be systematically altered (degree of ioniza-
tion, a = 0–1) as the external pH is changed between pH = 3–12.
If pH { pKa, almost all of dissociable charged groups (COOH
in this study) do not dissociate (degree of ionization, a = 0) and
the polymer behaves like an uncharged polymer. If pH = pKa,
one half of the dissociable charged groups (COOH) dissociates
to present as carboxylate groups (COO�) and thus, a is 0.5. If
pH c pKa, all dissociable charged groups (COOH) dissociate
(a = 1) and the polymer is fully ionized. Thus, using one fixed
chemical structure, we can systematically change the amount of
charged groups in the polymer without altering polymer mor-
phology while limiting high water swelling. This model system
enables us to develop a systematic, mechanistic understanding
of ion and water transport in charged polymer membranes.

Toward this goal, it is essential to understand the dissocia-
tion process in weakly charged AA–PEGDA series vs. the exter-
nal pH. Compared to the extensively studied non-polymeric
acids and bases in dissociation, dissociation behavior of poly-
electrolyte materials and ion-exchange resins is still largely
underdeveloped.24–26 In polyelectrolyte polymers, dissociation
parameters such as degree of ionization (a) and the negative
logarithm of apparent acid dissociation constant (pKa) are
dependent on chemical structure, morphology, processing
variables (e.g., form factors) and external test conditions. Thus,
it is important to use a systematic polymer platform to under-
stand the dissociation process in the polyelectrolyte polymers.
In literature, however, many polyelectrolyte polymers including

acrylic acid (AA)-containing polymers were studied using dif-
ferent forms (e.g., dissolved polymer solutions, porous beads
with different porosities, films, or composite structures), dif-
ferent cross-linker content (e.g., cross-linker type and concen-
tration) and varied test conditions (e.g., salt type and
concentration). These differences make a systematic compar-
ison difficult among these reports.27–30 On the other hand, our
AA–PEGDA series in this study was prepared with systematically
varied polymer composition (e.g., AA monomer content (the
amount of dissociable charged groups) and PEGDA cross-linker
content with different cross-linker length, n = 10 and 13) and
was formed into thin film membranes of a uniform–thickness.
Thus, this AA–PEGDA system enables a systematic study of
dissociation process in weakly charged polymers.

In this context, we reported the degree of ionization (a) and
pKa of AA–PEGDA series in dilute (DI water) and concentrated
salt (1 M NaCl (aq)) solutions via two rigorous analytical
methods including (1) potentiometric (POT) titration which
measures dissociation in a solution phase and (2) ATR–FTIR
analysis which detects dissociation in a polymer phase.23,39

Both methods (probing solution and polymer phases together)
faithfully describe the molecular-level physical picture of dis-
sociation process in AA–PEGDA series. As pH increases between
pH = 5–12, the degree of ionization (a) increases between 0–1,
following the modified Henderson–Hasselbalch equation.
While our previous reports serve as a baseline to understand
the dissociation process as a function of polymer composition
(mIEC and PEGDA cross-linker length, n) as well as in two
representative external salt conditions (dilute (DI water) and
concentrated (1 M NaCl (aq)) solutions), in real-life applica-
tions, a polymer membrane is frequently used in a broad
range of external salt conditions in complex environments.
Different external salt concentrations significantly affect dis-
sociation behavior and transport properties in weakly charged
polymers.6,10,31,32 Therefore, it was necessary to systematically
study the effect of external salt concentration on the dissocia-
tion process using one representative chemical structure of
AA–PEGDA series, i.e., 10-2 AA–PEGDA network with PEGDA
cross-linker length n = 10 and the maximum ion-exchange
capacity (mIEC) of 2 mequiv. per g. The 10-2 network was
chosen for this study because its IEC (effective ion-exchange
capacity (eIEC) = 0–2 mequiv g�1) and water swelling (fw =
0.30–0.54) ranges are relevant to other commercially available
and/or widely studied polyelectrolyte membranes.33–38

Therefore, we report the dissociation process in the repre-
sentative 10-2 AA–PEGDA network (mIEC = 2 mequiv. per g and
PEGDA cross-linker length n = 10) in varied external salt
concentration solutions including 0 M (DI water), 0.01 M,
0.1 M and 1 M NaCl (aq) solutions. The new dissociation data
in 0.01 M and 0.1 M NaCl (aq) solutions are compared with the
dissociation behavior in 0 M and 1 M NaCl (aq) solutions from
our previous studies.22,23,39 Two analytical methods are used to
thoroughly record the dissociation process in both 1) a solution
phase (via POT titration) and 2) a polymer phase (via ATR–FTIR
analysis). By systematically changing the external salt concen-
trations from a 0 M to 1 M NaCl (aq) solution, we record degree
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of ionization (a) vs. the external pH as well as pKa trends. In
addition, to understand the dissociation behavior before titra-
tion, we report pre-titration dissociation degree (a) prior to
adding a strong base (NaOH in this study) vs. the external
salt concentrations. To interpret the dissociation data and
determine pKa, we use the modified Henderson–Hasselbalch
equation.

Our rigorous interpretation of dissociation data was con-
ducted in three ways. First, to determine the governing mole-
cular variables on the dissociation, we record the dissociation
parameter (pKa) with respect to charged group concentration
(Cm

c ), equilibrium water swelling (fw) and external salt concen-
tration (Cs) in the system. The motivation for introducing
charged group concentration (Cm

c ) and water swelling (fw)
comes from the fact that, changing external salt concentration
(Cs) leads to different water swelling (fw) due to an osmotic
deswelling effect, and thus, different charged group concen-
tration (Cm

c ) in the polymers. These three linked variables
(Cm

c , fw, Cs) need to be understood cooperatively in our system.
Secondly, to understand the dominant molecular factors on the
electrostatic interaction (thus, dissociation) in our system, we
compared four relevant molecular-level length scales, i.e., (1)
the charged group distance in a polymer (rc), (2) the distance
between salt ions in an external solution (rion), the respective (3)
Bjerrum length (lB) and (4) Debye screening length (rD) in the
different external salt solutions. The relative order of these four
length scales broadly dictates the electrostatic interaction and
thus dissociation. Thirdly, we compare the pKa trend in this

study with other AA-containing polymers in the literature. Our
goal is to build a comprehensive understanding of dissociation
in similar weakly charged polymers. Together, our multiscale
analysis of dissociation provides a pathway to tune the dis-
sociation behavior of weakly charged polymers across varying
external salt concentrations.

2. Materials and experimental
2.1. Materials

A series of cross-linked acrylic acid (AA)–poly(ethylene glycol)
diacrylate (PEGDA) (AA–PEGDA) random copolymer networks
was synthesized via UV-induced free radical polymerization as
shown in Fig. 1a and b. Acrylic acid (AA, 8.00181, Millipore
Sigma, Burlington, MA) was a weakly charged monomer with a
carboxylic acid group (COOH). Poly(ethylene glycol) diacrylates
(PEGDAs, 437441 and 455008, Millipore Sigma, Burlington,
MA) with different molecular weights ( %Mn = 575 g mol�1 and
%Mn = 700 g mol�1) were used as cross-linkers. Deionized (DI)

water (18.2 MO cm, Millipore Direct-Q 5 UV system, Merck,
Germany) was used as a solvent and 2, 2-dimethoxy-2-
phenylacetophenone (DMPA, 196118, Millipore Sigma) was
used as a photoinitiator. All reactants were purchased and used
as received. Sodium chloride (NaCl, S9888, Millipore Sigma)
was used to prepare aqueous salt solutions. Sodium hydroxide
(NaOH, S5881, Millipore Sigma) was used for titration.

Fig. 1 (a) Transparent free-standing 10-2 AA–PEGDA network film with a uniform thickness. The 10-2 formulation has the maximum ion-exchange
capacity (mIEC) = 2 mequiv. per g with PEGDA cross-linker length, n = 10. (b) Chemical structure of cross-linked acrylic acid-poly(ethylene glycol)
diacrylate (AA–PEGDA) network via UV-induced free radical polymerization. (c) Schematic shows the dissociation process vs. pH.
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2.2. Membrane preparation

Free-standing transparent films of AA–PEGDA networks were
prepared with uniform thickness (with a variability o3–5%)
(see Fig. 1a).22,23,39 A homogenous transparent prepolymer
mixture was prepared by vigorously stirring a known concen-
tration of AA monomer, PEGDA cross-linker, DI water (solvent),
and DMPA (photoinitiator) for 30 m in an aluminum foil-
covered glass jar, followed by a gentle 30 m mixing (see
Table S1). 3 mL of the prepolymer mixture was poured onto a
leveled quartz plate (CGQ-0620-20, Chemglass Life Sciences,
Vineland, NJ) where four spacers of 305 mm thickness (19470,
Precision Brand, Downers Grove, IL) were placed at the edges.
Another quartz plate sandwiched the prepolymer mixture. The
assembled quartz plates were UV-cured for 90 s in a Spectro-
linker (XL-1000 UV Crosslinker, 254 nm, Spectronics Corpora-
tion, Melville, NY) to form a uniform-thickness transparent
film. The formed film was then soaked in DI water for 2–3 days
where water was replaced frequently to remove unreacted
reactants from the network. Circular polymer coupons (dia-
meter is 2.2 cm) were cut using a punch die (66002, Mayhew
Steel Products, Turners Falls, MA) for further characterization.
The average mass conversion rate of AA–PEGDA series was
98.4 � 1.2%, supporting successful polymerization, as reported
in our previous papers.22,23

Nomenclature of AA–PEGDA series in this study is n-mIEC
where n denotes the number of ethylene oxide (EO) repeating
unit in a PEGDA cross-linker (i.e., n = 10 or 13) and mIEC
indicates the maximum ion-exchange capacity of the polymer.
For instance, 10-2 AA–PEGDA network contains 10 of EO
repeating units between two network junctions and its mIEC
is 2 mequiv. per g.

2.3. Theoretical cross-linking density (nt)

Theoretical cross-linking density (nt) of a polymer was deter-
mined from the concentration of vinyl (CQC) groups in a
PEGDA cross-linker in an AA–PEGDA network as:40,41

vt
Moles of vinyl groups ½mol�

Volumeof a dry polymer cm3½ �

� �
¼ 2 �mc= �Mn

md

.
rp

(1)

where mc is the mass of a PEGDA cross-linker [g], md is the mass
of a dry polymer [g], %Mn is the number-average molecular
weight of the PEGDA cross-linker [g mol�1], and rP is the
polymer density [g cm�3]. The prefactor of 2 means that each
PEGDA cross-linker contains two vinyl groups for cross-linking.

2.4. Potentiometric (POT) titration

Potentiometric (POT) titration was performed to control the
degree of dissociation (ionization) (a) in AA–PEGDA series. A
circular polymer coupon (diameter is 2.2 cm) was dried in a
vacuum oven (281A, Thermo Fisher Scientific, Waltham, MA)
at 50 1C for 2 days to remove residual water in the polymer.
Dry masses (md) of the polymer coupon were recorded using
an analytical balance (MS304TS/00, Mettler Toledo, Colum-
bus, OH) until equilibrium was reached. The dry coupon was
then immersed in 100 mL of NaCl (aq) solutions with

different NaCl concentrations (i.e., 0 M, 0.01 M, 0.1 M, and
1 M NaCl (aq) solutions) at room temperature (21–22 1C).
Note that, prior to experiments, DI water used for titration
and salt solution preparation was equilibrated with atmo-
spheric CO2 (g) for 24 h at room temperature to achieve
an equilibrium amount of dissolved CO2 in water (see
Section 4.1). After equilibrated with CO2 (g) in air, pH in
the different NaCl (aq) solutions was in the range of 5.7–6.3
(with a variability o2–3%), as consistent with the reported
values (pH B 5.65) in literature.22,23,39,42,43

Next, a known amount of 0.1 M NaOH solution (xNaOH

[mequiv. per g]) was added to control the pH in the external
solution (see Table S2). The polymer coupon was titrated on an
orbital shaker (Labnique, Hunt Valley, MD) for 1 day to reach
equilibrium. Then the pH of the external solution was
recorded using a pH meter (SevenDirect SD50, Mettler
Toledo, Columbus, OH). The mass of the swollen polymer
coupon was also measured until equilibrium was achieved.
Subsequently, the swollen polymer coupon was dried in a
vacuum oven at 50 1C overnight for further characterization.
To confirm the chemical stabilities of the polymer during
titration, ATR–FTIR was run at each step. Degree of ionization
(a) of the polymer coupon was determined by best fitting
the data using the modified Henderson–Hasselbalch equa-
tion. Detailed procedures are shown in Fig. S2 as reported
previously.22,23,25–28,39,44

2.5. Polymer characterization

2.5.1. Polymer density (qP). Polymer density (rP [g cm�3])
was determined using a density measurement kit (ML-DNY-43,
Mettler Toledo, Columbus, OH) via the Archimedes’ principle
as:45,46

rp ¼
md

md �ml
� rl (2)

where md and ml are the masses of a dry polymer coupon in air
and an auxiliary liquid, respectively, and rl is the density of the
auxiliary liquid. In this study, the auxiliary liquid was n-heptane
(34873, Millipore Sigma, Burlington, MA) since AA–PEGDA series
shows negligible uptake of n-heptane in the polymers.22,23,39,47

Polymer density values are shown in Fig. S19.
2.5.2. Equilibrium water swelling (/w). Equilibrium water

swelling (fw) of AA–PEGDA series was determined via a gravi-
metric water uptake experiment. A polymer coupon (diameter is
2.2 cm) was dried in a vacuum oven at 50 1C for 2 days and
equilibrium dry mass (md) was recorded. The dry coupon
was then immersed in DI water or different NaCl (aq) solutions
at ambient temperature before and after titration. After
gently removing excess water on the polymer surface using
dust–free tissue papers, wet masses (mw) were periodically
measured until equilibrium was reached. Equilibrium water
uptake [g g�1] is expressed as:33,48,49

wu
Mass of sorbedwater½g�
Mass of a dry polymer ½g�

� �
¼ mw �md

md
(3)

Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ee
 2

02
6.

 D
ow

nl
oa

de
d 

on
 0

9.
06

.2
6 

14
:5

6:
12

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm01024a


3442 |  Soft Matter, 2026, 22, 3438–3459 This journal is © The Royal Society of Chemistry 2026

Equilibrium water volume fraction in a swollen polymer
(fw [cm3 of sorbed water/cm�3 of a swollen polymer]) was
determined via assuming the volume additivity33,48,49 of water
in a swollen polymer as:

fw

Volume of sorbedwater in a swollen polymer cm3
� �

Volume of a swollen polymer cm3½ �

� �

¼ mw �mdð Þ=rw
mw �mdð Þ=rw þmd=rp

(4)

where rw and rP are the densities of water (1.0 g cm�3) and the
dry polymer, respectively.

2.5.3. ATR–FTIR. Chemical structure and charged group
concentrations (dissociable COOH and dissociated COO�

groups) of AA–PEGDA series were characterized using an atte-
nuated total reflectance Fourier–transform infrared spectro-
scopy (ATR–FTIR, NICOLET iS50 FTIR, Thermo Fisher
Scientific, Waltham, MA). Before titration, a polymer coupon
(diameter is 2.2 cm) was soaked in 100 mL of different NaCl
(aq) solutions (i.e., 0 M, 0.01 M, 0.1 M, and 1 M NaCl (aq)
solutions) for 1–2 days at room temperature. Then the polymer
coupon was dried in a vacuum oven overnight at 50 1C for ATR–
FTIR analysis. After titration, the polymer coupon was analyzed
again using ATR–FTIR. The amounts of dissociable COOH and
dissociated COO� groups were quantified using the method
reported previously.22,23,26,39,50 All spectra were recorded in the
range of 500–4000 cm�1 with a resolution of 4 cm�1 and 64
scans. Background spectra was subtracted to obtain the sample
spectra using OMNIC software (Thermo Fisher Scientific,
Waltham, MA).

3. Theory
3.1. Determination of charged group content

Carboxyl acid (COOH) groups in weakly charged AA–PEGDA
series dissociate to form carboxylate (COO�) groups as:24

R–COOH # R–COO� + H+ (5)

Degree of ionization (a) is defined as the ratio between the
amount of dissociated carboxylate (COO�) groups [mol] and the
amount of total dissociable carboxylic acid (COOH) groups
[mol] as:24

a ¼ R� COO�½ �
½R� COOH� þ R� COO�½ � ð0 � a � 1Þ (6)

In AA–PEGDA series, the maximum ion-exchange capacity
(mIEC, mmol equivalent of H+ per grams of a dry polymer
[mequiv. per g]) represents the total concentration of dissociable
charged groups (COOH) in a polymer. Thus, mIEC of the
polymer is only affected by the AA monomer content in the
polymer.22–24,39 On the other hand, effective ion-exchange

capacity (eIEC) represents the concentration of dissociated
charged groups (COO�) under a given condition. Subsequently,
eIEC value is dependent on both the AA monomer content in
the polymer and the external pH. Therefore, mIEC and eIEC are
related by the degree of ionization (a) as:

eIEC = mIEC�a (0 r a r 1) (7)

Additionally, the amount of dissociated charged (COO�)
group in a polymer can be expressed as the charged group
concentration in sorbed water of a swollen polymer (Cm

c [mol
L�1], subscript c notes charged groups whereas superscript m

means a membrane phase) as:16,18,51

Cm
c ¼

Molesofdissociatedchargedgroupsinaswollenpolymer½mol�
Volumeof sorbedwaterinaswollenpolymer½L�

¼eIEC�rw
wu

(8)

3.2. Degree of ionization (a) before titration

Before titration (without adding a strong base), degree of
ionization (a) of AA–PEGDA series was recorded by measur-
ing the pH change in an external solution equilibrated
with a polymer coupon, as reportedly previously22,23,39

(see Fig. S1). If a small fraction of carboxylic acid (COOH)
groups in the polymer coupon dissociates and presents as
carboxylate (COO�) groups, H3O+ concentration in the external
solution increases correspondingly. By measuring the
increased H3O+ concentration (pH) in the external solution,
the degree of ionization (a) of the polymer can be deter-
mined as:22,23,39

where Vs is the volume of the external solution (100 mL). The
total number of dissociable charged (COOH) groups was calcu-
lated from the chemical composition of AA–PEGDA series (the
average mass conversion rate of the formed AA–PEGDA series is
98.4 � 1.2%22,23).

3.3. Degree of ionization (apH) via POT titration

During POT titration, degree of ionization (apH) of a polymer
was determined from the added amount of NaOH (xNaOH)
(subscript pH notes that the degree of ionization (a) was
determined by potentiometric pH titration). As a strong base
(NaOH) is added, hydroxide anions (OH�) from the NaOH react
with released H+ from dissociated carboxylate (COO�) groups,
forming water (H2O). With increasing amount of added NaOH,
the amount of dissociated COO� groups increases, respectively.
When the added NaOH amount (xNaOH) is smaller than the
mIEC of the polymer, the corresponding fraction of dissociable
COOH groups with respect to the added NaOH amount (xNaOH/
mIEC) can dissociate. When the amount of added NaOH equals
the total amount of dissociable COOH groups of the polymer

a ¼ Moles of dissociatedH3O
þ in a polymer coupon ½mol�

Moles of total dissociable charged ðCOOHÞ groups in a polymer coupon ½mol�

¼
Vs � 10�pHof a solution after soaking a coupon � 10�pHof a solution before soaking a coupon

� �
Moles of total dissociable charged ðCOOHÞ groups in a polymer coupon ½mol�

(9)
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(xNaOH = mIEC), all COOH groups dissociate and its degree of
ionization (apH) becomes 1. Thus, the degree of ionization (apH)
can be calculated from the amount of added NaOH as:22,23,39

apH �
xNaOH=mIEC if xNaOH omIEC
1 if xNaOH 	 mIEC

�
(10)

3.4. Degree of ionization (aIR) via ATR–FTIR

Degree of ionization (aIR) of a polymer was also quantified
using ATR–FTIR analysis (subscript IR indicates that the degree
of ionization (a) was obtained via IR analysis). The detailed
peak assignments and calculation methods of AA–PEGDA net-
works have been discussed in our previous reports22,23,39 and
are summarized in Sections S1 and S2. According to the Beer–
Lambert law, the degree of ionization (aIR) of a polymer can be
expressed as:

aIR ¼
ACOO�

ACOO� þ ACOOH 
 F
(11)

where ACOO� is the area under the curve at 1575 cm�1 (from
dissociated COO� groups), ACOOH is the subtracted area under
the curve at 1700 cm�1 (from dissociable COOH groups), and F
is the ratio between ACOO� at the highest pH (pH = 11–12 where
all COOH groups dissociate and present as COO�) and ACOOH at
the lowest pH (pH = 3–6 where almost all COOH groups are not
dissociated and present as COOH). Similar methods have been
reported by other researchers.26,50

3.5. pKa via the modified Henderson–Hasselbalch equation

The negative logarithm of apparent acid dissociation constant
(pKa) of a polymer is expressed as:24

pKa ¼ � log
Hþ½ � R�COO�½ �
R�COOH½ � (12)

pH is the negative logarithm of H3O+ concentration ([H3O+]) in
an external solution as:24

pH = �log[H3O+] (13)

The degree of ionization (a), pKa and pH of a system can be
related using the Henderson–Hasselbalch equation as:24

pH = pKa + log(a/(1 � a)) (14)

The modified Henderson–Hasselbalch equation can be used
to best fit the data as:25

pH = pKa + B log(a/(1 � a)) (15)

where B is the fitting parameter. The degrees of ionization, apH

(via POT titration) and aIR (via ATR–FTIR analysis), were used to
best fit the data via the modified Henderson–Hasselbalch
equation and determine dissociation parameters (pKa and B)
(see Table 1).

3.6. Molecular-level length scales

To understand the molecular picture of dissociation process in
AA–PEGDA series, we used four relevant molecular-level length

scales, including 1) the average distance between dissociated
charged groups in a swollen polymer (rc, subscript c notes
charged groups), (2) the average distance between salt ions in
an external solution (rion), the corresponding (3) Bjerrum length
(lB) and (4) the Debye screening length (rD) in the system.

The average distance between dissociated charged groups in
a swollen polymer (rc) was estimated using effective ion-
exchange capacity (eIEC) and equilibrium water swelling (wu,
fw) by assuming the uniform volumetric distribution of
charged groups in sorbed water in a swollen polymer
as:16,18,51,52

rc ½Å� ¼
wu � 1000

rw � eIEC � fw �NA

	 
1
3
�108 (16)

where eIEC is the concentration of dissociated charged groups
in the dry polymer (from eqn (7) and (8) in Section 3.1), wu is
the water uptake of the polymer (g of sorbed water/g of a dry
polymer), rw is the water density (1 g cm�3), fw is water volume
fraction (cm3 of sorbed water/cm3 of a swollen polymer), and NA

is the Avogadro number (6.022 � 1023). In this simple first
approximation, a charged group (in the polymer) and a salt ion
(in an external solution) in a system are treated as a point
charge, consistent with the theoretical53–58 and experimental
observations.18,52,59 Note that we also calculated the average
distance between dissociated charged groups (rc,eff) in a poly-
mer and the distance between salt ions in an external solution
(rion,eff) assuming a spherical ion and details are discussed in
Sections S3 and 4.5.

The average distance between dissociated charged groups in
a dry polymer (rc,dry) is calculated by assuming the uniform
volumetric distribution of charged groups in the polymer as:

rc;dry½Å� ¼
1000

rp � eIEC �NA

 !1
3

�108 (17)

where rP is the polymer density [g cm�3].
NaCl and NaOH are two salts used this study. NaCl concen-

tration in an external solution (CNacl [M]) varies from 0 M (DI
water) to 1 M (i.e., 0 M, 0.01 M, 0.1 M, and 1 M). The added
amount of NaOH (xNaOH [mequiv. per g]) for titration varies
from 0 to mIEC [mequiv. per g] of a polymer. The NaOH
concentration (CNaOH [M]) is estimated as:

CNaOH½M� ¼
md

xNaOH � 1000 � Vs
(18)

where md is the dry mass of the polymer coupon [g] and Vs is the
volume of the external solution (0.1 L).

The total external salt concentration (Cs) is the sum of NaCl
and NaOH concentrations (Cs = CNacl + CNaOH). As all salts fully
dissociate in water, ion concentration (Ci) can be expressed as
Ci = 2�Cs. Since the added NaOH amount for titration is very
small (0–0.003 M) in this study, the total external salt concen-
tration (Cs) is dominantly dependent on the NaCl concentration
(0–1 M) in the external solutions (see Table S3–5). Thus, the
average distance between salt ions in the external solution (rion)
is calculated by assuming the uniform volumetric distribution
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of salt ions in the external solution as:

rion ½Å� ¼
1000

Cs �NA

	 
1
3
�108 (19)

Bjerrum length (lB) is the separation distance at which the
electrostatic interaction energy between two point charges,
such as the charged group in a polymer and a nearby mobile
ion in an external solution in our system, becomes equal to the
natural energy scale, i.e., thermal energy (kT).52,54,57,59,60 If the
separation distance (r) between the charged group in a polymer
and the nearby mobile ion in an external solution is smaller
than the Bjerrum length (r o lB), the electrostatic interaction
energy exceeds the thermal energy. Under these conditions, the
charged group and ion remain strongly associated, which
inhibits dissociation. If the separation distance (r) between
the charged group and the mobile ion exceeds the Bjerrum
length (r 4 lB), the electrostatic interaction energy is lower than
the thermal energy. As a result, the ion can dissociate (escape)
from the charged group and move freely, behaving like a non-
interacting species (promoting dissociation). Thus, the Bjerrum
length (lB) serves as a measure of the strength of electrostatic
interaction energy between a charged group in a polymer and a
surrounding ion in an external solution, and is expressed
as:18,52,54,57,59–61

lB ½Å� ¼
e2

4pepe0kBT
(20)

where e is electrostatic charge (1.60218 � 10�19 C), ep is the
dielectric constant of the polymer, e0 is the vacuum permittivity
(8.8542 � 10�12 F m�1), kB is the Boltzmann constant
(1.38065 � 10�23 J K�1), and T is an absolute temperature [K].
For AA–PEGDA series, ep of a swollen polymer is calculated
using the Bruggeman effective medium model62–65 and the
details will be discussed in Section 3.7.

Debye screening length (rD) of a system characterizes the
distance over which the electrostatic interaction energy from a
charged group in a polymer is effectively reduced and attenu-
ated by the surrounding mobile ions in an external
solution.52,53,60,61 If the separation distance (r) between a
charged group in the polymer and the surrounding mobile
ion in the external solution is smaller than the Debye screening
length (r o rD), the electrostatic interaction energy by the
charged group exceeds the thermal energy (kT) and significantly
affects the redistribution of nearby mobile ions. As a result,
local electroneutrality is not preserved within this range. If the
separation distance (r) between the charged group and the
mobile ion exceeds the Debye screening length (r o rD), the
electrostatic interaction energy by the charged group is sub-
stantially reduced due to screening by the redistributed mobile
ions in the solution. Thus, electroneutrality is preserved at the
distance exceeding the Debye screening length (rD). The Debye

screening length (rD) is expressed as:

rD ½Å� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

epe0kT

NAe2
Pn
i¼1

Cizi2

vuuut (21)

where
Pn
i¼1

Cizi
2 is determined as:

Xn
i¼1

Cizi
2 ¼ 2 � I (22)

where I is the ionic strength of the external solution as:

I ¼ 1

2
CNaþ � ðþ1Þ2 þ CCl� � ð�1Þ2 þ COH� � ð�1Þ2
� �

¼ CS (23)

3.7. Dielectric constant (ep) in a hydrated polymer

Dielectric constant (e) of a material describes the polarizability
of dipoles within the material under an electric field compared
to a vacuum.33,66 High dielectric medium like water (ew B 78.2)
promotes salt dissociation, because water molecules can readily
polarize and stabilize the electrostatic charges of the disso-
ciated ions. Generally, as the dielectric constant of a material
increases, dissociation is more pronounced, significantly influ-
encing the electrostatic phenomena in a system. Thus, reason-
able estimation of the dielectric constant (ep,swollen polymer) in a
swollen polymer is required to understand the dissociation
behavior in our AA–PEGDA polymers. For this purpose, we used
the symmetric Bruggeman effective medium model which
calculates dielectric constant of a heterogeneous material with
a percolation threshold (fc B 0.3) as:62–65

fw

ew � ep; swollen polymer

ew þ 2 � ep; swollen polymer

	 


þ fp

ep;dry polymer � ep; swollen polymer

ep;dry polymer þ 2 � ep; swollen polymer

	 


¼ 0 (24)

where fw is the water volume fraction of a swollen polymer, fp

is the polymer volume fraction, and ep,dry polymer is the dielectric
constant of the dry polymer (B12).18,52,67,68 We chose the
Bruggeman model because our 10-2 AA–PEGDA network shows
interconnected water domain in the swollen polymer, and
comparable water content (fw = 0.30–0.54) above the percola-
tion threshold of 0.3 described in the Bruggeman model. We
used the ep,dry polymer values from similar AA- and PEGDA-based
polymers in the literature.18,52,59 Also, dielectric constant of
aqueous NaCl (aq) solution, ew(Cs), is adjusted as a function of
external salt concentration as:69–73

ew Csð Þ ¼ ew;0 þ
X5
j¼1

yECj Cs
j=2 (25)

where ew,0 is the dielectric constant of pure water (78.2), yEC
j is
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an empirical parameter (yEC
1 = yEC

4 = yEC
5 = 0, yEC

2 = �16.2, and
yEC

3 = 3.10), and Cs is the external salt concentration [M].
For comparison, we also used other representative methods

to estimate the dielectric constant of a swollen AA–PEGDA
polymer (see Fig. 2 and Table S3) and recorded the influence
of different dielectric constant range on our dissociation ana-
lysis (see Fig. S20). The simplest linear mixing rule assumes the
volume additivity between the polymer and sorbed water in the
swollen polymer as:18,52,62,74

ep,swollen polymer = (1 � fw)�ep,dry polymer + fw�ew (26)

The linear mixing rule is reported to well estimate
the dielectric properties of hydrated Nafions which shows
strong phase separation between the sorbed water and the
polymer.62,75 The logarithmic mixing rule also expresses the
dielectric constant of a swollen polymer using fw and fp (= 1 �
fw) as:76,77

log(ep,swollen polymer) = (1 � fw)�log(ep,dry polymer) + fw�log(ew)
(27)

These two simple mixing rules are useful as a first approxi-
mation when the detailed information of polymer–water inter-
action is limited.

On the other hand, the Maxwell–Garnett model predicts the
dielectric constant of a heterogenous material as:62,69,78–80

ep; swollen polymer � ep;dry polymer

ep; swollen polymer þ 2 � ep; dry polymer

¼ fw

ew � ep; dry polymer

ew þ 2 � ep; dry polymer

	 

(28)

This model describes the cases where water is dilute and not
continuous in a system.

In Fig. 2, we showed estimated dielectric constants of
swollen 10-2 AA–PEGDA network via four different methods
with and without adjusting the external salt concentration (Cs)
(also see Table S3). Overall, as external salt solution concen-
tration increases, the dielectric constant of a system decreases
slightly. The linear mixing rule via volume additivity leads to a
higher dielectric constant range, since the linear mixing rule
assumes the ideal mixing (of polymer and sorbed water) and
does not consider geometric factors. Between 0–0.01 M NaCl
(aq) concentration range, dielectric constants with and without
adjusting the external salt concentration (Cs) are similar to each
other. However, as the salt concentration increases between
0.1 M and 1 M NaCl (aq) solutions, increasing salt concen-
tration further decreases the dielectric constants, and the
difference becomes more obvious. In this study, we mainly
used the dielectric constants estimated by the Bruggeman
effective medium model with the external salt concentration
(Cs) adjustment to describe the dissociation.

Using the dielectric constant ranges via different methods,
we compared the four relevant length scales (rc, rion, lB, and rD)
in Fig. S20 and Tables S4 and S5. As the dielectric constants via
different methods slightly decreases, Bjerrum length (lB)
slightly increases and Debye screening length (rD) decreases,
respectively (see eqn 20 and 21) as expected. However,
regardless of the slight variations in the dielectric constants,
the relative order of these length scales are consistent in our
dissociation analysis, and details will be discussed in
Section 4.5.

4. Results and discussion
4.1. Degree of ionization (a) before titration

To describe the complete picture of the dissociation process in
AA–PEGDA series, we quantified the degree of ionization (a) in a
polymer before adding a strong base (i.e., NaOH in this study).
Weakly acidic, carboxylic acid (COOH) groups in acrylic acid
(AA) monomer slightly dissociate (ionize) in water and NaCl
(aq) solution as:

R–COOH + H2O $ R–COO� + H3O+ (29)

Consequently, carboxylate anion (R–COO�) and hydronium
cation (H3O+) are formed, lowering the pH of the solutions (AA
monomer’s pKa is 4.24–4.60 in a dilution condition26,27,30,81,82).

Before soaking an AA–PEGDA polymer coupon, in different
external salt (NaCl) concentrated solutions of this study, i.e.,
0 M (DI water), 0.01 M, 0.1 M and 1 M NaCl (aq) solutions, the
solution pH values were in the range of pH = 5.7–6.3 (with a
variability o2–3%) regardless of the external NaCl concentra-
tions. The solution pH values are closer but slightly lower than
pH = 7 because of an equilibrium amount of dissolved carbon
dioxide (CO2) in water (see Section 2.4). CO2 (g) from air
dissolves in water to form a carbonic acid (CO2 (g) + H2O $

H2CO3 (aq)). The carbonic acid can partially dissociate (H2CO3

(aq) + H2O $ HCO3
� + H3O+), generating a bicarbonate anion

(HCO3
�) and a hydronium cation (H3O+), and thus, lowering

Fig. 2 Dielectric constant (ep,swollen polymer) of swollen 10-2 AA-PEGDA
network via different estimation methods with and without adjusting the
external salt concentration (Cs) (at the highest pH = 12). Dashed lines are
used to guide the eyes.
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the pH of the water. The water in equilibrium with atmospheric
CO2 (g) exhibits a moderately acidic pH of 5.65.23,39,42,43 Our
measured pH ranges (pH B 6) in the different NaCl (aq)
solutions are in a similar range as those in the literature. To
minimize the pH changes originating from the dissolved CO2 in
water during our experiments, DI water used for pH titration
and salt solution preparation was equilibrated with air in
ambient temperature for 24 h, and thus reached an equilibrium
amount of dissolved CO2 in the water, following the previously
reported procedures.74

Note that the presence of neutral NaCl salt in water (as the
different external NaCl (aq) solutions in this study) does not
influence the acidity or basicity of the solution and thus does
not change the solution pH. However, the added ions (Na+ and
Cl�) dissociated from the NaCl salt increase the overall ionic
strength of the external solution. External salt effects from the
increased ionic strength can affect the dissociation process (a
and pKa) in weakly charged polymers, such as in AA–PEGDA
series. Detailed discussion on the effects of external salt con-
ditions on dissociation will be made in Section 4.5.

For pre-titration study, an AA–PEGDA polymer coupon was
soaked in different external salt solutions of varied NaCl
concentrations (0 M, 0.01 M, 0.1 M and 1 M NaCl (aq) solutions)
to reach equilibrium without adding a strong base (NaOH). If a
small fraction of dissociable charged (COOH) groups dissoci-
ates in weakly acidic AA–PEGDA series, the H3O+ released from
the polymer lowers the pH in the external solution.24 As the
extent of dissociation to COO� groups increases, the resulting
pH change in the solution becomes more pronounced. By
recording the pH change in the solutions over time (see
Fig. 3a), we determined pre-titration degree of ionization (a)
of the polymer using eqn (9) as shown in Fig. 3b.

Fig. 3a shows the effects of polymer composition (mIEC =
0–4 mequiv. per g, PEGDA cross-linker length, n = 10 and 13)
and external salt concentrations (0 M, 0.01 M, 0.1 M and 1 M
NaCl (aq)) on the pre-titration pH change in the external
solution after 2 days of film immersion (also see Fig. S3 and
S4). For comparison, cross-linked PEGDA network films (10–0
and 13–0) without any dissociable charged (COOH) groups (i.e.,

mIEC = 0 mequiv. per g) are shown as controls. In the absence
of any dissociable charged groups in the polymers, the solution
pH values contacting the PEGDA network films do not change
over time and remain nearly constant (pH B 6) as expected.
This is anticipated for non-charged PEGDA networks (thus,
degree of ionization, a = 0).

On the other hand, in AA–PEGDA series, the extent of
solution pH changes over time shows a distinct trend as a
function of polymer composition (mIEC and n) and external
salt concentrations (Cs). First, as mIEC increases from
0 mequiv. per g to 4 mequiv. per g (other conditions are the
same in a fixed PEGDA cross-linker length, n and in a fixed
external NaCl concentration), the extent of pH change is greater
with increasing mIEC due to the increased amount of dissoci-
able charged (COOH) groups in the polymers. The more dis-
sociable charged (COOH) groups in the polymers lead to the
higher H3O+ concentration in the solution after partial disso-
ciation. The higher H3O+ concentration results in a lower pH in
the solution.

Secondly, as PEGDA cross-linker length (n) increases from
n = 10 to n = 13 (other conditions are identical in a fixed mIEC
and a fixed external NaCl concentration), the extent of the pH
changes is slightly larger within the uncertainty of a measure-
ment, because of higher water swelling in a looser network in
0.01 M to 1.0 M NaCl (aq) solutions. In DI water (0 M NaCl (aq)
solution), the difference (of the solution pH changes) is almost
negligible due to suppressed dissociation, but in 0.01 M to 1 M
NaCl (aq) solutions, the difference between n = 10 and n = 13 is
more obvious although the data remain within the uncertainty
of a measurement. In general, a looser network with a longer
cross-linker exhibits a higher water swelling with a lower cross-
linking density. A water-rich, high dielectric environment in the
looser network favors more dissociation. High water swelling
also reduces the electrostatic repulsion between dissociated
charged groups by increasing the distance between the charged
groups, and thus, promotes more dissociation. Both effects (in
the looser network) lead to the increased amount of dissociated
COO� groups, lowering the pH in the external solution. This
trend is likely to be similar, but the difference between n = 10

Fig. 3 [a] pH of an external solution after soaking AA–PEGDA coupon in different NaCl (sq) solutions (0–1 M NaCl (aq)) for 2 days before titration. No
strong base (NaOH) was added. [b] Pre-titration degree of ionization (a) � 100 [%] via solution pH change. Arrows show total external salt concentration
(Cs). Dashed lines are used to guide the eyes. Error bars are included.
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and n = 13 series in the DI water is almost negligible. This is
due to the suppressed dissociation via the enhanced electro-
static repulsion between charged groups in dilute conditions,
because the electrostatic screening effects by the added external
salt (NaCl) are ruled out. Detailed discussion will be made in
Section 4.5.

Thirdly, in a fixed polymer composition (mIEC and n are
fixed), as the external NaCl concentration increases between
0 M and 1 M NaCl (aq) solutions, the extent of the solution pH
changes is greater due to the increased electrostatic screening
effects by the added external salts. Increased amounts of the
external salts screen and modulate the electrostatic repulsion
between dissociated charged groups, leading to more dissocia-
tion. More dissociation in the higher salt concentrated solu-
tions results in a larger pH decrease (Detailed discussion in
Section 4.5).

Fig. 3b summarizes the pre-titration degree of ionization (a)
determined by the solution pH changes in Fig. 3a (also see
Fig. S5). The extent of dissociation degree (a) before adding a
strong base (NaOH) is very small (0–4%) in the different NaCl
(aq) solutions. Although the extent of dissociation degree (a) is
very small, the dissociation behavior shows consistent trends as
a function of polymer composition (mIEC and n) and external
salt concentrations (Cs). In general, as mIEC increases, PEGDA
cross-linker length (n) increases, and external salt concen-
tration (Cs) increases (see Fig. 4), the degree of ionization (a)
slightly increases as expected. In the 0 M NaCl (aq) solutions,
the pre-titration dissociation degree is negligible (a = 0.05% �
0.02%) regardless of polymer composition.22,23,39 As the exter-
nal NaCl concentration increases, the degree of ionization (a)
slightly increases up to a = 4% because of the enhanced
electrostatic screening effects by the added external salts as
shown in Fig. 4 (also see Fig. S6). Overall, our pre-titration
dissociation analysis supports the assumption that the major
dissociation in AA–PEGDA series arises as a strong base (NaOH)

is added for titration.24–28 The pre-titration results also provide
a reference point for our subsequent analysis.

4.2. pH titration curve

In this study, we mainly focused on the representative chemical
structure of AA–PEGDA series, i.e., 10-2 AA–PEGDA network
(mIEC = 2 mequiv. per g and PEGDA cross-linker length n = 10)
to investigate the effect of external salt concentrations on the
dissociation behavior (a and pKa) during titration. The 10-2
network was selected because its IEC (eIEC = 0–2 mequiv. per g)
and water swelling (fw = 0.30–0.54) ranges are most relevant to
other commercially available and/or widely studied polyelec-
trolyte membranes.33–38 Using the fixed 10-2 network film, we
recorded the pH vs. the added amount of a strong base (NaOH)
in the different NaCl (aq) solutions (0–1 M) as shown in Fig. 5.

In a strongly acidic polymer, all strong acid groups dissoci-
ate in water and NaCl (aq) solution (HA + H2O " H3O+ + A�).24

During titration with a strong base (e.g., NaOH), the pH in the
solution exhibits a plateau and remains relatively constant until
an equivalence point is reached. An equivalence point repre-
sents the stoichiometric balance where the amount of added
OH� equals the amount of H3O+ released from the polymer
([OH�] = [H3O+]). Beyond the equivalence point, the excess
amount of OH� ([OH�]) causes a steep increase in the solution
pH, as the titration reaches its completion point.

In contrast, weakly acidic polymers, such as AA–PEGDA
series in this study, exhibits different behavior in pH titration
because their acidic groups dissociate partially (HCOOH + H2O
$ HCOO� + H3O+). The acid dissociation constant (Ka) is
defined as:24

Ka ¼
H3O

þ½ � � A�½ �
HA½ � (30)

Fig. 4 Pre-titration degree of ionization (a)� 100 [%] of AA–PEGDA series
vs. total external salt concentration (Cs). Dashed lines are used to guide the
eyes. Error bars are included.

Fig. 5 pH vs. added NaOH amount [mequiv. per g] in PEGDA (10–0,
mIEC = 0 mequiv. per g) and 10-2 AA–PEGDA networks in different NaCl
(aq) solutions (0–1 M NaCl (aq)). Dashed lines are used to guide the eyes.
Error bars are included.
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and can be related to pH (= �log[H3O+]) as:

H3O
þ½ � ¼ Ka � HA½ �

A�½ � (31)

As a strong base (NaOH) is added, it reacts with the weak
acid to form its conjugate salt (NaA) (HA + NaOH " NaA +
H2O). This reaction initially reduces the amount of dissociated
A� ([A�]). To preserve equilibrium stoichiometry, additional HA
dissociates into A�, leading to a decrease in [HA] and an
increase in [A�]. Consequently, the pH increases as [H3O+]
decreases. At the halfway point of the titration, one half of
the original HA has dissociated, so the concentrations of HA
and A� are equal ([HA]1/2 = [A�]1/2). This corresponds to a
degree of ionization (a) of 0.5. The negative logarithm of
apparent acid dissociation constant in a polymer, pKa is deter-
mined as the negative logarithm of the hydronium concen-
tration ([H3O+]) at the halfway point (PH1/2) as:

pKa = pH1/2 (32)

Prior to the titration (before adding the strong base (NaOH)),
the fraction of dissociated A� in the polymer is assumed to be
very small. This is the case with the 10-2 AA–PEGDA network as
discussed in Section 4.1. The pre-titration dissociation degree
(a) is very small (a = 0–4%) for AA-PEGDA series in the different
NaCl (aq) solutions. Beyond the halfway point, continued
addition of the strong base drives further dissociation of the
remaining HA until its neutralization is complete (a = 1),
resulting in an increase in the solution pH. As the titration is
completed, the excess amount of OH� ([OH�]) governs the
solution pH.

Our weakly acidic 10-2 AA–PEGDA network shows similar pH
titration behavior as shown in Fig. 5. As a reference, pH
titration curves of cross-linked PEGDA network (10–0) without
any dissociable charged groups (mIEC = 0 mequiv. per g) in
different NaCl (aq) solutions are shown. Without any dissoci-
able COOH groups, PEGDA network shows steeper pH increase
in the solution in an early stage in 0 M and 1 M NaCl (aq)
solutions (other NaCl (aq) solutions also yield similar pH
titration curves but are not shown for brevity). This is expected
because the added NaOH does not need to neutralize the
uncharged PEGDA network and thus directly contributes to
increasing the solution pH.

On the other hand, in the 10-2 AA–PEGDA network with
dissociable COOH groups (mIEC = 2 mequiv. per g), as the
strong base (NaOH) is added, the amount of dissociated COO�

groups in the polymer increases gradually. The added NaOH
titrates (neutralizes) the polymer and thus the solution pH
increases correspondingly. As the external NaCl concentration
increases from 0 M to 1 M, the pH titration curves shift to lower
pH ranges because of the enhanced electrostatic screening
effects by the added external salts.53,61,81,83,84 Increasing
amount of the external salts modulates and reduces the elec-
trostatic repulsion between charged groups in the polymer,
promoting dissociation and thus decreasing pKa. The down-
shifting trend with the increasing external salt concentration

represents the promoted dissociation (thus, decreased pKa) by
the added external salts. While the downshifting trend is more
obvious between 0–0.1 M NaCl (aq) solutions, the shifting trend
after 0.1 M NaCl (aq) becomes much smaller between 0.1–1.0 M
NaCl (aq) solutions. This is because the electrostatic repulsion
between charged groups is effectively screened in and after
adding 0.1 M NaCl (aq) solution. Details will be discussed with
respect to relevant, molecular-level length scales in Section 4.5.
When the added amount of NaOH equals the total amount of
dissociable charged groups (mIEC = 2 mequiv. per g) in the 10-2
network, titration approaches its completion point (the degree
of ionization, a = 1).

In addition, during the titration, we performed ATR–FTIR
analysis to measure the concentrations of dissociable COOH
and dissociated COO� groups in the polymer phase (see Section
S2 and Fig. S11). Fig. S12 and S13 show the concentrations of
dissociable COOH (at 1700 cm�1) and dissociated COO� groups
(at 1575 cm�1 and 1400 cm�1) in the polymer vs. added NaOH
amount, following the methods reported previously.23,26,39,50 As
the pH increases (with the increasing NaOH amount), the
absorbance intensities (and the areas under the curves) of the
dissociated COO� groups (at 1575 cm�1 and 1400 cm�1)
also increase (see Fig. S12a–d and S13a and b), while the
areas under the curves of the dissociable COOH groups (at
1700 cm�1) decrease (see Fig. S13c and d). Note that the
absorbance intensities at 1100 cm�1 (ether C–O–C stretching
from ethylene oxide (EO) groups in PEGDA cross-linker) remain
almost constant as expected (see Fig. S12e and f). This confirms
that no chemical degradation occurs during the titration.

4.3. Degree of ionization (a) and pKa via the modified
Henderson–Hasselbalch equation

We reported the degree of ionization (a) and pKa values of 10-2
AA–PEGDA network in different NaCl (aq) solutions (0–1 M) via
(1) potentiometric (POT) titration of the network film with the
strong base (NaOH) and (2) subsequent ATR–FTIR analysis.
Through integrating the dissociation data in both solution
phase (via POT titration) and polymer phase (via ATR–FTIR
analysis) together, we can rigorously probe the dissociation
process and quantify the dissociation parameters (a and pKa) of
the polymers. We used the modified Henderson–Hasselbalch
equation to fit the data and describe the physical picture of the
dissociation in the polymers.

Fig. 6a shows the degree of ionization (apH) vs. pH data of 10-
2 network in different NaCl (aq) solutions via POT titration
whereas Fig. 6b exhibits the aIR vs. pH results via ATR–FTIR
analysis. In both figures, symbols are experimental data while
solid lines are the best fit through the data using the modified
Henderson–Hasselbalch equation. As the external pH increases
between 3–12, the degree of ionization (a) increases between
0–1, following the modified Henderson–Hasselbalch equation.
At pH 4 10–11, the 10-2 network is fully dissociated (a = 1).
Overall, both methods (POT titration and ATR–FTIR analysis)
show similar a vs. pH trends. This confirms that both methods
faithfully reflect the dissociation process in both solution and
polymer phases (also see Fig. S14). Also, our a vs. pH data are
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aligned well with the modified Henderson–Hasselbalch equa-
tion. This indicates that our system can be reasonably analyzed
within the framework of the modified Henderson–Hasselbalch
equation (eqn (15)). pH vs. log(a/(1 � a)) was plotted and
straight lines were found in all data sets as shown in
Fig. S15. At the halfway point (a = 0.5), pKa value was deter-
mined using eqn (32) (see Fig. 6c). The slope of pH vs. log(a/(1�
a)) plot was the fitting parameter (B) (see Fig. S16). The degree
of ionization (a), pKa and fitting parameter (B) values are
summarized in Table 1.

Note that, in Fig. 6c, we used the maximum amount of
added NaOH (i.e., 3 mequiv. per g in this study) for the

complete titration of the 10-2 network to calculate the total
external salt concentrations (Cs) (see Section 3.6). pKa vs. total
external salt concentration (Cs) plots using the different
amount of added NaOH (for titration) can be found in Fig. S17.

As the external NaCl concentration increases (0–1 M), the a
vs. pH curves shift to the left (see Fig. 6a and b), indicating the
decreased pKa from pKa = 9 to pKa = 6 via both methods (see
Fig. 6c). As the external NaCl concentration increases, the
increased external salts modulate and screen the electrostatic
repulsion between the charged groups and thus promote the
dissociation. The increased electrostatic screening effects result
in lowered pKa values.81

Fig. 6 [a] Degree of ionization (apH) vs. pH of 10-2 AA–PEGDA network in different NaCl (aq) solutions (0 M to 1 M NaCl (aq)) via POT titration. Symbols
are experimental data. Solid lines are the best fit using the modified Henderson–Hasselbalch equation. [b] Degree of ionization (aIR) vs. pH via ATR–FTIR
analysis. [c] pKa vs. total external salt concentration (Cs). Dashed lines are used to guide the eyes. Error bars are included.

Table 1 pKa and B values of 10-2 AA–PEGDA network in different NaCl (aq) solutions (0 M to 1 M NaCl (aq)) determined using the modified Henderson–
Hasselbalch equation via POT titration and ATR–FTIR analysisa

Method

NaCl Concentration in an external solution (CNacl) [M]

0 M (DI water) 0.01 M 0.1 M 1 M

pKa B pKa B pKa B pKa B

POT titration 8.90 � 0.30 1.59 � 0.13 8.15 � 0.28 1.65 � 0.13 6.70 � 0.19 0.95 � 0.09 6.30 � 0.18 1.18 � 0.03
ATR–FTIR analysis 9.00 � 0.33 0.71 � 0.07 8.30 � 0.30 0.94 � 0.07 6.61 � 0.18 0.61 � 0.05 6.18 � 0.26 0.82 � 0.09

a For each measurement, an average value with a standard deviation is reported with at least three samples.
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On the other hand, as the external NaCl concentration
increases (0–1 M), water swelling (fw) decreases in the polymer
because of an osmotic deswelling effect. A water–reduced
environment provides a lower dielectric medium, hindering
dissociation and thus increasing pKa.85 Detailed discussion
on the competing effects of the added external salts on the
dissociation will be made in the following section (see
Section 4.4).

Fig. S16 shows the fitting parameter (B) vs. external salt
concentrations via both methods (see also Fig. S18). Fitting
parameter (B) is the slope of dissociation curve (pH vs. log(a/(1
� a))). B value does not have a physical origin but describes the
degree of deviation from the ideal Henderson–Hasselbalch
equation.25 If B = 1, dissociation curve follows the ideal
Henderson–Hasselbalch equation. If B deviates from 1, some
researchers relate the deviation degree with polymer composi-
tion and/or morphological features in ion-exchange resins and
polyelectrolyte polymers.44,86,87 Some reports used B values as a
non-ideality factor to correlate a system with respect to its ideal
solution analog.25,86 Although the physical interpretation of B
value in polyelectrolyte polymers remains uncertain and some-
what speculative, it is still useful to report the general trend of B
values observed in our 10-2 network. First, our B values (B = 0.6–
1.7) are in a similar range of other acrylic acid (AA)-based
polymers (B = 1.0–2.7) in the literature.25,27,28,44,86,87 Second,
B values via POT titration are slightly higher than those via

ATR–FTIR analysis, reflecting differences in measurement
methods as reported previously.23,39 Thirdly, varying NaCl
(aq) concentrations does not have a significant effect on B
values. Both methods exhibit a similar nonmonotonic
dependence on external salt concentration. Similar challenges
in relating B values to polymer parameters and experi-
mental conditions have also been reported in the
literature.25,27,28,44,86,87

4.4. Effects of charged group content (Cm
c ), water swelling (/w)

and external salt concentration (Cs) on dissociation (pKa)

To understand the governing molecular variables on dissocia-
tion behavior by changing external salt concentrations in the
fixed 10-2 AA-PEGDA network, we reported the effects of
charged group concentration (Cm

c ), equilibrium water swelling
(fw) and external salt concentration (Cs) on the dissociation
parameter (pKa) as shown in Fig. 7. We plot the charged group
concentration (Cm

c ) and water swelling (fw) as a function of
external salt concentration (Cs) because changes in the external
salt concentrations (Cs) alter the polymer’s water swelling (fw)
through osmotic deswelling effect induced by the added salts.
Variations in water swelling (fw) in turn modify the charged
group concentration (Cm

c ) in the swollen polymer. Conse-
quently, these molecular variables (Cm

c , fw, and Cs) are inter-
dependent and must be considered cooperatively in the 10-2
network. (Note that, since the added NaOH amount is very

Fig. 7 [a] Water volume fraction (fw) vs. added NaOH amount in different NaCl (aq) solutions (0–1 M NaCl (aq)). [b] Water volume fraction (fw) (filled
symbols) and degree of ionization (apH) (unfilled symbols) vs. pH. [c] Charged group concentration in a swollen polymer (Cm

c ) and water volume fraction
(fw) vs. total external salt concentration (Cs). Dashed lines are used to guide the eyes. Error bars are included.
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small (0–0.003 M) in this study, the total external salt concen-
tration (Cs) is dominantly dependent on the NaCl concentration
(0–1 M) in the external solutions.)

In AA–PEGDA series, these linked molecular variables (Cm
c ,

fw, and Cs) exert competing influences on the dissociation
behavior (a and pKa) in the polymers.23 In general, (1) first,
higher charged group concentration (Cm

c ) in a polymer leads to
increased water swelling (fw). Dissociated charged groups in a
polymer like to be surrounded by water to lower the free energy
of a system via hydration, while the elastic force exerted by the
polymer matrix resists the increased water sorption. As the
osmotic pressure of the sorbed water reaches equilibrium with
the elastic force exerted by the polymer matrix, an equilibrium
water swelling is established.88 The more dissociated charged
groups are in a polymer, the higher the water swelling (fw) is in
the AA-PEGDA network. Enhanced water swelling (fw) in a
polymer network creates a water-rich, high dielectric environ-
ment that promotes dissociation. Additionally, greater water
swelling increases the separation distance between the charged
groups, reducing the electrostatic repulsion among the disso-
ciated charged groups.89 Together, both effects (via high water
swelling) favor increased dissociation and thus a lower pKa.24

(2) Secondly, as the external salt concentration (Cs) increases,
the increased external salts screen the electrostatic repulsion
between the dissociated charged groups, thereby promoting
dissociation and lowering pKa.

(3) On the other hand, as the external salt concentration (Cs)
increases, water swelling (fw) in the polymer decreases due to
an osmotic deswelling effect. An increase in external salt
concentration decreases the external water concentration, lead-
ing to a lower osmotic pressure of sorbed water into the
polymer. Reduced osmotic pressure difference between the
external solution and the polymer results in decreased water
swelling (fw). Subsequently, a water–reduced environment
offers a lower dielectric medium, hindering dissociation and
thus increasing pKa.85

Fig. 7a shows the equilibrium water swelling (fw) of 10-2
network vs. added NaOH amount in different NaCl (aq) solu-
tions. As a reference, water swelling (fw) trends of cross-linked
PEGDA network (10–0) without any dissociable charged
(COOH) groups (mIEC = 0 mequiv. per g) are shown in 0 M
and 1 M NaCl (aq) solutions (fw values in other different NaCl
(aq) solutions are in between these ranges but are not shown
for brevity and clarity). Without any dissociable charged
groups, 10–0 network shows almost constant water swelling
(fw B 0.29–0.33) vs. the added NaOH amount (thus, the
external pH) as expected. The 10–0 network also shows slightly
decreased water swelling (fw) with increasing external salt
concentration (Cs) due to the osmotic deswelling.

In contrast, in the 10-2 network with dissociable charged
groups (mIEC = 2 mequiv. per g), water swelling (fw) increases
vs. the added NaOH amount, as consistent with the pH titration
curve (see Fig. 5). The water swelling (fw) trend strongly
correlates with the degree of ionization (a) as shown in
Fig. 7b as expected. As the external pH increases between
pH = 4 and pH = 12, the amount of dissociated COO� groups

increases (thus, a increases between 0–1) and water swelling
(fw) correspondingly increases (fw = 0.30–0.54), following the a
vs. pH trend. The more dissociated charged groups are in a
polymer, the higher the water swelling (fw) is in the 10-2
network.

In the fixed 10-2 network, as the external NaCl concentration
increases (0–1 M), water swelling (fw) decreases by 6–9%
because of the osmotic deswelling effect by the added external
salts.16,18,19,85 Simultaneously charged group concentration
(Cm

c ) increases by 15% (see the magnified view in Fig. 7c). (Note
that we used fw values at the highest pH (pH = 11 B 12) to
show the extent of fw and Cm

c changes vs. increased Cs.) This
indicates that the varied external NaCl concentration (0–1 M)
range in this study only slightly changes the water swelling (fw)
and charged group concentration (Cm

c ) in the polymer. For
comparison, the 10–0 network without any dissociable charged
groups also shows similar slightly decreased water swelling (fw)
by 6–8% with the increased external salt concentration (Cs) due
to the osmotic deswelling (see Fig. 7a).

These two nearly constant parameters (fw, Cm
c ) vs. the varied

external salt concentration (Cs) indicate that these two para-
meters (fw, Cm

c ) are not the major factors for dictating the
dissociation and lowered pKa in this case. Therefore, in our 10-2
network, as the external salt concentration (Cs) increases, the
reduced electrostatic repulsion between the dissociated
charged groups via the added external salts governs the dis-
sociation. Thus, pKa is lowered, although higher external salt
concentrations (Cs) slightly reduce water swelling (fw) in the
polymer (suppressing dissociation and increasing pKa).

4.5. Molecular picture of dissociation via relevant length
scales

To describe the molecular picture of dissociation behavior in
the fixed 10-2 AA–PEGDA network in different external salt
concentrations (0 M to 1.0 M NaCl (aq)), we compared four
relevant molecular-level length scales in our system. Our pKa

values (via POT titration) are plotted with respect to (1) the
average distance between dissociated charged groups in a
swollen polymer (rc) at the highest pH = 11–12, (2) the average
distance between salt ions in an external solution (rion), the
respective (3) Bjerrum length (lB) and (4) Debye screening
length (rD) in a system as shown in Fig. 8 and Table S5. The
motivation for plotting pKa vs. these four length scales (rc, rion,
lB, and rD) comes from the fact that the electrostatic interaction
originating from polymer composition (Cm

c , fw) and different
external salt concentration (Cs) governs the dissociation pro-
cess. To determine the governing molecular factors on the
electrostatic interaction (thus, dissociation) in our system,
our system is first expressed using two representative length
scales, i.e., (1) the average distance between charged groups in a
polymer (rc) and (2) the average distance between salt ions in an
external solution (rion). Relative standing between these two
length scales with respect to each other generally determines
both the strength and nature of electrostatic interaction in the
system.

Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ee
 2

02
6.

 D
ow

nl
oa

de
d 

on
 0

9.
06

.2
6 

14
:5

6:
12

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm01024a


3452 |  Soft Matter, 2026, 22, 3438–3459 This journal is © The Royal Society of Chemistry 2026

Also, the respective (3) Bjerrum length (lB) and (3) Debye
screening length (rD) are used to understand the electrostatic
phenomena. In this system, Bjerrum length (lB) is used to
measure the strength of electrostatic interaction between
charged groups in a polymer and surrounding mobile ions in
an external solution. Debye screening length (rD) indicates the
distance where the electrostatic interaction exerted by the
polymer’s charged group is effectively screened by the external
solution’s mobile ions. For a comprehensive understanding,
these four length scales (rc, rion, lB, and rD) need to be discussed
together.

First, in the lower NaCl concentration range of external salt
solutions (0 M r CNacl r 0.01 M), as the external NaCl
concentration increases, the charged group distance in a poly-
mer (rc) at the highest pH (pH = 11–12) is in a similar range of
rc D 11 Å (rc slightly decreases from rc = 11.3 Å to rc = 11.2 Å
with increasing NaCl concentration because of osmotic

deswelling) (see Fig. 8a) and its corresponding Bjerrum length
(lB) is also in a similar range of 15 Å (lB slightly increases from
lB = 14.7 Å to lB = 15.0 Å with increasing NaCl concentration)
(see Fig. 8c). The charged group distance (rc D 11 Å) is slightly
shorter than the Bjerrum length (lB D 15 Å). If the distance is
shorter than the Bjerrum length (rc o lB), the electrostatic
interaction energy exceeds the thermal energy (kT). Thus, the
charged group and ion remain strongly associated, which
inhibits dissociation. Both length scales (rc, lB) of the polymer
indicate the pKa value to be in a higher range.

In the lower NaCl concentration solutions, as the external
NaCl concentration increases, the average distance between
salt ions in an external solution (rion) decreases from rion =
79.6 Å to rion = 50.0 Å (see Fig. 8b). The charged group distance
in the polymer (rc D 11 Å) is substantially shorter than the
distance between the salt ions (rion D 80–50 Å) in the solutions.
This suggests that the concentration of external salt ions is too

Fig. 8 pKa (via POT titration) vs. [a] the average distance between dissociated charged groups in a swollen polymer (rc) at the highest pH (pH = 11–12),
[b] the distance between salt ions in an external solution (rion), [c] Bjerrum length (lB) and [d] Debye screening length (rD) in 10-2 AA–PEGDA network in
different NaCl (aq) solutions (0–1 M NaCl). Dashed lines are used to guide the eyes. Error bars are included.
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low to effectively regulate the electrostatic repulsion between
the polymer’s charged groups. Consistently, the corresponding
Debye screening length (rD) range of 39–18 Å (see Fig. 8d) is
longer than the charged group distance (rc D 11 Å) but shorter
than the spacing between salt ions (rion D 80–50 Å). At a
distance shorter than the Debye screening length (r o rD),
the electrostatic interaction energy by the polymer’s charged
groups exceeds the thermal energy. Thus, the electrostatic
interaction energy overcomes the random thermal motion of
surrounding mobile ions, influencing the rearrangement of the
mobile ions. Overall, the relative order of these four length
scales (rc o lB { rD o rion) represents that the enhanced
electrostatic interaction in dilute solutions is the dominant
factor to suppress the dissociation and thus increase pKa.

Note that the average distance between external salt ions
(rion) was estimated by assuming the uniform distribution of
salt ions in an external salt solution (see eqn (19)) to broadly
compare salt ion distances over different salt solution concen-
tration ranges. While the assumption of uniform salt ion
distribution is more valid in higher salt concentration ranges,
at lower salt concentration ranges, external salt ions can be
heterogeneously distributed in a system, further increasing the
average distance between external salt ions.

Secondly, in the higher NaCl concentration range of external
salt solutions (0.1 M r CNacl r 1.0 M), as the external NaCl
concentration increases, the average charged group distance in
a polymer (rc) is in a similar range of 11 Å (rc slightly decreases
from rc = 11.1 Å to rc = 11.0 Å with increasing NaCl concen-
tration due to osmotic deswelling) (see Fig. 8a) and its corres-
ponding Bjerrum length (lB) is also in the range of 15–18 Å (lB

slightly increases from lB = 15.2 Å to lB = 17.7 Å with increasing
NaCl concentration) (see Fig. 8c). The charged group distance
(rc D 11 Å) is slightly shorter than the Bjerrum length (lB D 15–
18 Å).

In higher NaCl concentration solutions, as the external NaCl
concentration increases, the average distance between salt ions
in an external solution (rion) decreases from rion = 25.2 Å to
rion = 11.8 Å (see Fig. 8b). The spacing between salt ions
(rion D 25–12 Å) becomes comparable to the charged group
distance (rc D 11 Å) in the polymer. This indicates that
sufficient salt ions are present to screen and modulate the
electrostatic repulsion between the charged groups in the
polymer. This is consistent since the Debye screening length
(rD) is in the range of 7–2 Å (see Fig. 8d), which is shorter than
the charged group distance (rc D 11 Å) in the polymer as well as
the spacing between salt ions (rion D 25 B 12 Å) in the
solutions (rD o rc t rion). At a distance exceeding the Debye
screening length (r 4 rD), the electrostatic interaction energy by
the charged group is substantially reduced due to screening by
the redistributed mobile ions in the solution. Consequently,
the screened electrostatic interaction energy no longer signifi-
cantly suppresses the dissociation and moves pKa to a
lower value.

Overall, in the higher NaCl concentration solutions (0.1 M r
CNacl r 1.0 M), the relative standing of these four length scales
(rD { rc t lB t rion) indicates that the screened electrostatic

interaction by added external salts is the dominant factor to
promote dissociation and thus decrease pKa. As the external
salt concentration (Cs) increases, water swelling (fw) in AA–
PEGDA network slightly decreases due to osmotic deswelling.
However, the slightly lower water swelling (fw) has very little
effect on decreasing the charged group distance in the polymer
(rc) and thus leads to little substantive influence on the electro-
static interaction (and, consequently, the dissociation). In our
system, the screened electrostatic interaction by the added
external salts is the major factor to dictate the dissociation
and pKa. This lowered pKa trend via added external salts is
consistent with other theoretical and experimental dissociation
reports using polyelectrolyte brushes, polymer networks and
linear polymers in different salt solutions.60,90–94

Fig. 9 summarizes the molecular-level picture of dissocia-
tion (pKa) in different external salt concentration solutions
using the four relevant length scales (rc, rion, lB, and rD). In
lower NaCl concentration solutions (0 M r CNacl r 0.01 M), the
electrostatic interaction energy is dominant and maximized in
dilute conditions and thus suppresses the dissociation and
increases pKa. The charged group distance in the polymer (rc) is
shorter than the Bjerrum length (lB) and substantially shorter
than the Debye screening length (rD) (rc o lB { rD o rion). The
unscreened electrostatic interaction is dominant over the

Fig. 9 Relevant length scales (rc, rion, lB, rD) and pKa (via POT titration) vs.
total external salt concentration (Cs) in different NaCl (aq) solutions.
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thermal energy for random motion. Thus, the ions are strongly
associated with the charged groups, suppressing dissociation
and increasing pKa. In contrast, in higher NaCl concentration
solutions (0.1 M r CNacl r 1.0 M), the electrostatic interaction
energy is screened by the added external salts. The charged
group distance in the polymer (rc) and the Bjerrum length (lB)
are significantly longer than the Debye screening length (rD)
(rD { rc t lB t rion). The screened electrostatic interaction no
longer substantially suppresses the dissociation and thus
decreases pKa.

Note that we also compared the four length scales (rc, rion, lB,
and rD) using the dielectric constants estimated by different
methods in Fig. S20 and Tables S4 and S5. As the dielectric
constants via different methods slightly decreases, Bjerrum
length (lB) slightly increases and Debye screening length (rD)
decreases, respectively (see eqn (20) and (21)) as expected.
However, regardless of the slight change in the dielectric
constants, the relative order of these length scales are consis-
tent in the external NaCl (aq) concentration range.

In addition, we compared the four length scales (rc, rion, lB,
and rD) assuming a point charge with those assuming a
spherical ion (rc,eff, rion,eff, lB, and rD) in Fig. S22 and Table S6
(see Section S3). rc,eff and rion,eff (assuming a spherical ion) are
moderately smaller than rc and rion (assuming a point charge),
respectively, but both pairs (rc and rc,eff as well as rion and rion,eff)
are in a similar range of order. Thus, the relative standing of these
four length scales (rc,eff, rion,eff, lB, and rD) remains the same as
those assuming a point charge as shown in Fig. S22.

4.6. Comparison with other AA-based polymers in literature:
Effect of external salt concentration (Cs) on dissociation

In Fig. 10, pKa data of 10-2 AA-PEGDA network in different
NaCl (aq) solutions were compared with those of other acrylic
acid (AA)-containing polymers in the literature. Our motivation
was to construct a comprehensive understanding of dissocia-
tion process in the 10-2 network along with other similar
weakly charged AA-based polymers. Toward this aim, we

selected relevant AA-containing polymers including linear PAA
polymers with different molecular weights ( %Mw = 2–450 kg
mol�1)26 and cross-linked PAA polymers and poly(methacrylic
acid) (PMA) polymers in dilute and concentrated salt
solutions.27,28 Despite the fact that their polymer form factors
(e.g., dissolved polymer solutions with different concentrations,
porous beads with different porosities, and thin films), cross-
linker types and concentrations (e.g., divinylbenzene, PEGDA)
and external salt conditions (e.g., salt type and concentrations)
of these reports are different from those of our AA–PEGDA
series in this study, these polymers were chosen since their
reports contain detailed information on polymer composition
and dissociation data (a vs. pH) for a reasonable comparison.

Note that, compared to other AA-based polymers in the
literature, our AA–PEGDA series was formed into thin films of
uniform-thickness and the experiments were conducted in
different NaCl (aq) solutions (0–1 M). Conversely, in the litera-
ture, linear PAA polymers were dissolved in dilute solutions
(NaOH Cs = 0.05–0.09 M). Cross-linked PAA and PMA polymers
were formed into porous beads and titrated in dilute conditions
(Cs = 0.03–0.06 M). Other cross-linked PAA polymers were
prepared into porous beads (20–40 mesh) and titrated in 1 M
potassium chloride (KCl) (aq) solution.26–28

Although limitations exist for direct comparisons, Fig. 10
shows a general pKa trend vs. cross-linking density (nt) of our
AA–PEGDA network along with other AA-based polymers in the
literature. We reported the overall trend with detailed discus-
sions in our previous paper.23 Generally, (1) first, compared to
the pKa of AA monomer (4.24–4.60), linear PAA polymers with
increasing polymer chain length ( %Mw = 2–450 kg mol�1) show
increased pKa range (pKa = 5.41–5.86) since covalently bonded
longer chains suppress the dissociation.23,27,28,30,39,81,82 (2)
Secondly, cross-linked PAA and PMA polymers with incre-
asing cross-linking density (nt) show higher pKa values in
both dilute and concentrated solutions. Cross-linked
networks restrict chain conformation, hindering dissociation
and increasing pKa.23,25,27,28,39,44,86,87 Our AA–PEGDA series

Fig. 10 Comparison with other AA-containing polymers in the literature.
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(mIEC = 0–4 mequiv. per g and PEGDA cross-linker length n =
10 and 13) also shows an increased pKa with increased cross-
linking density (nt) as reported previously.23 (3) Thirdly, as
external salt concentration increases, pKa decreases due to
the enhanced electrostatic screening effects via the added
external salts. Reduced electrostatic repulsion between charged
groups promotes dissociation and decreases pKa.81,83,84

Compared to other AA-based polymers in the literature, the
dissociation behavior of the 10-2 network (in the fixed cross-
linking density (nt) of 3.8 mol cm�3) is consistent with the
overall trend of other AA-based polymers. Our 10-2 network
shows decreasing pKa trend with increasing external salt
concentration (0–1.0 M NaCl (aq)) due to the screened electro-
static interaction via the added external salts. To the best of our
knowledge, this is the first systematic study of the dissociation
process conducted using thin films of uniform thickness, with
controlled variations in polymer composition and external salt
concentrations. Our systematic AA–PEGDA library can help us
understand the molecular picture of the dissociation in weakly
charged polymers.

5. Conclusion

Charged polymer membranes have gained greater attention as
a platform for sustainable technologies in energy, environment,
and health. We previously designed a series of weak polyelec-
trolyte membranes, i.e., cross-linked acrylic acid (AA)–poly(-
ethylene glycol) diacrylate (PEGDA) (AA–PEGDA) random
copolymer networks with a wide ion-exchange capacity (IEC =
0–4 mequiv. per g) range and limited water swelling. Weakly
acidic, acrylic acid (AA) monomer was chosen as a charged
block. Poly(ethylene glycol)diacrylates (PEGDAs) with different
molecular weights were used as cross-linkers to limit water
swelling. In this model polymer, we can systematically change
the amount of charged groups in one fixed chemical structure
without changing polymer morphology while limiting high
water swelling. This system uniquely enables us to develop a
systematic, mechanistic understanding of ion and water trans-
port in charged polymer membranes.

Toward this goal, it is essential to understand the dissocia-
tion process vs. varied external salt conditions in the weakly
charged AA–PEGDA series. Here, we reported the dissociation
process in the representative chemical structure of AA–PEGDA
series, i.e., 10-2 AA–PEGDA network in different NaCl (aq)
solutions (0 M, 0.01 M, 0.1 M and 1 M NaCl (aq)). Two analytical
methods were used to rigorously measure the dissociation
process in both 1) a solution phase (via POT titration) and 2)
a polymer phase (via ATR–FTIR analysis). The pre-titration
study confirmed that our AA–PEGDA series shows a very small
dissociation degree (a = 0–4%) without a strong base in
different NaCl (aq) solutions. Although the extent of dissocia-
tion degree (a) is very small, the dissociation trend correlates
well with the polymer composition (mIEC and n) and external
salt concentrations. When titrated, both POT titration (detect-
ing a solution phase) and ATR–FTIR analysis (probing a

polymer phase) describe the dissociation process well and show
similar ranges of dissociation parameters (a, pKa). The disso-
ciation behavior in the 10-2 network in different NaCl (aq)
solutions follows the modified Henderson–Hasselbalch equa-
tion, showing decreased pKa with increasing external salt con-
centrations. The overall dissociation trend was also described
well by comparing four relevant molecular-level, physical
length scales (rc, rion, lB, and rD) in the system.

In the lower NaCl concentration solutions (0 M r CNacl r
0.01 M), the relative standing of these four length scales
(rc o lB { rD o rion) represents that the enhanced electrostatic
interaction in dilute conditions is the dominant factor to
suppress the dissociation and thus increase pKa. In the higher
NaCl concentration solutions (0.1 M r CNacl r 1.0 M), the
relative order of these four length scales (rD { rc t lB t rion)
indicates that, the screened electrostatic interaction by added
external salts is the dominant factor to promote dissociation
and thus decreases pKa. As the external salt concentration
increases (0–1.0 M NaCl (aq)), water swelling in the AA–PEGDA
network slightly decreases due to osmotic deswelling. However,
the slightly lower water swelling has very little effect on effec-
tively decreasing the charged group distance in the polymer (rc),
and thus, leads to little substantive influence on the electro-
static interaction (thus, the dissociation). In our system, the
screened electrostatic interaction by the added external salts is
the major factor to dictate the dissociation and pKa. Our
multiscale analysis of dissociation across varying external salt
concentrations provides a pathway to tune the dissociation
behavior of weakly charged polymers and achieve desired
transport properties for target applications. Together, our
model system can help us design innovative charged polymer
membranes for sustainable technologies.
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und nichtwäßriger Elektrolytlösungen, 1970, DOI: 10.1524/
zpch.1970.71.1_3.115.

73 G. M. Silva, X. Liang and G. M. Kontogeorgis, How to
account for the concentration dependency of relative
permittivity in the Debye–Hückel and Born equations,
Fluid Phase Equilib., 2023, 566, 113671, DOI: 10.1016/
j.fluid.2022.113671.

74 J. Kamcev, E.-S. Jang, N. Yan, D. R. Paul and B. D. Freeman,
Effect of ambient carbon dioxide on salt permeability and
sorption measurements in ion-exchange membranes, J. Membr.
Sci., 2015, 479, 55–66, DOI: 10.1016/j.memsci.2014.12.031.

75 H. Zhang and G. M. Geise, Modeling the water perme-
ability and water/salt selectivity tradeoff in polymer mem-
branes, J. Membr. Sci., 2016, 520, 790–800, DOI: 10.1016/
j.memsci.2016.08.035.

76 A. V. Goncharenko and V. M. Silkin, A Century of General
Lichtenecker Equation: Between Stringency and Empiri-
cism, Accuracy and Approximability, Materials, 2025,
18(24), 5562, DOI: 10.3390/ma18245562.

77 K. Lichtenecker, Die dielektrizitatskonstante naturlicher
und kunstlicher mischkorper, Phys. Z., 1926, 27, 115–158.

78 K. Chang, H. Luo and G. M. Geise, Influence of salt
concentration on hydrated polymer relative permittivity
and state of water properties, Macromolecules, 2021, 54(2),
637–646, DOI: 10.1021/acs.macromol.0c02188.

79 K. W. Wagner, Erklärung der dielektrischen nachwirkungs-
vorgänge auf grund maxwellscher vorstellungen, Arch. Elek-
trotech., 1914, 2(9), 371–387, DOI: 10.1007/BF01657322.

80 J. Lou, T. A. Hatton and P. E. Laibinis, Effective dielectric
properties of solvent mixtures at microwave frequencies,
J. Phys. Chem. A, 1997, 101(29), 5262–5268, DOI: 10.1021/
jp970731u.

81 H. Kodama, T. Miyajima, M. Mori, M. Takahashi,
H. Nishimura and S. Ishiguro, A unified analytical treat-
ment of the acid-dissociation equilibria of weakly acidic
linear polyelectrolytes and the conjugate acids of weakly
basic linear polyelectrolytes, Colloid Polym. Sci., 1997, 275,
938–945, DOI: 10.1007/s003960050169.

82 T. Miyajima, M. Mori and S.-I. Ishiguro, Analysis of com-
plexation equilibria of polyacrylic acid by a Donnan-based
concept, J. Colloid Interface Sci., 1997, 187(1), 259–266, DOI:
10.1006/jcis.1996.4694.

83 S. Lifson and A. Katchalsky, The electrostatic free energy of
polyelectrolyte solutions. II. Fully stretched macromole-
cules, J. Polym. Sci., 1954, 13(68), 43–55, DOI: 10.1002/
pol.1954.120136804.

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ee
 2

02
6.

 D
ow

nl
oa

de
d 

on
 0

9.
06

.2
6 

14
:5

6:
12

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1007/s40828-020-00130-x
https://doi.org/10.1063/1.1672157
https://doi.org/10.1021/ma071457x
https://doi.org/10.1021/acs.macromol.5b01654
https://doi.org/10.1021/acs.macromol.7b01929
https://doi.org/10.1021/acs.macromol.5c00616
https://doi.org/10.3390/ma2041697
https://doi.org/10.1002/andp.19354160705
https://doi.org/10.1016/j.progpolymsci.2005.07.006
https://doi.org/10.1016/j.polymer.2006.11.046
https://doi.org/10.1021/acsmacrolett.4c00048
https://doi.org/10.1021/acsmacrolett.4c00048
https://doi.org/10.1063/1.4883742
https://doi.org/10.1524/zpch.1970.71.1_3.115
https://doi.org/10.1524/zpch.1970.71.1_3.115
https://doi.org/10.1016/j.fluid.2022.113671
https://doi.org/10.1016/j.fluid.2022.113671
https://doi.org/10.1016/j.memsci.2014.12.031
https://doi.org/10.1016/j.memsci.2016.08.035
https://doi.org/10.1016/j.memsci.2016.08.035
https://doi.org/10.3390/ma18245562
https://doi.org/10.1021/acs.macromol.0c02188
https://doi.org/10.1007/BF01657322
https://doi.org/10.1021/jp970731u
https://doi.org/10.1021/jp970731u
https://doi.org/10.1007/s003960050169
https://doi.org/10.1006/jcis.1996.4694
https://doi.org/10.1002/pol.1954.120136804
https://doi.org/10.1002/pol.1954.120136804
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm01024a


This journal is © The Royal Society of Chemistry 2026 Soft Matter, 2026, 22, 3438–3459 |  3459

84 I. Michaeli and A. Katchalsky, Potentiometric titration of
polyelectrolyte gels, J. Polym. Sci., 1957, 23(104), 683–696,
DOI: 10.1002/pol.1957.1202310412.

85 N. Yan, D. R. Paul and B. D. Freeman, Water and ion
sorption in a series of cross-linked AMPS/PEGDA hydrogel
membranes, Polymer, 2018, 146, 196–208, DOI: 10.1016/
j.polymer.2018.05.021.

86 V. S. Soldatov, Quantitative presentation of potentiometric
titration curves of ion exchangers, Ind. Eng. Chem. Res.,
1995, 34(8), 2605–2611, DOI: 10.1021/ie00047a008.

87 H. Strobel and R. Gable, Titration studies as a means of
characterizing anion-exchange resins, J. Am. Chem. Soc.,
1954, 76(23), 5911–5915, DOI: 10.1021/ja01652a005.

88 T. Canal and N. A. Peppas, Correlation between mesh size
and equilibrium degree of swelling of polymeric networks,
J. Biomed. Mater. Res., 1989, 23(10), 1183–1193, DOI:
10.1002/jbm.820231007.

89 B. Vondrasek, C. Wen, S. Cheng, J. S. Riffle and J. J. Lesko,
Hydration, ion distribution, and ionic network formation in

sulfonated poly (arylene ether sulfones), Macromolecules,
2020, 54(1), 302–315, DOI: 10.1021/acs.macromol.0c01855.

90 C. Balzer and Z.-G. Wang, Electroresponse of weak polyelec-
trolyte brushes, Eur. Phys. J. E, 2023, 46(9), 82, DOI: 10.1140/
epje/s10189-023-00341-3.

91 G. Ferrand-Drake del Castillo, R. L. Hailes and A. Dahlin,
Large changes in protonation of weak polyelectrolyte
brushes with salt concentration—Implications for protein
immobilization, J. Phys. Chem. Lett., 2020, 11(13), 5212–5218,
DOI: 10.1021/acs.jpclett.0c01289.

92 N. A. Kumar and C. Seidel, Polyelectrolyte brushes with
added salt, Macromolecules, 2005, 38(22), 9341–9350, DOI:
10.1021/ma0515735.

93 R. Arnold, The titration of polymeric acids, J. Colloid Sci.,
1957, 12(6), 549–556, DOI: 10.1016/0095-8522(57)90060-0.

94 G. S. Longo, M. Olvera de La Cruz and I. Szleifer, Molecular
theory of weak polyelectrolyte gels: the role of pH and salt
concentration, Macromolecules, 2011, 44(1), 147–158, DOI:
10.1021/ma102312y.

Paper Soft Matter

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ee
 2

02
6.

 D
ow

nl
oa

de
d 

on
 0

9.
06

.2
6 

14
:5

6:
12

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1002/pol.1957.1202310412
https://doi.org/10.1016/j.polymer.2018.05.021
https://doi.org/10.1016/j.polymer.2018.05.021
https://doi.org/10.1021/ie00047a008
https://doi.org/10.1021/ja01652a005
https://doi.org/10.1002/jbm.820231007
https://doi.org/10.1021/acs.macromol.0c01855
https://doi.org/10.1140/epje/s10189-023-00341-3
https://doi.org/10.1140/epje/s10189-023-00341-3
https://doi.org/10.1021/acs.jpclett.0c01289
https://doi.org/10.1021/ma0515735
https://doi.org/10.1016/0095-8522(57)90060-0
https://doi.org/10.1021/ma102312y
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm01024a



