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Simulation of weak polyelectrolyte brushes: the
effects of ionizable monomer fraction and
monovalent salt

Xin Yuan,a Shahryar Ramezani Bajgiran, b Rahatun Akter,a Amanda B. Marciel *b

and Jeremy C. Palmer *a

We perform simulations using the grand reaction method (GRM) to investigate the effects of pH,

monovalent salt concentration, and ionizable monomer fraction f on the swelling of weak polyelectrolyte

brushes (PEBs) consisting of polymer chains with random sequences of neutral and weakly basic

monomers. The brush height responses of the model PEBs obtained by incrementally increasing or

decreasing pH are found to be indistinguishable. This behavior sharply contrasts with the pronounced

hysteresis observed in some experiments, indicating that these measurements probe long-lived metastable

states. Upon increasing salt concentration, the model PEBs exhibit a crossover from the osmotic brush

regime to the salted brush regime, as predicted by mean-field theory. However, as observed in

experiments, the scaling exponents in both regimes depend sensitively on f and pH and are found to be

generally smaller in magnitude than predicted. Nonetheless, we demonstrate that the expected scaling

behavior can be approximately recovered under specific conditions. These results support the growing

body of work elucidating the complex behaviors of stimuli-responsive polymer brushes and highlight

outstanding challenges in reconciling findings from experimental, simulation, and theoretical studies.

1 Introduction

Polyelectrolyte brushes (PEBs) are composed of charged poly-
mer chains that are anchored by one end to a solid surface.
They modify the interfacial properties of materials, imparting
new stimuli-responsive functionality that can be tailored for
applications ranging from actuation1 and sensing2–5 to drug
delivery6 and separations.7–9 The interfacial properties of PEBs
are largely regulated by their conformations, which are in turn
influenced by the polymer molecular weight, grafting density,
and charge distribution. Controlling the interfacial response
thus requires understanding how these key parameters affect
PEB conformations under different conditions. Nonetheless,
the mechanisms underpinning the responses of PEBs to
changes in critical environmental factors such as solution pH
and ionic strength remain incompletely understood.

Depending on their response to environmental conditions,
PEBs may be classified as either weak or strong. The protona-
tion state of weak PEBs varies reversibly in response to changes
in pH and salt concentration, whereas strong PEBs remain fully

ionized across a wide range of solution conditions. Mean-field
theories predict several distinct conformational regimes for
weak and strong PEBs.10,11 Specifically, they predict that PEBs
transition from the osmotic regime to the salted brush regime
as the concentration of monovalent salt is increased above the
crossover concentration c�salt. These regimes are distinguished
by the scaling behavior of the brush height h. In the osmotic
regime, the brush height for weak PEBs is predicted to increase

with csalt, scaling as h � ab
1� ab

� �1=3

Nmcsalt
1=3r�1=3, where ab is

the degree of ionization in the bulk solution, Nm is the number
of monomer segments, and r is the grafting density. For strong
PEBs, h B f1/2Nm increases with the fraction of charged mono-
mers f but is independent of csalt. In the salted regime, by
contrast, h is predicted to decrease with csalt via h B b2/3

Nmcsalt
�1/3r1/3, where b is ab and f for weak and strong PEBs,

respectively.
These mean-field theory predictions have been tested experi-

mentally. For strong PEBs, experimental measurements follow
theoretical scaling laws, where brush height depends on Nm

and f in the osmotic regime and Nm, f, r and csalt in the salted
regime.12–16 For weak PEBs, tests of the scaling predictions
have proved more challenging. The brush height is predicted to
vary non-monotonically with increasing monovalent salt
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concentration as the system crosses over from the osmotic to
salted brush regimes. This predicted behavior is qualitatively
consistent with that observed in experiments. However, analy-
sis of the dependence of h on salt concentration yields scaling
exponents that vary strongly with solution conditions and
brush structural parameters and generally have smaller abso-
lute values than predicted in both the osmotic and salted brush
regimes.17–25 Furthermore, this non-monotonic behavior is also
observed under experimental conditions where the weak PEBs
are highly charged and expected to behave like strong systems.
Thus, there remains ambiguity regarding the conditions where
strong versus weak behavior is expected.

Molecular simulation studies have also been performed to
understand the behavior of PEBs. Strong polyelectrolytes can be
readily simulated using standard fixed charge models. Simulation
studies of strong PEBs are largely consistent with mean-field theory
predictions and experiments.26,27 Simulating weak polyelectrolytes,
however, requires employing advanced computational methods to
model charge regulation and predict changes in the polymer’s
ionization state with varying environmental factors, such as pH
and salt concentration.28–33 As a result, comparatively few molecu-
lar simulation studies of weak PEBs have been performed.34–38

Thus, simulation studies on weak PEBs offer new opportunity to
scrutinize scaling theory predictions and understand the molecular
origins of their apparent discrepancies with experiments.

Here, we use molecular simulation to investigate the responses
of coarse-grained models of weak PEBs to changes in pH and
monovalent salt concentration. Inspired by recent experiments,
we examine PEBs consisting of polymer chains with random
sequences of neutral and weakly basic monomers and vary the
monomer composition to study its effects on brush response.
Charge regulation in the PEBs is simulated using the grand
reaction method (GRM). The GRM rigorously accounts for the
effects of solution conditions and local environment on monomer
ionization, and it has been applied to model charge regulation in
solutions,39,40 brushes,35–38,41 and networks42–44 of ionizable poly-
mers. The GRM simulations successfully predict a crossover
between osmotic and salted brush regimes. We characterize the
scaling behavior of the brush height with monovalent salt concen-
tration in each regime, as well as the dependence of the crossover
salt concentration on polymer composition. Consistent with
experiments,24,45 the scaling exponents from the GRM simula-
tions in both regimes are found to be generally smaller in
magnitude than predicted by mean-field theory. Nonetheless,
we are able to identify conditions where reasonable agreement
with theory is obtained. Although our findings help to reconcile
observations from experiments, theory, and molecular simula-
tion, they also highlight several outstanding issues that present
challenges in making direct comparisons between them.

2 Methods
2.1 Models

We performed simulations using ESPResSo 4.246 to investigate
the effects of monovalent salt concentration and the ionizable

monomer fraction on the pH response of planar weak PEBs
(Fig. 1). The models and method are similar to those used in
our recent studies of weak polyampholyte brushes.41,47 Poly-
mers were modeled as coarse-grained, bead-spring chains with
Nm = 80 monomers each. Monomers were treated as single
beads and assigned an identity of either a weakly basic (B) or
neutral (N) chemical moiety. Titration reactions involving the
weakly basic monomers (B " HB+ + OH�) were simulated
using the grand-reaction method (GRM).42,43,48,49 The solvent
(water) was treated implicitly as a dielectric continuum, and the
salt species (Na+ and Cl�) and other free ions (H+ and OH�)

Fig. 1 Model PEB with ionizable monomer fraction f = 0.6. The dimen-
sions of the system are Lx = Ly = 46.2s and Lz = 160s. Grey surfaces are the
lower and upper walls at z = 0 and z = Lz, respectively. The brush is in
equilibrium with a bulk reservoir with pHres = 7 and salt concentration
cres

salt = 0.1 M. The dearth of H+ and OH� species is due to the high salt
concentration of the system.
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were modeled as charged beads. Model parameters and physi-
cal quantities from the simulations are reported using m, s,
and kBT as the fundamental units for mass, length, and energy,
respectively, where kB is the Boltzmann constant and T is
temperature.

Planar brush configurations were created by end-grafting
M = 64 polymer chains to a surface in the x–y plane of the
simulation cell by fixing the position of one of the free ends at
z = 1s on a square lattice with areal density r and spacing
d = r�1/2 (Fig. 1). The x � y � z dimensions of the simulation
cell were Lx � Ly � Lz, where Lx = Ly = L = (M/r)1/2 and Lz = 2Nms.
The PEBs were simulated using a slab geometry that was
created by placing bounding lower and upper walls at z = 0
and z = Lz, respectively, and imposing periodic boundary
conditions along the x and y directions. The chemical composi-
tion of the polymers was specified by generating random
sequences of B and N type monomers to produces chains with
the targeted ionizable monomer fraction, f = NB/Nm, where NB is
the number of basic monomers.

Bonds between neighboring monomers along each chain
were modeled by the finite extensible nonlinear elastic (FENE)
potential,50,51

UFENE rij
� �

¼ �1
2
kbondDr2max ln 1� rij

Drmax

� �2
 !

; if rij oDrmax

1; if rij � Drmax

8><
>:

(1)

where rij is the scalar distance between particles i and j, Drmax =
1.5s is the maximum bond length, and kbond = 30kBT/s2 is the
bond stiffness.

Excluded volume interactions between all particles (polymer
monomers and free solution ions) were described using the
Weeks–Chandler–Andersen (WCA) potential,52

UWCA rij
� �

¼
4e

sij
rij

� �12

� sij
rij

� �6

þ1
4

( )
; if rij o 2

1
6sij

0; if rij � 2
1
6sij

8>><
>>: (2)

Length scale and interaction strength parameters of sij = s
and e = kBT, respectively, were used to give all particles identical
excluded volume interaction.

Lastly, a Coulomb potential was used to model electrostatic
interactions between charged species,

UC rij
� �

¼ lBkBT
zizj

rij
; (3)

where zi and zj are the charge numbers of particles i and j. A
Bjerrum length of lB = 2s was used in the simulations. This
choice implies a characteristic length scale of s E 0.355 nm
because lB E 0.71 nm for water at room temperature. Long-
range contributions to the electrostatic interactions were trea-
ted using a three dimensional particle–particle–particle–mesh
(P3M) solver. The electrostatic layer correction (ELC) method
was used with a standard gap size of LELC = 0.2Lz to account for
the two-dimensional slab geometry of the PEBs.53–55 Other
parameters, including the cutoff for the Coulomb potential,

were chosen to ensure a relative error of 10�5 in the computed
electrostatic forces.53–55

2.2 Acid–base equilibrium

The GRM was used to model acid–base equilibrium in PEB systems
coupled to an external reservoir with free solution ion concentra-
tions cres

i for species i A {Na+, Cl�, H+, OH�}. The following
reactions were simulated for the weakly basic species (B):

BÐ HBþ þOH� KB ¼ 10� pKw�pKbase
Að Þ (4)

BþHþ Ð HBþ K 0B ¼
KB

Kw
(5)

BÐ HBþ þ Cl� K 00B ¼ KB

cresCl�

cresOH�
(6)

BþNaþ Ð HBþ K 000B ¼
KBc

res
Hþ

Kwc
res
Naþ

: (7)

where pKbase
A is the intrinsic dissociation constant of the base,

Kw = 10�pKw is the ion product for water, and the other Ks denote
solution-phase reaction equilibrium constants.

Additionally, the following auxiliary reactions were performed
to maintain equilibrium with the reservoir:

Hþ Ð Naþ KNa�H ¼
cresNaþ

cresHþ
(8)

OH� Ð Cl� KCl�OH ¼
cresCl�

cresOH�
(9)

+Ð Naþ þ Cl� KNaþCl ¼ cresNaþc
res
Cl� exp

mex I resð Þ
kT

� �
(10)

where I res ¼ 1

2

P
i

zi
2cresi is the ionic strength, mex(I

res) is the excess

chemical potential for a neutral ion pair, and + is an empty set
associated with insertion/deletion of the neutral ion pair.

As discussed in ref. 41 and 48, the reaction network (eqn (4)–
(10)) couples the system to an external bulk reservoir and allows
simulation of acid–base equilibrium over a broad range of
solution conditions. In our simulations, the physical parameters
pKw = 14 and T = 1/kB are fixed, and we vary the reservoir conditions
(pHres = 3–11 and cres

salt = 10�6–100 M) and the ionizable monomer
fraction f = 0–1 to study their effects on PEB behavior. An intrinsic
dissociation constant pKbase

A = 8.4 and grafting density r = 0.03s�2

were chosen to mimic the systems examined in recent experi-
mental studies in which ionizable 2-(dimethylamino)ethyl acry-
late (DMAEA) and neutral 2-hydroxyethyl acrylate (HEA)
monomers were used to create PEBs with different f.45,56 The
excess chemical potential mex(I

res) in eqn (10) was calculated from
molecular dynamics (MD) simulations of the bulk reservoir using
the Widom test particle method57,58 and procedures identical to
those reported in ref. 41 and 48.
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2.3 Sampling protocol

The properties of the model PEBs were sampled using a combi-
nation of molecular dynamics (MD) and Monte Carlo (MC) moves,
as described in detail in our previous study.41 Briefly, we employed
two types of MC moves. In a reaction MC move,48,59,60 one of the
forward or reverse reactions in eqn (4)–(10) is selected at random
and then subsequently attempted by replacing randomly selected
reactant particles with the corresponding products. In a charge
exchange MC move, the identity of {B, HB+} monomer pairs are
swapped while keeping the number of each type of species and
total charge constant.61–63 The latter type of MC move expedites
equilibration of the charge distribution along the polymer
chains.61–63 The Metropolis-Hastings acceptance criteria for these
MC moves are reported in ref. 41.

Sampling was conducted by performing MC-MD cycles, with
each cycle consisting of one MC and one MD step. Each MC
step consisted of 2Nm attempted reaction moves and Nm/10
attempted charge exchange moves. Each MD step consisted of
1000 time steps using the velocity Verlet integration algorithm
(time step dt = 0.01t, where t = s(m/kBT)1/2) and a Langevin
thermostat (friction coefficient g = t�1). Equilibration of the
PEB systems was performed for 104 MC-MD cycles, followed by
a production phase of equal duration. Time series (autocorrela-
tion function) analysis showed that the production phase of
each simulation was sufficient to generate more than 50
statistically independent samples for each observable. Statisti-
cal uncertainties for each observable were estimated from the
standard error of the mean. In each case, the reported results
were obtained from simulations of a single PEB system contain-
ing M = 64 chains with unique random sequences but the same
ionizable fraction f. Finite size effects were assessed by compar-
ing the results with larger systems and multiple independent
replicas with different realizations of the random chain
sequences. Agreement between the datasets demonstrated that
a single replica with M = 64 chains was sufficient to represent
the ensemble of random chain sequences with a given f and
that the simulations were adequately sampled using the proce-
dures described above.

3 Results and discussion

We first characterize the ionization state of the PEBs as a
function of pHres (Fig. 2). The degree of ionization is computed
as the average fraction of basic charged monomers:

ah i ¼ cHBþ

cHBþ þ cB
: (11)

In the ideal limit, the variation of this quantity with pH is
given by the Henderson–Hasselbalch (HH) equation:

abaseideal ¼
10 pOH�pKBð Þ

1þ 10 pOH�pKBð Þ; (12)

where pOH = pKw � pH, and pKB = pKw � pKbase
A . The titration

curves for the PEBs (hai vs. pHres) exhibit sigmoidal shapes and
decrease monotonically as pHres increases (Fig. 2). Although

this behavior is qualitatively consistent with that predicted by
the HH equation, significant quantitative deviations are
observed. These deviations result from the Donnan partitioning
of free solution ions and non-ideal behavior arising from the
presence of strong electrostatic repulsions between the ionized
monomers.48 As the repulsions are enhanced, ionization
becomes less favorable at a given pHres, resulting in larger
deviations from ideality. Accordingly, the deviations from the
HH equation become increasingly pronounced as the ionizable
monomer fraction f increases. The deviations also increase as
the salt concentration cres

salt decreases because of a reduction in
the screening of the electrostatic repulsions along the polymer
chains by free solution ions. This observation is consistent with

Fig. 2 Titration curves (average degree of ionization hai vs. pHres) for
brushes with different ionizable monomer fractions f and salt concentra-
tions of cres

salt = (a) 1 � 10�6 M, (b) 1 � 10�2 M, and (c) 1 � 10�1 M. Ideal
Henderson–Hasselbalch titration curves (eqn (12)) are shown as dashed
lines. Uncertainties are smaller than the symbol size.
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experiments on weak basic PEBs, which show that ionization is
hindered upon decreasing salt concentration, as reflected by a
decrease in the apparent pKa extracted from the titration
curves.45,56,64

To examine changes in the structure of the PEBs, we
calculate brush height,26

hh i ¼ 2

Ð1
0 zrmðzÞdzÐ1
0 rmðzÞdz

; (13)

where rm(z) is the density of monomers as a function of the
distance from the grafting surface z (Fig. S1 in SI). The factor of
2 in eqn (13) is often omitted in the definition of brush height
but has been included here to ensure that hhi approaches the
contour length in the limit that the polymer chains become
fully stretched.

Similar to the trend observed in the titration curves, the
brush height exhibits sigmoidal-like behavior and decreases
monotonically with increasing pHres (Fig. 3). At high pHres,
where hai -0, hhi for the ionizable PEBs (f 4 0) saturates at
values similar to that of the neutral brush (i.e., f = 0). At low
pHres, by contrast, hai- 1 and the electrostatic repulsion along
the chains cause the ionizable PEBs to swell. The degree of
swelling at low pHres increases with f due to the enhanced
electrostatic repulsions. Additionally, the onset of swelling
shifts to higher pHres as cres

salt increases due to increased ioniza-
tion under these conditions (Fig. 2; Fig. S2 in SI).

Interestingly, experimental swelling measurements on PEBs
often exhibit pronounced hysteresis and history-dependent
responses to changes in pHres and relative humidity, indicating
that the brushes become trapped in long-lived metastable
states.65–67 To check for this behavior, we performed simula-
tions in which pHres is cycled through incremental step
changes. In sharp contrast with experiments, we observe no
differences between the pH sweeps performed in the increasing
(3 - 11) or decreasing (11 - 3) directions (Fig. 4), indicating
that our simulations sample reversible equilibrium behavior.
Charge hysteresis has been observed for PEs in solution, where
it has been attributed to charge-conformation coupling in
which compact chain conformations resist ionization more
strongly than extended ones.68,69 Similar charge-conformation
coupling mechanisms have also been invoked to explain the
swelling hysteresis in PEBs.65,70,71 It has been proposed, for
example, that the swelling hysteresis in PEBs may arise from
the free chain ends near the periphery being more easily
ionized due to their greater solvent accessibility.45,56,70 Addi-
tionally, it has been posited that monomer hydrophobicity
causes swelling hysteresis by hindering transport of bulk
solution into the brush and inhibiting ionization of deeper
brush segments.23,56,65,72,73 The hypothesized importance of
water, hydrophobic effects, and transport into the brush sug-
gests that there are several possible reasons that the simula-
tions do not capture the experimentally observed hysteresis
behavior. The implicit treatment of the solvent as a uniform
dielectric continuum prevents the PEB model from describing
water’s structural properties (e.g., hydrogen bond networks)

and its inhomogeneous distribution across the interface and
within the brush phase. The PEBs are modeled under good
solvent conditions, which are mimicked by employing purely
repulsive WCA interactions between uncharged monomers.
Lastly, the reaction MC moves in the GRM simulations effi-
ciently insert/remove particles throughout the brush phase,
facilitating free ion penetration and monomer ionization deep
within the PEBs (Fig. S2–S5 in SI). As a result, the MC moves
allow the simulations to bypass kinetic bottlenecks associated
with chain ionization and ion diffusion inside the PEBs, which
may prevent them from becoming trapped in long-lived meta-
stable states like those observed in experiments. These three
possibilities are not mutually exclusive, and we anticipate that
using simulation to investigate the nature of swelling hysteresis

Fig. 3 Brush height hhi vs. pHres for PEBs with different ionizable mono-
mer fractions f and salt concentrations of cres

salt = (a) 1 � 10�6 M, (b) 1 � 10�2 M,
and (c) 1 � 10�1 M. Uncertainties are smaller than the symbol size.
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may require developing explicit solvent PEB models with tunable
hydrophobic interactions and simulation schemes that more
closely mimic the dynamics of the experimental protocols.

Examination of the brush height as a function of cres
salt reveals

that salt concentration also strongly affects the swelling beha-
vior of the PEBs (Fig. 5). At pHres = 11, the PEBs are fully
deprotonated across the range of studied salt concentrations.
As a result, they behave like neutral brushes and remain in
relatively compact states as cres

salt is varied. At pHres = 3, the
brushes are fully ionized and behave like strong PEBs, exhibit-
ing two distinct regimes. In the osmotic regime at low cres

salt, the
PEBs are fully extended and the brush hhi exhibits little varia-
tion with cres

salt. In the salted regime at high cres
salt, by contrast, hhi

begins to decrease monotonically with increasing salt concen-
tration. This behavior reflects the collapse of the brush as
electrostatic repulsions along the chains become strongly
screened by the salt. The intersection of fits to the two limiting
regimes allows for the crossover salt concentration c�salt to be
estimated (Fig. 6). As expected, c�salt increases with f, reflecting
the fact that higher salt concentrations are required to screen
more highly charged PEBs. These trends are qualitatively
similar to those observed in recent experiments on ionizable
brushes (Fig. S6 in SI).45

According to mean-field theory predictions for weak and
strong PEBs,10,11 the brush height in the salted regime should
exhibit power-law scaling with the salt concentration hhiB cgsalt

with exponent g = �1/3. We test this prediction by fitting hhi vs.
cres

salt to a power law in the salted regime at pHres = 3, where the
PEBs are fully charged. In each case, the observed scaling is
weaker than predicted by theory (Fig. 6(a)). The theoretical
scaling prediction of g = �1/3 is derived based on the assump-
tion that the concentration of salt is much lager than that of
neutralizing counterions, such that the osmotic pressure is
dominated by contributions from the former. Thus, the weaker
than expected scaling behavior suggests that this limit has not
been realized in the simulations. The maximum cres

salt considered

in the present study is ca. 1.0 M, beyond which the model fails
to qualitatively predict the behavior of NaCl’s activity in water.48

Following ref. 26 and 27, we also examine the scaling of hhi
with the total free ion concentration inside the brush
cbrush

ion (Fig. 7). The species concentrations were calculated from
the number of free ions in the volume Lx � Ly � z*, where z* is
the upper bound on the brush phase along the z axis of the
simulation cell, defined by the location of the inflection point
in the monomer density profile. We observed that cbrush

ion 4 cres
salt

for all conditions examined (Fig. 7(a)). The extracted scaling
exponent g decreases with the ionizable monomer fraction f,
approaching the predicted value g = �1/3 as f - 1 (Fig. 7(b) and
(c)). Thus, the high salt scaling regime is more easily reached by
considering the total free ion concentration cbrush

ion rather than

Fig. 4 Brush height hhi during increasing (3 - 11) and decreasing (11 - 3)
pH sweeps for a PEB with f = 1.0 at csalt = 0.01 M. The sweeps were
performed in an iterative fashion by using the final configuration from the
simulation at pHres

i to initialize the next simulation at pHres
i+1. Uncertainties

are smaller than the symbol size.

Fig. 5 Brush height hhi vs. cres
salt at different pHres for PEBs with ionizable

monomer fractions f = (a) 0.2, (b) 0.6, and (c) 1.0. Uncertainties are smaller
than the symbol size.
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the salt concentration in the reservoir cres
salt. Similar agreement with

the theoretical scaling prediction of g =�1/3 has been reported in
experiments of weak PEBs under conditions where the monomers
are fully charged25 and in previous simulation studies of strong
PEBs with f E 1 in which the ion concentration inside the brush
phase was used as the scaling variable.26,27 Further analysis
reveals, however, that even when using cbrush

ion as the scaling
variable, the expected value of g = �1/3 is only approximately
recovered for pHres r 5 as f - 1 (Fig. 7(c)). Outside of these
conditions, we find that |g| o 1/3, indicating that the variation of
brush height with salt concentration is weaker than predicted by
mean-field theory. Weaker scaling relationships in the salted
brush regime have also been observed experimentally and were
attributed to excluded volume interactions due to monomer
hydrophobicity and size.24,45

The brushes behave like strong PEBs and neutral brushes at
pHres = 3 and 11, respectively. However, at intermediate pHres,
the behavior is more complex. Specifically, in the osmotic
regime at low cres

salt, the brush height increases with salt concen-
tration, reaching a maximum at c�salt before crossing over to the
salted regime, where it again decreases with increasing cres

salt.
This non-monotonic behavior is characteristic of weak PEBs
and arises from changes in the strength of the charge–charge
repulsions along the chains resulting from competing ioniza-
tion and electrostatic screening effects. We quantify the latter

by computing the Debye length inside the brush via

lD ¼ 4plB
P
i

cbrushi zi
2

� ��1=2
, where cbrush

i denotes the concen-

trations of charged species in the brush phase, which include
both free ions and ionized monomers.

In the osmotic regime at low salt concentrations, increasing
cres

salt leads to an increase in brush ionization (Fig. 8(a)). For
weakly acidic PEBs, it has been posited that added salt replaces
protons within the brush and thus promotes ionization by
shifting the local pH.74 Analogous replacement of hydroxyl
ions by salt may occur in weakly basic PEBs. Analysis of ion
density profiles reveals enhanced anion uptake in the PEBs
upon increasing cres

salt (Fig. S4 in SI), but the effects of free

Fig. 6 (a) Brush height hhi vs. the reservoir salt concentration cres
salt at

pHres = 3 for PEBs with different ionizable monomer fractions f. Dotted and
dashed lines show fits to the osmotic and salted regimes, respectively.
Uncertainties are smaller than the symbol size. (b) Osmotic-to-salted
crossover concentration c�salt vs. ionizable monomer fraction f.

Fig. 7 (a) Total free ion concentration inside the brush cbrush
ion vs. the

reservoir salt concentration cres
salt at pHres = 3. (b) Scaling of the brush

height hhi with cbrush
ion in the salted regime. Dotted lines indicate power-law

fits to hhiB cg
salt to estimate the scaling exponent g. Uncertainties in (a) and

(b) are smaller than the symbol size. (c) Scaling exponent g vs. the ionizable
monomer fraction f for different pHres. The dashed line indicates the g =
�1/3 scaling exponent predicted by mean-field theory.
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chloride and hydroxide ions cannot be analyzed separately
using the model because the two species have identical inter-
actions with the polymer chains. Adding salt also increases
electrostatic screening, as indicated by a decrease in the Debye
length (Fig. 8(b)), which reduces the energetic penalty for
ionization. Nonetheless, cres

salt is not large enough in this regime
to strongly screen electrostatic repulsions along the chain.
Hence, the enhanced ionization effect is dominant and results
in stronger electrostatic repulsions that stretch the chains as
cres

salt increases. The repulsions and chain stretching continue to
increase with cres

salt until they reach a maximum in the osmotic-
to-salted crossover region. As cres

salt increases further, the screen-
ing effect of the salt becomes dominant, diminishing the
effects of charge–charge repulsions and leading to a concomi-
tant decrease in brush height as cres

salt increases.
The non-monotonic variation of brush height with cres

salt has
been observed in experiments.23,45 It is also been reported by
mean-field theory studies,10,11 which predict that the brush height
of weak PEBs in the osmotic regime should exhibit a power-law
increase with the salt concentration hhiB cnsalt with exponentn= 1/3.
Similar to the case for the salted regime (Fig. 7), we find weaker
than expected scaling when cres

salt is used as the scaling variable
(Fig. 9(a)). The scaling exponent n attains its largest values near
pHres = 6, where it increases from 0.02 to 0.06 as f increases from
0.2 to 1.0. These values are in reasonable agreement with the n =
0.01–0.04 estimated from recent experiments.45 The experiments
also report the strongest scaling at intermediate pH 6–7, which is

expected because the brushes behave like strong PEBs and neutral
brushes at the pH extremes (11 and 3, respectively) and thus
exhibit little variation in brush height with cres

salt at low salt
concentrations. By contrast, when the total free ion concentration
inside the brush phase cbrush

ion is used as the scaling variable, we
observe that the expected n = 1/3 is approximately recovered at pH
6 as f - 1 (Fig. 9(b) and (c)). Hence, we find that the predicted
scaling behavior in both the osmotic (n = 1/3) and salted (g =�1/3)
regimes is recovered for weak PEBs with f = 1 when cbrush

ion is used in
place of cres

salt under appropriately chosen pH conditions.

Fig. 8 (a) Degree of ionization and (b) Debye length vs. salt concentration.
Uncertainties are smaller than the symbol size.

Fig. 9 (a) Brush height hhi vs. the reservoir salt concentration cres
salt at

pHres = 6 for PEBs with different ionizable monomer fractions f. (b) Scaling of
the brush height hhiwith cbrush

ion in the osmotic regime. Dotted lines in (a) and (b)
indicate power-law fits to estimate the scaling exponent n. Uncertainties in (a)
and (b) are smaller than the symbol size. (c) Scaling exponent n from power-law
fits using cbrush

ion as the scaling variable (e.g., as in panel (b)) vs. the ionizable
monomer fraction f for different pHres. The dashed line indicates the n = 1/3
scaling exponent predicted by mean-field theory.
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4 Conclusions

We performed simulations using the grand reaction method
(GRM) to investigate the responses of weak PEBs, consisting of
polymer chains with random sequences of neutral and weakly
basic monomers, to changes in solution conditions. The simu-
lated titration curves decreased sigmoidally with increasing pH,
qualitatively consistent with the behavior predicted by the
Henderson–Hasselbalch (HH) equation. However, increasing
quantitative deviations from the HH predictions were observed
upon increasing the fraction of ionizable (weakly basic) mono-
mers on each chain f, reflecting non-ideal behavior associated
with charge–charge repulsions. Increasingly non-ideal behavior
was also observed upon decreasing the concentration of mono-
valent salt due to a concomitant reduction in the screening of the
electrostatic repulsions by free solution ions. This latter observa-
tion is consistent with experimental studies reporting a decrease
in the apparent pKa with decreasing salt concentration.45,56,64

The brush height was also observed to decrease in a mono-
tonic, sigmoidal fashion with increasing pH. The degree of
chain stretching at low pH increased with f due to increased
charge–charge repulsions, whereas the onset of swelling beha-
vior shifted to higher pH as the salt concentration was
increased due to the enhanced ionization resulting from elec-
trostatic screening by free solution ions. The brush height
response curves obtained upon incrementally increasing or
decreasing pH were found to be indistinguishable. This rever-
sible behavior is in sharp contrast with the pronounced hyster-
esis often observed in experiments, which has been attributed
to the presence of long-lived metastable states arising from
water-mediated charge-conformation coupling and transport
limitations across the interface and within the brush. We posit
that the absence of hysteresis in the simulations may be due to
the PEB model’s implicit representation of water and neglect of
hydrophobic interactions, and the ability of GRM sampling
protocol to efficiently equilibrate free ion and polymer charge
distributions deep within the brush and thus circumvent
kinetic bottlenecks associated with these metastable states.

Lastly, we found that the brush height exhibits a crossover
from the osmotic brush regime to the salted brush regime, as
predicted by mean-field theory and observed in experiments. As
expected, the crossover solution salt concentration was found
to increase with f due to the fact that higher concentrations of
free ions are required to screen electrostatic repulsions within
more highly charged PEBs. However, in both regimes, the
scaling of the brush height with the solution salt concentration
was observed to be weaker than predicted by mean-field theory.
By contrast, when the measured salt concentration inside the
brush was used as the scaling variable instead of the solution
salt concentration, the theoretically predicted scaling behavior
was approximately recovered in both regimes under specific
conditions. The expected salted-brush scaling exponent was
approached as f - 1 at pH t 5, whereas the predicted osmotic-
brush scaling exponent was recovered as f - 1 and pH - 6.
Thus, agreement with mean-field theory was only observed
using the brush salt concentration as the scaling variable for

PEBs with f E 1 at pH values below the intrinsic dissociation
constant of the weakly basic monomer (pKbase

A = 8.4), where the
chains are strongly ionized.

Our study highlights several outstanding challenges in
understanding the behaviors of weak PEBs. First, experimental
studies have used a variety of polymers. Differences in mono-
mer chemistry and molecular weight have been posited to
explain why some studies report scaling behavior consistent
with mean-field theory, whereas others exhibit weaker than
expected scaling behavior. Monomer chemistry effects are
challenging to capture with the typical coarse-grained models
used in PEB simulations studies. Second, different physical
quantities are measured in experiment and simulation. For
example, the brush swelling ratio (i.e., the extension of the
chains relative to that in the PEB’s dry state) is typically
measured in experiments. In simulations, the absolute brush
height is measured, and a dry reference state is not well defined
in the context of the GRM. Similarly, agreement with mean-
field theory has only been observed in simulations of strong
and weak PEBs when the salt concentration within the brush
phase is used as the scaling variable, but this quantity is not
directly accessible in experiments. Lastly, the observed brush
height hysteresis in many experimental studies indicates that
these measurements are strongly influenced by presence of
long-lived metastable states. Modified sampling protocols may
be required to probe these metastable states in simulation to
facilitate direct comparison with experiments.

Although the challenge in reconciling the observations from
experiment, simulation, and theory currently hinder complete
understanding of weak PEBs, they provide opportunities for
future studies to make significant advances in this area. The
effects of salt valency on PEB behavior is also an interesting
avenue for future study. In the current work, we focused solely
on symmetric monovalent salts, but experimental and compu-
tational studies have shown that salts with trivalent cations can
induce collapse and structural inhomogeneities in strong
PEBs.75,76 A recent GRM study has also shown that divalent
ions enhance the ionization of weak PEBs and lead to a two-
stage pH swelling response.36 Thus, GRM employed here
provides an opportunity to investigate how multivalent and
asymmetric salts influence charge regulation and pH effects in
weak PEBs. Lastly, we have focused on examining ‘‘macro-
scopic’’ static equilibrium properties such as titration curves
and the brush height response to facilitate comparison with
theories for predicting these behaviors. Future studies of poly-
mer and ion dynamics and how they couple to local hetero-
geneity within the PEBs (e.g., polymer chain and free ion
distributions) are also of significant interest as they may
provide insight into the origin of the kinetic bottlenecks
associated with the pH response hysteresis observed in
experiments.
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Data availability

Supplementary information (SI) is available including brush
monomer, chain ionization, and free ion profiles and a com-
parison of the simulated brush swelling behavior with experi-
mental measurements from ref. 45. See DOI: https://doi.org/10.
1039/d5sm00999e.

The ESPResSo code used to perform the GRM simulations
can be found at https://espressomd.org/.46 The version of the
code employed for this study is version 4.2.
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