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Abstract: We investigate the combined effects of ionizable
monomer fraction f, pH, and monovalent salt concentration Cy
on the swelling of weak polyelectrolyte brushes (PEBs) using in
situ ellipsometry. Our system consists of random copolymers of
basic (2-(dimethylamino)ethyl acrylate, DMAEA) and neutral
(2-hydroxyethyl acrylate, HEA) monomers at varying fractions
of ionizable monomer. Swelling of the brushes qualitatively
follows the trends predicted by scaling laws for PEBs under dif-
ferent charge states, but quantitatively deviates at specific ionic
strengths and pH values. We posit these deviations stem from
the lack of excluded volume effects and assumptions of strong
chain stretching in current theoretical models. Most notably,
we uncover a salt-dependent, non-monotonic hysteretic behav-
ior as weak PEB brushes are cycled from protonated to depro-
tonated and back. The non-monotonic trend of hysteresis with
salt can be explained by an interplay between the protonation
facilitating effects of salt in the osmotic regime and the charge
screening effects in the salted regime, which make charge dis-
tribution along weak PEBs more uniform. Our results provide
insight into the mechanisms that determine whether polyelec-
trolytes exhibit weak versus strong polyelectrolyte behavior in
various environmental conditions.

Polyelectrolyte brushes (PEBs) consist of charged poly-
mers end-tethered to impermeable supports and are com-
monly used to modify the interfacial properties of multi-
component materials. Controlling the interfacial response
requires understanding how structural and environmental
parameters influence brush conformation, which is vital for
applications requiring responsive behavior, such as separa-
tions, 3 drug release,® sensing,®>® and actuation.® These
parameters include the polymer molecular weight distribu-
tion as well as the type and spacing of charges along the
polymer. Despite their importance for myriad applications
the swelling behavior of polyelectrolyte brushes in varying
salt and pH is not fully understood.

PEBs may be described as strong or weak based on their
response to varying pH conditions, where strong PEBs re-
main charged under all environmental conditions and weak
PEBs exhibit reversible protonation/deprotonation events in
response to varying pH and salt.'® Classical theories have
predicted several conformation regimes for strong and weak
PEBs, including the experimentally relevant osmotic and
salted brush regimes.!'? For weak PEBs, in the osmotic
regime and below the crossover salt concentration C}, brush

height is predicted to scale as h =~ (%)1/3]\7051/30_—1/37
where «y is the degree of ionization in the bulk, N is the
number of monomer segments, Cs is salt concentration, and
o is the grafting density. 121 This scaling predicts that weak
PEB height increases with salt concentration in the osmotic
regime. By contrast, for strong PEBs the brush height is
independent of salt and scales as h ~ fY2N where f is
the charge fraction. In the salted regime, however, the
brush height for both weak and strong PEBs is predicted
to decrease with salt concentration as h ~ 52/3NC’;1/301/3,
where 3 is ap and f for weak and strong PEBs, respectively.
The predicted scaling relationships for brush height with
salt for weak PEBs imply a non-monotonic trend between
the two regimes. This non-monotonic behavior has been
verified experimentally; the scaling exponents observed in
experiments, however, are inconsistent with theoretical pre-
dictions and generally exhibit lower absolute values in both
regimes. *22 In addition, it remains unclear why this non-
monotonic behavior is observed for weak PEBs at pH values
where the charge state is high and strong PEB behavior is
expected. This inconsistency opens questions regarding the
conditions where PEBs are expected to exhibit weak scaling
behavior and suggests a fundamental understanding of these
systems is lacking. Thus, it is necessary to explore systems
with chemistry and pH conditions close to neutrality to de-
velop this fundamental understanding and thereby inform
theoretical models describing weak PEB behavior. 22
Understanding the physical behavior of weak PEBs is
further complicated by their theoretically predicted non-
uniform degree of ionization («) as a function of brush depth
(decreasing exponentially towards the solid interface). ' The
distribution of « causes different segments of the weak PEB
to have a range of pK, values with the average value over
all segments referred to as the apparent pK,. The apparent
pK . for weak PEBs depends on the direction of pH change,
resulting in an observed hysteretic behavior. 23 26 As yet,
no formal theory exists to explain this observed behavior. It
has been proposed that the formation of a hydrophobic pe-
riphery inhibits ionization of deeper brush segments by hin-
dering the transport of bulk solution into the brush. 20:23:27:28
Thus, a higher chemical potential is required to achieve a
specific overall degree of ionization in the direction of ion-
ization, resulting in a shift in the apparent p K, causing hys-
teresis. The extent of hysteresis in weak PEBs increases with
both the degree of ionizable monomers?® and dispersity. 24
The effect of salt on hysteresis, however, is unknown. It has
been recently shown that the apparent pK, of brushes is
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Effects of varying the DMAEA fraction, pH, and ionic strength on the swelling ratio of weak PEBs for (a) pH = 3, (b) pH =

9-10, (c) pH = 6-7 in the forward direction, and (d) pH = 6-7 in the backward direction. Error bars represent the standard deviation
of three measurements across three distinct samples. Dashed lines indicate a linear fit in the osmotic and salted brush regimes. Shaded
areas represent the osmotic (gray), crossover (green), and salted (purple) brush regimes.

significantly affected by salt, shifting approximately one pH
unit with a one decade increase in salt concentration. 293°
How these large shifts in pK, affect the hysteretic behavior
of weak PEBs is also not known. This understanding is vi-
tal for the performance of surfaces that require multiple pH
cycles in salted conditions.

In this letter, we show how the hysteretic pH response
of weak PEBs is influenced by their charge state, which we
adjust by varying the ionizable monomer fraction, solution
pH, and ionic strength. In the strongly charged state at pH
3, the swelling behavior of weak PEBs qualitatively aligns
with the theoretical predictions for strong PEBs, whereas
under moderate to weakly charged states follows theoretical
predictions for weak PEBs. However, the scaling exponents
of the brush height with salt deviate from theoretical predic-
tions in both the osmotic and salted regimes. Notably, the
acid dissociation constant pK, of the brushes shifts towards
more basic pH values as the salt concentration increases, dif-
fering significantly between the protonation and deprotona-

tion directions, which contributes to the observed hysteretic
behavior.

Random copolymer brushes of a weak basic monomer
(2-(dimethylamino) ethyl acrylate, DMAEA) and a neutral
hydrophilic monomer (2-hydroxyethyl acrylate, HEA) were
prepared by surface-initiated copper(0) controlled radical
polymerization (SI-CuCRP).263! The fraction of DMAEA
was varied from f = 1.00 to f = 0.25 at a fixed dry thick-
ness of &~ 30 nm and grafting densities in the range of 0.1
~ 0.3 nm™? (constant for each fraction), as we have pre-
viously reported for similar weak PEBs.2® Details on the
brush synthesis and characterization can be found in the
Supplementary Information. In situ ellipsometry was used
to measure the brush thickness. The ionic strength of the
solutions was tuned from 1072 (no added salt) to 5 x 10?
mM by adding the appropriate amounts of sodium chloride
(NaCl). The pH was set by adjusting the HCl/NaOH con-
centration of the non-buffered solutions from pH 3.0 to pH
10.0 in the forward direction and from pH 10.0 to pH 3.0 in



the backward direction.

We first determine the swelling ratio (SR), hAwet/hdry (ra-
tio of the solvated hwet to dry hary brush thickness), as
a function of salt concentration Cnaci for each ionizable
monomer fraction f at strong (pH = 3), moderate (pH =
6 — 7), and weak (pH = 9 — 10) charge states. The pH val-
ues were chosen based on our previous study detailing the
charge state of P(DMAEA-r-HEA) brushes, with similar f
values, in no-added salt conditions.?® At pH 3, at low salt
concentrations (107 — 10 mM), the SR is independent of salt
concentration across all f values, reflecting the characteris-
tics of strong PEBs in the osmotic regime, where h is inde-
pendent of salt concentration (Fig. 1a)."! Further increasing
the salt concentration results in a decrease in the SR, indi-
cating the onset of the salted regime. The swelling ratio
scales as a power-law with Cnaci, SR ~ C,c with m < 1,
and the magnitude of the scaling exponent decreases with
increasing f. All ionizable monomer fractions show weaker
scaling with salt concentration in this regime compared to
the theoretically predicted m = -1/3.1332 This discrepancy
has been observed in several experimental works !®20722:33
and becomes more pronounced as the grafting density in-
creases and the brushes possibly enter the concentrated
brush regime, %2234 where the initial assumptions of the
theories such as the negligible excluded volume interactions
and strongly stretched brushes, become invalid. Moreover,
molecular dynamics (MD) simulations on strong PEBs have
shown that by including excluded volume effects and dis-
regarding the strongly stretched brush assumptions, weaker
scaling exponents between -0.15 and -0.12 for C; are found,
which better captures experimental results. 3*-37 Even at low
ionizable monomer fractions brush behavior is still akin to
strong PEBs, further evidencing that weak PEB behavior
stems from charge regulation.

To establish at what pH range, if any, these brushes be-
have like weak PEBs we examine the SR at pH 9 — 10 where
brushes are expected to be weakly charged (Fig. 1b).2® In the
osmotic regime we observe an increase in the SR with Cxaci
consistent with a facilitated protonation and theoretical pre-
dictions for weak PEBs. This dependence on Cnaci increases
as the fraction of DMAEA increases, yet all PEBs exhibit
smaller magnitudes of the scaling exponents compared to
the theoretical prediction for weak PEBs. In particular, the
height of the lowest ionizable monomer fraction brush (f =
0.25) remains largely unaffected by salt concentration within
the fitting error (£ 0.002) and exhibits behavior similar to
neutral polymer brushes. Thus, both pH value and ionizable
monomer fraction may be used to tune swelling behavior in
the osmotic regime.

Interestingly, all PEBs transition to the salted regime with
increasing Cnaci at pH 9 — 10. The magnitude of the scaling
exponents increase with ionizable monomer fraction, and,
for f = 0.50 and 0.75, approach the classic theoretical pre-
dictions. '3 The scaling exponent for f = 1.00, however,
exceeds these predictions. Its exponent of C;%4% is close
to the value determined from a correction on the classical
theory of weak PEBs that accounts for electrostatic persis-
tence length effects on the order of the Debye length, which
predicts C5 /.38 The effects of the electrostatic persistence
length should also be present at pH 3 and should be even
more pronounced as the net charge is larger, whereas we ob-
serve the opposite and the scaling exponent is much weaker
than the theoretical prediction of o7 at pH 3 (C709). 1t
is possible that an interplay between the effects of excluded

volume and electrostatic persistence length determine these
scaling exponents at different charge states. For instance,
at pH 3, the increased charge density may lead to stronger
electrostatic repulsion between polymer chains, resulting in
a more expanded brush conformation. This expansion may
mitigate the effect of the electrostatic persistence length
on scaling behavior by enhancing excluded volume inter-
actions. Therefore, we posit that at higher charge states
excluded volume interactions dominate, whereas at lower
charge states, the reduced electrostatic repulsion allows for
more pronounced electrostatic persistence length effects, re-
sulting in closer alignment with the aforementioned theoret-
ical predictions. Further experimental and theoretical works
are necessary to test this hypothesis.

At intermediate charge states (pH 6 — 7), all fractions ex-
hibit the characteristic non-monotonic trend with added salt
for weak PEBs in both the forward (Fig. 1c) and backward
(Fig. 1d) direction. The height scales more weakly with salt
concentration than the classic theoretical predictions for the
osmotic regime. Compared to pH 9 — 10, however, the scal-
ing exponent is slightly increased, which may be due to the
moderate charge state and thus greater salt sensitivity in the
osmotic regime. In the salted regime, the absolute scaling
exponents for all fractions (in both directions) are compa-
rable to those observed in the strongly charged state at pH
3. We posit that the differences in the experimentally mea-
sured and theoretically predicted exponents may arise due to
theoretical assumptions, including neglecting excluded vol-
ume effects and asymptotic strong stretching, that do not
hold in the experiments. While MD simulations®® 37 did
not find a grafting density dependency, experimental studies
of weak PEBs have shown that scaling exponents decrease
when grafting density is increased, especially at grafting den-
sity values similar to ours.?%22 This can further contribute
to the weaker scaling exponents observed here.

Overall, the non-monotonic dependence of the scaling ex-
ponents in Fig. 1b-d with f is due to the free energy bal-
ance between increments in osmotic pressure difference due
to enhanced protonation of the brush, and decrements due
to charge screening effects that govern the conformations of
weakly charged PEBs. In the osmotic brush regime, the ad-
dition of salt facilitates the protonation of the brush as salt
counterions replace hydroxide ions. This process reduces the
local pH in the brush layer and promotes a larger degree of
protonation. However, the concentration of salt is not large
enough to substantially screen the electrostatic repulsion be-
tween chains and cause the observed swelling in this regime.
In the crossover region, the brushes reach their maximum
SR upon initially increasing salt concentration. With fur-
ther increase of Cnaci into the salted regime, the extent of
charge screening becomes large enough for the electrostatic
potential inside the brush layer to significantly decrease and
cause the observed deswelling in this regime. *2

Interestingly, at pH 6-7, the scaling exponents in the for-
ward and backward directions are similar yet at any given
salt concentration the SR is different, which indicates the
presence of hysteresis at moderate charge states. To eluci-
date salt effects on hysteresis, we subject the brushes to pH
cycling from 3 to 10 (forward direction) and 10 to 3 (back-
ward direction) across a salt concentration ranging from
no added salt to 10> mM NaCl. In both the forward and
backward directions, the pH-responsive swelling behavior of
the brushes follows a sigmoidal trend (Fig. 2). At a given
salt concentration and f, however, the pH response is hys-
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Figure 2. Swelling ratio of PEB fractions as a function of pH in solutions with various ionic strengths. pH was first increased from
3.0 to 10.0 (solid lines) and then decreased from 10.0 to 3.0 (short dashed lines). The shaded areas between the curves represent the
hysteretic area. The background plot colors indicate the osmotic (gray), crossover (green), and salted (purple) brush regimes.

teretic and shifted to more acidic pH values, indicating that
protonation becomes more difficult in the backward direc-
tion. Moreover, the maximum swelling ratios and the ex-
tent of hysteresis decrease upon decreasing f. This observa-
tion aligns with our previous findings with no added salt,
emphasizing a consistent effect of f across different ionic
strengths. 2% As salt concentration increases, the hysteresis
increases within the osmotic brush regime (Cnaci &~ 1 — 100
mM) for a constant f. Upon further increasing the salt con-
centration Cnaci 2 100 mM into the salted regime, the pH
response in the forward direction does not experience a sig-
nificant shift, whereas in the backward direction it shifts

to more basic pH values; thus, the extent of hysteresis de-
creases. Notably, this pattern shows that the hysteretic be-
havior is non-monotonic with salt, increasing in the osmotic
regime and decreasing in the salted regime.

The shift in pH response and hysteresis is influenced by
both the ionizable monomer fraction and salt concentration.
To assess the protonation state of the brushes, we deter-
mine the apparent pK, from the inflection point of the SR-
pH cycles fitted to sigmoidal functions (SI). For a given f,
the apparent pK, in the forward direction increases mono-
tonically with increasing Cnac1 before reaching a plateau
(Fig. 3a). Similar changes in apparent pK, with salt con-
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Figure 3. Apparent pK, of random copolymer brushes of
DMAEA and HEA with various ionizable monomer fractions f
as a function of solution ionic strength when (a) pH was first
increased from 3.0 to 10.0 (forward direction) and (b) pH was
then decreased from 10.0 to 3.0 (backward direction). The back-
ground plot colors represent the osmotic (gray), crossover (green),
and salted (purple) brush regimes.

centration have been observed for other weak PEBs and
are attributed to the Donnan effect in high grafting den-
sity brushes, where the presence of charged groups causes an
uneven distribution of ions between the brush and bulk solu-
tion. 292930 This behavior has also been observed for spher-
ical brush-like micelles consisting of PDMAEMA coronas >°
and PDMAEMA solutions,*® where the apparent pKa, ap-
proaches the monomer pK, with increasing salt concentra-
tion, but to a lesser extent compared to weak PEBs.?° The
presence of a plateau, however, to the best of our knowledge,
has not been previously observed. As salt concentration in-
creases, the electrostatic screening effect becomes more pro-
nounced, leading to a decrease in the free energy cost as-
sociated with ionization of the brush.'?2?° The plateau in
apparent pK, in the forward direction is similar to the pK,
of the DMAEA monomers in solution (pK, = 8.4),*! further
supporting the description above. The onset of the plateau
in pK, also shifts to lower salt concentrations for brushes
with higher ionizable monomer fractions. This shift can be
attributed to the inherent hydrophilic properties of brushes

with higher charge fractions. At any given salt concentration
brushes with higher charge fractions are more hydrophilic,
facilitating protonation compared to those with lower frac-
tions and resulting in the plateau shifting to lower salt con-
centrations.

In the backward direction, the apparent p K, also increases
with increasing Cnaci (Fig. 3b). Unlike the forward direc-
tion, however, increasing Cnac1 does not lead to a discernible
plateau. We posit this distinction is due to the hydrophobic
periphery that forms upon brush deprotonation, 2425 which
affects the ionization behavior in the backward direction, re-
quiring higher salt concentrations to reach similar levels of
protonation to those attained in the forward direction.

We can now examine the influence of ionizable monomer
fraction f on the apparent pK,. It is expected that the
apparent pK, will be higher for brushes with lower f at
any given ionic strength due to the larger spacing between
charged groups, which facilitates protonation in the osmotic
regime by reducing electrostatic repulsion. However, we ob-
serve non-monotonic behavior with f in both directions (Fig.
S1). We posit this is due to the hydrophobicity present in
low ionizable monomer fraction brushes that hinders pro-
tonation and acts in direct opposition to any enhancement
stemming from charge spacing. This is consistent with the
observation that higher charge fraction brushes, which are
more hydrophilic, have an earlier plateau onset compared to
lower charge fraction brushes.

The shift in the pK, (ApKa = pKa forward - PKa,backward)
is a non-monotonic function of the salt concentration: it in-
creases with Cnaci, reaches a maximum, and then decreases
to near zero values (Fig. 4a). This behavior is almost inde-
pendent of f and the maximum occurs at salt concentrations
between 10 to 100 mM NaCl. The values of ApK, can reach
~ 2 units of pH in the crossover region, indicating entirely
different charge states at any specific intermediate pH be-
tween the two directions.

The trends in ApK, are determined by a competition be-
tween the uniformity of ion distribution along chains and
hydrophobicity of the brushes in their neutral state. In the
osmotic regime, in the forward direction, the addition of salt
enhances the protonation as evidenced from the increased
values of pK,. In the backward direction, the addition of
salt in this regime also facilitates the protonation but the
salt concentration is not high enough to promote uniform
ion distribution; due to the presence of hydrophobic periph-
ery, the increase in pK, is smaller compared to the forward
direction and ApK, increases. In the salted regime, the
salt concentration is high enough to promote uniform ion
distribution along the chains. As a result, the hydropho-
bic effects of the neutral groups become less significant, the
difference in « between the two directions becomes smaller,
and ApK, decreases. This hypothesis is consistent with a
recent experimental study of the charge distribution in PAA
brushes.*? In that study, addition of salt increased the aver-
age degree of ionization in both regimes but did not signif-
icantly change the uniformity of charge distribution in the
osmotic regime. As the salt concentration was further in-
creased into the salted regime, however, the ion distribution
became more uniform. *?

To quantify this hysteresis, we calculate the area en-
closed by the forward and backward sigmoidal curves for
each charge fraction and ionic strength (SI). The calculated
hysteresis areas for f < 1 are then normalized by the hys-
teresis area for PDMAEA brush with f = 1 at no added
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Figure 4. Effects of varying the ionizable monomer fraction f
and the solution ionic strength on (a) the shift in apparent pKa
(ApK,) and (b) the degree of hysteresis between the forward and
backward direction. Shaded areas represent the osmotic (gray),
crossover (green), and salted (purple) regimes.

salt condition (107® mM), as a reference (Fig. 4b). This
normalization provides a dimensionless quantity in arbitrary
units, facilitating comparisons between various f and Cyaci
conditions. The normalized hysteresis trend aligns closely
with the non-monotonic behavior of ApK,: it first increases
with ionic strength up to a maximum and then decreases
to near-to-zero values. The peak in hysteresis also corre-
sponds to the ionic strengths at which the largest pK, dif-
ferences occur, notably at the transition from the osmotic to
the salted regime. Moreover, brushes with greater f demon-
strate larger extent of hysteresis across all ionic strengths,
as observed in our previous study in no-added salt condi-
tions. 2% This result suggests that the hysteresis area, unlike
ApK.,, demonstrates the influence of the ionizable monomer
fraction on brush swelling, especially in the osmotic regime
where hydrophobicity limits uniform ion distribution. Thus,
two brushes with similar ApK, values may exhibit differ-
ent hysteresis areas. These non-monotonic trends in both
ApK, and extent of hysteresis reflect the trends observed in
swelling behavior at pH 6 — 7, underscoring that the tran-
sitions in brush behavior across varying salt concentrations

directly correlate with hysteresis patterns: hysteresis inten-
sifies with increasing salt in the osmotic regime, reaches its
peak at the crossover regime, and then diminishes in the
salted regime.

In conclusion, we demonstrate how the charge state signif-
icantly influences the hysteretic pH response of weak PEBs,
adjusted by varying the ionizable monomer fraction, solu-
tion pH, and ionic strength. In the highly charged state
the swelling of the brushes aligns with the expected behav-
ior for strong PEBs, whereas at moderate to low charge
states it follows that of weak PEBs. Notably, deviations
from theoretical scaling exponents observed in the osmotic
and salted regimes suggest the influence of factors such as
excluded volume effects and chain stretching assumptions
that are not included in existing scaling theories. Finally,
significant shifts in pK,, with up to 4 pH units increase
from no added salt to 5 M concentration, highlight the im-
pact of salt on brush ionization. The qualitatively simi-
lar trends in apparent pK, and hysteresis, which both ex-
hibit a local maximum at the crossover between the osmotic
and salted brush regimes, highlight the interplay between
the uniformity of charge distribution and the hydrophobic
tendencies of the brushes in their neutral state. Direction-
dependent changes in brush conformation can be critical in
applications requiring precise pH modulation, including drug
delivery and purification of biologics.*® The ability to pre-
dictably control brush conformation based on environmental
conditions is essential for developing these responsive mate-
rials. Our findings provide critical insights into the behavior
of weak polyelectrolyte brushes under varying pH and salt
conditions. Specifically, we uncover a salt-dependent, non-
monotonic hysteretic behavior when transitioning between
protonated and deprotonated states. This phenomenon not
only challenges traditional understandings of polyelectrolyte
dynamics but also highlights the complex interplay between
charge distribution and osmotic effects.
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