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Weak polyampholytes, containing oppositely charged dissociable groups, are expected to be responsive
to changes in ionic conditions. Here, we determine structural and thermodynamic properties, including
the charged groups’ degrees of dissociation, of end-tethered weak polyampholyte layers as a function
of salt concentration, pH, and the solvent quality. For diblock weak polyampholytes grafted by their
acidic blocks, we find that the acidic monomers increase their charge while the basic monomers
decrease their charge with decreasing salt concentration for pH values less than the pK, value of both
monomers and vice versa when the pH > pK,. This complex charge regulation occurs because the
electrostatic attraction between oppositely charged blocks is stronger than the repulsion between
monomers with the same charge in both good and poor solvents when the screening by salt ions is
weak. This is evidenced by the retraction of the top block into the bottom layer. In the case of poor
solvent conditions to the basic block (the top block), we find lateral segregation of basic monomers into
micelles, forming a two-dimensional hexagonal pattern on the surface at intermediate and high pH
values for monovalent salt concentrations from 0.01 to 0.1 M. When the solvent is poor to both blocks,
we find lateral segregation of the grafted acidic block into lamellae with longitudinal undulations of low
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and high acidic monomer density. By exploiting weak block polyampholytes, our work expands the

rsc.li/soft-matter-journal parameter space for creating responsive surfaces stable over a wide range of pH and salt concentration.
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1 Introduction

End-tethered polymers, also known as polymer brushes, are
ubiquitous in applications involving surface modification,
such as colloidal and nanoparticle stabilization'™ and surface
lubrication.* More recently, they have also become the subject
of intense theoretical and experimental investigation for
potential nano-technological and biomedical applications.®
For example, polymer modified nanopores show promise in
applications such as water purification,” nanofluidic circuits,*®
and chemical sensing.'®'! Likewise, polymer tethered colloids
and nanoparticles have biomedical applications that include
usages as drug delivery devices'>" and contrast agents.'*"®
The morphology of the polymer brushes in these applica-
tions dictates the coating performance. Hence, understanding
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the formation of the surface patterns and external factors that
control them is of key importance. Among different types of
brushes, particularly interesting are end-tethered weak poly-
electrolytes, since here, the presence of chargeable monomers
and their dissociation behavior provides structural control
through adjustments in pH and salt concentration, in addition
to conventional thermal responsiveness through solvent-
polymer interactions.’® In contrast to an end-tethered strong
polyelectrolyte, where charges on the polymer chains are fixed,
end-tethered weak polyelectrolytes change their degree of
charge in response to external cues such as pH, salt concen-
tration, and the grafting density. This provides greater control
over the tunability of the structural and thermodynamic proper-
ties of the brush, as well as switchability between various
surface patterns.'”*8

Prior work on end-tethered polymers has focused on both
single-component and multi-component brushes. The latter are
more interesting since the interplay of more interactions can
broaden the set of possible microphase separated structures,'® "
such as in block copolymer brushes.>*>* The difference in solvent
selectivity between the components as well as the relative compo-
sition of the polymers induces various surface patterns such as
spherical micelles, stripes, worm-like micelles, and holes.”**’
Furthermore, in the case of binary polyelectrolyte brushes
with both monomers capable of dissociation, greater control
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on morphology tuning can be achieved by varying the pH and
salt concentration.?®"?® However, unlike their neutral counter-
parts, where there have been extensive theoretical as well as
experimental investigations, multi-component polyelectrolyte
brushes have received far less attention in theoretical studies.

For example, Meng and Wang®® used 1D self-consistent field
theory (SCFT) to study the solvent response of a diblock
copolymer brush with one of its blocks strongly charged as a
function of the solvent selectivity, the charge fraction of the
charged block and an externally imposed electric field. The
authors observed that the efficacy of the relative solvent selec-
tivity towards blocks in switching the surface composition
drops with increasing charge fraction as electrostatic effects
become more dominant than the van der Waals repulsion.
Structural transitions were indeed observed when the charged
block was made weakly chargeable. However, the degree of
dissociation was considered to be constant and independent
of monomer position as well as salt concentration. The degree of
charging was set by the pH of the reservoir, using the Henderson-
Hasselbalch equation for acids in dilute solution. However, as the
theoretical work by Isriels and coworkers®®>* and other subse-
quent investigations®® have already demonstrated, the degree of
dissociation of a monomer in a polyacid brush is strongly
dependent on its location within the polymer layer. Thus, the
monomer dissociation in a brush can be drastically different from
the extent of charging of the same acidic-group in solution, as
was also observed experimentally."® The monomer dissociation
behavior is also strongly influenced by grafting density and salt
concentration.****

Another example of a theoretical investigation involving
end-grafted polyampholytes involves a study by Shusharina and
Linse,*>*® which used the mean-field lattice theory developed
by Scheutjens and Fleer*” to study the density profiles of
oppositely charged strong diblock and mixed polyelectrolyte
brushes. They found that the opposite charges result in a
cancellation of the electrostatic interactions, causing the system
to behave as a neutral brush. This cancellation is accompanied
by a change in the conformation distribution of polymer chains.
Similar theoretical and simulation-based studies have been
performed on polyampholyte brushes with either both blocks
having fixed charges or one block having pH-responsive
monomers.*®*°

In this work, we develop a molecular theory to study the
structure and thermodynamic behavior of weakly chargeable
end-tethered polyampholytes for several different sequences of
acidic and basic monomers. The molecular theory has been
used in the past to predict the behavior of a variety of
end-tethered polymeric systems including neutral polymers as
well as polyelectrolytes.*" The predictions of the theory are in
good agreement with experimental observations. For example,
predictions of the height of poly(acrylic acid) (PAA) brushes and
the charge of acid-ligated gold nanoparticles are consistent
with experimental measurements.*>** The theoretical approach
takes into account the size, shape, conformation, and charge
distribution of each molecular species. It includes the conforma-
tions of the polymers explicitly and considers the acid-base
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equilibrium of each acidic and basic group of the polyelectrolyte.
The basic idea of this detailed molecular theory is to express the
free energy functional of the system in terms of the density
distributions of all species and the probability distribution of the
polymer conformations. The minimization of the total free
energy determines the equilibrium density distribution of all
molecular components, the probability of the different confor-
mations, the electrostatic and repulsive position-dependent
potentials, as well as the chemical state of every species.’**®
Thus, importantly, the chemical state is not imposed, instead, it
follows from free energy minimization. A similar approach has
been used in the past by Yethiraj and Woodward*® for polymer
melts confined between flat plates. There, a single polymer chain
is subjected to the field coming from the classical density
functional theory and then the polymer density is obtained by
taking the average over all polymer configurations through a
Monte-Carlo method. In our work, we apply the molecular theory
to a polymer brush with both acidic and basic chargeable
groups. Examples of acidic and basic groups are carboxylic
acid and 2-vinyl pyridine, which, depending on pH, can acquire
a negative or a positive charge, respectively. We study the
dissociation behavior of these groups as a function of pH at
various salt concentrations, surface grafting densities, and
polymer sequences.

Besides pH and salt, the degree of charging is also affected
by the density of the layers. The polymer density in the layer
is also controlled by grafting density and solvent-quality.
Non-electrostatic attractions between the monomers, the
strengths of which are reflected in the solvent quality, can
result in an increased density or even collapse of the polymer
brush. Hence, we also investigate the coupling between the
degrees of dissociation of the acidic and basic monomers of the
polymer brush and solvent quality.

In Section 2, we describe the weak polyampholyte brushes
model and discuss the different contributions to the total
free energy. This is followed by a discussion of our results.
Specifically, in Section 3.1, we determine the dependence of the
degree of charging of monomers on pH and salt; we show that
the upper block is more sensitive to the salt concentration than
the lower one due to conformational entropy of the chain.
In Section 3.2, we find that the variation of the height of
the brush with pH is a non-monotonic function of salt.
In Section 3.3, we evaluate the lateral stability of the brush
under poor solvent conditions by investigating the chemical
potential of the polymer at different grafting densities. This one
dimensional analysis is complemented by full three dimen-
sional calculations on the brush. For solvents poor to the upper
block, we find phase separation of the brush into micelles of
the basic monomers “floating” on top of the homogeneous
acidic layer at high and intermediate pH values. When the
solvent is poor to both blocks, we find undulated lamellar
structures of grafted acidic monomers engulfed by basic
monomers at low pH values. At high pH values, however,
we find a micellar phase of basic monomers on a homogeneous
layer of acidic grafted monomer. Finally, in Section 4, we present
conclusions and discuss potential future directions.

Soft Matter, 2020, 16, 8832-8847 | 8833


https://doi.org/10.1039/d0sm01323d

Published on 01 September 2020. Downloaded by Northwestern University on 10/8/2020 7:09:38 PM.

Soft Matter

2 Theoretical approach

The system consists of Np copolymers, comprising monomers
of type A and type B, permanently end-tethered to an uncharged
planar surface of area A (Fig. 1). The polymers are in contact
with an aqueous solution of a given pH and NaCl salt concen-
tration, which is assumed to be completely dissociated. Thus,
the solution reservoir consists of water molecules, cations (Na*)
and anions (C17) as well as protons (H') and hydroxyl ions
(OH"). Different copolymer sequences have been considered by
varying the lengths of each block as well as the total numbers of
blocks in a chain. These sequences are denoted by (A,B,),.
The blocks of components A and B carry oppositely charged
dissociable monomers, termed acidic (A) and basic (B) monomers.
Depending on the system we are studying, either all monomers or
a fraction of the monomers of a block can be chargeable. In the
case that only a fraction of the block is chargeable, the uncharged
monomers and charged monomers of that block are assumed to
be chemically identical except for their charge. Thus, non-
electrostatically they interact with the solvent in the same way.

The total Helmholtz free energy is the sum of a number of
different contributions, namely,

F=—TSconf — TSmix + Evaw + Erep + Eelee T Fehem) (1)

where the first three terms represent the conformational
entropy of the polymer chains, the mixing entropy of all mobile
species, the non-electrostatic van der Waals interactions between
the monomers, respectively. The following term describes the
steric repulsion between all species. The subsequent terms are
the electrostatic energy and the chemical free energy associated
with the chemical equilibrium of the acidic and basic monomers,
respectively. Below we present the free energy contribution in
their expanded form.
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Fig. 1 Schematic representation of the end-tethered weak polyampholyte
layer. The polymer layer consists of diblock polyelectrolytes end-grafted to
a solid surface. The monomers, colored blue, are acidic in nature, meaning
upon dissociation, they acquire a negative charge. The monomers, colored
red, are basic in nature, being positively charged in their associated state.
The monomers of acid-group carrying blocks and base-group carrying
blocks are referred to as A and B monomers, respectively.
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The first term, the conformational entropy of the polymer
chains, takes the form

°°“f ZZP %) In(P(x, /). (2)

Here, P(x,) is the probability of finding an end-tethered poly-
mer chain in the conformation o located at grafting point j.
A polymer conformation is defined by the positions of all
monomers of the polymer chain. The probability distribution
function or pdf is the central quantity in the molecular theory
because any thermodynamic and structural properties related
to the polymers can be calculated from this probability dis-
tribution function. Assuming lateral homogeneity, meaning
that quantities such as the polymer, solvent, and ion densities,
vary only in the direction perpendicular to the surface, the
conformational entropy reduces to

k:);lf pZP )In P(a 3)

Here, op corresponds to the surface coverage. This surface
density is the number of chains per unit area and equal to
Np/A. In the current work, we have considered a planar geo-
metry though extension to other geometries such as cylindrical
and spherical ones is straightforward and involves only changes
in the spatial discretization of the volume elements to take into
account the curvature. From this point onward, for brevity,
we present the equations only in the three-dimensional form
since switching between 1D and 3D is straightforward.

Given the pdf, the local average monomer volume fraction is
equal to

(¢i(r)) =i —VIZZP %,.j)n
Here, n(a,j;r)d’r is the number of monomers of type 7 located
within the volume element [r, r + d’r] of the ath conformation
that is end-tethered at the jth graft position and v; is volume of
monomer of type i.

The second free energy contribution corresponds to the
mixing entropy of all mobile species and is given by

_5;:::( - Z Jd3rp},(r)(ln(p>,(f)vw) -D, ®

7
v

(/i) (4)

wherein index y runs over all mobile species, which are water,
Na®, Cl-, H" and OH . v,, is the volume of water and used as the
unit of volume.

The third term represents the (effective) van der Waals
interaction energy between the monomers

Fuw = 0555 fenle - /Do) (0

Here, the indices a and b run over all monomer types. &,
corresponds to the effective strength of the van der Waals
attraction between monomer a and b. It controls the solvent
quality and &,, = 0 represents good solvent condition for
monomers; g.(r), which is proportional to 1/r°, is a distance
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dependent function reflecting the position dependent nature of
the van der Waals attractions. The precise mathematical form
of g.p(r) can be found in ESLT

The term E,, represents the steric repulsion between all
species. They are modeled as excluded volume interactions.
The intrachain interactions are considered exactly during
chain conformation generation, while intermolecular excluded
volume interactions are accounted for by assuming that the
system is incompressible at every position

(@A () + (dp(r)) + Zdh,-(r) =1 @)

These volume constraints are enforced through the use of
Lagrange multipliers. The fifth free energy contribution
describes the electrostatic energy functional, which is given by

Eue = [l 0)0(0) ~ S0 V7). @)

where, g is the vacuum permittivity and ¢(r) the relative
dielectric constant of the medium. Here, we assume ¢, to be position
independent and equal to the dielectric constant of water (78.5). In
above equation () corresponds to the electrostatic potential and
(pg(r)) is the charge number density, which is given by

(pg(1) = — efa-(N){PR(0) + efpnrr (1) (p* (1)

+ > e,
i=Na*+,Cl- H* OH~

©)

where z; corresponds to the valence of the ions and (p(r)) and
(p%(r)) are the local number densities of the A and B mono-
mers that are chargeable.

dns ZZP O(] dlb ’]7 ) (10)

These two densities depend on the specific sequence of the
polymer as reflected in n$'*(x,f;r)d’r, which is the number of
chargeable monomers, ¢f. with definition of eqn (4). In the
equation of the charge density, fo-(r) corresponds to the local
degree of deprotonation of the acidic monomer, while fgp+(r)
denotes the local degree of protonation of the basic monomer.

Next, Fehem represents the free energy associated with the
acid-base equilibrium of weakly acidic (AH = A~ + H') and
weakly basic (BH" = B + H') monomers. The chemical free
energy is given by

ﬁFchcm:ijdb D) [fa () (nfa- () + By ) + (1~ (1)

x (In(1—/a- (1)) + Breg)] + (p5° (1)) [ for (1) (In g+ (r)

+ B + (1 —fare (1) (In(1 = figr+ (r)) + Buag )|
+ > ﬁum(r)}d%,
i=H* ,OH~

(11)

where f = 1/(kgT). The first and third terms in the above
expression correspond to the mixing entropy of dissociated
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and undissociated states of the acidic monomers while the
second and fourth term describe the internal free energy of the
dissociated and undissociated states. These internal free energy
contributions are expressed in terms of their standard chemical
potentials (if). The fifth through the eighth term describes
similar chemical contributions related to the basic monomer.
Fhem also includes the standard chemical potentials of the
protons and hydroxyl ions, associated with the self-ionization
reaction of water.

The above free energy is minimized under the constraints of
local incompressibility. This along with the fact that the system
is assumed to be in equilibrium with a bath of H', OH™, Na’,
Cl™ and water requires the usage of a semi-grand canonical
ensemble. This results in following grand potential of the
system:

PW = BF + [pr)l(6A0) + - 1

)+ Z ., (r
— Buna+ JpNa' (r)d’r — Bucr- Jpcr (d’r
- ﬁqu[PH» (1) + (1 —fa (1) (o))

T fane (D85 (0)]r — Brion- ijH (D).
(12)

W is minimized with respect to P(o), fa-(x), fsr+(r), and p,(r) to
yield explicit expressions for the density profiles, the polymer
probability distribution function, and the fraction of charged
acidic and basic monomers. The resulting polymer probability
distribution function is given by

Ploi) = 1exp (2 S | [Bessanle = ¥ hmaaiinr o, ()
] a b
x d*r') x exp(—[)"id3rn(r)[vAnA(oc,j;r) + vgng(a,J; r)])
enp (= et s () pevr) )

X exp(—Jd3rndB’s( o, j;1)(Infgy-+ (r) + ﬂew(r)>.
(13)

Notice that the probability of a chain conformation contains
contributions from van der Waals, electrostatic, excluded
volume, and acid-base equilibria interactions of both positively
and negatively charged groups. n(r) is the Lagrange multiplier
that imposes the incompressibility constraint and g¢; is the
normalization factor for the jth graft ensuring that the prob-
ability distribution function is properly normalized.

Minimization of W with respect to the fraction of charged
monomers yields

Sa () pneexp(=pr(n,)

@ 5 (14)
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Sou+ (1)
1 — fau+(r)

_ ¢H+ (l‘) (15)

K3 exp(—pr(r)w)

[

In the above expressions, K7 = exp(—AGY®) = exp(—f(ux-+
t — 1Y) and KBS =exp(—AGB) = exp(—B(ug + s
—pgy+)) are the equilibrium constants of reactions AH = A~ +
H'and BH' = B+ H', respectively. These constants are related to
the experimental equilibrium constants Kj and K; by Ki© = CK!
where C = 1/(N,V,,) is a constant that ensures consistency of units
and N, Avogadro’s number. Here we like to draw attention to the
fact that the equilibrium constant of the acid as well as the base
are dissociation constants.

Extremization of the free energy functional with respect to
Y(r) results in the well-known Poisson equation for electro-
statics, which along with the expressions for densities can be
found in the ESIf and ref. 33 and 34. The expressions for the
volume fractions, the dissociation profiles, and the electrostatic
potential result in a set of non-linear equations that have three
unknowns, namely, (i) the electrostatic potential ((r)), (ii) the
Lagrange multipliers (n(r)), and (iii) the monomer volume
fraction ({¢,(r))). These integro-differential equations are then
discretized and solved numerically.”” The inputs needed to
solve the equations are the reservoir pH and salt concentration,
the polymer dissociation constants K and K%, the distribution
of polymer grafting points on the surface or the surface coverage
for 3D and 1D calculations, respectively and a set of polymer
conformations. In the current work, a set of 10° polymer
conformations, generated using a rotational isomeric model, are
used for each grafting point. Further details on the chain model
including its segment length as well as the numerical discretiza-
tion can be found in the ESI, as well as ref. 33 and 45.
Additionally, in our study, we have considered symmetric A and
B monomers with respect to their volume (v, = vg = 0.11 nm3).
The sizes of positive and negative salt ions have also been made
equal (Vna+ =V = 0.035 nm ™ %). The volume of solvent or water is
vy = 0.03 nm . The volumes of H" and OH™ ions have been set
equal to vy. The cell size is § = 0.5 nm.

3 Results and discussion
3.1 pH dependent dissociation behavior of monomers

To characterize the charging of weak polyelectrolyte layers, it is
convenient to consider the average degree of charge arising
from the deprotonated acidic monomers and protonated basic
monomers. The average degrees of charge of the acidic and
basic group of end-tethered polyampholytes equal the total
number of acidic and basic monomers that is charged divided
by the total number of acidic and basic monomers, respectively.
They are obtained by the integration of the position dependent
degree of dissociation and association respectively and are
given by
_ Jdz(2)(pf"(2))

T "o

where i is A~ or BH".
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Fig. 2 The average degrees of charge fraction of A and B monomers in
A20B2o block copolymer as a function of pH for different bulk salt con-
centrations. All monomers of both blocks are dissociable. The grafting
density, op, is 0.10 nm~2. The solid lines and the dashed lines correspond to
acidic and basic monomers, respectively.

Before explaining the charging of end-tethered polyampho-
Iytes, we briefly review the charging behavior of polyacids and
polybases. The inset of Fig. 2 presents the average degree of
dissociation of monomers of an end-tethered polyacid layer.
It shows that the degree of charging is uniformly decreased
as compared to the degree of dissociation of a single acidic
monomer in a dilute solution. With decreasing salt concen-
tration, the degree of charging decreases further. This behavior
can be understood as follows. The concentration of monomers
is high inside a polyelectrolyte layer. This results in a large
electrostatic repulsion when these monomers acquire charge as
the pH increases. To mitigate this unfavorable electrostatic
repulsion, the system uses a few mechanisms. First, it can
bring more counterions into the brush to increase electrostatic
screening. This process of confining counterions is accompa-
nied by a loss of translational entropy of the counterions.
Second, the polymer chain molecules can stretch and thereby
reduce intra-chain electrostatic repulsions. However, chain
stretching is ineffective in negating electrostatic repulsion
between nearest neighbor monomers. Also, chain stretching
results in a reduction of the conformation entropy of chains.
Thus, chain stretching is, like counterion confinement, ‘free
energy-wise unfavorable’. A third type of response involves
reducing the actual number of charges by shifting the acid-
base equilibrium towards the uncharged state. To do this, the
system needs to perform chemical work.

The first two mechanisms apply to both weak and strong
polyelectrolytes while the last mechanism occurs only for weak
polyelectrolytes. Charge regulation by shifting the acid-base
equilibrium causes the degree of charge of the polyacids to be
always less than that of an isolated acidic monomer in solution.
Salt ions screen the electrostatic repulsion between charged
monomers. Thus a reduction in salt concentration would result
in more electrostatic repulsion, which is negated by further
lowering the degree of dissociation of the acidic monomers.***?
Thus, with decreasing salt concentration, the degree of charge of

This journal is © The Royal Society of Chemistry 2020
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the end-tethered polyacids drops. These trends are clearly
recognizable in the inset of Fig. 2. A polybase’s response to
PH is opposite to that of a polyacid because a base chemically
favors the neutral state at high pH and the charged state at low
pH. The salt response of a layer of polybases is identical.
However, for end-tethered polyampholytes that contain both
acidic and basic groups, dramatically different trends emerge.

Fig. 2 depicts the average degree of dissociation of both
acidic and basic monomers of an end-tethered A,,B,, block
copolymer for various salt concentrations and a fixed surface
coverage of gp = 0.10 nm ™. Here, the acid dissociation con-
stants of A and B, both, have a value of pK’Q = pKf = pK, = 5.
Hence, one would anticipate that the acidic monomers would
be mostly charged for pH values well above 5, while the reverse
would be true for basic monomers, ie., they would be mostly
uncharged. Indeed, the degree of dissociation of the acidic
monomers, (fy-), decreases with decreasing salt concentration
for pH values above 5. However, in contrast to the homo-
polymer case, the behavior of the basic monomers is comple-
tely reversed. When the pH is above pK,, the basic monomers
acquire charge and salt reduction leads to an increase in the
charge of the B monomers. For pH values below pK,, the reverse
behavior can be observed. Namely, the acidic monomers
become charged and their degree of deprotonation increases
with decreasing salt concentration while the basic monomer’s
fraction of charge drops with decreasing salt concentration.
Also noteworthy is the presence of three inflection points, instead
of one, in the dissociation curves at low salt concentration.
The difference in response to salt points to additional charge
regulation mechanisms for polyampholytes that are absent for
pure polyacids or polybases.

To understand the cause of this charging behavior, we
present in Fig. 3 the total polymer charge per unit area of the
system as a function of pH for various salt concentrations. First,
the figure shows that the polyelectrolyte layer has a net positive
charge when the pH is less than pK, and net negative for pH

Ae

2.0 1

— C$=0.01M
1.5 —— Cs=0.05M
1o — ¢.=0.15M

— ¢s=0.25M
0.5 -

0.0

—-0.5 1

—1.0

-1.5

—2.0

Fig. 3 The variation of the total charge per unit area on the polymer
A20B2o with pH. The curves correspond to the same system as Fig. 2.
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values above pK,. For pH ~ pK,, the polyelectrolyte layer is
overall uncharged. Second, over the entire pH range, decreasing
the salt concentration leads to a reduction of the amount of
charge.

At low pH values, the brush has a net positive charge. This is
because, chemically, the basic monomers would like to acquire
positive charges (pH < pK,) while the acidic monomers would
like to remain in its neutral, protonated state. Therefore,
because of the net positive charge, the system experiences a
net electrostatic repulsion. To reduce this unfavorable repul-
sion, the polyelectrolyte responds in the following manner.
First, it increases the dissociation of oppositely charged acidic
monomer. The chemical equilibrium of the acidic monomers is
shifted upward towards the charged state as compared to the
bulk solution equilibrium. This process involves chemical
work. However, this is offset by the increased electrostatic
attraction between the basic and acidic monomers, which
reduces the overall electrostatic repulsive energy. Second, conco-
mitant with the increasing charge of the acidic monomers,
the basic monomers discharge, i.e., decrease their degree of
dissociation. This results in fewer charged basic monomers,
which reduces the electrostatic repulsion between like charges.
Thus charge regulation of both base and acids established a new
chemical equilibrium in the polyampholyte layer that reduces
the amount of charge. The charge within the polymer layer is
much less as compared to the amount it would carry if the acid
and the base obeyed their bulk dissociation behavior. With
decreasing salt concentrations, the electrostatic interactions
increases in strength. To compensate for this increase, the
system reduces the overall charge further. At low pH values,
this results in further reduction of the charged basic monomers
and an increase in the amount of charged acidic monomers.
Thus, the deviation from ideal dilute solution dissociation of
the acidic and basic monomers is most prominent under these
conditions. At higher salt concentrations, both the electrostatic
repulsion between like-charged monomers as well as the elec-
trostatic attraction between oppositely charged monomers
weaken. Consequently, the degree of dissociation will be closer
to that of the dissociation of acids and bases in dilute solution.

At high pH value, the reverse happens. The polyelectrolytes
carry a net negative charge, which is reduced by decreasing the
number of charged acidic monomers and increasing the degree
of charged basic monomers. Thus the acidic and basic mono-
mer have reversed their role in the charge regulation process, as
the most dominant contributor to the polymer charge changes
from basic monomers to acidic ones. Thus, oppositely to the
behavior at low pH, at high pH, the acidic monomers decrease
their charge, while the basic monomers increase their charge.
This reversal occurs around pH ~ pK, where the end-tethered
polyampholyte has no global excess charge. Thus, the poly-
ampholyte brush’s response to a reduction in the salt concen-
tration is essentially similar to that of a polyacid or polybase
brush. Namely, across the entire pH spectrum, the overall
charge of the tethered polyelectrolytes is reduced. However,
the charge regulation process of the acidic and basic monomers
in a polyampholyte layer is far more complex.

Soft Matter, 2020, 16, 8832-8847 | 8837


https://doi.org/10.1039/d0sm01323d

Published on 01 September 2020. Downloaded by Northwestern University on 10/8/2020 7:09:38 PM.

Soft Matter

To stress this point further, we investigate in more detail the
effect of charge regulation on the position-dependent charge
and polymer distribution. So far, we have discussed the average
charge of the polyampholytes and posited its behavior as
arising primarily from electrostatic and chemical interactions,
thereby overlooking the influences that local monomer density
can have on the charging of the polymer brush. However, there
is a strong coupling between the electrostatic and chemical
interaction and the conformational entropy and excluded
volume interactions, which together determine the distribution
of the polymer layer. With increasing surface coverage or
monomer density, the monomer concentration in a polyacid
or polybase layer increases and to reduce the increasing
electrostatic interactions the acid-base equilibrium is shifted
further towards its neutral state. Concomitantly, the brush
swells or contracts as a function of pH and salt concentration.
As mentioned above, the charge regulation mechanism of
end-tethered polyampholytes is far more complex than that of
end-tethered polyacid and polybase as does its coupling with
the structure and polymer density.

To emphasize and delineate this more clearly, we plot in
Fig. 4 and 5 the monomer volume fraction as well as the
monomer charge profiles of a polyampholyte brush at pH
values 4 and 6, respectively. Various salt concentrations are
considered. The monomer charge profiles are normalized with
respect to their charge valence. In the case of a homopolymer
brush, the polymer volume fraction increases near the grafting
surface with decreasing salt concentration causing the brush to
slightly contract. Simultaneously, the total charge on the brush
decreases. This corresponds to the so-called “osmotic brush”
regime, as identified previously using scaling®**® as well as self-
consistent theory approaches.’®™> It should be noted that the
contraction is small and that the general shape of the monomer
profile remains unchanged. See Fig. S5 in the ESI,{ and ref. 33
and 42. However for the diblock polyampholyte brushes, in
addition to the reduction of the overall polymer charge,
the density profiles change drastically in shape. At high salt
concentrations, the brush is more stretched with the maximum
of B monomer concentration located in the outer region for
both pH values. Note that the B block is in a more extended
conformation at pH 4. Likewise, the acidic and basic mono-
mers are quite separated.

With decreasing salt concentration, the overall overlap
between the A and B monomer density profiles increases:
the A and B monomers move closer to each other. As the salt
concentration decreases, the effect of electrostatic screening
weakens and the A and B blocks would experience internally
increased electrostatic repulsion. Simultaneously the electro-
static attraction between the A and B monomers increases.
In response, the B monomers adopt conformations that bring
the B monomers closer to the oppositely charged A monomers,
which reduces the electrostatic energy. This is reflected in the
maximum in the B monomer density profile that ‘moves’ into
the A monomer region with decreasing salt concentration.
Thus, the electrostatic repulsive energy is not only reduced
through charge regulation but also by the polymers adopting
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Fig. 4 The structural behavior of the polymer A,oB,o at pH 4. At this pH,
an isolated B monomer would be mostly charged and an A monomer
would be uncharged. The lower panel shows the volume fraction profiles
of the A and B monomer of a A,gB,g brush. The solid and dashed line
correspond to the A and B monomers, respectively. The upper panel
shows the charged monomer volume fraction profiles normalized by the
valence of the monomer charge. zy and zg denote the valencies of
dissociated A and B monomers, respectively. Two salt concentrations
are considered. Namely ¢ = 0.25 M and ¢ = 0.01 M.

conformations that mitigate excess electrostatic repulsion. This
reduction of electrostatic repulsion occurs at the expense of
conformational entropy of the polymers. Also, with the ‘move-
ment’ of A and B monomers towards each other, the charged A
and B monomers can act as each other’s counterion and
less Na* and CI™ ions need to be confined inside the brush.
Thus less counterion confinement is required. Therefore, in a
polyampholyte brush, electrostatic screening occurs not only by
counterion confinement but also through interactions between
the oppositely charged monomers. Thus, the charge and struc-
ture of a layer of end-tethered weak polyampholytes is a
consequence of a delicate balance between several different
physical and chemical interactions that include conformational
entropy, chemical free energy of the acid-base equilibrium,
electrostatic interactions, osmotic pressure, and counterion
confinement.

It needs to be stressed that the average charge g and the
average degree of dissociation (fy-) and (fsy+) are positional
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Fig. 5 The structural behavior of the polymer A,oB,g at pH 6. At this pH,
an isolated A monomer would be mostly charged and a B monomer would
be uncharged. The lower panel shows the volume fraction profiles of the A
and B monomer of a A,oB5g brush. The solid and dashed lines correspond
to the A and B monomers, respectively. The upper panel shows the
charged monomer volume fraction profiles normalized by the valence of
the monomer charge. z4 and zg denote the valencies of dissociated A and
B monomers, respectively. Two salt concentrations are considered.
Namely cs = 0.25 M and ¢s = 0.01 M.

averaged quantities. The charge and the degree of dissociation,
in themselves, are strongly position dependent. For example,
Fig. 3 shows that the average charge g, becomes zero around
PH ~ pK, This does not imply local charge neutrality.
To illustrate this, we show in Fig. 6, for pH = 5, the position-
dependent fraction of charged acidic and basic monomers
alongside of the polymer volume fraction and charged density.
Near the grafting surface, where the A monomers are in the
majority, fo—(2) is less than its corresponding bulk dissociation
(fa- = 1/2) and the reverse applies to fgy+(z). The basic mono-
mers that are close to the grafting surface are more charged as
expected according to their dilute solution charge fzy+ = 1/2).
In the outermost or distal region of the brush, there are only
B monomers present. Since the B monomer density is low in
the distal region of the brush, the degree of dissociation
approaches that of the bases in dilute solution although only
for the high salt concentration of ¢s = 0.25 M. For the low salt
concentration of ¢; = 0.01 M, there is less electrostatic screening
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and the degree of charge of the basic monomer is shifted
chemically to significantly lower amounts. This results in a
reduction of the local electrostatic repulsion between the B
monomers. Although the B monomer density is low in the
distal region for the polymer layer, charge regulation still
occurs in order to reduce electrostatic repulsion between to
nearest neighbor monomers along the same chain. In the
middle part of the brush, around z ~ 2 nm, the A monomers
gain charge up to an extent higher than the bulk solution
dissociation and B monomers still carry less charge than in the
bulk. However, in this region, as we move closer to the grafting
surface, B monomers become increasingly charged, eventually
reaching a degree of charging higher than that in the outer-
most region. Thus, the downregulation and upregulation of
monomer charges are clearly distance-dependent. Notice that
close to the grafting surface there is an excess amount of acidic
monomers. Therefore, in the region close to the surface, the
electrostatic interactions are primarily repelling and hence,
downregulation of the charge of the acidic monomers occurs
as compared to the solution charge. Conversely, the basic
monomers undergo upregulation, but there are far less basic
monomers close to the surface (a factor of around 2 at
¢s = 0.25 M which decreases to 1.5 for ¢, = 0.01 M see
Fig. 6(c)). Thus, close to the surface (z < 1 nm), the total charge
is dominated by the charge of the acidic monomers and hence
its overall charge is negative.

In the distal region, the situation is reversed and there is an
excess amount of basic monomers and the overall charge is
positive. Also, the basic monomer in the distal region down-
regulates their charge. In the intermediate region where there is
considerable intermixing of monomers, both A and B mono-
mers have more charges than in regions where they are in the
majority. This results in the pattern as observed in the top
panel (Fig. 6(a)), which shows the total charge of the A and B
monomers separately as a function of distance.

Also noteworthy is the fact that the effect of salt on the acid
and base (charge) distribution is asymmetric. Reduction the
salt concentration affects volume fraction and charge distribu-
tion of the B-monomer much more strongly than the volume
fraction and charge distribution of the A monomers. As argued
before, the B monomer charge, zg{¢p(z))fa(z) decreases upon
salt reduction in the outer region and decreases in the inner
region, at pH = 5. Simultaneously, with the charge regulation,
the tethered polymer undergoes conformational changes that
bring the A and B more close together. Clearly, the outer block,
i.e. the B monomers can much easier effect these changes than
the anchored A block. Hence the asymmetric response.

Finally, at pH = 5, the acidic and basic monomers undergo both,
depending on their location, up and downregulation of their charge.
However, for pH values away from the pK,, only one type of charge
regulation for a particular type of monomer dominates across the
whole extent of the brush. This means the acidic and basic
monomer either up or downregulate their charge. For example, in
Fig. 4(a) and 5(a), it can be seen that at pH = 4, with decreasing salt
concentration, the B monomers discharge while the A monomers
gain charge. The reverse occurs for a pH value equal to 6.
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Fig. 6 The structural behavior of the polymer A,oB,q at pH 5. The fraction
of charged acidic and basic monomers are shown in the middle panel. The
solid and dashed curves represent A and B monomers, respectively. Note
that although the dissociation profiles in the theory were computed for the
whole region, only regions with non-zero monomer volume fraction
(>0.001) are shown. The corresponding monomer volume fraction
profiles are shown in the lower panel. The top panel shows the charge
profiles of A and B monomers. Salt condition identical to Fig. 4 and 6.

The dissociation behavior of monomers depends not only
on pH, salt concentration, and grafting density but also on the
monomer sequence, the asymmetry in charge fraction as well
as length for both blocks. To that end, we determine the degree
of dissociation of monomers for different B-block lengths at a
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constant A-block length keeping the number of charged groups
constant. We find that decreasing the upper block length leads
to a slight yet visible increase in both (fy-) and (fgy+). Similarly,
increasing the number of blocks in the chain also increases the
degree of dissociation of both monomers. Thirdly, when the
fractions of chargeable monomers in two blocks are different,
the isoelectric point (pH corresponding to zero net charge of
the polymer) shifts away from the pK, of monomers in solution.
These observations are illustrated graphically as well as
explained in terms of the conformational entropy of the chain
and the imbalance in charged species in Sections $2.1-S2.3 in
the ESL¥

An interesting consequence of the different degrees of
charging of acid and base monomers inside the polymer brush
from the bulk degrees of charging of their isolated monomers
is that the local proton concentration inside the brush will be
different. For a pure polyacid layer, this results in an increase in
the local proton concentration or equivalently a decrease in
the local position dependent pH (—log;o([H'](2))).*****° For a
pure polybase layer, the opposite happens and the local
pH increases. For a two-component brush, the behavior is
different. The local proton concentrations for a A,,B,, brush
for different bulk pH values can be found in Section S2.5 of
ESL T It is seen that at pH > pK,, the local pH inside the brush
will be less than the bulk pH while the reverse behavior is seen
at pH < pK, This means the local pH, for most part, is
governed by the acidic monomer at high pH values and basic
monomer at low pH values. In other words, the monomer with
higher dissociation fraction at the bulk pH in question decides
the local pH inside the brush. Around pK,, a simultaneous
decrease and increase in local pH is observed since both
monomers are equally charged. The size of the shift in the
local pH compared to the bulk pH is also strongly coupled with
the salt concentration. For example, at pH = 6, for 250 mM salt
concentration, one observes both an increase and a decrease in
the local pH inside the polymer-rich region while for 10 mM,
only a decrease is observed.

3.2 Structural changes as a function of pH

Fig. 4, through 6 demonstrate that a polyampholyte layer
undergoes quite drastic structural changes as a function of
pH and salt concentration. To summarize these structural
changes, we present in Fig. 7 the height of the layer as function
of pH for various salt concentrations. The height is defined as
follows

h= zjdzz<¢p<z>>/ j dz(y (). 17)

and it is a measure of the thickness of the polymer layer. At low
pH, the height of the layer increases, i.e., the layer swells, with
decreasing salt concentration. For low pH values, the basic
monomers are charged while most acidic ones are uncharged
and one of the modes by which the system mitigates the
unfavorable electrostatic repulsion, is to stretch the chains,
which results in swelling of the layer. Similarly, at high pH
values, the acidic monomers acquire charge and the basic
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Fig. 7 The brush height as a function of pH at various salt concentrations.

The grafting density corresponds to op = 0.10 nm™2.

monomers are uncharged and the layer swells as well. Observe
that the swelling of the brush as a function of pH and salt
concentration is non-monotonic. Non-monotonic swelling as a
function of salt concentration, but not as a function of pH, has
also been observed for pure polyacids numerically,*” as well as
predicted based on scaling theories."*%"

In the pH-range of 4-6, we observe that the brush shrinks
rather than swells upon salt reduction. As argued before,
the polymers use, besides charge regulation and counterion
confinement, also structural reorganization as a mechanism to
reduce excess electrostatic repulsions. The polymer chains
adopt conformations that bring the oppositely charged A and
B blocks closer together and the brush shrinks.

Notice that the layer does not respond symmetrically to
changes in pH. For example, at pH = 2 the layer swells
monotonically on salt reduction in the range of salt concen-
tration considered, whereas at pH = 8 the thickness changes
non-monotonically. This asymmetric response is caused by the
fact the polymer is grafted to the surface with its acidic block.
We note that the above trend also persists qualitatively when
only a fraction of the monomers are chargeable. A similar plot,
for the case where only half of the monomers are chargeable,
can be found in ESIL.f

3.3 The interplay between the solvent quality and pH

In the previous section, we investigated the chemical state
and structural properties of end-tethered polyampholytes, for
good solvent conditions. Reduction of the solvent quality,
i.e., increasing the van der Waals attraction between monomers,
leads to a higher polymer density within the polymer brush. This
can result in a collapse of the polymer layer and the possibility of
microphase separation in poor solvent.

Here, we demonstrate that the degree of charge of end-
tethered weak polyampholyte is sensitively coupled to the local
monomer density. Since the solvent quality affects the polymer
density, it will also influence the charge within the end-tethered
polyelectrolytes. Before investigating the potential of microphase
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separation, we first focus upon the coupling between van der
Waals interaction, which controls the solvent quality, and the
chemical state of charge of the polymer layer.

Fig. 8 shows the average degree of charge of the acidic and
basic monomer as a function of pH for various degrees of
solvent affinity for a lateral homogeneous polymer layer. Since
the parameter space is huge for the studied system, we limit
ourselves to the case where only the upper B-block is poor to the
solvent. Fig. 8 shows the solvent quality results in a reduction of
both {fy-) and (fzu+) across the entire pH range. The parameter
egp Measures the solvent quality or effective van der Waals
attraction between the B monomers. Here, egg = 0 corresponds
to good solvent conditions. As egg increases, the upper B-block
tries to avoid the solvent and increases the B monomer density
within the layer. In contrast to the case of decreasing salt
concentration, here, decreasing the solvent quality reduces
the charge of both the acidic and basic monomers, which
reduces the overall charge. Here, in addition to the electrostatic
attraction between the oppositely charged monomers, the
electrostatic repulsion between the charged B monomers would
be high as the B monomer density is increased in order to avoid
the solvent. Chemically, at both low and high pH, the basic
monomers respond to this increase in electrostatic repulsion
among the B monomers by shifting the chemical equilibrium
to its uncharged state. At low pH value, the acidic monomer
still increases its charge but its upregulation decreases with
increasing poor solvent quality since there are less charged
bases to favor the charging of acids.

A similar effect is at play at a higher pH. However, above
pH > 7, the degree of charge of the acidic monomers is not
influenced anymore by the solvent quality of the B monomers.
Thus here again, like for low pH, the electrostatic repulsive
energy between like charges prevails over the inter-block elec-
trostatic attraction. Note, the basic monomer still upregulates
the charge as compared to their bulk degree of charge but the
upregulation decreases with increasing poor solvent quality.
In summary, increases in poor solvent quality of the B mono-
mers result in a decrease of charge of both the basic and acid
monomers over the whole pH-spectrum.

Another manifestation of this interplay between the solvent
quality and electrostatics is the dependence of structural
behavior of the brush on pH under poor solvent conditions.
In prior works on homopolymer polyelectrolyte brushes,*> the
collapse and structure formation of the brush at different pH
values was found to have a monotonic dependence on the bulk
pH. For example, a polyacid brush collapses more readily on
making the solvent quality poor at low pH than at high pH. The
scenario in the two-component brush can be expected to be
different due to the presence of two types of charges.

Here, to investigate the possibility of collapse and structure
formation of the brush, we examine the chemical potential of
the polyelectrolytes for laterally homogeneous brushes. Fig. 9
shows the chemical potential as a function of grafting density
for a poor solvent condition given by flegg = 6 while the graph
for good solvent conditions (fiegg = 0) is provided in ESLT If the
slope of the chemical potential with respect to the grafting
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Fig. 9 Chemical potential of the polymer A,oB>g as a function of surface
coverage at various pH values. The salt concentration is 0.01 M. The above
plots were generated for fegg = 6.0. Here, 50 percent of both A and B
monomers are dissociable.

density becomes negative, the system would spontaneously
phase separate into a region of higher grafting density and a
region of lower grafting density. Thus, a negative slope in the up
vs. ¢ curve is a measure of the system’s proclivity to lateral
phase separation. Note that this happens if the chains are
laterally mobile. However, since here the chains are irreversibly
end-grafted to the surface and therefore, lack translational
freedom, phase separation into a homogeneous region of lower
and higher surface coverage cannot occur. Instead we posit that
microphase separation can occur. Thus, the above criterion is
not sufficient to describe the onset of instability of the homo-
geneous brush. Instead, we take a negative slope of chemical
potential to be a signature of possible phase separation and/or
microphase separation. Indeed, for good solvent conditions,
the chemical potential increases monotonically as a function of
surface coverage for all pH values. This corroborates both our
intuition and past calculations of polyacid brushes and neutral
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brushes that demonstrated that in good solvent the homo-
geneous brush is stable.?>*

With increasing egg (compare Fig. S9 and S10 in ESIt), the up
versus ¢ curves changes from monotonically increasing to non-
monotonically increasing in shape, suggesting the possibility of
structure formation. Notice that chemical potential increasing
monotonically with increasing grafting density for pH = 2 and
pH = 8. For intermediary pH values, the chemical potential
varies non-monotonically. At pH = 2, the basic monomers are
highly charged and the electrostatic repulsion can overcome
the van der Waals attraction between the B monomers and
prevent collapse and structure formation of the polymer layer.
This scenario is similar to that of weak polyacid brushes in poor
solvent at high pH values. This is further supported by the fact
the onset of instability for a similar neutral diblock copolymer
brush occurs at around fegg = 5. This implies that the van der
Waals attraction is just sufficient to overcome the loss of
conformational entropy and osmotic pressure of the system
to cause collapse. As pH increases, the B monomers become
less charged. Therefore, the electrostatic repulsion of the basic
monomers can be overwhelmed by the van der Waals attraction
between the basic monomers. Consequently, the B layer
collapses and microphase separation of the basic monomers
ensues. At pH = 8, the chemical potential is monotonic again.
This would suggest the following scenario. Namely, the (almost
neutral) basic monomers collapse but remain lateral homo-
geneous, prevented from lateral structure formation because of
the attachment to the A block that due to its high charge.
However, a second and more likely scenario, confirmed by 3d
calculations, is also possible. Namely, collapse and lateral
structure formation of the basic monomers on top of a homo-
geneous layer of acidic monomers. This scenario cannot be
captured by the up versus o curves since a homogeneous A layer
would imply there is no driving force to vary the local grafting
density. Hence, the shape of the chemical potential does not
provide enough information to identify which possibility is
more likely.
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To identify the morphology that occurs and see if suggested
structure formation as indicated by the 1D calculations really
happens, we performed three dimensional calculations of the
brush at different pH values and solvent qualities. Since the
numerical solution is sensitive to the initial guess, we impose a
microstructured pattern of interest in the calculation and then
gradually remove the bias. Details of the biasing protocol can
be found in the ESI.f We consider three candidate morpho-
logies, namely, micelles, lamellae, and homogeneous structures,
and compare the free energy of the system to determine the most
stable structure.

A hexagonal grafting pattern with a surface coverage of
0.1283 nm 2 is considered. For good solvent conditions,
we confirm that the homogeneous brush is the most stable
structure. Reduction of the solvent quality at pH = 8 and a salt
concentration of ¢ = 0.01 M result for flegg = 4.5 in a morpho-
logical transition from a homogeneous layer to a micellar
phase. This equilibrium structure consists of micelles formed
by the B blocks located onto and partially submerged within a
homogeneous A layer. Fig. 10 shows this equilibrium three
dimensional pattern obtained at fegg = 6. The cross-sectional

(b) (d)

Fig. 10 Results of three dimensional calculations at pH = 8 for AoByxg
polymer at fegg = 6.0. The corresponding grafting density equals
0.1283 nm~2. The salt concentration is 0.01 M. Here, 50 percent of both
A and B monomers are dissociable. The scales in the figure are in
nanometer. The top left panel shows the three dimensional view of the
microstructure. The pattern was generated by plotting the iso-density
surfaces with volume fraction 0.02 or more for both A and B. Since the
internal structure of the brush cannot be deciphered from this plot,
we also present density maps on slices cut through the microstructure
at different locations. The bottom two panels show the monomer density
maps for A and B individually on cross-sectional planes cut parallel to the
grafting surface. The left panel is taken at z = 1.0 nm. The layer is found to
be homogeneous. The circular regions represent the grafting points.
The bottom right panel shows the B monomer density map of the cut at
z = 3.0 nm. It is clear from the circular patterns that B monomers form
spherical micelles. This is confirmed by the top right panel, which maps the
density of B monomers on the vertical plane passing through two adjacent
micelles.
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density maps of the B monomers shown in panels (c) and (d)
reveal that these micelles are fully spherical in shape and have
considerable penetration into the A layer. Observe also that the
volume fraction of the B-monomers within the micelles is quite
high, up to 0.7. The volume fraction of the A layer is, in
comparison, much lower and at maximum 0.3. This difference
is a reflection of the fact that the acidic monomers are mostly
charged and the basic monomers are mostly uncharged for the
given pH value.

Keeping the solvent quality constant at fegg = 6.0 but
changing the pH reveals that micelles formed by B blocks are
the equilibrium structure at high and intermediate pH value till
pH = 4. At lower pH values, the micellar pattern gives way to a
homogeneous structure, shown in Fig. 11, as the B monomers
acquire positive charges For pH < 3, we are unable to extract
any morphological information since our calculations do not
converge under such conditions. Similar structures are found
for the higher salt concentration of ¢; = 0.10 M. We observed a
similar morphological structural transition occurring from a
homogeneous layer at low pH values to a micellar phase at high
pH values. Additionally, we also find from 3D calculations that
the degree of dissociation values at all pH values are lower
within the collapsed structures than in homogeneous states
under good solvent conditions for both monomers. For
instance, for good solvent conditions (fegg = 0), at pH = 6, (fi-)
and (fgy+) are 0.51 and 0.34, respectively. When the solvent
becomes poor (fegg = 6.0), these values reduce to 0.44 and 0.20,
respectively. This is in line with Fig. 8, from 1D calculations,
which predicts a decrease for the degree of dissociation for both
monomers with decreasing solvent quality.

We also investigate the structure of the brush having poor
solvent conditions for both basic and acidic monomer.
We found that at pH = 3, the acidic monomers form a lamellar
striped phase with considerable surface modulations. This
structure is different from traditional stripes seen in polymer
brushes in that there are density inhomogeneities (undulations)
within the lamellae along their axes, see Fig. 12(a) and (b). The
basic top monomers follow the topology of the acid structure,
forming a cover around the A layer (shown in (c) and (d)) and
filling the gap between two lamellae. In order to determine the
role of electrostatics in this morphology, we ran 3D calculations
for uncharged grafted chains under the same conditions. The
results are shown in Fig. 13. It is seen that without charge, the
collapse of monomers is more pronounced and the connectivity
between rod-like features formed by A monomers improved.
In the charged case, the electrostatic repulsion between collapsed
same charged monomers resists a strong collapse to prevent the
local build up of charges. Another difference is that the upper
block collapses separately into cylinders of B monomers on top of
the bottom A layer and unlike the charged case, these cylinders no
longer follow the topology of the bottom block. This is due to the
lack of electrostatic interactions, which has the effect of spreading
the monomers apart. This explains why in the charged system,
the upper layer covers the lower one. The other noteworthy feature
of the charged system’s microstructure is the considerable
penetration of B monomers into the A layer, which shows in the
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Fig. 11 Results of three dimensional calculations at pH = 3 for A20B2o
polymer at fegg = 6.0. The corresponding grafting density is 0.1283 nm™2.
The salt concentration is 0.01 M. Here, 50 percent of both A and B
monomers are dissociable. The pattern was generated by plotting the
iso-density surfaces with volume fraction 0.02 or more for both A and B.
Both (a and b) were generated from the same camera view.
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Fig. 12 Results of three dimensional calculations at pH = 3 for AoByg

polymer at fean = fegg = 6.0. feap = g«/sAACBB- The corresponding grafting

density is 0.1283 nm™2. The salt concentration is 0.01 M. The fractions of
dissociable monomers in both A and B blocks are 0.5. The scales in the
figure are in nanometer. The top left panel shows the three dimensional
view of the A monomers and the top right panel shows a similar view of the
B monomers. The patterns were generated by plotting the iso-density
surfaces with volume fraction 0.02 or more for both A and B. The bottom
left panel shows the A monomer density map on a cross-sectional plane
cut parallel to the grafting surface at z = 0.5 nm. The bottom right panel
shows the B monomer density map of the cut at z = 0.5 nm.

cross-sectional map of B densities in Fig. 12(d). For the uncharged
system, in Fig. 13, the cross-sectional map of the A monomers is
shown at a height of z= 0.5 nm above the grafting surface, like the
density maps shown in Fig. 12. The cross-sectional density map
for the corresponding B monomers at z = 0.5 nm has zero density
and is therefore is not shown here. Instead, the density map in
Fig. 13(c) is shown for z = 1.5 nm. At higher pH values, for the
charged system, the micellar B phase occurring on top of a
homogeneous A phase reemerged (not shown here because it is

8844 | Soft Matter, 2020, 16, 8832-8847

View Article Online

Paper

05 05
0.3
0.2
0.1

10 nm

X ()

W

10 nm

VA
Y

10 nm
(b) (d)

Fig. 13 Results of three dimensional calculations for neutral AyoB2g

polymer at flean = fegs = 6.0. fleap = g‘ /eanepp. 1he corresponding grafting

density is 0.1283 nm 2. The scales in the figure are in nanometer. The top
two panels show the three dimensional view of the brush. The patterns
were generated by plotting the iso-density surfaces with volume fraction
0.02 or more for both A and B. The bottom left panel shows the A
monomer density map on a cross-sectional plane cut parallel to the
grafting surface at z = 0.5 nm. The bottom right panel shows the B
monomer density map of the cut at z = 1.5 nm.

similar to Fig. 10). However, the A phase is thinner in the case
where two blocks are poor than in the case where only B block
is poor.

Finally, around pH 5, the system has both negative and
positive charges as both the acidic and basic monomers are
partially charged. This could result in novel more complex
structures. We tried to obtain those structures by seeding the
initial guess of the numerical solver by either a homogeneous,
lamellae or micelles structures. Novel structures were not
found. However, instead it turned out to be challenging to
obtain any numerical solutions for pHs values around 5.
Frequently, we were not able to obtain a converged solution
at all. This could be related to fact that we lack appropriate
candidates structures. We reserve this numerical challenging
project for a future investigation.

4 Conclusions

Here we have investigated, through a molecular theory, the
chemical state and structural proprieties of end-tethered
diblock polyampholytes comprising acidic and basic mono-
mers with equal acid dissociation constants (pK,). For pH <
PK,, salt reduction increases the degree of deprotonation or
charge of the acidic monomers and decreases the protonation
or charge of the basic monomers. The reverse happens for
PH = pK,. This behavior is opposite to the charging of end-
grafted homo-polyelectrolytes, where salt reduction results in a
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decrease in the degree of charge of monomers at all pHs.
Overall, the charge regulation of polyampholytes brushes
causes the net charge to decrease as the salt concentration is
reduced. The charge regulation results from a complex balance
between chemical and physical interactions, which involve
among others electrostatic and excluded volume interaction,
and conformational entropy of the polymers.

The charge of weak polyacid layers is primarily determined
through a balance between charge regulation, which shifts the
acid-base equilibrium, counter-ion confinement, and loss of
conformational entropy by chain stretching. For end-tethered
diblock polyelectrolytes that consist of both acidic and basic
monomers, an additional effect is important. Namely, large
conformational changes of the polymer chain that ‘“move”
the upper block of basic monomers towards the lower block
consisting of acidic monomers. This results in an unusual non-
monotonic structural response as a function of pH and salt.
At low and high pH values the end-tethered polyampholytes
layer swells as the salt concentration is reduced, while at
intermediate pH values, the brush shrinks when the salt
concentration is decreased. The importance of conformational
entropy is also reflected in the fact that the degree of dissocia-
tion of the acidic and basic monomers is influenced by the
number of blocks (A,Bso, (AB)o, €tc.) as well as the relative
block lengths.

Another noteworthy observation is the distance-dependent
charge regulating effect near pH ~ pK,, where the brush is
overall electroneutral. Under these conditions, decreasing the
salt concentration decreases the number of charged basic
monomers in the outer part of the brush, where they are in
an overwhelming majority, and increases it in the inner part of
the brush, where they are surrounded by oppositely charged
acidic monomers. The acidic monomers follow a reverse
position dependent pattern. For pHs away from the pK,, only
one of these effects dominates across the entire brush. Either
the acidic monomers decrease their charge and the basic
monomers increase their charge or vice versa depending on
the pH value.

We also find strong solvent quality effects on the chemical
and structural state of the brush. With decreasing the solvent
quality of the basic monomers, both the acidic and basic
monomers uncharge. For sufficiently strong van der Waals
attraction, pattern formation occurs. For poor solvent quality
of the basic monomer (B), a morphological transition from a
homogeneous B layer to a micellar B phase on top of a
homogeneous A phase occurs as pH is increased. Similarly,
for poor solvent condition of both blocks, a lamellar pattern of
acidic monomers with longitudinal compositional undulations
engulfed by a layer of basic monomers occurs at low pH values,
while a micellar B phase on top of a homogeneous A layer is
observed at high pH values. Future directions include finding
more appropriate candidate structures that may occur at inter-
mediate pH values.

We point out that our molecular theory, in spite of including
many molecular details of the polyelectrolyte, still is an approxi-
mate theory, which can potentially be improved upon. First, the

This journal is © The Royal Society of Chemistry 2020
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electrostatic interactions are considered at a mean-field level,
hence neglecting short-range electrostatic correlations.>*>®
These correlations are important and capable of collapsing
strongly charged polyelectrolytes in good solvent conditions if
the Bjerrum length, Iy = €*/(4neoe.ksT), times the polyelectrolyte
linear charge density, 1/b, where b is the distance between
charges, is greater than one (ie., lz/b > 1);°° here, e is the
elementary charge, ¢, is the permittivity of vacuum, &, is the
relative permittivity and kg7 is the thermal energy. This has
been corroborated by simulations that account for a decrease
in local ¢ with increasing polyelectrolyte concentration.®
Short-range electrostatic correlations are also important in
multivalent ion conditions due to an enhancement of the ionic
correlations,® or due to ion bridges.®* In the present work, the
counterions are monovalent and the Bjerrum length is 0.7 nm
and the distance between adjacent monomers is 0.35 nm so
Ig/b = 2 only when the blocks are fully charged. However, by
setting the fraction of chargeable monomers to 0.5, (meaning
inserting additional neutral monomers) so lg/b = 1, the mean-
field assumption is justified, which we have done for poor
solvent conditions. Note that at low salt concentrations, the
counterions gain substantial entropy when they are free in the
solution, instead of forming ion pairs or clusters of correlated
ions and monomers. Moreover, for the fully chargeable case,
since clustering of acid and base groups will not be significant
for most pH values as the opposite charges are located on
different blocks, we believe short-range electrostatic correla-
tions will not affect our results significantly. We reserve the
potential improvement to include many body effects resulting
from electrostatic correlations in the theory when applicable for
future work.

Secondly, the dielectric environment in the brush is assumed
to be homogeneous, which, strictly speaking, does not accurately
reflect the dielectric environment of the actual brush. The effect of
dielectric function on the chemical state of polyacid brushes was
found to be small for good solvent conditions and moderately
dense brushes.>® However, the effect of dielectric heterogeneity
can become prominent for high local polymer concentrations,
which can occur under poor solvent conditions. A model incor-
porating the position-dependent dielectric constant® as well as
surface polarization effects,** which affect the polymer conforma-
tion in confinement,® would be a refinement of our current work.
It would also be interesting to see the effect of dielectric mismatch
between two blocks on the dissociation and collapse behavior of
the brush.

To the best of our knowledge, the simultaneous upregula-
tion and downregulation of charge of acidic and basic mono-
mers by salt in end-tethered block polyampholyte layers has
not been systemically explored in the past. Past theoretical
investigations that considered charge regulation of weak poly-
ampholytes usually consider a more complex setting of e.g.,
protein (a polyampholyte) adsorption onto a polyelectrolyte gel
or brush® or charge regulation of a virus capsid.®® There the
presence of multiple different types of acids and bases on the
protein complicated and obscured the clear the up and
down regulation pattern demonstrated here. Therefore, these
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current results are helpful to gain a deeper understanding of
complex phenomena such as protein adsorption. Also, the
unusual charging and the non-monotonic structural response
as a function of salt and pH can have potential applications
involving polymer tethered nano-channels for ion pumping or
rectification.®”®® In a wider sense, our results demonstrate that
weak polyampholyte layers have a much richer phase behavior
than polyacid and polybase layers, which expands the physical
and chemical parameter space to control and rationally design
stimuli-responsive materials. In summary, our work provides
guidelines and insights for further investigations, both experi-
mental as well as theoretical, into the morphological behavior
of end-tethered weak polyampholytes.
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