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Weak polyampholytes, containing oppositely charged dissociable groups, are expected to be respon-
DOI:00.0000/000000000x sive 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 pKa
value of both monomers and vice versa when the pH > pKa. 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 and high acidic monomer density. By exploiting weak block polyampholytes, our
work expands the parameter space for creating responsive surfaces stable over a wide range of pH
and salt concentration.

1 Introduction
The morphology of the polymer brushes in these applications

dictates the coating performance. Hence, understanding the for-
mation of the surface patterns and external factors that control
them is of key importance. Among different types of brushes, par-

End-tethered polymers, also known as polymer brushes, are ubiq-
uitous in applications involving surface modification, such as
colloidal and nanoparticle stabilization™3 and surface lubrica-

tion®>. 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 purifactionlz, nanofluidic circuits, and chemical sens-
ing1041 ikewise, polymer tethered colloids and nanoparticles
have biomedical applications that include usages as drug delivery
devices213 and contrast agents 413,
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ticularly interesting are end-tethered weak polyelectrolytes, since
here, the presence of chargeable monomers and their dissocia-
tion behavior provides structural control through adjustments in
pH and salt concentration, in addition to conventional thermal
responsiveness through solvent-polymer interactions®. In con-
trast 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 concentration, and the grafting density. This provides
greater control over the tunability of the structural and thermo-
dynamic properties of the brush, as well as switchability between
various surface patterns718,

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 structures2%21,
such as in block copolymer brushes?224, The difference in sol-
vent selectivity between the components as well as the rela-
tive composition of the polymers induces various surface pat-
terns such as spherical micelles,stripes, worm-like micelles, and
holes2325  Furthermore, in the case of binary polyelectrolyte
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brushes with both monomers capable of dissociation, greater con-
trol on morphology tuning can be achieved by varying the pH
and salt concentration?®"28, However, unlike their neutral coun-
terparts, 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 copoly-
mer 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 selectivity 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 ob-
served when the charged block was made weakly chargeable.
However, the degree of dissociation was considered to be con-
stant and independent of monomer position as well as salt con-
centration. The degree of charging was set by the pH of the reser-
voir, using the Henderson-Hasselbalch equation for acids in di-
lute solution. However, as the theoretical work by Isrédels and
305321 and other subsequent investigations2® have al-
ready 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'33:34,

Another example of a theoretical investigation involving end-
grafted polyampholytes involves a study by Shusharina and
Linse23¢ which used the mean-field lattice theory developed by
Scheutjens and FleerZ 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 elec-
trostatic interactions, causing the system to behave as a neutral
brush. This cancellation is accompanied by a change in the con-
formation 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=8-40,

In this work, we develop a molecular theory to study the struc-
ture 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 poly-
meric systems including neutral polymers as well as polyelec-
trolytesl. 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 mea-
surements#243, The theoretical approach takes into account the
size, shape, conformation, and charge distribution of each molec-
ular species. It includes the conformations of the polymers ex-
plicitly and considers the acid-base equilibrium of each acidic
and basic group of the polyelectrolyte. The basic idea of this de-

coworkers
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tailed 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 probabil-
ity of the different conformations, the electrostatic and repulsive
position-dependent potentials, as well as the chemical state of
every species42, 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 Wood-
ward“4®! 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 molec-
ular theory to a polymer brush with both acidic and basic charge-
able 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 dis-
sociation behavior of these groups as a function of pH at various
salt concentrations, surface grafting densities, and polymer se-
quences.

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 in-
creased density or even collapse of the polymer brush. Hence,
we also investigate the coupling between the degree of dissocia-
tion 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 en-
ergy. 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 differ-
ent grafting densities. This one dimensional analysis is comple-
mented by full three dimensional 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 val-
ues. 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 conclu-
sions and discuss potential future directions.
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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 na-
ture, 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, respec-
tively.

2 Theoretical Approach

The system consists of Np copolymers, comprising monomers of
type A and B, permanently end-tethered to an uncharged planar
surface of area A. The polymers are in contact with an aqueous
solution of a given pH and NaCl salt concentration, which is as-
sumed to be completely dissociated. Thus, the solution reservoir
consists of water molecules, cations (Na®) and anions (Cl™) as
well as protons (H™) and hydroxyl ions (OH™). Different copoly-
mer 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 (ABy),. 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 dif-
ferent contributions, namely,

F = —=TSconf — T Smix + Evaw + Erep + Eelec + Fehem: €]

where the first three terms represent the conformational en-
tropy 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,

Soft Matter

respectively. Below we present the free energy contribution in
their expanded form.

The first term, the conformational entropy of the polymer
chains, takes the form

Conf ZZP o, j)In(P(e, j)). 2)

j=1a

Here, P(«, j) is the probability of finding an end-tethered polymer
chain in the conformation o located at grafting point j. A poly-
mer 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 thermo-
dynamic and structural properties related to the polymers can be
calculated from this probability distribution function. Assuming
lateral homogeneity, meaning that quantities such as the polymer,
solvent, and ion densities, vary only in the direction perpendicu-
lar to the surface, the conformational entropy reduces to

—§@:@memmy 3)

kpA
Here, op corresponds to the surface coverage. This surface den-
sity is the number of chains per unit area and equal to Np/A. In
the current work, we have considered a planar geometry 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 be-
tween 1D and 3D is straightforward.
Given the pdf, the local average monomer volume fraction is
equal to

(i(x)) = vi(pi(r)) =i ZZP a, j)ni(@, j:r). 4

j=1a

Here, n;(a, j;r)d%r is the number of monomers of type i 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

- / &Prpy (1) (In(py(r)va) ~ 1), )

wherein index y runs over all mobile species, which are water,
Na™, CI-, 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 inter-
action energy between the monomers

Faw =L X3 [ [aulr=rDpa) o) dnd'r. @

Here, the indices a and b run over all monomer types. g,, cor-
responds to the effective strength of the Van der Waals attraction
between monomer a and b. It controls the solvent quality and
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&, = 0 represents good solvent condition for monomers; g,;(t),
which is proportional to 1/r%, is a distance dependent function
reflecting the position dependent nature of the Van der Waals at-
tractions. The precise mathematical form of g,,(r) can be found
in electronic supporting information (ESI).

The term Erep represents the steric repulsion between all
species. They are modeled as excluded volume interactions. The
intrachain interactions are considered exactly during chain con-
formation generation, while intermolecular excluded volume in-
teractions are accounted for by assuming that the system is in-
compressible at every position

(9a(r)) +(95(r)) + Y 9y(r) = 1. 7

Y
These volume constraints are enforced through the use of La-
grange multipliers.
the electrostatic energy functional, which is given by

Eelec = /d r|(p,(r

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

(pg(x)) =~ efu- (1) (P (1)) + ey () (p5" (1))

+ Z ezipP; (I'),
i=Na*,Cl~ \H*,OH~

The fifth free energy contribution describes

y(r)— *808r( )(V‘l/)z}7 ®

&)

where z; corresponds to the valence of the ions and (p4¥(r)) and
(pis(r)) are the local number densities of the A and B monomers
that are chargeable.

dlS i; dzs OC ], ) (10)

These two densities depend on the specific sequence of the poly-
mer as reflecting in n¢*(«, j;r)d’r, which is the number of charge-
able monomers, cf with definition of Eq. [4] In the equation of the
charge density, f4-(r) corresponds to the local degree of depro-
tonation of the acidic monomer, while fgy+(r) denotes the local
degree of protonation of the basic monomer.

Next, F_j., 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

ﬁFchem:'/ [< 4 (x )>[fA (r) (Infy- (1) + B ) + (1= f-(r))
(In(1 — f3- (1)) + ﬁllAeH)} + (P (x)) {fBH‘ (r) (In fr+ (1) + By, )

+ (1= fye (1)) (1n(1 = fymo (1)) + Bua) |+ %

i=H*+ OH~
an
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B pi(r) | d’r

, where B = 1/(kgT). The first and third terms in the above
expression correspond to the mixing entropy of dissociated 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 (¢;*).
The fifth through the eighth term describes similar chemical con-
tributions related to the basic monomer. F,,, 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:

BW = BF + [ Ba(r) [(6a(X)) + (60(r)) + X y(x) ~ 1]’
Y

— Blina+ /PNa+ (l‘)d31‘*ﬁﬂcr/l’cr (r)dr
—5#H+/ {Pm( )+ (1= fa- (0) (PS5 (x)) + fom+ (x )(Pgm(r)>]d31‘

— Blon- /pOH’ (r) d’r.
(12)

W is minimized with respect to P(a, j), fa- (r), fgy+(r), and py(r)
to yield explicit expressions for the density profiles, the poly-
mer probability distribution function, and the fraction of charged
acidic and basic monomers. The resulting polymer probability
distribution function is given by

Pl =y DY [ [ B sallr—rmale jx) 00

&) x exp(—B / B (r) pana (@, jir) + veng(a, j,1)])

xexp(— [ drnd (@, jix)(Infy- (1) - Bew(r))

xexp(— [ e (e jix) (i (r) + Bey(r).
(13)

Notice that the probability of a chain conformation contains con-
tributions from Van der Waals, electrostatic, excluded volume,
and acid-base equilibria interactions of both positively and neg-
atively charged groups. 7m(r) is the Lagrange multiplier that im-
poses the incompressibility constraint and ¢; is the normalization
factor for the jth graft ensuring that the probability distribution
function is properly normalized.

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

fa-(¥)

4,6 SXP(=BR(r)vy)
T fo()

, 14
Op+ (1) a4
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S (r) r+ (1) (15)

1= fpu+(r) “exp(—Br(r ) )
In the above expressions, Ka’e = exp AGA =exp(—B(uy +
we —ugy) and Kg'° = exp(~AGq ) = eXp(—ﬁ(uB + g —

g+ ) are the equilibrium constants of reactions AH = A~ +H
and BH" = B +H™, respectively. These constants are related to
the experimental equilibrium constants KA and KB by K5° = 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 both 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 electrostatics,
which along with the expressions for densities can be found in the
supplementary material and Refs.2334, 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 (y/(r)), (i) the
Lagrange multipliers (x(r)), and (iii) the monomer volume frac-
tion ((¢;(r))). These integro-differential equations are then dis-
cretized and solved numerically*Z. The inputs needed to solve the
equations are the reservoir pH and salt concentration, the poly-
mer dissociation constants K4 and K2, 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, gener-
ated 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 discretization can be found in
the ESI as well as Refs.2342, Additionally, in our study, we have
considered symmetric A and B monomers with respect to their
volume (v4 = vg = 0.11nm~3). The sizes of positive and negative
salt ions have also been made equal(vy,: = v¢;- = 0.035nm3).
The volume of solvent or water is v,, = 0.03nm 3. The volumes
of H* and OH™ ions have been set equal to v,,. The cell size is
6 =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 ba-
sic group of end-tethered polyampholytes equal the total number
of acidic and basic monomers that is charged divided by the to-
tal 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

Jdzfi(2) (p{" (2))

Jd=(p (3)) (16)

(fi) =

,whereiis A~ or BH™.
Before explaining the charging of end-tethered polyam-
pholytes, we briefly review the charging behavior of polyacids and
polybases. The inset of Fig. [2] presents the average degree of dis-
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sociation 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 concentration, the degree of charg-
ing 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 mech-
anisms. First, it can bring more counterions into the brush to
increase electrostatic screening. This process of confining coun-
terions is accompanied 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 re-
sults 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 per-
form chemical work.

Fig. 2 The average degrees of charge fraction of A and B monomers in
AyByo 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.

The first two mechanisms apply to both weak and strong poly-
electrolytes while the last mechanism occurs only for weak poly-
electrolytes. Charge regulation by shifting the acid-base equilib-
rium 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 elec-
trostatic repulsion, which is negated by further lowering the de-
gree of dissociation of the acidic monomers2#43, Thus, with
decreasing salt concentration, the degree of charge of 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

Journal Name, [year], [vol.], 1 |5
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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 polyam-
pholytes 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;yB,y block copolymer
for various salt concentrations and a fixed surface coverage of
op = 0.10 nm 2. Here, the acid dissociation constants of A and B,
both, have a value of pk4 = pk? = 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 ba-
sic monomers, i.e, they would be mostly uncharged. Indeed, the
degree of dissociation of the acidic monomers, (f4-), decreases
with decreasing salt concentration for pH values above 5. How-
ever, in contrast to the homopolymer case, the behavior of the
basic monomers is completely 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 deproto-
nation increases with decreasing salt concentration while the ba-
sic monomer’s fraction of charge drops with decreasing salt con-
centration. Also noteworthy is the presence of three inflection
points, instead of one, in the dissociation curves at low salt con-
centration. The difference in response to salt points to additional
charge regulation mechanisms for polyampholytes that are absent
for pure polyacids or polybases.

ot
Ae
2.0

— ¢s=0.01M
1.5 —— ¢s=0.05M
1.0 — ¢=0.15M

—— ¢s=0.25M
0.5

0.0

—0.5

-1.0

-1.5

—2.0

Fig. 3 The variation of the total charge per unit area on the polymer
Az0Byo with pH. The curves correspond to the same system as Fig.

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 fig-
ure shows that the polyelectrolyte layer has a net positive charge
when the pH is less than pK, and net negative for pH values above
pK,. For pH ~ pK,, the polyelectrolyte layer is overall uncharged.
Second, over the entire pH range, decreasing the salt concentra-
tion leads to a reduction of the amount of charge.

6| Journal Name, [year], [vol.], 1

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 electro-
static repulsion. To reduce this unfavorable repulsion the poly-
electrolyte responds in the following manner. First, it increases
the dissociation of oppositely charged acidic monomer. The chem-
ical 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 en-
ergy. Second, concomitant with the increasing charge of the
acidic monomers, the basic monomers discharge, i.e., decrease
their degree of dissociation. This results in fewer charged ba-
sic monomers, which reduces the electrostatic repulsion between
like charges. Thus charge regulation of both base and acids es-
tablished a new chemical equilibrium in the polyampholyte layer
that reduces the amount of charge. The charge within the poly-
mer 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 in-
crease in the amount of charged acidic monomers. Thus, the devi-
ation 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 electrostatic 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 monomer
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 polyampholyte brush’s re-
sponse to a reduction in the salt concentration is essentially sim-
ilar to that of a polyacid or polybase brush. Namely, across the
entire pH spectrum, the overall charge of the tethered polyelec-
trolytes is reduced. However, the charge regulation process of the
acidic and basic monomers in a polyampholyte layer is far more
complex.

To stress this point further, we investigate in more detail the ef-
fect 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
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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 interac-
tion and the conformational entropy and excluded volume inter-
actions, 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. Con-
comitantly, 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 cou-
pling with the structure and polymer density.

To emphasize and delineate this more clearly, we plot in Figs.
[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 poly-
mer volume fraction increases near the grafting surface with de-
creasing 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 scaling3248
proaches*?®2_ It should be noted that the contraction is small
and that the general shape of the monomer profile remains un-
changed. See Fig. 5 in the ESI and Refs.®342, 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 monomers are quite separated.

as well as self-consistent theory ap-

With decreasing salt concentration, the overall overlap be-
tween the A and B monomer density profiles increases: the A
and B monomers move closer to each other. As the salt concen-
tration decreases, the effect of electrostatic screening weakens
and the A and B blocks would experience internally increased
electrostatic repulsion. Simultaneously the electrostatic attrac-
tion 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 electro-
static energy. This is reflected in the maximum in the B monomer
density profile that 'moves’ into the A monomer region with de-
creasing salt concentration. Thus, the electrostatic repulsive en-
ergy is not only reduced through charge regulation but also by
the polymers adopting conformations that mitigate excess electro-
static repulsion. This reduction of electrostatic repulsion occurs
at the expense of conformational entropy of the polymers. Also,
with the ‘movement’ of A and B monomers towards each other,
the charged A and B monomers can act as each others counte-
rion and less Nat and Cl™ ions need to be confined inside the
brush. Thus less counterion confinement is required. Therefore,
in a polyampholyte brush, electrostatic screening occurs not only
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Fig. 4 The structural behavior of the polymer AyBy) 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 Ay)Byy 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. z4 and zp denote the valencies of dis-
sociated A and B monomers, respectively. Two salt concentrations are
considered. Namely ¢; =0.25 M and ¢; =0.01 M

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 conse-
quence 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 ¢, and the av-
erage degree of dissociation (f4-) and (fgy+) are positional av-
eraged 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 illus-
trate this, we show in Fig. [f] 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, f4-(z) is less
than its corresponding bulk dissociation (f4- = 1/2) and the re-
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Fig. 5 The structural behavior of the polymer Ay)Byy 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 Ay)Byy 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 zz denote the valencies
of dissociated A and B monomers, respectively. Two salt concentrations
are considered. Namely ¢, =0.25 M and ¢; =0.01 M

verse applies to fzy+(z). The basic monomers that are close to
the grafting surface are more charged as expected according to 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 ¢ = 0.25 M. For the low salt concentration of
¢s = 0.01 M, there is less electrostatic screening and the degree
of charge of the basic monomer is shifted chemically to signif-
icantly 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 re-
pulsion between to nearest neighbor monomers along the same
chain. In the middle part of the brush, around z ~ 2nm, the A
monomers gain charge up to an extent higher than the bulk so-
lution dissociation and B monomers still carry less charge than in
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Fig. 6 The structural behavior of the polymer Ay(Byg at pH 5. The frac-
tion 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 frac-
tion (>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 Figs and |§|

the bulk. However, in this region, as we move closer to the graft-
ing surface, B monomers become increasingly charged, eventually
reaching a degree of charging higher than that in the outermost
region. Thus, the downregulation and upregulation of monomer
charges are clearly distance dependent. Notice that close to the
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grafting surface there is an excess amount of acidic monomers.
Therefore, in the region close to the surface, the electrostatic in-
teractions 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 upreg-
ulation, but there are far less basic monomers close to the sur-
face (a factor of around 2 at ¢y = 0.25 M which decreases to 1.5
for ¢; = 0.01 M see Fig[f](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 posi-
tive. Also, the basic monomer in the distal region downregulates
their charge. In the intermediate region where there is consid-
erable intermixing of monomers, both A and B monomers have
more charges than in regions where they are in the majority. This
results in the pattern as observed in the top panel (Fig. E] (),
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 distribution 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, zz(¢p(z)) fp(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 poly-
mer 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 ex-
ample, in Figs. [5] () and[4] (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.

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
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 (f4-) and (fgy+). Simi-
larly, 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 poly-
mer) 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 imbal-
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ance in charged species in sections 2.1, 2.2 and 2.3 in the ESI.

An interesting consequence of the different degrees of charg-
ing 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 posi-
tion dependent pH (—log,(([H"](z)))*34243. For a pure polybase
layer, the opposite happens and the local pH increases. For a
two-component brush, the behavior is different. The local pro-
ton concentrations for a A,yByg brush for different bulk pH values
can be found in section 2.5 of ESIL. 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 pkK,, 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 10mM, only
a decrease is observed.

3.2 Structural changes as a function of pH

7.0
—— ¢s=0.001M
65/ —— Cs=0.010M
— ¢s=0.150M

¢s=0.250M

5.0 1

4.5 A

4.0

pH

Fig. 7 The brush height as a function of pH at various salt concentrations.

The grafting density corresponds to 6p =0.10 nm~—2.

Figs. [4 through [5]demonstrate that a polyampholyte layer un-
dergoes quite drastic structural changes as a function of pH and
salt concentration. To summarize these structural changes, we
present in Figure |7] the height of the layer as function of pH for
various salt concentrations. The height is defined as follows

n=2 [ dz(0,(2)/ [ dz(0,(2). a7

and it is a measure of the thickness of the polymer layer. At
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low pH, the height of the layer increases, i.e., the layer swells,
with decreasing salt concentration. For low pH values, the ba-
sic monomers are charged while most acidic ones are uncharged
and one of the modes by which the system mitigates the unfa-
vorable electrostatic repulsion, is to stretch the chains, which re-
sults in swelling of the layer. Similarly, at high pH values, the
acidic monomers acquire charge and the basic monomers are un-
charged 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 con-
centration, but not as a function of pH, has also been observed
for pure polyacids numerically42, as well as predicted based on
scaling theories 148153

In the pH-range of 4 < pH < 6, we observe that the brush
shrinks rather than swells upon salt reduction. As argued before,
the polymers use, besides charge regulation and counterion con-
finement, also structural reorganization as a mechanism to reduce
excess electrostatic repulsions. The polymer chains adopt confor-
mations 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 mono-
tonically on salt reduction in the range of salt concentration
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 ESI.

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., increas-
ing the Van der Waals attraction between monomers, leads to a
higher polymer density within the polymer brush. This can re-
sult in a collapse of the polymer layer and the possibility of mi-
crophase 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 polyelec-
trolytes. Before investigating the potential of microphase sepa-
ration, 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 pa-
rameter 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
(fa-) and (fgy~+) across the entire pH range. The parameter ezp
measures the solvent quality or effective Van der Waals attrac-
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Fig. 8 The average degrees of charge fraction of A and B monomers
in AyoByo block copolymer as a function of pH for different affinities of
the solvent towards B block. The grafting density, op, is 0.10 nm~2
and the salt concentration 0.01 M. The solid lines and the dashed lines
correspond to acidic and basic monomers, respectively.

tion between the B monomers. Here ggp = 0 corresponds to good
solvent conditions. As epp increases, the upper B-block tries to
avoid the solvent and increase 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 op-
positely charged monomers, the electrostatic repulsion between
the charged B monomers would be high as the B monomer den-
sity 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 de-
creases 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 electrostatic 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 monomers result in a decrease of charge
of both the basic and aid monomers over the whole pH-spectrum.

Another manifestation of this interplay between the solvent
quality and electrostatics is the dependence of structural behav-
ior of the brush on pH under poor solvent conditions. In prior
works on homopolymer polyelectrolyte brushes“2 the collapse
and structure formation of the brush at different pH values was
found to have a monotonic dependence on the bulk pH. For ex-
ample, a polyacid brush collapses more readily on making the
solvent quality poor at low pH than at high pH. The scenario in
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the two-component brush can be expected to be different due to
the presence of two types of charges.
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30- —— pH=6.0
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Fig. 9 Chemical potential of the polymer A»By as a function of surface
coverage at various pH values. The salt concentration is 0.01 M. The
above plots were generated for fegzp = 6.0. Here, 50 percent of both A
and B monomers are dissociable.

Here, to investigate the possibility of collapse and structure for-
mation 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 Begg = 6 while the graph for good sol-
vent conditions (Bepp = 0) is provided in ESI. If the slope of the
chemical potential with respect to the grafting 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 mea-
sure 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 can-
not occur. Instead we posit that microphase separation can occur.
Thus, the above criterion is not sufficient to describe the onset
of instability of the homogeneous brush. Instead, we take a nega-
tive slope of chemical potential to be a signature of possible phase
separation and/or microphase separation. Indeed, for good sol-
vent conditions, the chemical potential increases monotonically
as a function of surface coverage for all pH values. This corrobo-
rates both our intuition and past calculations of polyacid brushes
and neutral brushes that demonstrated that in good solvent the
homogeneous brush is stable3342]

With increasing epp (compare Fig. [9] and Fig. 10 in ESI),
the up versus ¢ curves changes from monotonically increasing to
non-monotonically increasing in shape, suggesting the possibility
of structure formation. Notice that chemical potential increas-
ing monotonically with increasing grafting density for pH = 2
and pH = 8. For intermediary pH values, the chemical poten-
tial varies non-monotonically. At pH = 2, the basic monomers
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are highly charged and the electrostatic repulsion can overcome
the Van der Waals attraction between the B monomers and pre-
vent collapse and structure formation of the polymer layer. This
scenario is similar to that of weak polyacid brushes in poor sol-
vent 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 Bepp = 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. There-
fore, 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 homogeneous, prevented from lateral struc-
ture 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 homogeneous layer of acidic monomers. This scenario cannot
be captured by the pp versus o curves since a homogeneous A
layer would imply there is no driving force to vary the local graft-
ing density. Hence, the shape of the chemical potential does not
provide enough information to identify which possibility is more
likely.

To identify the morphology that occurs and see if suggested
structure formation as indicated by the 1D calculations really hap-
pens, 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 microstruc-
tured pattern of interest in the calculation and then gradually
remove the bias. Details of the biasing protocol can be found in
the ESI. We consider three candidate morphologies, namely, mi-
celles, 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
0.1283nm =2 is considered. For good solvent conditions, we con-
firm that the homogeneous brush is the most stable structure. Re-
duction of the solvent quality at pH = 8 and a salt concentration of
¢s = 0.01M result for Begp = 4.5 in a morphological transition for
a homogeneous layer to a micellar phase. This equilibrium struc-
ture consists of micelles formed by the B blocks located onto and
partially submerged within a homogeneous A layer. Fig. [I0]shows
this equilibrium three dimensional pattern obtained at Segp = 6.
The cross-sectional 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. Ob-
serve 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 Segg = 6.0 but chang-
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Fig. 10 Results of three dimensional calculations at pH=8 for A;yByg
polymer at Bepg = 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 microstruc-
ture. 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 struc-
ture of the brush cannot be deciphered from this plot, we also present
density maps on slices cut through the microstructure at different loca-
tions. 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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Fig. 11 Results of three dimensional calculations at pH=3 for A)By
polymer at Begg = 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.

ing the pH reveals that micelles formed by B blocks are the equi-
librium structure at high and intermediate pH value till pH = 4.
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At lower pH values, the micellar pattern gives way to a homo-
geneous structure, shown in Fig. as the B monomers acquire
positive charges For pH < 3, we are unable to extract any morpho-
logical information since our calculations do not converge under
such conditions. Similar structures are found for the higher salt
concentration of ¢y =0.10M. We observed a similar morphological
structural transition occurring from homogeneous layer at low pH
values to a micellar phase at higher pH values. Additionally, we
also find from 3D calculations that the degree of dissociation val-
ues 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 (Begg = 0),
at pH=6, (f4-) and (fy+) are 0.51 and 0.34, respectively. When
the solvent becomes poor (Begg = 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 dissocia-
tion for both monomers with decreasing solvent quality.

We also investigate the structure of the brush having poor sol-
vent conditions for both basic as well as the acidic monomer.
We found that at pH = 3, the acidic monomers form a lamellar
striped phase with considerable surface modulations. This struc-
ture is different from traditional stripes seen in polymer brushes
in that there are density inhomogeneities (undulations) within
the lamellae along their axes, see Fig. (a) and (b). The basic
top monomers follow the topology of the acid structure, form-
ing 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 un-
charged grafted chains under the same conditions. The results
are shown in Fig. It is seen that without charge, the col-
lapse of monomers is more pronounced and the connectivity be-
tween 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 spread-
ing the monomers apart. This explains why in the charged sys-
tem, 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
cross-sectional map of B densities in (d). For the uncharged
system, in Fig[I3] 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. 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
(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 similar to Fig.
110). 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 posi-
tive charges as both the acidic and basic monomers are partially
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Fig. 12 Results of three dimensional calculations at pH=3 for AyB»
polymer at Bess = Bepp = 6.0. Pesp = g\/eAATBB 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 plot-
ting 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.

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 monomers with
equal acid dissociation constants (pK,). For pH < pK,, salt reduc-
tion 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 2 pK,. This behavior
is opposite to the charging of end-grafted homo-polyelectrolytes,
where salt reduction results in a decrease in the degree of charge
of monomers at all pHs. Overall, the charge regulation of polyam-
pholytes brushes causes the net charge to decrease as the salt con-
centration is reduced. The charge regulation results from a com-
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0.5
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0.3
0.2
0.1
0.0

10 nm \

(a) S (c)

10 nm
(b)

Fig. 13 Results of three dimensional calculations for neutral AyyByg poly-
mer at Bega = Pepp =6.0. Peap= % €aa€pp. The 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 pat-
terns 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.

plex balance between chemical and physical interactions, which
involve among others electrostatic and excluded volume interac-
tion, 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 con-
formational 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 val-
ues the end-tethered polyampholytes layer swells as the salt con-
centration 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 dissociation of the acidic and basic monomers is influ-
enced by the number of blocks(A;0B2g, (AB)2, etc) 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 con-
centration decreases the number of charged basic monomers in
the outer part of the brush, where they are in an overwhelm-
ing majority, and increases it in the inner part of the brush, where
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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 un-
charge. 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 composi-
tional undulations engulfed by a layer of basic monomers occurs
at low pH values, while a micellar B phase on top of a homoge-
neous A layer is observed at high pH values. Future directions
include finding more appropriate candidate structures that may
occur at intermediate pH values.

We point out that our Molecular theory, in spite of includ-
ing many molecular details of the polyelectrolyte, still is an
approximate theory, which can potentially be improved upon.
First, the electrostatic interactions are considered at a mean-
field level, hence neglecting short-range electrostatic correla-
tions24>8, These correlations are important and capable of col-
lapsing strongly charged polyelectrolytes in good solvent condi-
tions if the Bjerrum length, g = % /(4me,&.kpT), times the poly-
electrolyte linear charge density, 1/b, where b is the distance be-
tween charges, is greater than one (i.e., lg/b > D32: here, e is
the elementary charge, ¢, is the permittivity of vacuum, &, is the
relative permittivity and kgT 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®®l, or
due to ion bridges®®2, 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 /p/b = 2 only when
the blocks are fully charged. However, by setting the fraction of
chargeable monomers to 0.5, (meaning inserting additional neu-
tral monomers) so /p/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
correlations 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 re-
flect the dielectric environment of the actual brush. The effect of

14 | Journal Name, [year], [vol.], 1

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 heterogene-
ity 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 confor-
mation 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 upregulation
and downregulation of charge of acidic and basic monomers by
salt in end-tethered block polyampholyte layers has not been sys-
temically explored in the past. Past theoretical investigations
that considered charge regulation of weak polyampholytes usu-
ally consider a more complex setting of e.g., protein (a polyam-
pholyte) 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 compli-
cated and obscured the clear the up and down regulation pattern
demonstrated here. Therefore, these current results are helpful to
gain a deeper understanding 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 po-
tential applications involving polymer tethered nano-channels for
ion pumping or rectification®”8, 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 ratio-
nally design stimuli-responsive materials. In summary, our work
provides guidelines and insights for further investigations, both
experimental as well as theoretical, into the morphological be-
havior of end-tethered weak polyampholytes.
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