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We apply density functional theory to study adsorption of ions, treated in the framework of the
restricted primitive model (RPM), on surfaces modified by tethered polyampholytes. The resid-
ual electrostatic contribution to the free energy functional is approximated by using the approach
proposed by Wang et al. [J. Phys.: Condens. Matter 23, 175002 (2011)] for simple nonuni-
form RPMs systems. Our research concentrates on the problems how the distribution of the
charges within chains of polyampholytes changes the selectivity of adsorption of ions species, the
structure of the surface layer, and its electric properties. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4745200]

. INTRODUCTION

Polyampholytes are copolymers consisting of posi-
tively and negatively charged segments. In some cases
they also involve neutral segments.! A number of synthetic
and natural (e.g., proteins) polymers can be classified as
polyampholytes.> In general, two types of polyampholytes
can be distinguished. In the first case charged segments carry
the same amount of charge; this is a model for strongly dis-
sociating systems. In the second case, each segment has the
same, lower than 1, probability of carrying a charge; this is
a model for weakly dissociating systems. Differently charged
segments in polyampholytes can be distributed randomly or
in a certain sequence.>>7-12

Bulk solutions of polyampholytes have several important
applications, e.g., they can be used to stabilize colloidal mix-
tures and as biocompatible components for drug delivery.'
Also, polyampholytic brushes, i.e., polyampholytes grafted
by one end to solid surfaces find numerous applications, like
for developing ultra-low fouling coatings, materials for selec-
tive protein adsorption and nanoactuators.'>~'8

Up to now, there have been a large number of theoretical
studies devoted to brushes of polyelectrolytes, cf. Refs. 19—
22. However, there exist much less theoretical and simulation
works on polyampholyte brushes so far. Joanny?® described
adsorption of polyampholytes on charged and uncharged sur-
faces. Dobrynin et al.?* used scaling law arguments to sketch
typical adsorption regimes for polyampholytes in salt-free en-
vironments, Linse and co-authors?>?® applied lattice mean
field theory and Monte Carlo simulation to diblock polyam-
pholyte brushes and studied spherical brushes of diblock
polyampholytes. Baratlo and Fazli'®!" investigated the ef-
fects of sequences of charged monomers on the planar semi-
flexible polyampholytes and effects of chain stiffness of pla-
nar diblock polyampholyte brushes. Qu et al.'?> performed
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self-consistent field theory calculations to study the structure
and stimuli-responsive behaviors of diblock polyampholyte
brushes. Messina?’ applied Monte Carlo simulations to de-
termine the behavior of polyampholytes near a charged pla-
nar surface. Computer simulations of adsorption of polyam-
pholytes were also carried out by McNamara et al.?

Particularly important for theoretical studies of adsorp-
tion of chain molecules and systems involving tethered
chains was the development of density functional theories
(DFTs).?** Among different approaches, the theory pro-
posed by Wu et al.>**" is one of the most successful. This
theory is based on the application of the first-order thermo-
dynamic perturbation theory of Wertheim*' to describe the
connectivity of chains. Note that quite recently Bryk and
MacDowell*? developed a version of the theory that includes
the second-order corrections to the thermodynamic perturba-
tion theory.

The DFT has been also applied to study adsorption of
polyelectrolytes’"?*> and tethered chains involving charged
segments.*>** The approaches used in the above cited papers
combine the theory of Wu and co-authors**3* with the density
functional theories of electric double layer.

Majority of DFTs for the systems involving nonuni-
form ionic solutions have been based on the primitive model
of electrolyte, where the solvent is considered as a struc-
tureless dielectric continuum. Although the molecular nature
of the solvent is not included, the primitive model incorpo-
rates the key features of double layers: hard-sphere repulsion
and the electrostatic interaction between ions.

Usual DFTs of electric double layers divide the
ion—ion correlations into the direct Coulomb contribu-
tion, the hard-sphere contribution, and the electric residual
contribution.*>->! The difference between various approaches
is mainly in the methods of evaluation of residual correla-
tions. Typically, the residual contributions to the pair direct
correlation functions are evaluated using the perturbation of
the intrinsic free energy around a bulk reference state and the

© 2012 American Institute of Physics
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mean spherical approximation (MSA).7%3 The approaches of
Refs. 45-49 can be called “compressibility route” DFTs. A
more sophisticated reference fluid density theory>® that ap-
plies the short-ranged MSA formulation for approximating
the pair direct correlation function, but chooses a local, non-
uniform fluid as the reference state instead of the bulk fluid,
also belongs to “compressibility route” approaches.

In our previous papers,****3! we proposed the approach
that uses a non-uniform fluid weighted densities as the ref-
erence state and the free energy functional for the residual
contribution resulting from the MSA energy route bulk equa-
tion of state. This approach can be called as “energy route
MSA-based solution”. In contrast to the compressibility route
approaches, the the energy route theory was capable of pre-
dicting the gas-liquid transitions for confined ions,>"3* as well
as the existence of a maximum on the double layer capacity
versus temperature curves.”> Unfortunately, at high temper-
atures and for larger bulk electrolyte densities, the structure
of a double layer emerging from the energy route approach
is less accurate than that predicted by compressibility route
theories.

Recently, Wang et al.>® proposed a new, density func-
tional approach for describing inhomogeneous electrolytes.
Their theory also belongs to the class of “compressibility
route” approaches, but uses a special weighting procedure to
evaluate the change of the direct correlation function of the
system relative to that of a reference state. Comparisons with
Monte Carlo simulations showed that at temperatures higher
than the bulk gas-liquid critical temperature, the new theory
was quite accurate in predicting the ionic density profiles near
a highly charged surface and was also able to capture fine fea-
tures of the structural properties of the electric double layers
like layering effect and the charge inversion phenomena.

In this work we combine the theory of Refs. 21 and 22
with the theory of Wang et al.*° to study adsorption of a re-
stricted primitive model (RPM) on surfaces covered by teth-
ered layers of polyampholytes. In particular, we investigate
how the selectivity of adsorption and the properties of the
electric double layer, such as the location of the point of zero
charge and the double layer capacitance, depend on the distri-
bution of the charges along the tethered chains, on the grafting
surface density and on the bulk concentration of the ionic so-
lution. We also calculate the changes in the height of the brush
with the parameters of the model.

l.56

Il. THEORY

We consider adsorption of ions on a surface modified
by tethered chains. The chains (C) are built of M tangen-
tially jointed charged spheres of the same diameter, o. The
chain connectivity is assured by imposing the binding poten-
tial, V,(R) (where R is the set of coordinates of all the seg-
ments j = 1, 2, ..., M within a chain), in the form given in
Refs. 34-40.

Except for the first segment, j = 1, which is pinned at the
surface, all remaining segments are charged. The charge of the
segmentj,j=2,...,M,is Z;C)e, where e is the magnitude of
an elementary charge. '

J. Chem. Phys. 137, 074707 (2012)

The fluid is modeled as a mixture of cations, Zil) > 0 and
anions, Ziz) < 0 that are charged hard spheres of the diame-
ters o. We do not explicitly consider the presence of solvent
molecules, i.e., we treat the solvent as a continuum of a given
(relative) dielectric permittivity €. The interactions between
all the spherical species (i.e., between the segments, cations
and anions) are given by

0, r <o,
(o) _
Ui (r)= 2707 , (D)
— =, >0
4meey 1’

where n, @ = C, 1, 2, and ¢ is the permittivity of the vacuum.
The surface bonding potential of the first segment has the
form

exp [—v\(2)/kT] = C8(z — 0/2), 2)

where C is a constant. The interaction of cations, anions, and
the segments, j = 2, ..., M with the wall is described by the
potential

v_(ia)(z) = Vpw(2) + U;(j[e)l(Z)f 3)

where v, (z), is the hard-wall potential

_foo, for z<0/2,
vhw(z) - { O, otherwise ’ (4)
and
BUH() = ~2m1n 07" ’
jet\Z) = misQ it ©)

is the Coulomb potential. In the above 8 = 1/kT, Qe is the
surface charge density of the wall and Iz = /(4wkTeey) is
the Bjerrum length. The total chain-surface potential is the
sum of the interactions of consecutive segments with the wall.

Far from the wall the fluid is uniform. The bulk densities
and chemical potentials of particular species are, respectively,
,02”) and pu,, n = 1, 2. The bulk densities of ionic species sat-
isfy the electro-neutrality condition Zﬁl) ,ol(,l) + Ziz) pl(,z) =0.

In order to proceed, we introduce the notation, p(©)(R)
and pg") = p(z), n = 1, 2, for the density distribution
of chains and of fluid species, respectively. The theory is
constructed in terms of the density of particular segments
of chains, p;C)(z), and the total segment density of chains,
p'“(z). These densities are introduced via commonly used
relations3+0

M M
pOm =2 pm=3 / dRA(r; = 1)pR). (6)
j=1 j=1

The system is studied in a grand canonical ensemble with
the constraint of constancy of the number of tethered chain
molecules, i.e.,

R = f dzp'°(2), )

where R, is the total number of tethered chain molecules per
area of the surface.
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The equilibrium density profiles are obtained by mini-
mizing the thermodynamic potential

M
Y=F+ / dRp'OR) D v (z))

j=1

+ /dr [0} @p" @) = py] + / drg()¥ (). (8)

n=1,2

In the above F is the free energy functional and ¢(z) is the
charge density

q(x)/e = Zz@ D+ > 2" 9

n=1,2

The electrostatic W(z) satisfies the Poisson equation

V() = — L g, (10)
€€

The solution of the differential equation (10) is given by

Eq. (26) of Ref. 22. It requires denomination of the value of

the electrostatic potential at the wall, V, = ¥(z = 0). From

the electro-neutrality condition of the system it follows that

Qe +/ dzq(z) = 0. (11)
0

The principal task in density functional theory is to derive
an expression for the Helmholtz energy, F, as a functional of
the density profiles. Following previous works,?!22434 the
Helmholtz energy is divided into an ideal term that depends
on the bond potentials and the polymers’ topology, and ex-
cesses arising from various forms of non-bonded interactions.
The latter terms are responsible for the thermodynamic non-

ideality. We have
F=Fgu+ For, Fox =Fc+ Fps+ Fy, (12)

where F;; is the ideal contribution,

1
Fia/ kT = = / dRp'OR)V,(R)

+/dRp(C)(R)[1n(p(C)(R)) — 1. 13

The volume exclusion (the hard-sphere) term, Fj;, is calcu-
lated according to the fundamental measure theory,*?

fhx/kT

Z/dl‘{—noll’l(l —I’l3)+

niny —Nyj - Ny
1—n3

1 I’l2 l’l3 — 3}1211\/2 *Nyp
- In(1 — 3 2 ,
+ T |:n3 n(l —n3)+ a —n3)21| P }

(14)

where n;, i = 0, 1, 2, 3 and ny;, i = 1, 2 are, respectively,
scalar and vector total weighted densities. The total weighted
densities are the sums of the weighted densities of individual
species. For example,

n, = ngc) + n(l) + n(z) (15)

J. Chem. Phys. 137, 074707 (2012)

and n\“ = ij 1 nfjc), nfjc) is the weighted density of the
segments j. Because the relevant equations defining the
weighted densities have been already presented in numerous
works,3#40-43.44 e have omitted them here.

In the case of bulk polyampholytes an expression for the
free energy contribution due to chain connectivity was pre-
sented by Jiang et al.® On the other hand, Wang, Liang, and
Wu?? derived an expression for F¢ applicable for describing
non-uniform polyelectrolytes. The system under study dif-
fers from both systems mentioned above. The approximation
for calculating F¢ proposed by us results from the following
arguments.

According to Wertheim’s first order perturbation theory*!
for chains built of tangentially jointed hard spheres, the free
energy F¢ involves the logarithm of the contact value of the
background pair correlation function, y,,. A key assumption
of Wertheim’s approach is that y,, can be represented by that
corresponding to a monomeric reference system. We have

1 n)ko n%éa
1—n3 4 —n3)? 721 —n3)?’

Yhs = (16)
where £ = 1 — ny» - ny»/(n2)°. In the case of adsorption of
polyelectrolytes built of charged hard-spheres, each segment
carries the same charge, ZEC) =Z© forJ=1,..., M. This
case was considered in Ref. 22. However, in our case the
charges of consecutive segments can be different. Moreover,
the first segment is pinned and its charge is zero, thus we have
never a symmetric distribution of the charges along the chain.
We propose the following approximation for F¢

M-1

O g(C
Z/drnoj £y,
j=1

Fe/kT = —=

M
+ Z/drnoj)é(c)lny , (17)
j=2

where

1 249729 @ero + 1262 "
T+ (1+To)? (18)

Yj = Yns X €Xp <—

In the above I' = (/1 +2ko — 1)/20, T* = ollg is the
“electrostatic” reduced temperature, £© =1 — n(vcz) (Q 5/

(C)]z

[n5 1%, and

M

— (47_[13) Z Z(C) 2 E)S)( )+ Z Z(n) 2 (7])( )

j=1 n=1,2
(19)

In the case of polyelectrolytes, Eq. (17) reduces to the equa-
tions given in Ref. 22.

Approximation (17) results from the application of “sym-
metrization” procedure: the segment j, j =2, ..., M — 1 is
bonded either to the segments j — 1 and to the segment j + 1
and for different pairs forming bonds the contact value of
the background correlation function can be different. We are
aware that in our treatment the calculation of I" is performed
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indiscriminating the ions belonging to chains and to free ions
(cf. Refs. 57-59).

Similarly to monomeric electrolyte systems, the excess
Helmholtz energy arising from the coupling between the elec-
trostatic and hard-sphere interactions is written down employ-
ing the approach described in Ref. 56. We have

d/kT__—— }: /}ndrAA”krr)Apaanpnﬁr)
a,n,i,j
(20)
The summation in (20) is carried out over cations (c,
n = 1), anions (¢, n = 2), and the segments (i, j
= 2, ..., M) of the chains (¢, n = C), Apc.i(r)

= p,“(r) Ap1i(r) = pO(r) = p”, and Aps (1) = p@(r)

). Moreover, the functions Ac( ) represent short-range
parts of the electrostatic two- partlcle direct correlation func-
tions.

Following previous publications, we use MSA an-
alytical expressions for the direct correlation functions and
the so-called “weighted correlation approach,” WCA-k2, pro-
posed by Wang et al.® We have

45-50,54

N A T))
i w1 =2BiL+ By (L)), r<o’
where
oy JAZBEKH(E)O(z — 2| — o)
B = et -0y
and where
B(Z) = 14+ k(@)oo — 1+ 2/<(z/)a' (23)

k(z)o
In the above O(|z — 7| — o) is the step-function.
At equilibrium the density profiles minimize the thermo-
dynamic potential ), i.e.,
8y 8y
8pO®) ~ 5p0(r)

This condition leads to the equations

=0, n=1,2. 24)

M
POR) =Crexp | —=pV(R) = Y 27| (25)

j=1
and
pP(r) = exp[Bu, — BAP(2)], (26)
where
8FeJ\
M) = —m— + 0@ +eZ0W(z,)
810]‘ (zj
AN = —2 40P +ezMW(), n=1,2, 27)

k) (n)( )

and where the constant C; is calculated from the normaliza-
tion condition (7). The multidimensional density profile equa-
tion (25) can be next reduced to the equations for the local
densities of the consecutive segments, p Nz i), by using the
method described in Refs. 34-40, 43, and 44.

J. Chem. Phys. 137, 074707 (2012)

The theory reported above is similar to that used in
Ref. 22 for nonuniform polyelectrolytes. In fact, when the av-
eraging of Eq. (22) is not performed, our approach reduces to
the latter theory. On the other hand, the calculations for sim-
ple nonuniform electrolytes demonstrated that the WCA-k?
approach®® is even more accurate than the usual®* “com-
pressibility route” theories. Also, theoretical calculations of
equations of state for bulk polyampholytes carried out by
Jiang et al.® compare well with available computer simula-
tions data. Therefore, we can assume that the density func-
tional results presented below should correctly capture all the
discussed phenomena, at least at the qualitative level.

lll. RESULTS AND DISCUSSION

The system in question is characterized by numerous pa-
rameters. In order to reduce their number, we have already as-
sumed that all spherical species (i.e., ions and segments) have
the same size, 0. We also assume unit valences of all charged
species, |Z;| = 1. The value of the reduced electrostatic tem-
perature is kept constant and equal to 7* = 0.5. This temper-
ature is of the order of the temperature usually used in com-
puter simulations of nonuniform electrolytes.””® In a great
majority of calculations we restrict our attention to the case
when the electrostatic potential on the wall is zero, V = 0.

The parameters that characterize the brush are the num-
ber of segments, M, and the surface brush density, Rc = R.c2.
The calculations are carried out assuming that the total
charge of the brush is zero, i.e., that the numbers of pos-
itively and negatively charged segments are the same, M,
= M_ = (M — 1)/2. However, the distribution of “+” and
“—” charges along the chain can be different. Different dis-
tributions of charges are called the “architectures”. The first
(pinned) segment is uncharged.

We introduce the following code to distinguish the sys-
tems under study. The symbol [m; +n; — my + ny —, ...]
abbreviates a chain whose the first m; segments (except
for the pinned segment) are positively charged, the next
nj—negatively charged, and so on. When the sequence of the
charges is repeated, we use parentheses to group the repeat-
ing units. For example the symbol [5(1 4+ 1 —)] means that the
chain is built of 11 segments, the first segment is uncharged
and the following segments are alternately charged with
+ and —.

In the case of non-modified, uncharged wall, or in the
case of an uncharged wall modified with chains built of un-
charged segments, no difference in adsorption of ionic species
is observed, provided that ions are of the same size. The po-
tential of zero charge (PZC) for those walls is zero. However,
for differently sized ions in contact with such walls their ad-
sorption is different. Of course, also in the case of adsorption
of uncharged hard spheres of different sizes differences in ad-
sorption of different species would occurs. Therefore, the ori-
gin of different adsorption is entropic. Different adsorption of
ionic species causes that PZC is different from zero.

Tethering the chains reduces the number of possible
configurations of chains’ segments. For chains of different
architecture the resultant charge profile will be different.
Therefore, the adsorption of ionic species is expected to be
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different and the selectivity of adsorption of ions, as well as
PZC will depend on the architecture of chains.

Let us consider the surface modified with the chains
of different architecture built of M = 11 segments. The
cases investigated include the systems: [S(1 + 1 —)] (A1),
5+5-1B1w),R2C+2)1+1-]C),B+3-1
+1—-](Dy1),and [4 +4 — 1 + 1 —] (E1). The names in
parentheses give short abbreviations of the consecutive sys-
tems and the subscript indicates the total number of segments.

The chains A;; are characterized by uniform distribu-
tion of the charges, while for the system Bj; the oppositely
charged segments are grouped into two blocks (thus, the part
of the chain non-bonded to the surface is a diblock polyam-
pholyte). The remaining systems correspond to different “in-
termediate stages” between the systems A;; and By;.

Figure 1(a) illustrates the influence of a small amount of
tethered chains, R¢, on adsorption isotherms, af; = a,,crz, of
ions on a surface modified with A;; chains,

a, = / dzlp™ @) — py"1. (28)
0

The adsorption isotherms are plotted versus the reduced bulk
density of ions, p,(,")* = p,()")03. For Rc — 0, the isotherms
of cations and anions become identical, but the presence of
even a small amount of tethered chains, R- = 0.0005, leads
to selective adsorption: anions are “more repealed” from the
surface layer. For higher values of R¢ the difference between
anion and cation adsorptions increases, but the excess adsorp-
tions become negative, especially at higher bulk ionic densi-
ties. This is due to the fact that when R¢ increases, the volume
within the surface layer available to ionic species decreases.
However, at very low bulk densities a positive adsorption of
cations is observed.

The effect of the architecture of chains on selectivity of
adsorption of ionic species is illustrated in Fig. 1(b). The sur-
face density of chains is kept constant and equal to 0.0025.
The strongest positive excess adsorption of cations is for the
chains By, i.e., when equally charged segments are grouped
into blocks of 5 segments. The charge of the “outer” block is
negative and this decides about stronger adsorption of cations.
The architecture of the chains E;; is similar to the architec-
ture of the chains Bj;. Indeed, the plots of the adsorption
isotherms for the former system are similar as for the sys-
tem Bj;. Among all the systems under study the architecture
of the chains Cy; is the closest to that of A;; and the isotherms
of ions for both these systems are similar.

It is also of interest to compare the first moment of the
total segment density profile, (z)* = (z) /o,

(M—1)o+0/2
(2) = / iz ) (29)
0

for chains of different architecture. Note that the brush height
is usually®® defined as 4 = « (z), where a = 2, but according
to some approaches®’-%? o = 8/3.

At higher bulk densities of ions the differences between
the values of (z)* for different architectures of chains are
small. However, at lower ,ol(,")*, the values of (z)* can either

, depending on the architecture

increase or decrease with p;,")*
of chains. In the case of the system A;; the chains are the most

J. Chem. Phys. 137, 074707 (2012)
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FIG. 1. Part (a): Excess adsorption isotherms of cations (solid lines) and
anions (dashed lines) for different surface densities of the chains A;. The
numbers in the figure give the values of R¢. Parts (b)—(d) compare the effects
of the architecture of tethered chains on adsorption isotherms (part (b)), on
the first moment of the segment density profile (part (c)) and on the charge
at the wall (part (d)) The surface density of tethered chains is Rc = 0.0025.
Different colors correspond to different architectures, as indicated in part (b).

stretched at very low bulk densities, whereas for the architec-
ture B;;—they are the most collapsed. For the chains Cy;, the
changes of (z)* with the concentration of ions are small (see
Fig. 1(c)).

Part (d) of Fig. 1 shows the reduced charge at the wall,
0* = Qo?,

M oo 2 oo
-0 = Z/ dzZ 90 2) + Z/ dzZ\* p®(z).
0 —Jo

i=1

(30)

The strongest charge is for the Bj; architecture, while the
weakest—for the architecture A;;. In all cases the charge at
the wall is negative. Of course, the charge is zero for ,ol(,")*
= 0. If the bulk density increases, the wall charge quickly
drops first and at a small p,(,")* attains a minimum. Next, it
increases slowly, but even at a high bulk density it is still non-
zero. It results from performed calculations that if all but the
pinned segments are charged and if the resultant charge of the
chain is zero, the sign of the wall charge is opposite to the sign
of the charged segment that is directly attached to the pinned
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FIG. 2. Part (a) shows the total segment density profiles (solid lines) and the
total charge, due to chains (dashed lines). Black and red colors correspond
to the architectures A1 and By, respectively. Part (b) displays the individual

segment density profiles, p;C)* forj=2,4,6,8, and 11. Solid lines are the
results for the architecture Ay, while dashed lines—for the architecture By .
Part (c) shows the density profiles of cations (solid lines) and anions (dashed
lines) for two considered architectures. All the calculations have been carried
out for Re = 0.0025 and for p{”* = 0.001.

segment. We recall that our calculations have been carried out
assuming that the electrostatic potential at the wall is zero.

Figure 2 displays the local densities of chains (0{©*(z)
= p9(z)03 and pﬁ-c)*(z) = p}c)(z)o% parts (a) and (b) and
of ions (pM*(z) = p™(z)o3; part (c) for two architectures:
Ay and By;. Here z* = z/o. The bulk density of ions is low.
The value of p,(,")* has been selected as approximately equal
to the bulk density corresponding to strongest negative sur-
face charge Q*, cf. Fig. 1(d). The surface density of tethered
chains is low, Rc = 0.0025. The total segment density pro-
file for the system A;; is more “diffuse” than for the system
By, indicating stronger tendency of the chains to be stretched
in the former system. This tendency is also seen in Fig. 1(b),
where selected density profiles of individual segments have
been plotted. While the density profiles of the second seg-
ment, péc)*(z), are almost identical for the systems A;; and
By, the profiles of higher segments of the chains B;; are
shifted toward lower z* values, in comparison to the profiles
for the chains A;.

In Fig. 2(a) we also show the charge profiles, resulting
from the charges of segments, ¢'©*(z) = ¢'©(z)a/e,

M
9 =e) 70 (31)

i=I

For 0.5 < z¥ < 1.5, the charge ¢'©*(z) is positive. Despite
of that, we do not observe any accumulation of anions within
that region (Fig. 2(c)). The strongest accumulation of cations
and, instantaneously, the strongest anions repealing take place
within the region of 1.5 < z* < 7. In other words, the cations
are adsorbed at and inside the “outer” part of the tethered
chains.

We now consider how the length of tethered chains in-
fluences adsorption of ions. In Fig. 3(a), we show excess ad-
sorption of cations (solid lines) and of anions (dashed lines)

J. Chem. Phys. 137, 074707 (2012)
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FIG. 3. Part (a): Adsorption isotherms of cations (solid lines) and anions
(dashed lines) for the systems of architecture As, Ag, A11, A17, and Az;. In
each case the grafting surface density is Rc = 0.025. The inset shows the
region of low bulk densities. Parts (b) and (c) illustrate the dependence of the
surface charge density, Q, (part (b)) and of (z)* (part (c)) on the bulk density
of ions for the systems from part (a). Part (d) shows the dependence of (z)*
on the length of the chains for p,()")* = 0.05 (black line and circles) and for

pl(;])* = 0.006 (red line and symbols).

on the walls modified with tethered chains of different length.
As usual, the first (pinned) segment is uncharged, while all the
remaining segments bear alternate charges. The architectures
under study include: [2(1 + 1 —)] (As), [4(1 + 1 —)] (Ag),
A1, [8(1 + 1 —)] (A7), and [10(1 + 1 —)] (A21). The graft-
ing density, Rc = 0.025, is now higher than in previous cases,
therefore the positive excess adsorption of cations is observed
only within the range of low bulk densities (see the inset to
Fig. 3(a)). The maximum of excess adsorption of cations is
at a very low bulk density, p.”* < 0.001. Within that region
of bulk densities the cation adsorption is higher for longer
chains. However, at higher bulk densities, the effects of vol-
ume exclusion of ions from the surface layer prevail and the
excess adsorption is negative. Part (b) of Fig. 3 illustrates how
the surface charge on the wall changes with the bulk density
(left panel). The shape of the curves displayed here follows
the shape of the curves in Fig. 1(b). An increase of the chain
length causes that the minimum of Q* becomes deeper and
shifts toward lower bulk density. The minimum of the surface
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FIG. 4. A comparison of the total segment density profiles (part (a)) and
of the profiles of cations (solid lines) and anions (dashed lines; part (b)) for
the systems A7 (red lines) and A; (black lines). The calculations are for
Re =0.025 and p™* = 0.006.

charge is at bulk densities higher than the maximum of the
cation adsorption observed in the inset to Fig. 3(a).

Figure 3(c) illustrates the changes of (z)* with the bulk
density. For a set of chains with alternating charges of seg-
ments, an increase of p,(,")* causes a decrease of (z)* for all
lengths of the chains, M. Part (d) shows the dependence of (z)
on the length of chains. Black curve in Fig. 3(d) has been eval-
uated for ,0,(,”)* = 0.05, while the red one—for pg’)* = 0.006,
i.e., at the density close to that corresponding to the minima
on the curves of O* versus pl(,")*. At a fixed bulk density the
increase of (z)* with the chain length is almost linear. In fact,
for ,o,(,”)* = 0.05 (o = 0.006) the slope of the linear corre-
lation is 0.256 (0.288) and in both cases the squared correla-
tion coefficient is as high as 0.9999. The values of the slope
are much lower than 1 (the latter value is expected for fully
stretched chains), therefore, for increasing M the chains be-
come more twisted.

The structure of the interfacial layer for the systems A7
and A; is shown in Fig. 4. Part (a) gives an insight into the
structure of the chains, while part (b) displays the density pro-
files of cations (solid lines) and anions (dashed lines). The
calculations have been carried out for a fixed surface graft-
ing density and at the bulk density close to the minimum on
the dependence of Q* versus p."*, cf. Fig. 3(b). We see that
within the first and the second layers adjacent to the wall the
structure of the chains is almost independent of their length.
The main difference between the profiles for the chains built
of 17 and 21 segments is that the tail of the profile for the latter
system is shifted toward larges z* values. At the investigated
bulk density the excess adsorption of both ionic species is
negative (cf. Fig. 3(a)). The accumulation of ions takes place
only within the first adlayer (Fig. 4(b)) and the height of the
first local density peaks of cations and anions is quite similar
(this layer is also occupied by the uncharged segments of the
chains). The difference between the negative excess adsorp-
tion isotherms of ionic species is due to stronger removal of
anions from the layer occupied by segments of polymer.

J. Chem. Phys. 137, 074707 (2012)
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FIG. 5. Adsorption isotherms (part (a)), the dependence of (z)* versus the
bulk density (part (b)) and the dependence of the surface charge O* on bulk
density for the systems involving chains Aj5—Ejs (for explanation see the
text). The grafting density is Rc = 0.025.

The calculations presented above have demonstrated that
the architecture of the chains decides about selectivity of ad-
sorption of ionic species. So far the highest selectivity was ob-
served for charged segments grouped into two blocks. How-
ever, it is still unclear whether this architecture really ensures
the highest selectivity. Therefore, the next series of our cal-
culations has been carried out for the systems with the chains
built of more than two blocks of differently charged segments.
We have studied the chains of M = 15 segments with the fol-
lowing architectures: [7(1 + 1 —)] (A;5), [7 + 7 —] (Bis), [(4
+4 =31+ 1)](Ci5), [6+6 -1+ 1—](Dss), and
[5+5-2(1+1-)](Es).

Similarly as in previous cases, the selectivity of the ion
adsorption is the lowest for the architecture A;s, i.e., when the
consecutive segments are alternately charged (see Fig. 5(a)).
However, the highest selectivity is for the systems C;s and
Eis, not for the system Bjs. The changes in adsorption se-
lectivity are correlated with the charge at the wall, O* (cf.
Fig. 5(c)). The highest negative surface charge is for the sys-
tems with the highest selectivity. However, there are no corre-
lations between (z) and the selectivity. For the brushes C}s and
Es the change of (z) with bulk fluid density is small. Indeed,
except for low bulk densities, the values of (z) are almost con-
stant for those systems. In the case of the brush A;s the values
of (z) decrease with the bulk density, while they increase for
the brush Bjs (Fig. 5(b)).

In Fig. 6 we show examples of the density profiles and
of the total charge profile, ¢g*(z) = q(z)a3/e. The results are
for rather high bulk densities of ionic species, ,01(7”)* = 0.05,
and the excess adsorption of both ions is negative. There is a
significant difference between the profiles for the system Ajs
and for all remaining systems. For the system A;s the pro-
files p™M*(z) are depleted for z* > 1.5, while in the case of
remaining systems an accumulation of the cations within the
“outer” part of the brush takes place (Fig. 6(a)). The structure
of electric “double layer” of the brush A;s also differs from
all remaining brushes (Fig. 6(b)). Although in all cases the
first layer, 0.5 < z* < 1.5, is positively charged (inspection
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FIG. 6. Part (a): Density profiles of cations (solid lines) and of anions
(dashed lines). Part (b): The total charge profiles, g*(z). The calculations are
for the systems Aj5—Ejs at the grafting density Rc = 0.025 and for the bulk
density of ions, p}(f’)* =0.05.

of the profiles of individual segments has indicated that this
is mainly due to the positive charge of the j = 2 segments),
the structure of higher layers for the system A;s and the re-
maining systems is different. The secondary maximum of the
positive charge for the system Ajs is at z* ~ 2.6, whereas at
the same distance a maximum of the negative charge occurs
for all remaining systems.

The location of the point of zero charge depends on the
architecture of the chains, see Fig. 7. The PZC (Vpyc) is the
value of the electrostatic potential at the wall, Vj), at which the
surface charge density is zero. Hereafter, the reduced poten-
tial at the wall is defined as V* = eVy/kT. For V* = 0 and
for the length of chains studied by us the values of the surface
density at the wall are small. As we have already mentioned,
our calculations indicated that the sign of the surface charge
at V* = 0 is opposite to the sign of the segment j = 2 attached
to the pinned segment. Therefore, the values of Vg, are
positive.

In Figures 7(a) and 7(b) we show how the charge at the
wall depends on the architecture of the chains, on the sur-
face grafting density and on the bulk density. Unfortunately,
except for the statement: “all the calculations performed by
us indicate that the values of PZC for the architecture with
alternating charges of consecutive segments (i.e., for the ar-
chitectures A, Ays, etc.) are lower than for remaining archi-
tectures,” we are unable to provide an unequivocal statement
which architecture leads to the highest value of V. Also,
the influence of the bulk fluid density on V}, is not unequiv-
ocal. Except for the region of very low bulk fluid densities (of
course, Vi, — 0 for py”* — 0), an increase of py”* causes
that Vi, decreases, see Fig. 7(c). However, an increase of
the surface grafting density R¢ causes that V. increases.
At higher grafting densities this increase is almost linear, cf.
Fig. 7(b). Note that the dependences of Q* versus V* (cf.
Figs. 7(a) and 7(b)) are almost perfectly linear, thus for the
investigated range of data the differential capacitance of the
double layer,

C=dQ/dv (32)

is independent of the electrostatic potential.

J. Chem. Phys. 137, 074707 (2012)
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FIG. 7. Part (a): Q* versus the electrostatic potential V* for the systems A;5

and Ej5 at Rc = 0.025 and the bulk density pén)* = 0.006 that is close to
the bulk density at the minimum of the curves in Fig. 5(c) (solid lines) and

at Rc = 0.05 and pl(,”)* = 0.05 (dashed lines). Part (b) shows the curves Q*
versus V* for the systems Aj; and By (black and red lines, respectively),
P = 0.05 and Re = 0.0025 (solid lines), and R¢ = 0.025 (dashed lines).
Part (c) illustrates the dependence of Vg, on the bulk density for the systems
Ayg and Bys at Re = 0.025 , while part (d) shows how Vp,. depends on Rc
for the systems Aj; and By (black and red lines, respectively).

Figure 8 shows examples of the dependence of the re-
duced differential double layer capacitance, C* = d Q*/dV*,
on the bulk fluid density (parts (a) and (b)) for systems in-
volving chains of M = 11 (part (a)) and of M = 15 seg-
ments. Our calculations have indicated that for fixed length
of the chains, the bulk fluid density and the surface density of
tethered chains, the highest capacitance is for the systems in
which the chains are built of two blocks of differently charged

0.06

0.04

0.02

0 RC 0.1
0 | L |
0 0.05 0 0.05 0.1
(1) ()*
pb Pb

FIG. 8. The dependence of the double layer capacitance on the bulk den-
sity. Part (a) is for the tethered chains of M = 11 segments at two values of
Rc, Re = 0.025 (solid lines), and R¢ = 0.05 (dashed lines). Part (b) is for
M = 15 and for Rc = 0.05. The architectures of the chains are given in the
figure. The inset to part (a) shows the dependence of C* on the grafting den-
sity for the systems Aj; (black line) and By (red line). The bulk fluid density
was ) = 0.05.
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segments (i.e., for the chains of B-type). However, the capac-
itance is the lowest for the systems with alternately charged
segments (A-type chains). With an increase of the surface
grafting density, R¢, the double layer capacitance increases
for the systems of B-type and decreases for the systems with
alternately charged consecutive segments. Except for the two
above cases, our calculations have not allowed for deriving
any rule concerning the changes of the capacitance with R¢ in
the case of an arbitrary architecture. Also, we have not found
any correlations between the changes of the double layer ca-
pacitance with the selectivity of adsorption of ions.

IV. SUMMARY

We proposed a version of the density functional the-
ory to study adsorption of ions on surfaces modified by
tethered polyampholytes. We considered the special case
of strongly dissociated polyampholytes whose net resultant
charge is zero, i.e., the numbers of positively and negatively
charged segments were the same. The ionic solution was mod-
eled in the framework of the so-called “weighted correlation
approach-k>” of Wang et al.®

Our principal aim was to check how the architecture of
the chains influences the structure, adsorption (and selectivity
of adsorption of particular ions), and electric properties of the
double layer. We have concentrated on the region of rather low
surface densities of tethered chains, because for higher graft-
ing densities the excess adsorptions of both ionic species are
negative. In all investigated cases the lowest selectivity exhib-
ited the systems with the chains built of alternately charged
segments. However, we were not able to find which archi-
tecture (for a given length of the chains) assures the highest
selectivity of ions adsorption.

Differences in the architecture of chains lead to different
changes of the brush height with the bulk fluid density. In
general, for the chains built of alternately charged segments,
the height of the brush decreases with the bulk fluid density,
while in the case of chains built of blocks of segments of the
same charge, an inverse effect of the bulk density is observed.

We have discussed the following properties of the elec-
tric double layer: the potential of zero charge and the double
layer capacitance. Except for the region of very low bulk fluid
densities, the potential of zero charge was the lowest for the
chains with alternately charged segments. An increase of the
chains length caused an increase of the potential of the zero
charge. The double layer capacitance was the lowest for the
systems with alternately charged chains and the highest when
equally charged segments have been grouped into two blocks.
In both these cases the dependence of the double layer capac-
itance on the grafting density was different: the capacitance
decreased with an increase of R in the first case and increased
in the second case.
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