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We present a detailed analysis of the behavior of aqueous electrolyte-polyelectrolyte systems in contact
with neutral and charged graphene substrates, based on an extensive molecular dynamics simulation effort.
Our study involves aqueous systems comprising short chains of lithium polystyrene sulfonate with an explicit
atomistic description of water, the chain backbones, and their interactions with all species in solution as well
as with the graphene surface. We place special emphasis on the behavior of the axial profiles of species
concentrations, local electrostatic charge density, electric field, and corresponding surface-charge screening
to provide a full characterization of the inhomogeneous environment at the solid-liquid interface, that is, the
electric double layer and the effect of the added salts (BaCl2 and LaCl3) on its structure. To complete the
analysis, we assess the tendency toward ion pairing along planes parallel to the graphene surface and estimate,
according to the axial distribution profiles, the strength of the adsorption of the polyelectrolyte, counterions,
and other species in solution, in order to interpret the degree of surface-charge screening and the occurrence
of surface-charge overcompensation and reversal. We present evidence of a recently reported new phenomenon
of overcharging and discuss the central role played by the explicit description of the solvent on this occurrence.
Moreover, to interpret the conformational behavior of the polyelectrolyte backbones we determine the axial
profiles of the ⊥ - and |-components of the corresponding radius of gyration and end-to-end distance.

1. Introduction

The adsorption of polyelectrolytes at solid-liquid interfaces
plays a pivotal role in the formation of membranes and
nanoscale layered films assembled by the layer-by-layer (LBL)
technique.1 Since the inception of this technique a variety of
experimental studies have provided some insights into the
mechanisms behind the membrane formation, including evidence
that the backbone adsorption appears irreversible with no
participation of counterions,2 that the surface charge inversion
proceeds via ion pairing between oppositely charged polyions,3

and that the membrane buildup might be tuned by adding salt
of multivalent cations, by manipulation of polyion concentra-
tion,2 and by the solvent quality.4

Although the body of experimental evidence is significant,
the theoretical analysis of the deposition process and the success
of the corresponding modeling effort are still limited.5-9 At least
a couple of reasons lie behind this situation, namely, the intrinsic
difficulties of interpreting and translating the experimental
observations into working hypotheses and, then, the need for
unambiguous connections between the microscopic details
(embedded into the hypotheses) of the system and their
macroscopic manifestation, that is, the formulation of the theory.

Molecular-based modeling of self-assembly of aqueous
polyelectrolytes over solid substrates relies on the microscopic
understanding of the relevant interactions among species in

solutions, as well as between those species and the substrates
that translate into ion-pair formation and counterion condensa-
tion. This understanding becomes crucial in the design of novel
systems with desired separation performance and is also a
prerequisite to link this performance to the molecular architec-
ture of the polyelectrolyte and the nature of the substrates, as
well as the microstructure of the resulting interface. The behavior
of the interface between a substrate and an aqueous polyelec-
trolyte solution results from a delicate balance between short-
range (solvation) interactions characterizing the local environ-
ment around the species in solution and long-range (though
partially screened by the presence of ions) electrostatic interac-
tionsleadingtointrinsicaswellasextrinsicchargecompensation.3,10

In fact, this interfacial behavior is affected by a number of
factors including the nature of the counterions and their
electrostatic and short-range interactions with the polyelectrolyte
binding sites, as well as their interactions with the solid substrate.
Moreover, the local environment around the charged species
depends strongly on the solvent’s properties and the ionic
strength, as well as the state conditions, and consequently, these
domains are significantly different from those often characterized
by a primitive (continuum dielectric) solvent.11,12

All these features highlight the need for a more detailed
understanding, beyond the traditional macroscopic treatments,
of all relevant interactions with and within an explicit description
of the solvent, the dissolved species, and the solid surface. In
this context molecular-based simulation provides a direct route
from the microscopic details of precisely defined interaction
models to the macroscopic behavior of the systems and offers
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the unique opportunity for the testing of hypotheses embedded
in the developments of theoretical formalisms and macroscopic
modeling.

Obviously, the molecular simulation of these interfacial
aqueous polyelectrolyte systems becomes a CPU-intensive task
due to the coexistence of phenomena with rather different
length13 and time scales.14 Yet, this approach has become a very
powerful means to interpret the mechanisms of ion pair
formation, counterion condensation, and their interplay underly-
ing the behavior of polyelectrolyte solutions in the presence of
salts. In fact, we were recently able to illustrate the connection
between the ion pair formation and the counterion condensation
in the appearance of like-charge interchain attractive interac-
tions.12

What differentiates our study from other simulation efforts,
including Messina’s,15,16 Dobrynin et al.’s 17-22 Terao’s,23-25 and
Yethiraj et al.’s 26,27 is our explicit description of the polyelec-
trolyte chains, the ion-counterions, the solid surface, and more
importantly, the atomistic account of the solvent water interac-
tions with all species, that is, their concomitant solvation
behavior. In fact, with the exception of the work of Reddy et
al.’s, most simulation studies of polyelectrolyte adsorption on
solid surfaces involved primitive models, where the counterions
are either hard or soft sphere counterions interacting through
dielectrically screened electrostatic interactions, that is, an
implicit solvent represented as a continuum dielectric, and the
polyelectrolyte backbones are bead-spring chains whose con-
nectivity is maintained by a FENE potential.28 The intrinsic
inability of these models to describe the solvation behavior, that
is, the distinct inhomogeneous local solvent environment around
species, is probably one of the most significant defects of the
primitive approaches and precludes the realistic representation
of (hydrated) ion binding, pairing, and condensation.12

Therefore, the scope of our investigation comprises the
following fundamental questions: (a) How strongly are the
counterions adsorbed on the surface, and are they hydrated?
(b) What role do the sulfonate groups play in the adsorption of
counterions, and does this depend on the surface charge? (c)
How effective is the screening of the surface charge by
counterion adsorption? (d) What is the effect of the graphene
surface on the ion-pair behavior of the added salt? (e) What is
the conformational behavior of the polyelectrolyte backbones?

To address the proposed questions we perform extensive
molecular dynamics simulations of precisely defined model
systems, including the explicit and atomistic description of the
solvent, according to the models and methodology presented
in Section 2. In Section 3 we present and discuss the micro-
structural and conformational outcome of these molecular
simulations in terms of the full characterization of the inhomo-
geneous environment at the solid-liquid interface, that is, the
electric double layer (EDL) and the effect of the added salts
(BaCl2 and LaCl3) on its structure. In addition, in the Supporting
Information, we analyze the local environment around the ions
to assess their solvation behavior, including their tendency to
ion-pair formation, and estimate the strength of the adsorption
of the polyelectrolyte, counterions, and other species in solution,
to interpret the degree of surface-charge screening and the
occurrence of surface-charge overcompensation and reversal.
The microstructural description is supplemented by interpretation
of the conformational behavior of the polyelectrolyte backbones
based on the determination of the axial profiles for the ⊥ - and
|-components of the corresponding radius of gyration and end-
to-end distance. Finally, in Section 4 we close the paper with
some final remarks and outlook.

2. Potential Models and Simulation Methodology

The simulation cell was defined by a rectangular prism, with
a rectangular base of dimensions Lx ) 58.22 Å and Ly ) 54.10
Å, comprising three graphene layers in the xy-plane at z ) 0
and bounded by a containment wall represented by a WCA
potential (whose parameters are similar to those for the Lennard-
Jones representation of the carbon sites in the graphene wall)29

at z ) h, where h is chosen so that the nominal (geometrical)
density of the system is approximately 1.0 g/cm3, that is, 48.12
e h (Å) e 49.54 (see Figure 1). The first layer of the graphene
wall at z ) 0, that is, in contact with the aqueous solution, might
bear some small partial charge, either uniformly or randomly
distributed on each carbon site, compensated by ions from the
added salts in the solution. This simulation configuration not
only depicts the actual experimental setup but also, as opposed
to a slit geometry where two walls are needed, allows us to
study the adsorption phenomenon avoiding the potential effect
of confinement without resorting to larger h and, consequently,
larger CPU requirements.

Figure 1. Geometry of the simulation cell under the EW3DLC periodic boundary conditions.
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To account properly for the electrostatic interactions under
this 2D periodic geometry, we implemented a very efficient 3D
Ewald summation with an electric layer correction, EW3DLC,30-32

involving a real-space cutoff radius rc ) 0.35(h + hw) (where
hw denotes the thickness of the wall) with the corresponding
optimal values for the reciprocal-space cutoff of kc ) 8, the
Ewald third dimension Lz ) 1.2(h + hw), and convergence
parameter R(h + hw) = 7.8, respectively, to achieve an error of
the order of 10-5 for the Coulombic energy and forces according
to the analysis of Brodka.33,34 Note that a change in Lz, from Lz

) 1.2(h + hw) to Lz ) 2.0(h + hw), has a negligible effect on
the optimal value of R. We should note that, because of the
more accurate expressions for the estimation of the errors in
the forces and energy, as well as its underlying slab-wise
summation, the EW3DLC requires much smaller Lz and
correspondingly kc values than those for the alternative 3D
Ewald summation, EW3DC.35

We have performed isothermal-isochoric molecular dynam-
ics (NVT-MD) simulations of aqueous polyelectrolyte solutions
comprising 4000 water molecules, 10 polystyrene sulfonate
(PSS) octamers, the corresponding Li+ counterions, and added
salts (such as Cl2Ba or Cl3La) in contact with a graphene wall.
When salt was added to the system in order to study the effect
of polyvalent cations on solvation behavior, chloride ions were
used to maintain the systems’ electroneutrality (see Table 1).
As for our previous study,12 the PSS octamers were 100%
sulfonated chains, water was described by the SPC/E model,36

Li+ and Ba2+ according to Aqvist,37 Cl- according to Smith
and Dang,38 and La3+ by van Veggel’s parametrization,39

respectively.
The graphene wall was composed of three graphitic layers

stacked on top of each other and perpendicular to the z-direction
with an interlayer separation of 3.35 Å, with an adjacent
carbon-carbon distance of 1.42 Å, with the carbon sites
explicitly described as Lennard-Jones spheres characterized by
εCC/k ) 28 K and σCC ) 3.40 Å.40 All unlike interaction
parameters for the Lennard-Jones potentials between species
in solution and the graphene are determined by the correspond-
ing Lorentz-Berthelot combining rules.

While graphene sheets are normally electroneutral, it is
possible to induce surface charges by chemical doping with
nitrogen (positive charges) and boron (negative charges),41 as
well as by covalent attachment of ligands such as -CO2

- and
-NH4

+.42 For that purpose, in our study the charged surfaces
are modeled by distributing the total charge equally over each
carbon site on the innermost graphitic layer and their interactions
with other charged species accounted for by the EW3DLC
method.

The NVT-MD simulations were performed by implementing
the Martyna-Tuckermann-Klein (MTK) explicit reversible in-
tegrator,43 following Cheng and Merz’s scheme44 except for the

use of a single SHAKE-routine call scheme suggested by
Palmer45 as opposed to the original dual SHAKE 46-RATTLE47

routine calls. This substitution becomes an efficient scheme to
fulfill all constraints and their time-derivatives, simultaneously,
and successfully applied in our earlier simulation studies of ion-
pair formation and counterion condensation.12,48,49

In all cases the initial configurations (random distribution of
species) were generated by the Packmol routine50 and then
equilibrated for at least 0.5 ns prior to the accumulation of the
corresponding quantities for the calculation of their averages,
over 4.5 ns of phase-space trajectory, using a time-step size of
2.0 fs. Because these are very CPU-demanding simulations, we
have doubled the simulation time on a few runs to check the
equilibration of the resulting profiles and concluded that
the interfacial structures were completely developed at 4.5 ns.
These quantities comprised the conformational properties of the
octamers, such as the axial profiles of the parallel and
perpendicular components of the radius of gyration (see eq 4
below) and the corresponding to the end-to-end distance (see
eq 5 below), as well as the configurational properties of the
solutions, including the site-site radial distribution functions
for water-water, ion-water, ion-chain, chain-water, and
chain-chain interactions. In addition to the usual kinetic
temperature and to verify the proper conformational and
configurational equilibration, we have monitored the configu-
rational temperatures51 (see appendix A of Chialvo and Simo-
nson12 for details). All simulations were run on a parallel
architecture using our parallel (MPI) algorithm based on a
replicated data approach.52,53

To characterize the structure of the graphene-aqueous
interface and to interpret the behavior of the EDL, we determine
the axial profiles of all species concentrations Fi(z), the corre-
sponding Coulombic charge density FQ(z) and relative orienta-
tion of the water molecules Fθ(z) as follows:

Ρ(z) ≡ 〈(LxLy∆)-1∑
i

ΡiΒc(zi,-0.5∆, + 0.5∆)〉 (1)

where Βc(x, a, b) ≡ [Θ(x - a) - Θ(x - b)] is the “boxcar”
function,54 Ρi denotes δ(z-zi), the Coulombic charge qi, and
the angle θ ) cos-1(µi · ẑ/|µi|), respectively, where µi is the dipole
moment of the water molecule i, LR represents the size of the
simulation box along the R-axis, ∆ ∼ 0.3 Å, and the 〈 · · · 〉
indicates a time average over the simulation trajectory.

In particular, the axial profile of the charge density FQ(z) plays
a central role in this analysis, since the integration of the
associated one-dimensional Poisson equation provides the
corresponding profiles for the local electric field and potential.
These profiles afford the opportunity to assess how effective
the solution screens the surface charge, especially at the EDL
domain, where the possibility of either overcharging or surface
charge reversal might occur. To analyze this scenario we define
the strength of the surface charge (σs) screening, I (z) ≡ -σ(z)/
σs, where

σ(z))∫0

z
FQ(z) dzf σ(h))∫0

h
FQ(z) dz (2)

Moreover, by invoking the condition of electroneutrality, σ(h)
) -σs, and from Gauss’ law,55 this surface charge is propor-
tional to the electric field E(z) strength at the interface, that is,

E(z))-4π∫z

h
FQ(z) dz) 4π[σ(z)- σ(h)] (3)

so that σs ) E(0)/4π. Consequently, we can also write I (z) )
[E(0) - E(z)]/E(0). The main feature of this axial function is
its ability to portray how effectively the aqueous electrolyte

TABLE 1: Surface Charge and Composition of Aqueous
Li+PSS--Electrolyte Solutions

σs, C m-2 qs
a NLi+ NBa2+ NLa3+ NCl- NH2O NSO3

-

-0.101 -20 100 20 60 4000 80
-0.101 -20 100 20 40 4000 80
0 0 100 20 80 4000 80
0 0 100 20 60 4000 80
0 0 4000b

+0.101 20 100 20 100 4000 80
+0.101 20 100 20 80 4000 80

a Total electrostatic charge at carbon sites exposed to the fluid
phase. b Pure water in contact with the graphene wall.

Polystyrene Sulfonate Solution Interfacial Behavior J. Phys. Chem. C, Vol. 112, No. 49, 2008 19523



screens the surface charge, bounded by the two obvious
conditions, that is, null-screening, I(0) ) 0, and full-screening,
I(h) ) 1. However, we are most interested in the screening
behavior between these two limiting cases, especially in the
neighborhood of the solid-liquid interface, where the EDL’s
geometry arises from a delicate balance of species’ solvation
and binding interactions (adsorption) with the surface (see
discussion below).

To interpret the effect of the graphene surface on the
conformation of the oligomer chains we determine the average
profiles of the parallel (RG

| (z)) and perpendicular (RG
⊥ (z))

components of the radius of gyration as well as the correspond-
ing for the end-to-end distance, i.e., Ree

| (z) and Ree
⊥ (z), respec-

tively, where z is the axial distance from the graphene wall to
the center of mass of the chain, that is,

RG
| (z)) 〈Βc(zcom,-0.5∆, + 0.5∆)∑

i

mi[(xi - xcom)2 +

(yi - ycom)2] ⁄ ∑i

mi〉
0.5

RG
⊥ (z)) 〈Βc(zcom,-0.5∆, + 0.5∆)∑

i

mi(zi - zcom)2 ⁄ ∑i

mi〉
0.5

(4)

where (ri - rcom) is the position of site i relative to the oligomer’s
center of mass rcom, mi is the corresponding site mass, Βc( · · · )
is the “boxcar” function defined earlier, and 〈 · · · 〉 denotes a
simulation average. Likewise,

Ree
| (z)) 〈 [(x1 - xN)2 + (y1 - yN)2]Βc(zcom,-0.5∆, + 0.5∆)〉0.5

Ree
⊥ (z)) 〈 (z1 - zN)2Βc(zcom,-0.5∆, + 0.5∆)〉0.5 (5)

where (r1 - rN) is the relative position of one end of the chain
with respect to the other end.

3. Microstructural and Conformational Results

In this section we present the structural and conformational
behavior of the system, with particular emphasis on that at the
interfacial region, discuss the resulting solid-liquid interface
structure, and interpret the resulting surface-charge screening
and reversal in terms of the strength of ion adsorption. All these
profiles were determined after the systems were properly
equilibrated, kinetically and configurationally, as illustrated in
Figure 2.

3.1. Interfacial Structure. In order to interpret the effect
of the graphene wall on the interface structure, we first analyze
the system comprising only water as opposed to the aqueous
polyelectrolyte solution. In Figure 3 we display the axial profiles

of the water structure (i.e., oxygen and hydrogen sites) and
corresponding relative orientation of the water’s dipole moment,
θ ) cos-1(µi · ẑ/|µi|), where we can clearly observe the formation
of three water layers within 12 Å from the graphene surface,
beyond which water exhibits no axial structure. Moreover,
according to this orientational profile, the water molecules lie
in planes, defined by their three sites, quasi-parallel to the wall;
that is, the axial locations of the oxygen and hydrogen peaks
roughly coincide. Note however that there is a small tilt of one
of the water hydrogens toward the graphene wall (see inset of
Figure 3).

As soon as we introduce the polyelectrolyte into the solution
and eventually a neutralizing salt for the case of charged
graphene walls, we observe significant changes in the axial
structure (e.g., Figure 4a-c for added BaCl2 and Figure 5a-c
for added LaCl3). The first and most obvious, though weak, is
the disruption of the axial uniform distribution of water for z >
12 Å. This effect is caused by the backbone connectivity of the
polyelectrolyte chains and the differential solvation behavior
between the hydrophilic sulfonate groups and the hydrophobic
backbones. Moreover, as we will discuss below, the differential
interaction between ions and the graphene wall, that is, ion
adsorption, contributes to the distortion of the original water
layering, whose effect is magnified by the presence of the
charged surface. The second evident structural change is the
pronounced reorientation of the innermost layer of interfacial
water as the surface charge goes from positive to negative,
whose manifestation is the splitting of a original hydrogen site
peak (located either at ∼3.2 Å for BaCl2 added or ∼3.3 Å for
LaCl3 added) into two peaks roughly located at ∼2.1 Å and
∼3.37 Å from the graphene layer (see Figures 4c and 5c).

To find the mechanism underlying this behavior, we now
analyze the axial profiles of ion concentrations in comparison
with the corresponding water sites (Figure 6a-c and Figure
7a-c) for solutions with BaCl2 and LaCl3 added, respectively).
Starting with the neutral graphene surface, we note that because
of its small size and water coordination, nO

Li+ ≈ 4 (see Supporting
Information), Li+ is able to adsorb significantly through a water-
mediated mechanism at about 4 Å from the wall. Yet, despite
having a larger charge, Ba2+ cannot get closer (than Li+) to the
graphene due to its larger water coordination, that is, nO

Ba2+ ≈ 8
(see Supporting Information), but more importantly, because it
is hindered by the strong counterion condensation on the -SO3

-

Figure 2. Time evolution of the average configurational temperature,
its individual contributions, and the corresponding kinetic temperature
of the thermostatted system.

Figure 3. Comparison of the axial profiles of the water sites and
relative dipole orientation for pure water in contact with a neutral and
uncharged graphene surface.
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groups which become sandwiched between the Li+ and the Ba2+

at about 4.7 Å from the graphene surface (Figure 6b). In fact,
the Ba2+ adsorption exhibits a rather weak peak at 5.3 Å and a
stronger second peak at about 8 Å from the neutral surface.

Note also that, because the adsorption of Cl- (nO
Cl- ≈ 7.5) occurs

at about the same distance as the -SO3
- groups (nO

SO3
- ≈ 8.2),

Cl- is barely adsorbed on the neutral graphene, under the
competition from the -SO3

- groups aided by the condensation
of cations.

Figure 4. Comparison of the axial profiles of the water sites for
aqueous Li+PSS-solutions with added BaCl2 in contact with a charged
graphene surface: (a) σs ) 0.101 C/m2, (b) σs ) 0.0 C/m2, and (c) σs

) -0.101 C/m2.

Figure 5. Comparison of the axial profiles of the water sites for
aqueous Li+PSS-solutions with added LaCl3 in contact with a charged
graphene surface: (a) σs ) 0.101 C/m2, (b) σs ) 0.0 C/m2, and (c) σs

) -0.101 C/m2.

Figure 6. Comparison of the axial profiles of species distribution
functions in aqueous Li+PSS-solutions with added BaCl2 in contact
with a charged graphene surface: (a) σs ) 0.101 C/m2, (b) σs ) 0.0
C/m2, and (c) σs ) -0.101 C/m2.

Figure 7. Comparison of the axial profiles of species distribution
functions in aqueous Li+PSS-solutions with added LaCl3 in contact
with a charged graphene surface: (a) σs ) 0.101 C/m2, (b) σs ) 0.0
C/m2, and (c) σs ) -0.101 C/m2.
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As expected, the charging of the graphene surface modifies
the interfacial structure, by adjusting the strength of the species
adsorptions, balanced by the strength of the ion-pairing and
counterion condensation. In the case of added LaCl3 we observe
significant differences in the adsorption of the polyvalent
counterion, that is, La3+ versus Ba2+ as depicted in Figure 7a-c.
In fact, considering that both cations involve very similar non-
Coulombic forcefields (see Table B1 of ref 12), the negligible
adsorption of La3+ compared to Ba2+ on the neutral surface at
z ∼ 6 Å may be ascribed to its larger water coordination, that
is, nO

La3+ ≈ 9 versus nO
Ba2+ ≈ 8.

3.2. Screening of Surface-Charge by the Electrolyte.
Obviously, the axial profiles of species concentrations depicted
in Figures 4-7 are more detailed representations of the
inhomogeneous environment than those from the axial profiles
of the charge density, that is, the latter result from the summation
of the individual contribution of the former weighted by the
corresponding species charges, FQ(z) ) ∑ixiqiFi(z) (see also eq
1). Yet, the charge density profiles provide a more revealing
picture of the local charge cancelation, the global electroneu-
trality of the system, and ultimately, of the degree of surface-
charge screening by the aqueous electrolyte solution. Moreover,
by integration of the one-dimensional Poisson equation for the
simulated charge density profile we extract the corresponding
electric field profile, and consequently, we can link the adsorp-
tion strength of the individual ions with the distortion of the
electric field of water at the graphene/water interface, and the
concomitant degree of local charge screening.

In Figures 8a,b and 9a,b we display the axial profiles of the
charge densities and the corresponding electric fields for the
two sets of systems (i.e., with added BaCl2 and LaCl3,
respectively) in comparison to that for the reference pure water
system in contact with the uncharged graphene wall. Figures 8a and 9a provide a clear picture of the distortion of the charge

distribution due to the adsorption of Li+, Ba2+, La3+, and -SO3
-

within 2 Å < z < 6 Å from the graphene surface. In particular,
note the appearance of an additional peak (and valley) in the
distribution FQ(z) with respect to that for electrolyte-free system
(i.e., pure water and σs ) 0.0 C/m2) and the remarkable
similarity between the profiles for the systems containing BaCl2

and LaCl3. This similarity is also evident in the corresponding
electric field axial profiles, Figures 8b and 9b, where the ion
adsorption is clearly manifested by the presence of an additional
peak around z ≈ 4 Å, sandwiched between the two original
peaks located at z ≈ 3 Å and z ≈ 5.5 Å. Note also that the
strength of this third peak depends on the sign of the graphene
surface charge σs; that is, it becomes stronger as the surface
charge goes from σs < 0 to σs > 0.

Here we should highlight the occurrence of a new phenom-
enon, referred to as overcharging (OC) by Lozada-Cassou and
Jimenez-Angeles,56 who first reported it for the adsorption of
primitive model macroions onto planar charged-surfaces, that
is, when the first layer of adsorbed species increases the surface
charge as oppose to screens it. In particular, note the small but
clear peak at z ∼ 2.8 Å in the profiles of the charge density and
corresponding electric field strength (∼ net charge per unit of
lateral surface) in Figures 9a,b-11a,b for σs > 0 (red curve),
that bear a clear resemblance to that in the inset of Figure 2 in
ref 56, despite the obvious significant differences between the
two types of systems. In fact, the contrasting differences between
our system, where all species are atomistically described
including the explicit inclusion of the solvent water, and that
of Jimenez-Angeles and Lozada-Cassou,56 where the ions are
charged hard-spheres immersed in a dielectric continuum
representing implicitly the solvent water, pushes for an under-
standing of the underlying mechanism for the overcharging and

Figure 8. Comparison of axial profiles for (a) the charge density
and (b) electric field in aqueous Li+PSS-solutions with added BaCl2

in contact with a graphene wall bearing a surface charge σs. Charge
density and electric field in (σSPCE

3/εSPCE)0.5 and (σSPCE/εSPCE)0.5 units,
respectively.

Figure 9. Comparison of axial profiles for (a) the charge density and
(b) electric field in aqueous Li+PSS-solutions with added LaCl3 in
contact with a graphene wall bearing a surface charge σs. Charge density
and electric field in (σSPCE

3/εSPCE)0.5 and (σSPCE/εSPCE)0.5 units, respectively.
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concomitant charge reversal. For that purpose we plot in Figure
10 the individual components FQi

(z) ) xiqiFi(z) involved in FQ(z)
) ∑ixiqiFi(z), for the representative case of σs ) -0.101 C/m2

with BaCl2 added, to identify their contributions to each relevant
peaks in the axial profiles of the charge density and electric
field. This picture indicates that the two main sources of charge
screening in the innermost region of the solid/aqueous interface
are the water-oxygen and water-hydrogen sites, whose effec-
tive interactions with the surface would determine the relative
orientation of water with respect to the graphene layer, and
ultimately, the relative axial location of these charged sites (see
insets in Figures 3-5). In fact, the first peak of FQ(z) (positive)
is associated with the water-hydrogen site closer to the graphene

surface and is followed by a deep valley (negative) correspond-
ing to the water-oxygen site as well as the second (partially
screened) water-hydrogen site (positive), whose tail is modified
by the contribution from the adsorbed Li+. Note that for this
case, σs < 0, the negative contribution from the adsorbed -SO3

-

is rather weak and sandwiched (screened) by the positive
contributions of Li+ and Ba2+(inset of Figure 10). As we change
the surface charge from σs < 0 to σs > 0, we observe that the
strong first peak and valley of FQ(z) are significantly reduced,
as the orientation of the adsorbed water molecules changes
(insets of Figures 4 and 5), while the second valley becomes
deeper.

These electric field profiles translate into remarkable screening
counterparts as illustrated in Figure 11a,b, where we compare
the charge-screening behavior, I(z), of the aqueous electrolyte-
polyelectrolyte systems for the same magnitude of surface
charge, but opposite signs. By recalling that I(z) ) 0 and I(z)
) 1 denote null and full screening, respectively, the outstanding
feature of these profiles is the obvious overcompensation of the
surface charge within z < 4 Å, that is, a reversal of the local
surface charge followed by an oscillatory screening behavior
within the region of the three water layers.

Figure 11a,b also reveals that, while the cations are able to
screen effectively the negative surface charge within 10 Å from
the surface, the anions are not. This behavior must be traced
back to the different solvation behavior of these species and
the connectivity of the charged sites in the chain backbones, as
well as the interplay between counterion condensation and ion
pair formation, that ultimately prevents the charged species form
approaching closer to the charged graphene surface.

3.3. Chain Conformation. The profiles of conformational
properties suggest the formation of water- and counterion-
mediated chain layers, resembling those in the extrinsic charge
compensation scheme3 but involving similar chain backbones.
The behavior of the axial profiles of the |- and ⊥ -components
of the squared radius of gyration and end-to-end distance, Figure
12, indicates layering of chain’s backbones parallel to the
graphene surface. Because of the intrinsic negative charge of
these chains, though partially screened by the condensed
cations,12 the chain-graphene interactions are strongest for σs

> 0 (e.g., Figure SI-5(b) of Supporting Information), whose
conformational manifestation is an increase of the asymmetry
of the |- and ⊥ -components of RG(z < 10 Å) and Ree(z < 10
Å). This effect, accentuated by the charging of the graphene
surface, can be clearly visualized in terms of a loosely defined
form-factor R(z) ≡ 0.5RG

|2(z)/RG
⊥ 2(z) so that R(z) ≈ 1, that is,

RG
⊥ 2(z) ) RG

|2(z)/2 ≈ RG
2 (z)/3 represents a bulk-like behavior, while

R(z) > 1 would indicate a flattening of the chains as they are
compressed against the graphene wall. Figure 13 illustrates this
behavior and suggests that the interaction of these short chains
with the graphene wall induces some significant flattening within
10 Å from the surface, even when the graphene surface is
uncharged, and then the chains behave approximately as in a
bulk solution.12 Note that for σs < 0 the chain flattening is
dramatically reduced as we might have expected considering
the less favorable net chain-wall interactions.

4. Discussion and Final Remarks

The target of this investigation has been the interfacial
behavior of short-chain lithium polystyrene-sulfonate aqueous
solutions in contact with graphene surfaces, in the presence of
multivalent cations and discrete surface charges. For that
purpose, we have placed emphasis on the explicit and realistic
description of the water, the chain backbones, and species in

Figure 10. Individual species contributions to the total charge density
axial profile for the aqueous Li+PSS-solution with added BaCl2 in
contact with a graphene wall bearing a surface charge σs ) -0.101C/
m2. Charge density in (σSPCE

3/εSPCE)0.5 units.

Figure 11. Comparison of axial profiles for normalized screening
strength I(z) in aqueous Li+PSS- solutions in contact with a graphene
wall bearing a surface charge σs: (a) added BaCl2 and (b) added LaCl3.
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solution to analyze the formation of the EDL, the concomitant
screening of the surface charge by the surrounding aqueous
environment, and the possible mechanism underlying over-
charging and surface charge reversal. Moreover, to aid the
interpretation of the surface-charge screening mechanism, we
have analyzed the corresponding solvation behavior of the
relevant species within slabs parallel to the graphene surface.

According to the analysis and discussion of the previous
sections we now can address the questions proposed in the
introduction by summarizing the relevant results:

(a) All ions are adsorbed as hydrated species following the
order of adsorption strength from Ba2+ > La3+ > Li+ > -SO3

-

. Cl- for the negative-charged graphene surface, to -SO3
- >

Li+ > Ba2+ ≈ La3+ . Cl- for the neutral graphene surface,

and ending as -SO3
- > Cl-(Ba2+) > Li+ > Cl-(La3+) . Ba2+

≈ La3+ for the positive-charged graphene surface, where
Cl-(Mz+) denotes the source (added salt) of the Cl- (note that
Figure SI-5 (Supporting Information) provides a more detailed
account of these trends).

(b) The sulfonate groups play a crucial role in the adsorption
of cations, in addition to their own interaction with the graphene
surface, by the concurrent condensation of Li+ and either Ba2+

or La3+, a process that partially screens the intrinsic negative
charge of the chains. This mechanism results in a net quasi-
linear dependence of the adsorption strength with the surface
charge of the graphene wall, whose slope depends on the charge
of the multivalent cation.

(c) The graphene surface charge is indirectly screened by the
adsorption of hydrated cations, that is, water mediated, by
distorting the microstructure of the adsorbed water and aided
by their condensation onto the adsorbed sulfonated chains. This
mechanism contrasts with that involving the primitive model
counterpart, where the surface charge is screened by ions in
direct contact with the surface.

(d) The comparison between the behaviors depicted in Figures
SI-3 and SI-4 (Supporting Information) indicate that the
graphene surface-charge has opposite effects on the ion pairing
compared to that on the counterion condensation, that is, an
apparent odd behavior if we consider that both phenomena are
pairing processes. However, this result is consistent with the
conformational behavior of the chain’s backbones (Figure 13)
in that, as the surface-charge becomes negative, the backbones
are axially compressed as they are pulled by the adsorption of
the cations either surrounding or already condensed onto the
sulfonate groups. The combination of this axial compression
that makes possible a tighter cation-sulfonate condensation,
with the unfavorable graphene-Cl- interactions (Figures 6 and
7) that hinders closer cation-Cl-encounters, is a plausible
mechanism behind the observed contrasting behavior.

(e) The presence of the graphene wall, even if uncharged,
has a profound impact on the conformation of the chain
backbones with a clear tendency toward layering, resulting from

Figure 12. Effect of the surface charge (with addition of LaCl3) on the axial profiles of the ⊥ - and |-components of (a) the squared radius of
gyration and (b) the squared end-to-end distance of the aqueous PSS-chains in contact with the graphene surface. RG

2(z) and Ree
2(z) in units of

σSPCE
-2.

Figure 13. Axial profile of the ratio R(z) between the ⊥ - and
|-components of the squared radius of gyration of the aqueous PSS-

chains in contact with the graphene surface.
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the concurrence of solvent-mediated chain adsorption onto the
wall and (hydrated) counterion-mediated chain-chain interactions.

In addition, we have illustrated that the charge inversion in
the adsorption of short-chain polystyrene-sulfonate onto charged
surfaces originates on the induced orientational structure of the
interfacial water, where the water’s hydrogens and oxygens form
two parallel planes with opposite density charges, while the
adsorbed polyelectrolyte and counterions only contributes
marginally, beyond the enforcement of electroneutrality. This
picture should not be a surprise if we consider that (i) water is
mediating all species interactions with the graphene surface,
(ii) it is the most numerous species in the system, and (iii) as a
strong dipolar species, water is described in terms of intercon-
nected partial charges. However, this picture contrasts to that
drawn by the theory and simulation of primitive models, where
the solvent has the more passive role of screening the Coulombic
interactions by a factor given by the chosen dielectric permit-
tivity, and consequently, the charge inversion results from the
balance of charge density asymmetries between anion and
cations.57,58

Obviously we could argue that water is an electroneutral polar
species whose charged sites play the same role as those of other
charged species such as either the counterions or the polyelec-
trolyte’s charged sites, but its solvation power hinders other
species from approaching the surface. In other words, while the
mechanism of overcharging in our system appears analogous
to that proposed by Jimenez-Angeles and Lozada-Cassou56 (see
insets of their Figure 2), we must point out significant conceptual
differences with the latter, namely: the magnitude of the charges
involved in our system are much smaller, that is, qHw

) 0.4238e
) -0.5qOw

as opposed to qM ) -40e ) -20q+ ) 40q- in ref
56 resulting in a charge asymmetry of 2 compared to 20 in ref
56), and more importantly, in our case the charges are linked
by the intramolecular O-H bond interactions in addition to the
intermolecular O · · ·H (hydrogen) bond interactions. A more
detailed analysis on this phenomenon is underway and will be
reported elsewhere.59
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Note Added after ASAP Publication. There was an error
in eq 4 and in the equation in the first paragraph of section 3.1.
The original version was published November 17, 2008, and
the corrected version was posted December 4, 2008.
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tion functions, as well as the strength of the species adsorption
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