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In this communication we illustrate the occurrence of a recently reported new phenomenon of surface-charge
amplification, SCA, (originally dubbed overcharging, OC), [Jimenez-Angeles F. and Lozada-Cassou M., J.
Phys. Chem. B, 2004, 108, 7286] by means of molecular dynamics simulation of aqueous electrolytes so-
lutions involving multivalent cations in contact with charged graphene walls and the presence of short-chain
lithium polystyrene sulfonates where the solvent water is described explicitly with a realistic molecular model.
We show that the occurrence of SCA in these systems, in contrast to that observed in primitive models, in-
volves neither contact co-adsorption of the negatively charged macroions nor divalent cations with a large
size and charge asymmetry as required in the case of implicit solvents. In fact the SCA phenomenon hinges
around the preferential adsorption of water (over the hydrated ions) with an average dipolar orientation such
that the charges of the water’'s hydrogen and oxygen sites induce magnification rather than screening of the
positive-charged graphene surface, within a limited range of surface-charge density.
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amplification, charge inversion and reversal
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1. Introduction

The conventional view on the behavior of electrolyte solutions in contact with a charged surface
hinges around the concept of surface-charge screening by the ions in solution, which ultimately
renders the entire system electroneutral (for a detail discussion on the surface-charge screening
phenomenon the reader should refer to references [143]). This screening might take the form of
adsorption, i.e., by alternating layers of opposite charged ions that gives rise to an oscillatory
behavior for the total axial charge-density and represented by charge reversal (CR) followed by
charge inversion (CI) phenomena. Note that for primitive models, such as the Poisson-Boltzmann
(PB) description, this (apparent surface charge or local net charge density o(z), vide infra) profile
is actually exponentially monotonous, and consequently, it never changes sign [2].

CR and CI phenomena are obviously the result of the stacking of alternately charged species
that manifest as non-monotonous (oscillatory) profiles for the local electric field and potential i.e.,
they depend on ion-ion correlations or they are correlation-induced phenomena [3]) whose most
obvious practical application is the layer-by-layer deposition of polyelectrolyte toward membrane
formation |4].

Jimenez-Angeles and Lozada-Cassou [I] have recently reported a new phenomenon, dubbed
overcharging, that occurs during the adsorption of macroions in solution onto planar charged-
surfaces, i.e., when the macroions bring with them counterions to the surface that contribute to the
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buildup of a like charge. This phenomenon was initially revealed by integral equation calculations of
three-component inhomogeneous primitive models of macroion solutions in contact with a positive-
charged surface, and represented the adsorption of “an effective charge onto a like-charged” surface.
In fact, when referring to this new phenomenon the authors indicated that “such an effect defines
a new phenomenon, hereafter referred to as overcharging (OC), i.e., at the wall’s neighborhood we
find the accumulation of an effective additional charge with the same sign of the wall. This effect
is due to the strong electrostatic attraction between macroions and the divalent cations. However,
for this effect to be present, a high particle’s excluded volume is needed, i.e., a high concentration
of macroions and/or little particles and/or large macroion size or little ion size”.

Other authors have reported OC phenomena since the original work of Jimenez-Angeles and
Lozada-Cassou |1l], involving either bulk |5, 6] or interfacial |7-9] macroion solutions. A common
denominator in all these studies |1, [5410] is the involvement of primitive models that ignore the
discrete molecular-based nature of the solvent, and therefore, they neglect among other things the
excluded volume of the solvent and the solvation effects that translate into significant dielectric
inhomogeneous environments around the charged species.

The goal of this communication is to illustrate, by molecular dynamics simulation, the occur-
rence of OC in model aqueous electrolytes solutions involving multivalent cations in contact with
positive-charged graphene walls in the presence of short-chains of lithium polystyrene sulfonate,
where all species including the solvent water are explicitly and atomistically described. We argue
that the occurrence of OC in these explicit solvent systems involves the preferential adsorption
of the water’s hydrogen and oxygen sites rather than the co-adsorption of the negative-charged
macroions and the divalent cations with a large size and charge asymmetry, as observed in the
primitive systems.

To address this issue, we perform extensive molecular dynamics simulations on similar systems
to those described in our previous work |11], over a wider range of positive surface charges as
described in section 21 In section [l we present and discuss the relevant axial profiles to identify
the molecular mechanism underlying the OC mechanism in these systems. Finally, in section M
we discuss the contrasting differences between the OC phenomenon involving implicit and explicit
description of the solvent water.

2. Fundamentals and simulation approach

The word “overcharging” has been most often used to describe the process of “overcompensation”
of the surface charge on a solid substrate or a macroion due to the adsorption of multivalent
counterions (e.g., references |12, [13]), a phenomenon that has been known for a rather long time
under alternative names including “charge inversion” [13, [14], “charge overcompensation” |15], and
“charge reversal” [16]. However, here we are dealing with a relatively new phenomenon, first reported
by Jimenez-Angeles and Lozada-Cassou [1], involving the “amplification” of the surface charge, i.e.,
the actual increase of the original surface charge by the co-adsorption of macro- and micro-ions. In
what follows we will invoke Jimenez-Angeles et al.’s definition of OC that describes the adsorption
of an effective charge onto a like-charged wall (see also italicized quote vide supra), though we will
rather refer to as the surface charge amplification (SCA) phenomenon |5, [7] to avoid any confusion
with related phenomena, and illustrate how the differential hydration behavior of hydrated ions
and polyions in conjunction with the significant graphene-water interactions contributes to its
occurrence.

To study the SCA in the current systems we place emphasis on the determination of the axial
distribution profiles that characterize the structure of the graphene-aqueous interface, including all
species concentrations p;(z), the corresponding Coulombic charge density pg(z), and the relative
orientation of the water molecules 0(z) as follows [11],

P(z) = <(LmLyA)‘1 > PiBe(zi,-0.54, +0.5A)> (2.1)

for which P; denotes §(z — z;), the Coulombic charge ¢;, and the angle § = cos™' (u, - 2/ |.|)
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between the water’s dipole moment p; and the unit vector Z perpendicular to the graphene sur-
face, respectively, while B. (z,a,b) = [0 (z — a) — © (x — b)] defines the “boxcar” function [17], La
represents the size of the simulation box along the a-axis, A ~ 0.3 A, and the (--+) indicates a
time average over the simulation trajectory. Note that the first two distributions are connected by
the expression pg(z) =Y, xiqipi(z), the one that we use for a test of internal consistency.

Subsequently, the axial integration of pg(z) according to the Poisson equation provides us with
a way to assess the strength of the (normalized) surface-charge screening, J(z) = 1 — (0(z)/0y),
where the local net (surface) charge density o(z) is given by,

z

o(z) =05+ /pQ(z) dz (2.2)

0

subjected to the electroneutrality condition o(h) =0, i.e.,

h
05 = —/pQ(z) dz. (2.3)

Consequently, according to Gauss’ law, the profile of the electric field E(z) corresponding to
o(z) becomes,

E(z) = 4mo(z) (2.4)
with E(0) = 475(0), i.e., 0(0) = o5, and from equations (Z2)—(24) it follows that,

h

E(z) = 747r/pQ(z)dz. (2.5)

z

Now, we can reinterpret the strength of the surface-charge screening J(z) as follows,
3(z) =1 - [E(2)/E(0)] (2.6)

where equation (Z8]) describes how effectively the aqueous electrolyte-polyelectrolyte screens the
surface charge of the graphene wall. While J(z) satisfies two obvious conditions, i.e., null screening,
J(0) = 0, and full screening, J(h) = 1, this function might not be necessarily bounded by those
conditions due to the non-monotonous behavior of pg(z). It is quite possible to find (vide infra)
that the most interesting interfacial phenomena involving adsorption of macroions in the presence
of aqueous electrolytes are associated with the condition 0 > J(z) > 1.

In principle, the integrated fluid charge o(z) — o5 = fOZ pq(z)dz can exhibit an oscillatory
behavior around electroneutrality, yet, for a positive-charged surface (o5 > 0) the graphene-aqueous
electrolyte interface would display three distinct types of behavior, depending on the strength of
the local net (surface) charge density at its first extreme (peak or valley), i.e., o(zg) = 0g , relative
to the surface charge o, namely:

(a) surface-charge amplification (SCA), i.e.,

2®
og >0s>0 — /pQ(z)dz >0 — J(zg) <0 (2.7)
0
(b) charge inversion (CI), i.e.,
Z®
os >0 >0 — 05> —/pQ(z)dz = J(ze) < 1; (2.8)
0
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(c) charge reversal (CR), i.e.,

zg
o <0 — o0s< f/pQ(z)dz — J(zg) > 1. (2.9)
0

Our systems comprised aqueous electrolyte solutions involving short-chain lithium polystyrene-
sulfonate in contact with a positive-charged graphene surface, 0 < o(C m~=?2) < 0.1525, with added
barium chloride to render the systems electroneutral. Full details of the simulation methodology,
description of the models, system sizes and relevant simulation parameters are given in our previous
work [11], consequently, here we only provide the most relevant information regarding the system
composition and surface charge in table [l

Table 1. Surface charge and composition of aqueous polyelectrolyte

solutions.
System | 05/C m™® | ¢ | Nuiv | Npaer | Nar- | Mo | Neo- |

1 0.1525 30 | 100 20 90 | 4000 80
2 0.1017 20 | 100 20 80 | 4000 80
3 0.0763 15 | 100 20 75 | 4000 80
4 0.0508 10 | 100 20 70 | 4000 80
6 0.0254 5 100 20 65 | 4000 80
7 0 0 100 20 60 | 4000 80
8(®) 0 0 0 0 0 4000 0

(@) Total electrostatic charge at carbon sites exposed to the fluid phase.
(®) Pure water in contact with the graphene wall.

3. Discussion of simulation results

In figure [l we display the axial profiles for the average charge densities, corresponding to the
surface-charge range of 0 < 05(C m~2) < 0.1525, within the first 12 A from the graphene surface,
in comparison with that corresponding to pure water in contact with the uncharged graphene
surface. The first relevant feature in this comparison is the appearance of an additional peak about
3.5-4 A from the graphene surface, sandwiched between the original two in the pure-water profile,
originated in the adsorption of hydrated charged species (including paired and condensed cations).
In addition, there is a strong reduction of the size of the first peak of the charge density (located
at ~ 2.6 A) with a simultaneous strengthening of the second peak (at ~ 3.5-4 A) as the surface-
charge increases to the extent that the first peak disappears as the surface charge approaches
0s 22 0.1525 C m~2. The observed decrease of the strength of the first peak is accompanied by an
increase of the strength of the second peak and the deepening of the two corresponding valleys (at
~3A and ~ 4.5 A), a behavior that points to the re-structuring of the interfacial region through
the adjustment of species adsorption and water re-orientation as we illustrate below. In fact, figure[2]
captures the evolution of the relative dipolar orientation of the water molecules in the interfacial
region, where it becomes clear that the hydrogen sites of the water molecules in the adsorbed
layer of either a graphene/water or graphene/aqueous interface with os = 0 are tilted toward the
graphene surface, i.e., § > 90°. As we increase the surface charge, i.e., o5 — 0.1525 C m~2, the
positive-charged hydrogen sites are repelled by the graphene charged surface, and consequently,
0 < 90°.

The re-structuring of the interfacial region can be interpreted in terms of the axial profiles
of the corresponding electric fields, E(z), as illustrated in figure Bl where we should note that
o5 = E(0)/4x is represented by the horizontal lines (z < 2.6 A), and that 0 2 [0(zg) — 0s] <1.52
where 2.6 A < 25 <292 A when 0 < 0,(C m™2) < 0.1525. In this figure we again observe
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Figure 1. (Color on-line) Behavior of the ax-
ial profiles for the charge density, pg(z), for
the graphene/fluid interface when the fluid is
either pure water at zero surface charge or
an electrolyte-polyelectrolyte solution with a
surface-charge range of 0 < o0s(C m™2) <
0.1525. Charge densities in units of SPC/E
Lennard-Jones parameters coo = 3.166 A and
eoo/k = 78.23 K.
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Figure 3. (Color on-line) Behavior of the axial
profiles for the integrated fluid charge density,
o(z) = E(z)/4w, for the graphene/fluid inter-
face when the fluid is either pure water at zero
surface charge or an electrolyte-polyelectrolyte
solution with a surface-charge range of 0 <
0s(C m™2) < 0.1525. Integrated charge densi-
ties in units of SPC/E Lennard-Jones parame-
ters coo = 3.166 A and eoo/k = 7823 K.
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Figure 2. (Color on-line) Behavior of the ax-

ial profiles for the relative orientation 6(z) of
the water molecules in the graphene/fluid inter-
face when the fluid is either pure water at zero
surface charge or an electrolyte-polyelectrolyte
solution with a surface-charge range of 0 <
0s(C m™?) < 0.1525.
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Figure 4. (Color on-line) Behavior of the axial
profiles for the normalized screening strength
axial profiles, J(z2) = 1 — (0(z)/0s), for the
graphene/fluid interface when the fluid is ei-
ther pure water at zero surface charge or
an electrolyte-polyelectrolyte solution with a
surface-charge range of 0 < o0s(C m™2) <
0.1525.
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the appearance of a third peak at ~ 4-4.5 A from the graphene surface, which moves closer
to the surface as the graphene surface-charge increases in response to the stronger wall-polyion
interactions and the related counterion condensation. However, the most revealing feature in this
plot is the size of the electric field “barrier” [E(2g) — E(0)], represented by the first peak of E(z)
that signifies the occurrence of the SCA phenomenon. Interestingly, the oscillatory behavior of
E(z) translates into an SCA phenomenon even for the case of an uncharged surface, o5 = 0, for
which the electric field “barrier” [E(zg) — E(0)], _, takes the largest value. Yet, a more revealing
way to look at the SCA and related phenomena is by plotting the normalized screening strength
J(2) in figure @, and observe the three distinct regions described by equations (Z7)-(23). Note
that the SCA signature in our system is revealed by the prominent first valley J(zg) < 0 that
disappears as o5 — 0.1525 C m~ 2.
The results in figures [H4l suggest that
15 the observed SCA must be associated with
Hw | the competing adsorption of water, hydrated
10 : ions and poly-ions onto the graphene layer.
5 .f'\ -~—total contribution This competition is obviously absent in the
/ i Yy case of primitive models where the contin-
i

7 ACE \"\. - uum solvent plays the passive role of a di-
5 1‘ !"f \-\ !-‘t X electric screener of the electrostatic inter-
-‘ i \/ actions, i.e., there is no inhomogeneous in-

10 ow | 14 terfacial solvent distribution due to its in-
teraction with the solid phase. In order to
5 25 3 35 4 45 5 5.5 /6 shed additional light onto the SCA mecha-
s nism, and concomitant CR and CI, in fig-

i ure B we plot the individual contribution

of each charged site to the charge-density
# P profile for the representative surface-charge
/ // = . os = 0.0508 C m~2. From the zoomed in
portion of this picture it becomes clear that
the oxygen and hydrogen sites of the first
layer of adsorbed water are the sole con-
tributors to the first peak and valley of the
charge-density profile, and consequently, to
5 the SCA peak in figure[3l Note also that the
65:0-05080{1[1 : hydrated lithium ion makes an additional
, , , ; positive contribution to the second peak of
2 4 6 8 10 12 the charge-density profile pg(2), whose main
z(A) contribution comes from the balance be-

tween the oxygen and hydrogen sites of the
innermost (adsorbed) water layer. Moreover,
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Figure 5. (Color on-line) Individual species contri-

butions, g;pi(z), to the axial profiles of the charge . .
density, po(z), for the graphene/fluid interface while the sulfonate groups from the inner-

when the fluid is an electrolyte-polyelectrolyte so- mOS.t PE backbones make the main contri-
lution with a surface-charge of o5 = 0.0508 C m~2. bution to the second valley of pg (2), a bal-
ance between the charged sites of water and

the sulfonate groups define almost exclusively the third peak.

4. Concluding remarks

We have performed a molecular dynamics simulation study of the interfacial behavior of short-
chain lithium polystyrene-sulfonate aqueous solutions in contact with positive-charged graphene
surfaces, in the presence of barium chloride, to highlight the central role that the discrete nature
of the solvent plays in the occurrence of surface charge amplification. In contrast to other recent
studies [5-10, 18], here we have used explicit and realistic descriptions of the solvent water, the chain
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backbones, and the ionic species in solution that allowed us to unravel the mechanism underlying
the screening of the surface charge by the surrounding aqueous environment.

In particular, the simulated interfa-

cial structures indicate that the SCA re-

sulting from the adsorption of short-chain

5 A AR M | i polystyrene-sulfonates onto charged sur-
6=0.0508C/m” | |
] {

| faces originates in the induced orienta-
| tional structure of the interfacial water,
where the water’s hydrogens and oxygens
lay in parallel planes with opposite den-
sity charges, aided by the adsorbed poly-
electrolyte chains and condensed counteri-
ons, though contributing only marginally
by enforcing the system electroneutrality.
Consequently, the magnitude of the SCA
depends mainly on the relative overlap-
; ping of the distribution of the hydrogen-
T35 4 45 5 55 6 and oxygen-site charges (see figure [0]),

z(A) which in turn, is controlled by the tilt an-
gle 6(z) (figure)). In other words, the sol-
vent (water), rather than the ionic species,

g (2)

(351
i
v

Figure 6. (Color on-line) Individual species ax-

ial distribution functions, gi(z) = pi(z)/p™*, for becomes the major player in the SCA phe-
the graphene/fluid interface when the fluid is an nomenon; water mediates the interactions
electrolyte-polyelectrolyte solution with a surface- of all species with the charged surface, i.e.,
charge of o, = 0.0508 C m~2. the ions are adsorbed as hydrated species.

This scenario highly contrasts with that
from SCA phenomena observed by theory [1 15, 6] and simulation |8, 19, 18, [19] involving primitive
models, where a continuum dielectric describes the solvent in the screening of the Coulombic in-
teractions. Yet, we can draw some common features between the two scenarios by recognizing that
when the solvent water is described atomistically as an electroneutral set of bonded charged-sites,
it plays the same role as any charged species in the system, except for its ability to solvate the
species due to its polar nature that hinders other species from approaching the surface. Conse-
quently, while our analysis suggests an SCA mechanism similar to that proposed originally by
Jimenez-Angeles and Lozada-Cassou [1] (e.g., see insets of their figure [2)), we must highlight some
significant conceptual differences with the latter, namely: (a) the magnitude and asymmetry of the
charges involved in our system are much smaller, i.e., gu, = 0.4238¢ = —0.5¢0,, in comparison to
gu = —40e = —20¢q; = 40q_ in reference [1], resulting in a charge asymmetry of 2 compared to
20 in reference [1], and (b) in our case the partial charges on the sites of the electroneutral polar
solvent are linked by the intramolecular O — H bonds, i.e., they are correlated by construction.

While we have tackled the specific case of SCA when o4 > 0, a similar phenomenon can in
principle happen for o5 < 0 (e.g., see figure 4 (c¢)—(d) of Wang et al. [8], and figure 4 (b) of Tanaka
and Grosberg |19] which was not recognized as such until recently |7]). Following a similar analysis
as for equations (Z7)—(29), their counterparts for the case of o5 < 0 become,

(a) surface-charge amplification (SCA), i.e.,

Z®
log| > |os] >0 — /pQ(z)dz <0 = J(zg) <0 (4.1)
0
(b) charge inversion (CI), i.e.,

Z®
los| > log] >0 —  |os| > /pQ(z)dz = J(ze) < 1; (4.2)
0
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(c) charge reversal (CR), i.e.,

Z®

o >0 — Jog| < /pQ(z)dz — J(zg) > 1. (4.3)
0

Thus, according to equations ([Z7)—(29) and I)—-(E3)), the general conditions for the occur-
rence of SCA, CI and CR for an arbitrary surface charge o5 2 0 can be described as follows,

(0g0s) >0 with |og| > |os] — SCA, (4.4)
(0gos) >0 with|og| < |os|] — CI, (4.5)
(0gos) <0 with|og| 2|os] — CR. (4.6)

We should mention that Tanaka and Grosberg [19] analyzed the ion adsorption/condensation
onto macroion surfaces by molecular dynamics of primitive models and described the over-screening
of the negative-charged macroion as a “giant charge inversion”. In particular, we note that their
figure 2] dealing with a Q(r = 3a)/|Qo| = 2.5 and Qy = —28e does not portray a CI as claimed
but a CR phenomenon, i.e., —Q(r ~ 3a)/Qo ~ J(3a) > 1 according to equation [@3]), where the
same conclusion can be reached by Guerrero-Garcia et al.’s |3] analysis involving their equation (5).
Likewise, the behavior described in Tanaka and Grosberg’s figure 4 (b) for Q(r ~ 8a)/|Qo| ~ — 0.6
and Qp = —28e does not describe a CI but an SCA phenomenon because — Q(r ~ 8a)/Qop ~
J(8a) < 0 according to equation (@3] and in agreement with Guerrero-Garcia et al.’s analysis [3].

Our analysis should be put in the context of, and in contrast against, the recent developments
dealing mainly with primitive models. Since we are dealing with an explicit atomistic description of
the solvent, our results point immediately to some yet unexplored issues including, (a) the potential
effect of the water’s flexible geometry on the strength of its adsorption on the grapheme surface
and on the resulting charge screening, (b) the effect of confinement as a result of the overlapping
of two approaching aqueous-graphene interfaces, and (c) the existence of a similar mechanism for
the negative SCA involving the corresponding poly-cation species. Note that the proposed SCA
mechanism is in principle independent of the involved water model, though the strength (and width
of the surface-charge window in which SCA occurs) might depend on the water model chosen. In
particular, we should expect a clear model dependence when comparing the simulation results from
a rigid against its flexible geometry counterpart.
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A.A. Chialvo, J.M. Simonson

MonekynapHuin MexaHi3m 30i/ibLUeHHS MOBEPXHEBOro 3apaay i
cCrnopigHeHi sBULLAa Ha MeXi po3ainy BOAHUIA
nonienexkrponit-rpadpeH

AA. Kiansd¥, 1x.M. CimoHcoH2

1 Bipnin ximivyHnx Hayk, HauioHanbHa nabopatopis Oyk Piox, Oyk Pigx, TeHecci, CLUA

2 Bignin mocnimkeHb HEWTPOHHUM PO3CisHHSAM, HauioHanbHa nadopatopis Oyk Pimx,
Oyk Pipx, TeHecci, CLLA

Y cTaTTi HaMW PO3MMSHYTO HEJABHO BUSIBNEHE siBULLE 36inblUeHHs noBepxHeBoro 3apsay (3M3) [Jimenez-
Angeles F. and Lozada-Cassou M., J. Phys. Chem. B, 2004, 108, 7286]. MeTo40M MONEKyNsipHOI ANHAMIKM
NpoBEAEHO MOJENOBAHHSA BOOHNX PO3YUHIB €NEKTPONITIB 3 BaraToBasieHTHUMM KaTioHamu, o nepedy-
BalOTb Y KOHTaKTi 3 rpadeHOBUMMN CTIHKaMK; BOAY B MOAENOBaHHI NpeACcTaBNeHO IBHO 3 BUKOPUCTAHHAM
peanicTMyHoi MonekynsapHoi mogeni. Hamu nokasaHo, wo ssuwe 3M3 B TakMx cnctemax, Ha BigMiHy Big,
NPUMITUBHUX MoAesield, He BKJIIOYAE Hi KOHTaKTHOI KOaacopOLii HeraTMBHO 3apsiXKEHMX MaKpPOIOHIB, Hi
[BOBaJIEHTHUX KaTiOHIB 3 BE/IMKOIO aCUMETPIEID Y pOo3Mipax Ta 3apsgax, sk Le BUMaraeTbCs y BUMNaLKy
MofAenen 3 po3vMHHUKaMu1, NpeacTaBieHMu sk cyuinbHe cepegoBule. Hacnpasgai edekT 3M3 nposiBns-
€TbCS 3a paxyHOK B1BipkoBOi aacopObuii BoAmM (Hepes riapaToBaHi ioHW) 3 HanNpPsIMKOM AMUMONiB, OpiEHTOBA-
HUX TaKMM YMHOM, o6 MigCuoBaTH, a HE eKpaHyBaTV NO3UTUBHO 3apPsSiAXKEHY MOBEPXHIO rpadeHy.

Knio4oBi cnoBa: mMosiekysisipHe MOAEsIoBaHHsI, Mexa po3aisly piauHa-TBepae Tislo, BOAHI
r1o1ieneKkTpoiTv, 36ibLLIEHHS MOBEPXHEBOIro 3apsiAy, 3apsAoBa iHBEpPCis | peBepcyBaHHSs
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