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We present a simple classical method for treating charge mobility in met-
als adjacent to liquid solutions. The method, known as electrode charge
dynamics, effectively bridges the computational gap between ab initio cal-
culations on small metal clusters and large-scale simulations of metal sur-
faces with arbitrary geometry. We have obtained model parameters for a
copper (111) metal surface using high-level quantum-mechanical calcu-
lations on a 10-atom copper cluster. We validated the model against the
classical image-charge result and ab initio results on an 18-atom copper
cluster. The model is used in molecular dynamics simulations to predict
the structure of the uid interface for neat water and for aqu eous NaCl so-
lution. We nd that water is organized into a two-dimensiona | ice-like layer
on the surface and that both Na* and ClI are strongly bound to the cop-
per. When charging the metal electrode, most of the electrolyte response
occurs in the diffuse part of the double layer.
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potentials, copper (111) surface, water

PACS: 61.20.Qg, 61.20.Ja

1. Introduction

Increased understanding of the interface between metalsdalquid solutions (i.e.
the electrochemical interface) is vital for the design andriprovement of catalytic,
corrosive, and electrochemical systems. The con guratiasf liquid species at the in-
terface is intimately connected with mechanistic pathwaysf ion adsorption, metal
dissolution, and metal deposition. Atomically detailed snulation techniques such
as molecular dynamics have yielded insight into these kindg problems. Simulati-
ons have been used to predict the adsorbed water orientationic distributions,
ionic transport coe cients, atomically resolved electrotatic potential pro les, and
interfacial di erential capacitance [1{6].

Accurate molecular simulations of an electrochemical intiace depend on the
quality of intermolecular potentials between species. Rt work has resulted in ad-
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equate interaction potentials between species in bulk liggi electrolytes, however
the potentials suitable at a metallic interface are less wetstablished. For an inter-
molecular potential to be suitable for use in large-scale MBimulations, it should be
computationally inexpensive. In this work we focus on obtaing and using accurate
but inexpensive potentials between solution species andethmetal. Two common
ways of treating a charged species interacting with a polaable metal are (1) the
image-charge method and (2) the use of pairwise additive aratomic potentials
obtained from ab initio calculations. Both of these approximations have been used
to simulate large atomically discrete systems [7{10].

The image-charge method is based on an analytic solution t@mBson's equation.
When a charged particle approaches a conducting surface piblarizes the surface,
resulting in an attractive force. The induced potential eld outside the metal is
perfectly mimicked by placing an image point charge beneattine surface of the
metal. For a planar interface the image charge is equal and ppsite to the \real"
charge and is equidistant to the interface. In a molecular mulation that uses im-
age charges, all real and image charges interact with eacthet. Due to its classical
continuum derivation, at long range the method correctly rproduces the Coulombic
potential between a point charge and a semi-in nite metalti surface. However, when
the charge is within about 3A of the surface the method overpredicts the strength
of interaction and does not resolve important atomic-levealetails and spatial non-
uniformities. For example, the image-charge method predgthe same interaction
energy for positive or negative charges, and does not di eriate between surface ad-
sorption sites. Moreover, the method requires an ambiguoaslection of the location
of the image mirror plane. Spohr and coworkers partially reedy these di culties
by incorporating an additional species-surface interatoim potential to account for
the surface corrugation [7].

An alternative is to assume that the potential energy betweaea molecule and
the metal surface is well represented by the interaction bseen the molecule and a
small metal cluster (typically 10{20 metal atoms). The advatage of this method is
that the molecule-cluster interaction energy can be obtaed by quantum chemical
calculations. In a re nement to this approach, the molecukleluster interaction is
decomposed into pairwise atomic interactions that can thelme used for the molecule
interacting with a much larger metal surface during simulabn [3,8]. The primary
drawback of this method is that it neglects multibody chargénduction in the metal,
which will be signi cant in liquid simulations due to the high density of charges next
to the metal. This is in addition to concerns about the assuntmn that a small metal
cluster accurately represents a surface [11].

In addition to the two above highlighted treatments of charg@ dynamics near a
metal surface, Allen et al. [12] and Boda et al. [13] have ddeped and implemented
induced charge computation methods. These recent methodba for image-charge-
type results with geometries other than a at surface, and ths parallel some of the
advantages we claim for this work.

We present here a simple method, termed electrode charge dymcs (ECD), that
reproduces the image-charge result at long range and matshguantum chemical
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calculations at short range. ECD is superior to using only pavise additive potentials

or image charges or a combination thereof. In particular, EQ is easy to use for
irregular surface geometries. In the sections that followewnrst describe the method
and then validate it by comparing ECD with other calculatiors. We conclude with
MD simulation results for an aqueous NacCl electrolyte and ¢ water next to a

planar (111) copper surface.

2. Methodology

The electrode charge dynamics method is based on a simple mbdf charge
density in the metal, shown in gure 1. Metallic conductionband electrons are free
to move in response to Coulombic forces originating withinral without the metal,
resulting in regions of increased and decreased electromsig.. We represent the
conduction or valence electrons throughout the metal with di use negative charge
located at each metal atomic center of variable magnitudg’. A xed positive point
charged’ is co-located at each center to represent the nucleus and ealectrons.

A

nucleus and core
electrons

valence
electrons

Figure 1. Charge on each metal atom.

Each di use charge is modeled with a Gaussian charge-derysdistribution,

(n=4q 7 Pexp P ; (1)
wherer is the distance from the atom center and; is an inverse-width parameter.
We treat charge mobility in the metal by allowing each di usecharge magnitude
to uctuate in response to its environment. More speci cal, each g’ changes so
as to minimize the electrostatic energy or equivalently toaiilibrate the chemical
potential for ¢’ at each atom. The uctuation in g’ is subject to two constraints. The
rst constraint is that @' 6 O, corresponding to a limit on the depletion of electron
density from a given atom. The second constraint is a xed t@tl chargeQy in the

simulated metal:
xn

@'+ o) = Quor ; ()
i=1
where the sum is over all metal atoms.
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At this point we note the similarity between our model and thecharge equili-
bration schemes developed by Rappe and Goddard [14] and Ri&tuart, and Berne
[15]. In these models as well as in our model there are two askjable parameters per
unique charge site. In this case, since the metal surface @wposed of only one kind
of atom, there are only two parameters (herg® and ) that characterize the polari-
zation behavior of the metal. The explicit division of the chrge into core and valence
charges is unigue to this work and leads to di erent behavioior short-range inter-
actions. We also note our model's classical resemblance ke tquantum-mechanical
approximations used by Price and Halley [16].

To obtain the magnitude of the di use charge at each electragatom, we mini-
mize the Coulombic potential energyJ of the metal subject to the constraints. This
can be done analytically using Lagrange's method of undetemed multipliers. The
Lagrangian to be minimized is

xXn X
L=U @'+ ) Qo iq’; (3)

i=1 i=1
where and ; are undetermined multipliers, and

_1X]X1VV )<nX1VC l)@)@ CCl X1vset .
U—E qqCj + qqcij"'é qqr+ Q" 7+ U (4)
i=1 j=1 i=1 j=1 i=1 j=1; I i=1
i6i

Cj and C; are Coulomb overlap integrals given by

erf( rij) . erf( iry)
Cj = 4r-|-1 = Cj = _r..l = ()
i i
with § = ( 2+ ;?) ¥ Ues is the Coulomb energy from interactions of the

electrode charges with charges external to the electrodée®! is a user speci ed o set
potential or voltage that permits a voltage di erence to be maintained between two
portions of the electrode.

According to the Kuhn-Tucker conditions for Lagrangian prblems with inequali-
ty constraints, the solution should satisfy

@ _@u
@y @n

with ; positive when @’ is not negative or ; zero whenq’ is negative. In this
scheme, ; acts as a switch to maintain the inequality constraint thatq’ should
be negative, and corresponds to the total-charge equality constraint (equimn 2).
This is a linear minimization problem and can be solved by mak inversion at
each time step throughout the simulation. If there are very mny metal atoms, the
computational cost of inversion can become excessive. (Fothorough discussion of
solving large linear sets of equations see reference [1Thgrefore, we have chosen
an alternative implementation.

i =0; (6)
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To avoid the CPU-costly matrix inversion at each step, we trat the diuse
charges as dynamic degrees of freedom that respond to fortiest decrease the
value ofL. This is very similar to the way in which the solution partickes seek out
the energy minima of phase space. We assign each di use cleagy ctitious mass
mq, as well as a charge \velocity"v;. Each @’ is forced down the gradient in the
LagrangianL while the \temperature" of the di use charges is kept near z@. In
this way the di use charges in the electrode are e ciently héd near the electrostatic
energy minimum at a signi cant computational savings over ratrix inversion. Note
that the particle and charge degrees of freedom are coupled e charge in the
metal responds to the structure of the uid. For this reason eparate thermostats
must be applied to the particle and charge degrees of freedamorder to maintain
them at di erent temperatures.

The di use charge and its velocity are propagated using theoflowing equations
of motion:

a’ = v : (7a)
Vi =

oo (7b)
Mq

where over-dots indicate time derivatives., given by

1 X
n @+q) Qu (8)

j=1

is an additional parameter to correct long-term numerical dift in the total charge

of the electrode. is the time constant equal to about 100 timesteps. Long-term
drift is possible because it is thederivative of the total charge constraint that is
incorporated into the form of the forceF; on each charge. Since we use the Ewald
sum to account for long-range Coulombic interactions, it ismportant to control
charges closely in order to maintain cell neutrality. is an integral-feedback control
variable that maintains the average charge temperature at aet point Tq. Using a
Nose-Hoover temperature-control scheme [18], the equati of motion for is

Tq 2 ( )

where T, is the temperature setpoint { we nd that 5 K works well. The instanta-
neous charge temperature is

Tg= —+ V% (10)
where kg is Boltzmann's constant. In fact, the choice of mass, is tied to the

choice of T, and the timestep, in order to maintain numerical stability. We use
Mg = Kg Tq(10 pse))*.
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The force on each valence charge is

L an)
Fi= = i 11
N
where ;, the chemical potential for valence chargg is
@UuU X X @l
P = = P = Cij qv + Cij qc + + ;set - (12)
@4 j=1 j=1 @4

Recall that ; is the Lagrange multiplier that acts to constraing’ to be negative or
zero. This inequality constraint acts like a hard wall for chrge degrees of freedom.
When using continuous dynamics, a softer repulsion is deslle and so we set

\4
= kBquXp q_ :
Q Q
which acts as an exponential barrier withQ = 0:01j€j being a sti ness parameter.
To summarize, when charged species approach the electrotthe, di use charges
in the electrode adjust to minimize the energy, or to equilitate the chemical po-
tential ; for valence charge at each metal atom. To this point the disssion has
focused only on charge-charge interactions that represegitoss polarization of the
metal conduction-band electrons. In addition to this, eldcon exchange and corre-
lation e ects, manifested at short range as a Pauli repulsipand at long range as
a dispersion attraction, must be included to properly repreent the solution-metal
interaction. We therefore incorporate pairwise van der Wdsa potentials tted from
guantum-mechanical calculations. That procedure is dissged in the next section.
Validation of the model is given in section 4 and model predions are given in
section 5. Nevertheless, for e cient use of space some of tlgures include at the
same time the t, validation, and predictions of ECD.

(13)

3. ECD parameter tto Cu 10 ab initio data

We have applied the ECD method to a copper (111) electrode $ace. In this
section we report the van der Waals parameters for water, dride, and sodium ion
interacting with a copper surface, in order to supplement i Coulombic interactions
from electrode charge dynamics.

It should be clearly understood that in the tting of the van der Waals potentials,
Coulombic ECD interactions were not t. Thatis, and ¢ are characteristic of the
metal and not a function of the approaching species. and ¢ for Cu were chosen
to be 0.816A ! and 1jg respectively, based on the following rationales. We chose
g° =1 jg as this results ing” = 1 jg, on average, corresponding to 1 conduction
electron per copper atom. If the electrode, a face-centeredbic copper crystal with
lattice constant a, = 3:61496A, is modeled as a free-electron gas, the Fermi wave
vector ke is equal to 1.36A 1. At the Fermi level the probability that an available
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electron energy state is occupied is one-half. If we transfo the ECD di use charge
density (equation 1) to Fourier space and equate the probdity that a given wave
vector is occupied to the magnitude of the Fourier coe ciens, we can relate
to ke according to 2 = exp[ k2=(4 2)]. The resulting value of appears to be
reasonable: the overall valence charge density undulatesaothly over the electrode
and yet large local charge variations are possible due to ttiact that the di use
charge on each copper is con ned mostly to the volume withinhe Weigner-Seitz
radius (1.41A) [19].

Ab initio scans (energws. distance) of molecular and ionic interactions with
copper clusters having an exposed (111) plane have been perfed to obtain accu-
rate Cu-species interactions. The calculations were perfoed with GAUSSIAN98
[20] at the MP2 level of theory for a ten-copper-atom (Cg) cluster interacting re-
spectively with sodium cation, chloride anion, and water. Btails can be found in
reference [21] on the water-copper scans as well as the syditence basis set used
for copper for all the calculations here. The basis set 631 + G* was used for both
sodium and chloride. On-top, bridge, and hollow routes [21jere probed in the case
of chloride, whereas only the on-top site was calculated \itsodium. In all of the
ab initio results presented here the counter-poise (CP) correctios not included
because the basis-set-superposition error (BSSE) is largarticularly for chloride,
and the CP method may overcorrect BSSE in the case of metal sters.

Three parameters were regressed for each site (H, O, Cand Na') interacting
with copper atoms by tting the modi ed-Morse potential,

u(r) = 1f1 exp[ Ar )] ;
to the di erence between theab initio and ECD Coulombic interactions. The SPC/E
water geometry and charges [22] are used for ECD calculatooand simulations.

The resultant modi ed-Morse parameters and the atomic paral charges are given
in table 1.

Table 1. Interaction parameters with Cu metal.

@) H Cl Na*

, kJ/mol 5.000 | 0.8430| 29.42 | 10.98
A AL 1.350 | 1.303 | 1.409 | 0.9872
r,A 2.890 | 3.302 | 2.767 | 3.741
Gie;]6 | {0.8476 0.4238[ {1.000| 1.000

Shown in gure 2 are theab initio data points and the ECD results for CI
approaching a Cuyp cluster over the on-top, bridge, and hollow sites. The sum of
the ECD Coulombic and tted van der Waals potentials agree ug well with the ab
initio results in both the repulsive and attractive regions (suchraagreement is not
guaranteed even with three adjustable parameters). The aggment is also good for
the calculations of Nd approaching the on-top site of the Cy, cluster.
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Figure 2. ECD and ab initio potential energy as a function of distance from the
Cujo (111) plane for CI .
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Figure 3. Interaction energy of water with copper clusters of diering size for
three unique water approaches. Distances are measured frothe oxygen normal
to the copper centers in the exposed (111) plane.

Figure 3 shows the sum of Coulombic and tted van der Waals pentials versus
the ab initio data for three orientations of water approaching the Ci cluster.
Nine unique routes were calculated, but only three repredative routes are shown.

342



Simulating an electrochemical interface

Figure 3 (a), (b), and (c) represent the average, best, and v&i ts, respectively, of
our model to the water-Cuyg potential scans. (Also shown are validation results with
Cugg clusters and predicted results for larger clusters; thesalWbe discussed shortly.)
We suspect a source of the di culty for ECD here is our use of thrigid (with respect
to geometry and dipole moment) SPC/E model of water, for theake of simplicity.
While the ts are not as good with water as with the ions, we sti conclude that
ECD combined with a van der Waals potential satisfactorily eproduces theab initio
data.

Of the nine routes (hydrogens up, down, and parallel approlhing the on-top,
bridge, and hollow sites), the hydrogens parallel over thenetop site are the most
energetically favorable as predicted by thab initio uncorrected MP2 results [21].
The ECD and van der Waals t gives the most favorable route ashe hydrogens
parallel over the bridge site. Both of these results agreetirecent DFT calculations
on platinum [23] and silver [24] that show the most favorablevater orientation to
be the hydrogens parallel to the surface. Authors of both stlies state that the
high-energy p atomic orbital on the oxygen originating fronthe lone pairs interacts
most strongly with the metal surface. The p orbital's highesdensity is lateral to
the plane containing the oxygen and two hydrogens.

4. ECD validation

The ECD model for copper correlates reasonably well the quam-mechanical
interaction potentials of Na“, Cl , and water with a small Cuyg cluster. In essence
we use the ECD method and associated van der Waals potentials an extrapolation
scheme to obtain inexpensive interactions between specasl large metal surfaces.
We seek to validate and test the ECD copper-surface model bgroparing its pre-
dictions to image-charge results at long range and to largetuster calculations.

Ab initio data have also been obtained for a Gyl cluster [25]. We compare the
ab initio and ECD predicted energies of chloride, sodium, and water area Cug
cluster. We also showab initio and ECD results of a hydrated sodium atom near
the Cuyp and Cug (111) cluster surfaces. ECD reproduces the image-chargsul
at long range and successfully predicts thab initio energies at the larger cluster
size.

4.1. ECD and image charges

As stated previously, the simple image-charge potential nectly reproduces the
energy of a charge interacting with a metal surface at long mge. It is not possible
to use the ECD method for a true semi-in nite metal. Therefoe we compare the
ECD model result with the theoretical (image-charge) restlfor a point charge
approaching a sphere of in nite dielectric constant.

In the ECD calculation, a negative and a positive unit chargere separately
brought toward a neutral spherical cluster of simulated cqper atoms. The distance
from the central copper in the spherical cluster to the outemost copper was less
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than 7 A with 135 coppers in the cluster. The nearﬁgt neighbor distaes in the
cluster correspond to the bulk fcc lattice, namelha,= 2. On the other hand, the
energy of interaction of a point chargeg with a neutral sphere of in nite dielectric
is Fa
2r2(r2  a?)’
where a is the sphere radius and is the distance to the external charge from the
center of the sphere.

u(r) = (14)

U, kJ/mol
T

O neg. charge ECD
+ pos. charge ECD
— image E

] ] ] H
5 10 15 20
r-a,!

-100H
0

Figure 4. Comparison of ECD with image-charge method for a spherical @pper
cluster of e ective radius a = 7:27 A. Inset shows negative charge at position
r a = 5:73 A with cluster atoms shaded according to net charge: black is
positive, white is negative, and gray is neutral.

Figure 4 shows that the predicted ECD Coulombic energy agrevith the image-
charge result atr a distances greater than about A. Radius a was adjusted until
the ECD and image-charge results agreed at the furthest dapamint from the sphere,
resulting in a = 7:27 A. This value is consistent with a cuto radius that could
generate the corresponding cluster of 135 discrete atom&io®n in the gure is the
fact that the ECD routine predicts unique energies for the psitive and negative
unit charges at close range. Inset in the gure is a represaiion of the copper
cluster when a negative charge is at distanae a=5:73 A. Each copper is shaded
according to its net chargeg® + @', where black is positive, white negative, and gray
IS neutral.

4.2. Cluster-size results with ECD

Figures 3 and 5 show (among other things) thab initio results for a Cug cluster
[25] with water, CI , and Na". Due to the large computational expense, only a few
points could be calculated. The same level of theory and basiets as with the Cyy
cluster are used. Distances are measured normal from the fawe Cu nuclei to the
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Figure 5. Interaction energy of chloride and sodium with copper clusers of dif-
ferent size. The ions approach the on-top site of the (111) @ne in all cases.

oxygen, chloride, or sodium. The corresponding ECD predions compare well with
the ab initio results in terms of relative displacement of the potentialrdm the Cuyg
results. In particular, there is excellent agreement betvesm the Na~ and Cl {Cug
ab initio and ECD result. Note that this is a purely predictive result without any
re-parameterization. We conclude that the ECD model corrélg predicts cluster size
dependence.

4.3. ECD and ab initio results for hydrated-sodium clusters near copper

We have also compared ECD model predictions @b initio results for hydrated
Na* near a Cug and Cug (111) surface, shown in gure 6. Calculations were per-
formed for sodium only due to computational ease and becauge BSSE is much
smaller than with chloride.

For the Cuyo cluster, sodium is hydrated with one to ve waters. In the cas
of Cug, one or two waters surround the sodium. A. Karttunen and T. Pkkanen
calculated the optimum geometry of the system at the Hartre€ock level and the
nal energy at the MP2 level of theory [25]. In the geometry opmization, all waters
were allowed to move freely while Namotion was restricted to the direction normal
to the surface. Na was placed directly over an on-top and a hollow site for the
Cuyp and Cuyg clusters respectively. The optimized hydration energy ohe isolated
sodium-water clusters were also computed. The energieseagivin gure 6 are the
energies of the hydrated ion near a copper cluster, relatite an isolated copper
cluster and isolated sodium-water cluster.
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Figure 6. MP2 ab initio optimum and ECD energies as a function of the number
of waters near a sodium ion. Geometries were optimized usingartree-Fock level
of theory in the ab initio case. The sodium is above the on-top and hollow site
for Cuyg and Cusg respectively.

As shown in the gure, the same calculations were performedsing the ECD
method, but the oxygen and sodium positions were taken frorhé ab initio geometry
optimization. We used SPC/E [22] water in the ECD calculatios and located the
SPCJ/E hydrogens as close as possible to tlad initio hydrogens. For the energy of
Na* interacting with the water we used the parameters of sodiumation found in
reference [26].

Although not shown in gure 6, the sodium hydration energy othe ECD and the
uncorrectedab initio calculations agree within 4% in all cases. While the energien
the presence of the copper surface for the two techniques gare less well, the ECD
model correctly predicts the energetic trend with increasg water. The qualitative
change in the ECD curve when 4 and 5 waters are present can berdsed to the
fact that 1 and 2 waters, respectively, are located betweehd sodium and the metal
surface. Theab initio geometries show these waters to be distorted (HOH bisector
angle is 105) from the geometry of the other hydrating waters, which more
closely resemble SPC/E water. The fact that the ECD model d®enot reproduce
this geometry distortion, in addition to discrepancies inthe water-copper interaction
are the sources of the inaccuracies in gure 6.

5. ECD predictions

In the previous section we showed that ECD does reasonablylwea predicting
the energies for situations in which it was not parametrizedHere we discuss the
ECD predictions of Na, Cl , and water on the (111) surface of copper clusters
with 160 and 430 atoms-cluster sizes that are far from acciss to fully ab initio
calculations. We also show molecular dynamics simulatioresults using ECD to
simulate pure water and an electrolyte solution between twoopper electrodes.
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5.1. ECD large-cluster predictions

Also shown in gures 3 and 5 are the ECD results with clustersfsize 160 and
430 atoms for Na, Cl , and water. These large clusters are circular-disk in shape
and have two metal layers with the (111) plane exposed. At tise sizes, the interac-
tion energy at the energy minimum is about 60% Coulombic fohe ions and about
30% Coulombic for water (hydrogens up, on-top), with the reainder of the energy
due to van der Waals site-site interactions. Note that the ED interaction energy
for water converges at a cluster size around 160 atoms whilerauch larger cluster
size is necessary for the ions. ECD predicts the most favotabwater orientation
to be hydrogens parallel for the Cy, cluster, but for Cuysg there is slightly greater
preference for hydrogens up with oxygen on the bridge sitehit prediction is consis-
tent with the conventional picture that water chemisorbs tocatalytic metal surfaces
preferentially through the oxygen. Interestingly, this sikft in behavior with cluster
size, as predicted by ECD, could help resolve discrepanciestween experimental
results for extended surfaces and small-clusteb initio calculations.

5.2. MD simulation details and results

The ECD model developed for the copper interface was empldya a series of
preliminary molecular dynamics simulations to gain insighinto the adsorbed water
structure on the (111) copper surface as well as the surfaceds&um and chloride
densities.

Lx

Figure 7. 3D representation of simulation cell with metal atoms on both sides
and a single water molecule, shown to indicate scale, locatein the middle of the
uid region.

5.2.1. Simulation details

We simulated a sodium-chloride aqueous solution betweenawopper electrodes
at various voltages and two di erent ionic concentrations.The copper electrodes
were each 5 layers thick, with the (111) plane exposed. SPCikater is used as the
solvent and the ion-ion and ion-water potentials are givemireference [26]. The cell
dimensions are 97.7, 20.45, and 22.2in the X, y, and z directions respectively,
for simulations with no ions and 1200 water molecules. Sinasions with ions were
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conducted in a cell of dimensions 101.5, 28.12, 30A%ith 80 sodium cations, 80
chloride anions, and 2340 water molecules. Metal atomic pioens were xed during
the simulations, with 800 and 1540 total copper atoms for themaller and larger
cell, respectively. Shown in gure 7 is the larger cell georrg with a representative
water molecule shown in the middle of the cell.

In fact, because of periodic boundary conditions, the two ettrodes are joined
across the boundary and form one metal slab. The o set poteal ¢ in equation 4
allows us to set the voltage of the two electrode halves at dirent relative values.
In every simulation the total charge on the combined electde is zero. The total
charge in the uid region is also zero. The charges in the etezdes adjust so as to
maintain the voltage di erence, as well as to respond to lotaeld changes due to
the liquid. Since they constitute constant-potential surdces, the electrodes behave
as a Faraday cage. That is, they shield the usual interactiom a 3-D Ewald sum
between periodic images of the unit cell in the direction namal to the electrodes.
E ectively, we obtain a 2-D Ewald sum at no additional cost. Hre, we use the P3M
method due to Hockney and Eastwood [27] to perform the Ewaleciprocal sum.

Each simulation run was equilibrated for 50,000 time stepf®ata were collected
after equilibration for 200,000 or 400 ps for each run unlessherwise stated. With
no ions present, 5 runs were simulated with 0, 1 and a 5 volt paitial di erence
between the perfectly polarizable electroded.€., no reactions are permitted) for
a total of 15 runs. For simulations with ions, 6 runs were sintated with 0, 0.5
and a 1 volt potential di erence between the electrodes for #otal of 18 runs. The
density of the water in the middle of the solution- lled regon is 54 M for electrolyte
simulations and 55 M for neat water. lon concentrations in t& middle of the cell
are around 1.7 M.
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Figure 8. Average charge on the copper layers for two dierent cases of
between electrode halves. Layers 1 and 10 are in contact witthe surrounding
neat liquid water. Error bars show the average of the standad deviation of the
charges, with the wider error-bar caps for case =0V.
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5.2.2. Simulation results

Shown in gure 8 is a graphical representation of the averageharge on the
electrode atoms as a function of the electrode layer when tieeis a 0 and 5 volt
electrostatic potential di erence between electrodes fowater only in the liquid.
Notice the charge dipole in the metal center that is requiretb generate the potential
di erence between the two electrode halves. This charge dife found at the location
of the step change in potential is in agreement with Poiss@'equation > =

= ). When ions are present in the solution with a zero potentiatirop across the
uid, the charge on the layer is equivalent to the charge withut ions but the standard
deviation of that charge is twice as large. The large averaggandard deviations in
copper charges for the surface layers indicate that theseydams respond most strongly
to the uctuating elds due to the uid, as we expect.
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250 (a) — oxygen
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Figure 9. Average species density pro les for (a) water sites and (b) ans versus
cell position for zero potential di erence between the eletrodes.

Shown in gure 9 is the oxygen and hydrogen density pro les fowater with
ions present and with a uniform electrostatic potential a@ss the electrodes. When
a 1-volt potential di erence is placed across the uid, the esulting changes in the
local water density are small and cannot be visibly distingahed. However, the
addition of ions to the solution does generate more noticel@bdi erences in the
density of the water nearest the surface as the contact-adbed ions displace some
of the adsorbed water molecules. As for the ion distributia) notable in gure 9 are
strongly adsorbed chloride and sodium ions on the surface,nearly equal numbers.
There is a second peak for chloride next to the rst, howevewyith no corresponding
sodium peak. This second peak is responsible for the small@mt of excess chloride
on the surface of the charge-neutral electrode. As with theater density pro le, the
ion surface density changes little with the imposed voltageetween electrodes; most
of the change occurs in the di use part of the double layer.
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Figure 10. Probability of the cosine of the angle between the surface nonal and
the surface adsorbed (within 3.5A of the surface) water dipole moment.

Figure 10 gives the distributions of water dipole orientatin in the surface-
adsorbed layer (within 3.5A of the surface) as indicated by the cosine of the angle
between the dipole vector and the surface normal. The eleotte potential dier-
ence is zero. The waters closest to the surface are stronghented with the dipole
moment parallel to the surface, with a slight hydrogen-up tedency. Although not
shown, this distribution is virtually unchanged under a 5 V ange of potential di er-
ence between the electrodes. To signi cantly orient the digde of the water towards
the surface would require a very strong electrode charge. A€onsequence, the ECD
model predicts a much larger barrier to ipping the surfacewater dipole than does
prior work with a nonpolarizable charged surface [1,5]. H@awer, the presence of
ions in solution is strong enough to create a noticeable digtion to the neat-water
dipole distribution.

The large surface density for water and narrow dipole distsution indicate that
the water is highly structured near the surface. To gain somasight into this phe-
nomenon, we rendered a snapshot of the rst and second layest water next to
the copper surface within a neat water solution. Figure 11 skvs a very ordered
two-dimensional rhombus ice-like structure in the rst layer. Although other inves-
tigators[1,8,28] do not see such a pronounced ordering ofetlurface layer, X-ray
spectroscopy and DFT results [29] suggest that the surfacelsorbed water forms
\ at ice". In our model's ice-like layer, the oxygen-oxygennearest neighbor distance
is about 2% smaller than the bulk liquid value of 2.7%. While there is a mismatch
between the surface-water lattice and the underlying coppéattice, it appears that
the waters somewhat prefer to occupy the bridge and hollowtss. This energetic
preference is in agreement with the results obtained by Pecand Halley [16].

Figure 12 is a corresponding snapshot with ions present. @nbne layer of ad-
sorbed water and ions is shown. Sodium cations are shown ira¢k and chloride
anions are shown in white. As expected, the ions disrupt theegular array of the
water near the surface. This is consistent with the ion-indred changes in gure 10.
Somewhat unexpectedly, both ions readily contact the addmr
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Figure 11. Snapshot of the rst two water layers on the copper surface fo a
simulation of neat water. The darker colored waters indicae the layer closest to
the surface.

Figure 12. Snapshot of the water orientation on the copper surface withions
present. Chloride is shown in white and sodium in black.

Shown in gure 13 are the electrostatic potentials as a funiin of position, with
and without ions present when the electrodes are the same patial. The convex
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shape of the electrostatic potential pro le in the middle ofthe cell indicates that
there is an excess of sodium ion away from the surface, or a pesitive ionic charge
in the middle of the uid (r 2 = = ). Apparently the simulation cell is not large
enough to contain the entire di use double layer. This is intark contrast to earlier

electrolyte simulations with static surface charges in thathe distribution of ions

and solvent generates a at potential pro le in the liquid within several Angstroms
of the surface [5].

10 | =

—— NaCl soln.
g |- | ——- water only

electrostatic potential, V

Figure 13. Electrostatic potential in the uid for NaCl solution (soli d line) and
water only (dotted line). The two systems have di erent cell lengths as indicated
at the right of the plot.

The reader may notice that the average ion densities in gur® and the elec-
trostatic potentials in gure 13 are not symmetric. This is amanifestation of slow
relaxation of the double layer that requires longer simul&n times than we used in
order to generate the expected symmetry in the average progies. Again, the hi-
ghly responsive charges in the electrode for the ECD modehteto stabilize charge
separation in the double layer to a much greater degree thara$ been observed
in prior simulation work. For example, with an electrolyte ketween electrodes at
the same potential, the average charge-density di erencestween the two electrode
halves averaged to +0.6 C/cm? over a 2.4-ns simulation.

Since the diuse region of the double layer is longer than hathe length of
the uid- lled region, di erential-capacitance calculations of the interface are not
reliable. However, we did calculate a cell integral capaaitice of 13 and 12 F/cm?
for the solutions with and without ions, respectively.
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6. Conclusion

We have developed a simple and robust method to treat the clger mobility in

a metal for use in molecular dynamics simulations. Electr@dcharge dynamics acts
as a bridge between small-scakb initio metal-cluster calculations and large-scale
molecular dynamics simulations of metal surfaces of arbéry geometry. Our use
of ECD to simulate a water-NaCl solution near copper electdes has revealed be-
havior with, in some instances, marked di erences from pricsimulation work. Our
simulations show the presence of a dense 2D ice-like rhomistizicture of water on
the surface that is relatively impervious to perturbation ly typical electrode poten-
tials/charges. The model also predicts that sodium and chimle ions are strongly
adsorbed to the copper surface at both positive and negatietectrode charge, but
that there is generally an excess of chloride associated fwihe surface. Based on the
potential pro le in the cell, it appears that the di use part of the double layer ex-
tends beyond 40A. Further work is required to assess the veracity of the sintations
with regard to double-layer properties and to re ne the intemolecular potentials.
Nevertheless, we believe the approach described here fesating metal polarizability
will permit more accurate representations of the electroeimical interface.
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