PACS 02.70.-c, 02.70.Ns, 61.20.Ja, 82.65.Yh

IONIC HYDRATION
NEAR A PLATINUM(100) SURFACE

K.HEINZINGER

Maz-Planck-Institut fur Chemie (Otto-Hahn-Institut),
D-55020 Mainz, Germany

Received September 4, 1997

In the Molecular Dynamic simulations reported here the flexible
BJH model is used for the description of water-water interactions.
The potentials for the interactions between ions and water, platinum
surface and water as well as platinum surface and ions are based on
ab initio calculations. It is demonstrated that the structural and dy-
namical properties of the ions and their hydration shells in the layer
adsorbed on the Pt(100) surface are significantly different from those
in a bulk solution. But the influence of the metal on these properties
is practically limited to the adsorbed layer.

1. Introduction

It seems to be straightforward to write down the potentials which describe
the interactions between electrolyte solutions and metal surfaces. At least
three contributions are necessary. Two of them — the repulsive and the
dispersion term — can simply be described by a Lennard-Jones potential.
For the third term — the Coulomb interactions — the image charge model is
available. It states that the Coulomb interaction between a charge and a
metal surface can be described in such a way that an additional charge with
the same amount but of the opposite sign is imagined the position of which
is determined as the mirror image of the original charge where the surface
acts as a mirror. This rule is not only valid for ions but also for the partial
charges which describe the dipole moment of the water molecule.

The simulation of water near a Pt(100) surface with such potentials leads
to disagreement with the experiment. The potential drop at a water metal
interface is a property which is easily measurable. Its value is 1.1 V for the
Pt(100) surface. This potential drop can also easily be calculated from the
simulation through the orientation of water molecules:

=20 [ 4z pue). (1)

Here p,(z) denotes the dipole density as a function of the distance z from
the surface. As the simulation leads to an orientation of the dipole moments
preferentially parallel to the surface and as the distribution of the orienta-
tions is found to be symmetric this means that the potential drop is equal
to zero, in contradiction to the experiment.

This discrepancy must result from the image charge model. It has two
weak points. Firstly, the metal surface is assumed to be uniform. This can
only be correct if a water molecule or an ion is sufficiently far away from.

the surface. As soon as the distance is reduced to only a few A then the
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water molecule or the ion will see the metal atoms itself and a corrugation of
the potentials is necessary for the correct description. Secondly, the image
charge model is not specific for a metal. The specificity of the metal can
only be introduced by ¢ and ¢ in the LJ potential. This does not seem to be
sufficient. In order to prevent these difficulties it appears to be reasonable
not to use the image charge model and the I.J potential but derive the total
potential from quantum mechanical calculations.

On the basis of ab initio calculations between a platinum cluster and a
water molecule [1] a potential was developed which has led to good agree-
ment with the measured potential drop [2]. The results of simulations with
such a potential in respect to the structure and the dynamics of pure water
between two Pt(100) surfaces have been reported in detail in [3,4]. Addi-
tional simulations with applied external electrical fields were performed [5].
The results of these simulations of pure water near a Pt(100) surface have
been reviewed recently [6]. In this paper results on the influence of the (100)
surface on the properties of a lithium and an iodide ion are reported.

2. Potentials and simulations

The atoms at the Pt(100) surface are arranged quadratically with a lat-

tice constant of 2.77 A (figure 1). For the ab initio calculations the metal
surface is approximated by a cluster
which consists of five atoms for the
y platinum-water and the platinum-Lit

and of nine for the platinum-I~ interac-
@*@"‘{}’“@ O tions [1,7]. The platinum atoms in the
(OHOHOHON0
O (DFOX0O

clusters are arranged according to the
() x o Pt(100) surface. In the five-atomic clus-
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corresponding numbers are five and four
(figure 1). The results of these calcula-
tions are presented in figures 2-4.
The

potential energy of water molecules de-
pends — besides on the distance from the
surface — also upon their position rela-
tive to the platinum atoms of the first

Figure 1. Sketch of the arran-
gement of platinum atoms in
the first (circles) and second
(crosses) layer of the Pt(100) sur-
face which coincides with the zy-
plane of the basic periodic cube
the border of which is marked by
dashed lines. Form and size of
the two clusters used for the ab
initio calculations are indicated.

layer and upon their orientations. It can
be seen from figure 2a that the poten-
tial energy is the lowest for a position
of the oxygen atom on top of a plat-
inum, atom of the first layer (t-position)
and an orientation where the dipole mo-
ment vector points away from the sur-
face. For the same orientation only a
small difference is found for relative po-
sitions where the oxygen atom is posi-
tioned between two platinum, atoms (b-

position) or between four platinum atoms (h-position) of the surface. Fig-
ure 2b shows that the adsorption energy is significantly smaller if — by
keeping the t-position — the dipole moment vector is directed towards
the surface. The potential energy for an orientation where the dipole
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moment vector is parallel to the surface is found between the other two

orientations in the whole distance range.

For this orientation the en-

ergy depends also on the angle between the plane of the water molecule

and the surface. For dis-
tances larger than about
6 A from the surface the
potential energy does
no longer depend on
the relative position and
the orientation of water
molecules. For such dis-
tances the image charge
model might be valid.
The corrugation of
the surface in respect to
the potential energy is
depicted in figure 3. For
the calculation of this
figure for each point in
the zy-plane of the ba-
sic cube the distance z
from the surface is cho-
sen such that the en-
ergy has a minimum.
The dipole moment vec-
tor points away from the
surface. The numbers
indicate the coordinates
of the platinum atoms of
the first layer. By the
comparison with figure
1 it becomes clear that
the potential minima co-
incide with the positions
of the platinum atoms of
the first layer in accor-
dance with figure 2 .
The potential energy
of Lit and an 1™ as
a function of distance
from the surface for the
three positions t,b, and
h is depicted in figure
4. Different from the
water case the potential
minima for the ions are
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Figure 2. Potential energy of a water molecule as
a function of distance of the oxygen atom from
an infinitely extended Pt(100) surface, (a) For
water on top of a metal atom (full line), on a
bridge site (dashed), and on a fourfold hollow
site (dotted). The dipole moment vector of water
molecule points away from the surface in all three
cases, (b) For different orientations of the dipole
moment vector relative to the surface: pointing
away (full), towards (dotted), and parallel with
the proton-proton vector parallel (dashed) and
perpendicular (dash-dotted) to the surface. In
all four cases the adsorption site is on top of a
metal atom [3).

found for h-positions while the t-positions are energetically least favourable.
The adsorption energy of I~ is almost by a factor of ten larger than that of
a water molecule. The corrugation of the potentials is not presented in a
figure. Tt is very similar to that shown in figure 3, only maxima and minima
are more pronounced and exchanged.

The tetragonal basic box for the MD simulations of pure water and a 2.2
molal Lil solution at the Pt(100) surface is sketched in figure 5. The space
between the five layers of platinum atoms at each side is sufficient for about
six layers of water molecules. In agreement with the lattice constant of the
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(100) surface the following side lengths of the box result: I, = L, = 19.6 A
and L, = 45 A. The number of 305 water molecules between the platinum

V/kJ mol!

-9.80

Figure 3. Adsorption energy of a water molecule at an infinitely extended
Pt(100) surface as a function of  and y. The distance z from the surface is
chosen in such a way that the energy has a minimum. The dipole moment
vector points away from the surface [3].

surfaces is found in such a way that at the beginning of the simulation water
molecules were added until the density of pure water was reached in the
center of the box. In this way the usual experimental conditions are realized.
In the case of the electrolyte solution with 298 water molecules, 10 Lit and
10 T- a 2.2 molal solution resulted. In the z- and y-directions periodic
boundary conditions were introduced, so that an infinitely extended water
lamella between platinum surfaces was simulated. As long as no external
electrical field is applied both surfaces are equivalent and the comparison of
the calculated properties is a measure of statistical significance [3,8].

The water-water interaction is described by the BJH model [9] and
the ion-water potentials are derived from ab inition calculations [10]. For
the long range Coulomb interactions the Ewald method is used, modified
for two-dimensional systems. For all other interactions the ”shifted force
method” is employed [11].

3. Results and discussion

3.1. Density profiles and the orientation of the water molecules

The first property to be calculated when the influence of the metal sur-
face on the structure of water is investigated is the density of the oxygen
and hydrogen atoms as a function of distance from the surface. Both den-
sity profiles are depicted in figure 6. In the first layer the density of O
is almost four times and that of H three times as high as in bulk water,
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a consequence of the strong interaction of water molecules with platinum
atoms (figure 2). Second, but already much less pronounced, density max-

ima are found at 5.5 A. For distances larger than 9 A the density is no
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Figure 4. Potential energy of a
lithium and an iodide ion as func-
tion of distance from an infinitely
extended Pt(100) surface for ion
positions on top of a platinum
atom (- - -), on a bridge site (—

Figure 5. Sketch of the basic
tetragonal simulation cell. The
water molecules and the ions are
located in the center of the box,
and the platinum atoms are rep-
resented by the circles. The co-

—) and a hollow site —— [7].

longer influenced by the sur-
face. The same distance for
the first maxima in the O and
H density profiles demonstrates
that the dipole moment vector
in the adsorbed layer is pref-
erentially orientated parallel to
the surface. The surplus of pos-
itive or negative charges in the
distance range smaller than 7 A
indicates a potential drop dif-
ferent from zero.

For the calculation of the
dipole moment density as a
function of distance from the
surface and, from it, the po-
tential drop according to equa-
tion (1), the orientation of wa-
ter molecules has been calcu-

ordinate system which is used
troughout the paper is defined
in the center.
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Figure 6. Normalized oxygen and hy-

drogen atom densities as a function of
distance from the Pt(100) surface. The
shaded areas indicate an excess of nega-
tive charges [6].
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lated separately for distance ranges of about 1 A. The distributions of cos 7y,
where 1, denotes the angle between the dipole moment vector of the water

molecule and the vector normal to the surface, are shown in figure 7 (left).
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Figure 7. Distributions of cos¥,,u for different distance ranges Az from the
Pt(100) surface (left) and for a water monolayer for different strengths of
an applied external electrical field (right). The field strengths are given in

V/m and Az in A. 9, is defined in the insertion.
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Figure 8. Comparison of the measured potential drop
for various metals with that calculated from the sim-
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It is ob-
vious from this fig-
ure that a significant
preferential orienta-
tion is found only
for water molecules
in the adsorbed layer
[3]. The dipole mo-
ment vector points
slightly away from
the surface. Just as
in the case of the
density profile the
orientation of wa-
ter molecules is no
longer influenced by
the surface for dis-
tances larger than 9

ulation for the Pt(100) surface as a function of the A

degree of coverage [2].
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The orientation of water molecules depends on the strength of an applied
external electrical field. The results of simulations of a water monolayer on
the Pt(100) surface are shown for various strengths of the electrical field
also in figure 7. The potential drops calculated from these distributions of
cos ¥, according to equation (1) show a linear dependence of x on the field
strength. The potential drop becomes zero for a field strength of about
2.5-10° V/m [5].

The potential drop resulting 50
from the orientations according
to equation (1) agrees in the [
limits of error with the exper- 40
imental value for the Pt(100)
surface.  But the agreement
goes further as can be seen 30T
from figure 8.  There it is
demonstrated how the poten- 20
tial drop depends on the degree
of coverage of the metal surface.

This dependence has not been qq
measured for the Pt(100) sur-

faces but the simulation shows

a similar dependence as deter- 0
mined experimentally for other [ .
metals. It seems, therefore, - i
that the potentials derived from aor -
the quantum mechanical calcu- s
lations describe the structure of gq [

—5
Lit
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water near the surface correctly
[2].

N

Based on these results it can 20 F
be expected that the influence i
of the Pt(100) surface on the - ’
ions and their hydration shells 10 '
can be calculated from the sim- | ]
ulation with a high degree of [ _ .
reliability. For the results re- 34 5678 9 z/A
ported here a water molecule
—),

was feplaced either by a Li+_0r Figure 9. Normalized ion (— oxygen
an " in the adsorbed layer, in- (— —) and hydrogen (- - -) atom densities
St(fad. Oft? simulation (if a Lil o functions of distance from the Pt(100)
SO ﬁtlon etween ﬁwo P a‘ilngm surface, calculated from simulations with
walls. ~During the simulation a lithium or an iodide ion in the bound-

tm;lelof aboglﬁ 20 (Ii)s tlﬁ)e (110115 did ary layer. The arrows indicate the relevant
not leave the adsorbed layer. .21 "],

This finding can be read from
figure 9 where the density profiles for both ions are shown. For comparison
also the profiles for the O and H atoms are depicted as dashed lines. They
are not significantly different from that for pure water at the surface (figure
6).

The I~ profile extends only over a very narrow distance range 1.8 <
2 < 2.4 A. There is no water molecule between the T~ and the surface. Tts
maximum at 2.0 A coincides with the potential minimum for a position of
the iodide ion opposite to a hollow site of the Pt(100) surface (figure 4),
and it is obviously not influenced by the I7-water interactions. Therefore,
the I= can be called ”contact adsorbed” on the Pt(100) surface.
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The density profile of Lit is quite different from that of I~ . In spite of
the smaller size of the lithium ion the range of distances from the surface,
2.0 < z < 3.2 A, is almost completely beyond that for the iodide ion and
is much broader. The maxima of the O- and H-atom profiles coincide with
that of Li*t at 2.5 A. Tt can be seen from figure 4 that at this distance the
potential energy of Lit is independent of its position relative to the platinum
atoms of the surface layer. Very different from 17, it is obvious that both
the distance range of Lit from the surface and its position relative to the
surface platinum atoms is determined by the LiT-water and not by the Li*-
Pt(100) surface interactions. Therefore, it is justified to say that the Lit is
“not contact adsorbed”, although there is again no water molecule between
the ion and the surface.

3.2. Pair correlation functions

The 0-0, Lit-O and I7-O pair correlation functions, depicted in figure 10
(left), show that the enhancement of the hydration shell structure of Lit

Figure 10. Oxygen-oxygen, lithium-oxygen and iodide-oxygen pair correla-
tion functions in the adsorbed layer (Az < 4.2 A for all particles). Az and
Ay are the projections of the interatomic distance on the x and y directions
of the laboratory coordinate system (left). Projection of the trajectories of
the lithium, the iodide ion, and the oxygen atoms onto the zy-plane. The
positions are marked by a dot every 0.05 ps. Only oxygen atoms of the
adsorbed water layer are taken into account, and platinum atoms which are
not covered with a water molecule are denoted by a cross (right) [10].
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and the decrease for I7 in the surface layer results from the formation of a
pronounced quadratic water overlayer with a lattice constant of the Pt(100)
surface of 2.77 A. The origin (Az = 0, Ay = 0) coincides with the changing
position of an O, a Lit or an I" in the surface layer (z < 4.2 A), and |Az|
and |Ay| are absolute values of the projections of distances of the O-atoms in
the surface layer from these reference particles. Both the reference particle
and the O-atoms referred to, move with respect to the Pi-lattice, and the
shape of the peaks results from both movements.

The plot of goo reflects the positions of the oxygen atoms on top of
the platinum atoms, and the pronounced form of the peaks refers to their
relatively small displacement. The sharper peaks for ¢r;o show that the
displacements of Lit at its hollow site are smaller than those of O at its
top, and the significantly broader ones for g;o compared with goo show
that the displacements of I~ are much larger than those of O. Indeed, the
I~ moves in a relatively widespread area between a hollow and a bridge site.

This can be seen from the right side of figure 10 where the trajectories
of Lit and I~ are drawn and where the x- and y-coordinates of the oxygen
atoms of the water molecules with z < 4.2 A are marked by a dot after
every 0.05 ps. The positions of those Pt atoms which are not covered by
oxygen atoms are indicated by crosses. Over the whole simulation time of
20 ps the Lit remains very near to the hollow site of the Pt(100) surface at
x,y = 1. In accordance with the pair correlation functions the distributions
of the neighbouring oxygen atoms above their respective Pt atoms are very
narrow. The larger I~ moves during this time in the area —4.0 < z < —2.5
A and 0 <y < 1.0 A. Tt cannot occupy a hollow site as the first neighbour
I--O-distance is about 3.4 A. In accordance with the energy curves in figure
4 it prefers positions between a hollow and a bridge site. Necessarily, two
of the four neighbouring Pt atoms are not covered by oxygen atoms while
their distributions around other Pt atoms are broader than in the Lit case.

3.3. Hydration shell structure

Geometrical arrangement of the oxygen atoms in the first hydration shells
of ions can be deduced from the simulation by calculating the distribution
of cos?), where 1 is defined as the O-Ton-O angle. The result is depicted in
figure 11 for both ions in the boundary layer and in a bulk solution. The
corresponding running integration numbers for cos 1, are shown additionally.

The distribution of cos? for Lit demonstrates clearly a strong prefer-
ence for an octahedral symmetry in both cases. P(cos?) is narrower around
0 and -1 for the boundary layer in accordance with the well-defined nearest
neighbour oxygen atom positions around Lit in the quadratic water over-
layer (figure 10). The hydration number of Li* is reduced by about one in
the boundary layer. As the octahedral plane of the hydration shell of Lit
parallel to the surface is fully occupied, the excluded volume of the surface
is responsible for the missing water molecule (see also figure 9). The fifth
water molecule belongs to the second water layer and is placed on top of
the ion.

It can also be seen from figure 11 that neither in the bulk nor in the
boundary layer a symmetry is recognizable, for the hydration shell of 1~.
P(cos ) is practically uniform over the whole range except for the excluded
volume effect for cos? > 0.8 which results from the finite size of the water
molecules. As the I~ is contact adsorbed, the excluded volume effect of
the Pt surface amounts to almost one half of the hydration shell and is
responsible for the reduction of the hydration number of I~ from 9.2 in the
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bulk solution to 5.1 in the boundary layer.
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Figure 11.  Normalized dis-

tributions of cos? — where ¢
is defined in the insertion —
for the water molecules in the
first hydration shells of Li* and
I~ in the boundary layer (full)
and in a 2.2 molal bulk solu-
tion (dashed). The correspond-
ing running integration num-
bers are shown additionally [10].
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Figure 12. Center-of-mass ve-
locity autocorrelation functions
of water for the motions par-
allel (top) and perpendicular
(bottom) to the surface for
three different layers, defined
by Az < 4.2 A (full), 4.2 < 2 <
6.2 A (dashed), and 6.2 < Az
(dotted) where Az denotes the
distance of oxygen atoms from

the surface [4].

3.4. Self-diffusion coefficients

The self-diffusion coefficients have been calculated from the velocity auto-
correlation functions with the help of the Green-Kubo relation:

t

A’ (#(0) - 5(1")). (2)

0

1
D= 1lim -

t—o0

The averages have been calculated from the simulation by:

(5(0) - 70) = 3 302 65(1) - Byt + 1), 3

where N denotes the number of particles, Ny the number of time averages
and 7;(t) the velocity of particle j at time ¢.

It seems appropriate for the investigations of the dynamical properties
of electrolyte solution near the platinum surface to calculate the velocity
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autocorrelation functions separately for the components parallel and per-
pendicular to the surface. They are depicted in figure 12 for the three water
subsystems adsorbed layer (z < 4.2 A), second layer (4.2 < 2 < 6.2 A) and
bulk region (6.2 < z). The figure shows that the difference between the
second layer and bulk region is relatively small. The following discussion
is, therefore, restricted to the difference between adsorbed layer and bulk
region. The same is true for ions. Their velocity autocorrelation functions
are depicted in figure 14.

The self-diffusion coefficients for water calculated from. the velocity
autocorrelation functions (figure 12) according to equation (2) are in the
adsorbed layer in both directions by about a factor of ten smaller than in
the bulk. With such small values for self-diffusion coefficients much longer
simulations would be necessary to get more accurate results.

3.5. Hindered translational motions

The Fourier transformations of the velocity autocorrelation functions for
water molecules (figure 12) lead to spectral densities of the hindered trans-
lational motions. They are depicted in figure 13. In order to understand
the difference between the adsorbed layer and the bulk region and between
the motions parallel and perpendicular to the surface it is necessary to keep
in mind the assignment of frequencies. In bulk water the frequencies in the
range up to about 100 ecm™! are attributed to the O-O-O bending and the
higher ones to the O-O stretching motions of water molecules [12].

The motions of water molecules par-

T T

allel to the surface are much stronger f(v)/10%m v,
hindered in the adsorbed layer than in 8 1
the bulk. This is quite obvious from | |
the O-O pair correlation functions and N

the trajectories as depicted in figure 10.
Consequently, the frequencies of the O-
O stretching motions show a significant
blue shift, as can be seen from figure 13.
The contribution of the O-O-O bend-
ing motions to the spectral density is
small. For the motions perpendicular
to the surface an almost opposite be-
haviour is found. Here the bending mo-
tions are dominant in the adsorbed layer
and are shifted to higher frequencies be-
cause of the strong interaction of the wa- e

ter molecules with the Pt(100) surface. o 100 200 300 400 v/om
Accordingly, the intensity of the stretch-

ing motions is strongly reduced. The Figure 13. Spectral densities of
Pt(100) surface has only a small influ- the hindered translational mo-
ence on the vibrations and intramolecu- tions of water molecules in the
lar vibrations of water molecules in the adsorbed layer (full) and in the
adsorbed layer. Therefore, they will not bylk region (dashed) calculated
be discussed here [4]. separately for the motions paral-

The velocity autocorrelation func- Jel (top) and perpendicular (bot-
tions for the two ions have again been tom) to the Pt(100) surface.

calculated for the particles located in the

boundary layer and in the bulk region and separately for the motions par-
allel and perpendicular to the surface. They are depicted in figure 14. The
corresponding spectral densities are shown in the insertions [8].
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Figure 14. Normalized velocity autocorrelation functions and spectral den-
sities of the lithium (left) and iodide ions (right) in the boundary layer
(——) and in the bulk region (— —), calculated separately for the motions
parallel (top) and perpendicular (bottom) to the Pt(100) surface.

The motions of the two ions in the boundary layer parallel and per-
pendicular to the platinum surface are quite different from those in the
isotropic solution. The frequencies of the hindered translational motions of
the lithium ion parallel to the surface show a strong blueshift. This reflects
the enhanced Lit-water interactions as a result of the reduced water mobil-
ity, which is a consequence of the formation of the quadratic water overlayer.
The motions of Lit perpendicular to the surface are characterized by a shift
of the main peak in the spectral density to lower frequencies. This is a
consequence of the larger mobility of the Lit because of the missing water
molecule between the ion and the surface.

Different results are found for the iodide ion adsorbed on the platinum
surface. The blue shift of the frequency maximum for the transverse mo-
tions of the ion in the boundary region is only about 20 cm~!. This indicates
a movement of the heavy ion parallel to the surface which is only slightly
disturbed by collisions with neighbouring water molecules adsorbed at the
Pt(100) surface (figure 10). The perpendicular motions show a blue shift of
the frequencies of the two main peaks, which follows from the strong inter-
action between the surface and the I~ positioned near the energy minimum.
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TIOHHA TIOPATAIIISA BIJISI IJIATMHOBOT
ITOBEPXHI(100)

K.Taitamiarep

IIpr mMomemoBaHHI METONOM MOJIEKYJIAPHOI OUHAMIKMA, fAKe
mpencraBieHe TYT, BUKOPUCTOBYETHLCA THYUYKa Momedb bBomma-
Wanuo-Taiinminrepa mas onmcy B3aeMomil Boga—Boma. [loTenmianm
B3aeMOil MK 10HaMH’ 1 BOTOTO, MiXK TTOBEPXHEIO TIATUHUA 1 BOTOIO
Ta Mi¥K MOBEPXHEIO TIATUHY | ioHaMU 6a3yI0ThCA Ha PO3paXyHKax
ab initio. ITokasano, mo cTPyKTypHI | TMHAMIUHI BJACTUBOCTI 10HIB
Ta iX rigpaTamiitai O6OJ’IOHKI/I y mapi, aJICOp6OBaHOMy Ha, TTOBEPXHI
Pt(lOO) 3HAYHO Bljlpl3HHIOTbCH BIT 06’eMHMX. AJle BIIJIMB MeTally
Ha, Il BJACTUBOCTI 0OMeReHn MpaKTUUHO aTcopBoBaHUM ITapoOM.



