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Constant temperature molecular dynamics has been used to simulate the adsorption of hy-
drated halide ions X* = [, CI', Br and I, and lithium ion Li* on a flat uniformly charged
surfaces. The simulations were donc with either 214 water molecules and two ions (1.i* and
X’) in a box 2.362 nm deep or with 430 water molccules and the two ions in a box 4.320
nm decp. The boxes were periodically replicated in the xy dircctions. The magnitude of the
surfacc charge on the box ends was +0.11 ¢/(nm)?, corresponding to an electric ficld of 2
%107 V/em. The latcral dimensions of the simulation cell were 1.862 nm x 1.862 nin {x x
y) in each casc. All of the water molccules and ions interacted with the end walls via a weak
9 - 3 potential. The ST2 water model and paramcters optimized for alkali halides interacting
with the modet ST2 water molccule were used in the calculations. Common practices of
truncating the interactions at a finitc distance (0.82 nm) and switching ofl' Coulomb inter-
actions at small distances were followed. ‘The temperature was set at 'I' = 2.411 kl/mole (290
K).

Some of the properties calculated were: distribution density profiles for ions and water across
the gap important for comparisons with Gouy-Chapman theory, adsorbed ion - water pair
corrclation functions, the number of water molecules in the first and sccond hydration shells
of the ions as a function of time. The time speat by a water molecule in the hydration shell
was calculated to be approximately ten times longer for lithium than any other ion. The
corrclation between distance from the clectrode and hydration number was studied and gen-
crally found to be pronounced for the larger anions. Comparison of the dynamics of the
common ion Li* for different anions revealed the subtle influence of a transcell interaction
in the 2.362 nm thick film.

In the given ficld the smallest ions Li* and I© remained (ully solvated at all times. Chioride
behaved quite differently. Part of the time this ion was (ar cnough away from the clectrode
to be fully hydrated and part of the time it was in physical contact (ic., physisorbed) on the

clectrode with no water molecules interposed between it and the clectrode. Bromide favoured
contact adsorption over {ull hydration most of the time. lodide was obscrved to he contact
adsorbed almost all of the time. These simulations provide new insights on the behavior of
strongly hydratcd ions at surfaces and how the transition {rom non-contact to ‘contact’
adsorption occurs.
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ADSORPTION OF HYDRATED HALIDE TONS ON CHARGED ELECTRODES.
MOLECULAR DYNAMICS SIMULATION.

James N. Glosh
and
Michacl R. Philpott

IBM Research Division
Almaden Rescarch Center
650 [larry Road
San Jose, CA 95120-6099

ABSTRACT

Constant temperature molecular dynamics has becn used to simulate the adsorption of hy-
drated halide ions X = -, CI, Br and I, and lithium ion Li* on a flat uniformly charged
surfaces. The simulations were donc with either 214 water molecules and two ions (11" and
X") in a box 2.362 nm deep or with 430 water molecules and the two ions in a box 4.320
nm deep. The boxes were periodically replicated in the xy dircctions. The magnitude of the
surface charge on the box ends was +£0.11 ¢/(nm)?, correcsponding to an electric ficld of 2
%107 V/cm. The lateral dimensions of the simulation cell were 1.862 nm x 1.862 nm (x x
y) in each case. All of the water molccules and ions interacted with the end walls via a weak
9 - 3 potential. The ST12 water model and paramcters optimized for alkali halides interacting
with the model ST2 water molecule were used in the calculations. Common practices of
truncating the interactions at a f[inite distance (0.82 nm) and switching ofl Coulomb inter-
actions at small distances werc followed. The temperaturc was sct at 1" = 2.411 kJ/mole (290
K).

Some of the properties calculated were: distribution density profiles for ions and water across
the gap important for comparisons with Gouy-Chapman thcory, adsorbed ton - water pair
corrclation functions, the number of water molccules in the first and second hydration shells
of the ions as a {unction of time. The time spent by a water molecule in the hydration shell
was calculated to be approximately ten times longer for lithium than any other ion. The
correlation betwcen distance from the clectrode and hydration number was studied and gen-
erally found to be pronounced for the larger anions. Comparison of the dynamics of the
common ion Li* for different anions revealed the subtle influence of a transcell interaction
in the 2.362 nm thick film.

In the given field the smallest jons Li* and [* remained fully solvated at all times. Chloride
behaved quite differently. Part of the time this jon was far cnough away {rom the clectrode
to be fully hydrated and part of the time it was in physical contact (ic., physisorbed) on the




clectrode with no water molecules interposed between it and the clectrode. Bromide favoured
contact adsorption over full hydration most of the time. todide was obscrved to be contac
adsorbed almost all of the time. These simulations provide new insights on the behavior of
strongly hydrated ions at surfaces and how the transition from non-contact to ‘contact’
adsorption occurs.




LINTRODUCTION

In a previous paper (1), constant cncrgy molccular dvnamics simulations of the
adsorption lithium and iodide ions {rom aqucous solution onto charged surfaces were
described. This paper continucs this study with an investigation of the halide scries
(fluoride, chloride, bromide, and 1odide) characterized by increasing ionic radius and
decreasing hydration cnthalpics, adsorbed on an idealized flat charged surface situated

at the ends of a box replicated periodically in the lateral (xy) dircctions.

Capacitance, chronocoulombic, spectroscopic and cllipsometric measurements of ions
adsorbed at electrochimcical inter{aces have long been interpreted using a standardized
model (2-4). It has been shown that the larger fons adsorb with at lcast partial loss
of the inner solvation shell. [For mctal clectrodes this process is called contact
adsorption, and on some noble metals a serics has been determined in which higher
members displace lower ones from the surface (2, 5). A f{uller discussion was given
in the first paper (1). It is a goal of this paper to understand morc about the tran-
sition from adsorbed but fully solvated ion to adsorbed ion in physical contact with
the surface when there is a static electric ficld attracting the ion to the surface. We
tacitly assume this local property of the ions is not grecatly affected by gross
misshandling of the long range clectrostatic ficlds of the interface through the applhi-
cation of the cut-ofl. The ficld chosen is at the upper cnd of ficlds in
thermodynamically stable double layers. In wcaker (iclds the average position of the
ion was closer to film center (6). We show how cssential featurcs of the contacting
process can be modeled with a system consisting of two ions and 214 water molecules
sandwiched between charged nonmetallic plates 2.362 nm apart. Morc claborate cal-
culations with 430 waters, two ions and plates 4.320 nm apart were performed to
check for transcell interactions between adsorbed ions. Such intcractions were indeed
found. The study revealed new [caturcs about the way the adsorption process pro-

cceds. Propertics calculated and reported here include:  time dependence of the 7




coordinates of 1ons, time dependence of 1on hydration numbers, tine averaged dis-
tribution of ions and water across the clectrolyte film, and the on-water pair corre-
lation functions. The first property showed that the transition to contract adsorption
first occurs for Cl in the given clectric {ield. The sccond showed how solvation sheils
were affected as the adsorbed ions jittered back and forth under opposing influences

of thermal forces and the combined attraction of the clectric and wall forces.

All the frequently used water models (ST2, TIPS and SPCE) (7-9), have parameters
optimized to bulk propertics. Conscquently none may be adequate to describe
quantitatively a water molecule outside a mean ficld approximation to it’s bulk envi-
ronment. Our strategy to side step this difficulty is to perform calculations on a serics
of related 10as i the cxpectation that by considering a scrics with the same charge
and a graduated property lhke radius, thc water-ion-wall interactions will span the
experimental range of phenomena observed as ions approach a charged surface. The
presence of the Li" counter ion in all the calculations provides a useful sanity check
against pathological conditions that might arise duc to thc assumptions like finitc
cut-off of long range interactions. With the cxception of Xe-Pt(111) system (10) there
are no well proven or tested molecule- or ion-surface potentials. Conscquently we
are currently unable to connect directly with cither ex situ measurcments

e.g, I on Pt(111) or Cl' on Ag(100) performed by transferring ecmersed electrodes
into UHV (11) or in situ surface crystallographic mecasurcments like Scexals and Xanes

of under potentially deposited (upd) metals (12, 13).

In one respecct the model used herc was simpler than the set of assumptions consti-
tuting the standard modcl (2) of ionic adsorption on nctal clectrodes. In our modecl
all species were attracted to the electrodes by the same “wall” potential. This potential
and the static clectric ficld were not subject to the 0.82 nm cut-ofl applied to all the

intermolecular intcractions.




The S12 parameters describing hthwum and to a lesser extent fluoride arc suspect
because in the casc of lithium ion the hydration enthalpy caleulated is too large
compared to experiment (14-16). It is possiblc that the adsorption ol the smallest ions
Li* and F as {ully hydrated species in the 2x10 V/em ficld could be artifacts duc
to the cxaggerated hydration enthalpy. lowever this argument docs not aflect our
general conclusions if only because the applicd static ficld used is at the upper end
of ficlds cncountered in clectrochemical double layers and il more realistic model pa-
rameters had weaker hydration intcractions there would still be ficlds where the small
ions would adsorb fully hydrated. In wcaker ficlds than the onc used in this paper
the ions relax towards film center (6). We will discuss the effect this could have on

the intcrpretation of the calculations more fully in a later scction.

Another point of concern is the clectrical discharge of contact adsorbed ions. In the
older papers and text books (2, 17) halide adsorption is trecated as a physisorption
phenomenon. However there is exceptionaly good cxperimental cvidence that argues
strongly that this is far too simplistic a picturc. After contact adsorption a large
polarizable ions like iodide on metals Au and Pt can ‘discharge’” and become
chemisorbed (11, 18-21). Discharge of ions and the formation of chemisorbed species
is outside thc scopec of the classical molecular dynamics scheme used here.

tains its full charge.

We close this scction with a bricf review of recent MDD calculations in the gencral
area of solid - aqueous interfaces. In a very carly study, the Mainz group (22, 23),
followed the evolution of cight Lil and 200 water molccuics between Lennard - Jones
walls for 10 and 20 ps. They werc only able to calculate short time corrclation
functions and not the adsorption process which required a longer simulation than they
were able to do at the time. Rosc and Benjamin (24) have described MD simulations
of a singlc Na'and a single CI' ion in a slab of 512 waters (Ilexible SPC model

(25), ) between two Pt(100) surfaces. The gecometry and potentials were those devised




by 1leinzinger and coworkers (20, 27). For Py100) the first monolaver of water was
strongly bound. A result of significance was the calculation ol the Helmhboltz free
encrgy of adsorption in zero clectric field. The anion was more strongly bound than
the cation. More recently Secitz-Beywl ct al (28) have studied hydration of Li' and
I' scparately in three layers of water at the Pt surface. They uscd the {lexible water
model of Bopp et al (29), in a simulation lasting 7.5 ps. The work reported here is

complecmentary to that cited and described above.

There is also continuing interest in thin fitms of water and clectrolvies in connection
with a possible phase transition (30, 31), vibrational rclaxation dynamics, hydrogen
bond formation dynamics (32, 33), and the intcraction of water with metals treated
as jellium half spaces (34).

This paper is arranged as follows. Scction Il describes the models used for jons and
water and details of computation. Scctions HI through VI describe the results for
the halide ions, and the last scction summarizes the main results and conclusions for

this series of simulations.




1. THE MODEL

In the calculations described here we use the water model orniginally devised by
Stllinger (7, 35), and commonly referred to as the ST2 model. Although this model
required more computer time because it contains four charged and one uncharged
point particles, this draw back is more than compensated by the cxtensive set of
Lennard-Jones parameters for use with all the alkali mctal cations and hadide anions.
These parameters were developed in a series of molecular dynamics calculations by

1leinzinger and Spohr (20, 27).

Interaction linergy

The Coulomb intcraction between molecules was represented as sum of 1fr inter-
actions between atomic point charges. ‘These interactions were soften for small mo-
lecular scparation by a switching [unction S(R) . This switching function was
introduced by Stillinger (7), and was clcarly documented by Steinhauser (35). The
short range part of the intermolccular interaction was modcled by lennard-Jones
potential between the atoms of each molcculc. All molccule-molcecule interactions
(both 1fr and Lennard-Jones potentials) were cut-off in a smooth fashion at molecular
scparation R =0.82 nm by a truncation function 7{R) . Thc atoms of cach molccule
also interacted with surfaces at z = + z, . Both surfaces were treated as {lat fcatureless
plates with a uniform electric charge density of + =~ and —a on the — 2, and + z.
plates respectively. This gave risc to a uniform clectric ficld, /= 4nKe in the positive
z-direction where the electrostatic coupling constant K had the value 138.936
KJenm/(moles €} in the units used in this calculation. Non Coulombic intcractions
between the walls and all the atoms were represented by the 9-3 potential (wall po-

tential) introduced by Lee ct al (36). The complete interaction energy U s,
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where [ and j were molecular indices, and, o and fI were atomic dices. llere 4, was
the set of Il atoms of molecule i, R, was the distance between the conter of muass
of molecules ¢ and j, and The symbol r,, was the distance between atoms a and f.
FFor small R the Coulomb encrgy was modified by the switching function

S(R, R, Ry) given by,
0 R<R,

(R~ R, Y (3Ry—2R-R,)
(Ry—R.)

S(R, ‘RL' RU) = R,‘ < 1{ < leu (2)

L Ry <R

The values of R, and Ry were dependent on the types of the molecular species that

weie interacting.

As mentioned above the tails of Coulomb and Lennard-Jones pair interactions were

cut ofl by the truncation function 7{R). The [orm of T(R) was given by,




The samc truncation function was applied to all molecular interactions, with

RI'=0.779 +m and R;=0.820 nm. The intcgers m and n controlled the smoothness
of the truncation function at R} and R}, respectively. In these calculations n = =2

which insurcd that the encrgy had smooth first spatial derivatives.

LEquations of motion

All molecules, in this study, were considcred as a rigid collection of point atoms. That
is all bond lengths and anglcs within a molecule were [ixed. l'o evolve a collection
of these molecules a quaternion formulation of the rigid body cquations of motion
was used (37). The center of mass position (R;) and velocity (V,) was used to describe
the translational degrecs of (rcedoms of molecule i. The oricntational motion of the
molecule was described by the quaternion qi = (g7, ¢, g7, ¢?) and the rotational velocity
(w?), as mecasured in the body frame ol the molecule. The onc cxception to this was
for monatomic molecules, in which casc the oricntational degrees of freedom were not

necded.

The discussion of the equations of mation begin by considering the patential encrgy
U. From equation 1, it can be scen that the potential energy can be treated as a
scalar function of tiic variables (Ry,..., Ry; 1y,..., 1), where Nois the number of molecules

and n is the number of atoms in the cntire system.

(/ = U(Rlp.., RN; r|1““ rll) (4)




Of course not all these variables are independent. However for the purposes of the

following two definttions they are treated as independent varables

.=V, U, Fo=Vy U (5)

The total force F! and torque 7, can be expressed m terms of f, and F, as

F,-T:: r+ Zfa 7, Z(rq ~ R x I, {0)

ae A, ae A

The translational motion of the molccule is desernibed by the first order ordinary dif-
ferential equation,

R _v VIR, (7)
———— — . Yl —— ey P

df { t dl t E
For the rotational motion it is convenient to work mn the body axis of the molecuie,
where the moment of inertia /, is diagonal and time independent. It is useful to define

A

the opcrator Q,

[ | 2 3]

-4 —4 —4q;

0 3 2
A 9% — 49

Ql = 3 [¢] 1 (8)

% 4 — 94

2 f 0

-4 4 49

and the body framc rotational force
FE = 7 — ! x (). 9)

Using these quantitics above, the following first order ordinary diflerential cquations

can be written to describe the rotational motion
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This sct of equations conscrve the total cnergy lor time independent potentials (U) .
A constant tempcerature ensemble may be simulated by introducing a velocity de-
pendent term in the acceleration terms to constrain the total kinctic energy. ‘The

constant tcmperature cquations of motion arc written as,

4R,

¢ dVl 7 7
— =V Mi—= = F; —vV,
dy, A N duws] h
— = O, () — - =F — . ()

y = Vi + wlF)(2K)

This choice of y ensures that the total kinetic encrgy ol the systems is constant.

Model for water molecules ard ions.

In the ST2 model the water molccule consistcd of a central oxygen atom (O_S12)
surrounded by two hydrogen atoms (II_ST2) and two massless point charges
(PC_ST2) in a rigid tetrahcdral arrangement (bond angle = cos '(1/4/3) ). The
O_ST2/H_ST2 and O_ST2/PPC_ST2 bond lengths were (.10 nm and 0.08 nm respec-
tively. The oxygen atom was the only Lennard-Jones ‘atom’ in §T2 water. ‘The
hydrogen and point charges interacted with their surroundings {i.c. atoms and sui-
faces) by Coulomb intcractions only. The ions were trecated as non polarizable

Lennard-Jones “atom’ with point mass and chargc.

Interaction PParameters.

The atom-atom and atom-surface intcraction parameters arc given in Table 1. "These

paramcters arc taken {rom work of Icinzinger and Spohr (26, 27). The combining
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rules for unlike specics Were: €45 = (244an)™, Gap = Yi(oas + o). The switching func-
tion mterval ends R and &4 all vanish except for ST2/812 pars, where

R;™7=0.20160 nm and R ™=0.31287 nm.

Simulation details

The systems considcred had cither 216 or 432 molccules and 1ons.  In the main sct
of simulations a system of 214 water S12 molecules, one Li ion and one halide jon
were studied. [For all systems the molecules were confined to a rectangular simulation
box with dimcnsions 1.862 nm x 1.862 nm x2.362 nm { x x y x 7) and periodic
boundary conditions in the x and y dircctions. In thc calculations with 432 molecules
the simulation box had the same x and y dimensions and was 4.230 nm thick in the
z direction. Initially the molecules were randomly disposed on a cubic lattice with
lattice parameter 0.31 nm. The equations of motion were intcgrated by a fourth order
multi-step numerical scheme with a 2 fs time step. With this scheme the time step
to time step rms fluctuation of quatcrnions length and encrgy/temperature was about
0.0002% and 0.0009%/0.002% respectively. Though small, thcse changes could lead
to global drift, so at ecach time step a small scaling correction was made to the
quaternions and velocities. Also the global center of mass velocitics in the x and y
directions was sct to zero at each timc step by shifting the molccular translational

velocitics

All calculations were performed on an IBM RS/6000 model 540 opcrating at 16
Mflop. For the simulations involving 432 molccules and ions a 100 ps simulation

with 2 fs time step took approximatcly 25 hours.

lon-water pair correlation functions.

The ion - water pair corrclation functions for all the ions were calculated in the
manner described in the first paper (1). [Iigurc 1 shows the result for all the ions

studied in this paper, the distribution including only water molecules in a cone with




half angle 60° pointing into the bulk with axis parallel to the z axis.  For chlonde,
bromide, and 1odide the second peak appearcd identical. ‘The third peak in the figure
contained a narrow minimum at 0.8 nm. ‘This is indicated by the arrows in Iigure
1. This feature was duc to the seam in thc water distribution duc to the truncation

of all interactions between 0.779 and 0.820 nm (scc Iign.3).

Cross correlation values.

The correlation between two variable v and w was tested by evaluating the cross

correlation factor g,

<yw> — <y> <w>

B= (12)

\/i<vv> — <v>2)(<ww> — <W>2)

where <¢ > denote the average of ¢ . If v and w arc complctely uncorrelated, f§
vanishes and if v and w are highly corrclated, the magnitude of # will be close to one.
The cross correlation factor was used to explore the correlation between the ion's

position and hydration number

Residence and Exchange Times

It was of intcrest to consider the mean residence time of a water molecule in a ion's
hydration shell. The hydrations shell’s inner and outer radii r, and r, respectively are
determincd by thc minimums of the ion-water pair correlations function. A water
molecule is consider to have cntcred the hydration shell when the water-ion separation
r satisfies the rclationship, r(l + 8) <r < r.(l ~ ) for the first time. Thc parameter §
is a small number that f(ilters out water molccules that only make very short time
excursions into the shell. For this calculatior & is chosen to be 0.1 . A water mol-
ccule is then consider to have left the hydration sncll when r<r(l —46) or
r.{l 4+ 8) < r In this case § filter out cvents where a water molecule makes a short time

cxcursion out of the shcll. We consider the residence of this water molecule about
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the ion to be the time between these two cevents. ‘Then mean residence time 7Ty 1
approximatcd by avcraging this time over all water molecules than both cnter and

leave the hydration shell during the simulation.

A related mecasure of the rate of change of the hydration shcll, is the mean time of
change of the hydration shell. This is simply the average time between cvents where
the set of water molecules that constitute the hydration shell changes. In this paper
a hydration shell is consider to have changed if it membership differs from the originai
for more than Ips A stable hydration shell is considercd to be created when its
membership remains unchanged for more that Ips. The mean time to change {1 sub
C is defined as the time to change of a stable hydration shell averaged over all stable

shells created in the simulation.




IHL.LRESULTS FOF LiF

Figure 2 shows the time evolution of the v coordinate (sce lelt side vertical scale) of
the lithium ion and fluoride ion for a time period lasting 1000 ps, in a cell also con-
taining 214 water mofecules. The broken lincs at {7 = 0.934 nm at top and bottom
of the figure indicate where the hard wall part of the surfacc potential begins e,
where V(z) = 0. The configurations uscd in constructing this figure were I ps apart.
In the starting configuration both ions were located ncar the cathode corresponding
to time t and position 7 given by (t, z) = (0, -0.5). In Figurc 2 this corresponds to
a point near the bottom left edge. Under the influcnce of the clectric ficld the fluoride
ion migrated the greatest distance, traversing most of the water layer to reach the
anode corresponding to the broken line at z = 0.934 nm at the top of the figure.
It took approximately 100 ps for the f{luoridc ion to traverse the film. It is not un-
reasonable to assume that during this time the solvent underwent considerable mixing,
and that suflicient time lapscd sufficient time for the whole system to settle into the
part of phase space describing equilibrium of the ions and associated waters. Notice
that in the applied ficld the path of the z coordinate of the fluoride ion for the first
100 ps was not a monotonically increasing {unction of time. The initial movement
was best described as a steady drift with superimposcd high frequency jitter most likely
due to interactions of the ion’s primary solvent shell with surrounding solvent. ‘This
type of motion has been frequently scen in our studies of hydrated ions, and may
well be typical of ions pushing through a I{-bondcd network. For times greater than
100 ps the time dependence of the 7z coordinate of both ions looks qualitatively the
same. The range of positions for the ion was about 0.4 nm, not much morc than the
diameter of a water molecule ( ¢ = 0.31 nm). The time averaged position of the
fluoride ion was -0.668 nm, about onc water diameter from the hard wall region (|2]

= 0.934 nm).




Also shown in I'igure 2 as a function of time for cach ton arc the numbers of water
molccules in the first and sccond solvation shells. The data was sampled cvery 5 ps
not every 1 ps as [or the z coordinates. ‘The radii of the solvation shells were chosen
to be at the minima in the calculated ion-water pair correlation functions. For lithium
thesc were at r = 0.2785 nm (first shell) and r = 0.500 nm (sccond shell). Tor

fluoride these were at r = 0.3405 nm (first shell) and r = 0.5527 nm (sccond shell).

It can be secn that for lithium the first shell contained six waters with very infrequent
excursions to five and seven. There was onc cvent that lasted more than five
picoseconds (sce bottom right in Figure 2). ‘the time averaged first hydration shcll
number was n = 6.01 . This is consistent with the calculation of Szasz et al (38),
who reported the same value for bulk clectrolyte, and the ncutron scattering exper-
iments of Newsome et al (39), and llcwish ct al (40). The mcan time to change T¢
of the first solvation shell was betwcen about 25 ps and 35 ps. This was in the range
of all the other calculated values for the lithium ion with diflercnt anions. Table 11
summarizes the hydration water residence times for all the jons. In the case of lithium
the residence time was about 100 ps for the first shell. This was about an order of
magnitude larger than for the second shell, and approximately consistent with the
mean time between changes (25 x 6 vs. 106 ps). Thesc numbers are consistent with
those reported for ions in a bulk convironment in the interesting paper of Impey et
al (15). Roughly the residence times on Li' ions in different LiX solutions were the
same, with the larger values associated with greater statistical uncertainty. It was also
three times greater than residence time for water in the (irst shell of fluoride ion. Ior
the first shell there did not appear to be much corrclation between position and hy-
dration number for the first shell. The calculated correlation cocfTicient was 0.1, In
the second shell the hydration number fluctuated between seven and sixteen, with a
calculated average value of 11.4, displaycd a strong corrclation with distance from the

electrode. The correlation cocellicient of 0.5 supported the visual impression.  The




mean time to change of the second shell was @ not much larger than the sample -
terval and so not reliable, cxcept to say that it was of the order of | ps. 'The picture
that emerged was that the lithium ion and it's first shell be considered as a rather stifl

or even as a rigid objcct, surrounded by a compliant sccond shell.

[‘or fluoride the first shcll contained scven waters with frequent excursions to six and
seven, and a few to five. The average {irst shcll hydration number was 6.8. The mean
time between changes of the first shell was 3 ps. This was an order of magnitude
smaller than for lithium. The residence time ( sce Table 1) for hydration water was
about 25 ps, in the 216 molecule system, and a littic longer (33 ps) in the larger
system. The diflerences are not large enough to be considered significant. Therc was
no apparent correlation between first shell hydration number and position, and this
was reflected in the calculated correlation of 0.18. In the second shell the hydration
number fluctuated between ten and twenty two, with an average value of 15.4. There
was a correlation with distance from the electrode about the same as in the second

shell of lithtum. The correlation coelficient was 0.57.

Figure 3 shows the density profiles for lithium and fluoride ions (normalized to unity)
and water (normalized to 214) across the gap. Only configurations with time greater
than 100 ps were used in accumulating this density profife. The [igure also shows
schematically a cartoon of thc relative positions of the ions and water molecules in
the first hydration shell closcst to the surface. Clearly in the density ‘peak’ position
both ions are hydrated. Not surprisingly the cation has a peak closer to the electrode
since it is the ion with the smaller radius. The lithium peak position was at -0.709
nm and the fluoride was at 0.661 nm. The average positions were -0.668 nm (Li‘)
and 0.628 nm (F). The difference 0.05 nin should be compared to the difference in
Lennard-Jones radii which is 0.08 nm. The range of positions of both ions is very
similar, a little less than 0.5 nm in cach casc. The hydrated ions have the density

profile of a particle trapped in a well undergoing Brownian motion. 1Yor convenicnee
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the main fcaturcs of the densities for tons and water are collected into Tables T and

V.

The water density profile has interesting features. 'The larger peak at -0.803 nm was
due to water in the first layer of the sample. When structure in the water distribution
is compared with the ions it is clear that the larger size of the anion is responsible
for the shallow minimum located ncar 0.66 nm. This conclusion was f{urther sub-
stantiated by the increasc in size of this feature with size of the anion. This will be
secn clearly in later figurcs of density profiles. Calculations of the density profiles for
water center of mass and the hydrogen atoms were also performed. The most inter-
esting featurec of these calculations was a small but distinct pcak in the hydrogen
distribution ncar the cathode at -0.992 nm. This was duc to protons oriented towards

the electrode.

Figure 4 shows density profiles calculated with the wider box (4.230 nm) containing
twice as many molecules and ions. The hard wall was located at z = £1.868 nm.
Notice that the density profiles are narrower (smaller full width at half maximum).
The reason for this was traced to smaller fluctuations in the positions of the ions
because of weaker transcell interactions. The plots of z vs. t (time) did not show the
same range ol movement secn in Figure 2. Also the ions werc morc strongly adsorbed
as judged by their peak positions, which were cach closer to their respective electrodes.
The peak positions relative to the hard wall are listed in Table IH. TFor fluoride the
distance from peak to hard wall was 0.13nm compared to 0.27 nm for the thinner (ilm
with 216 molecules and ions. The cartoon for the fluoride ion shows in to be closer
to the electrode in Figurc 4 compared to Figure 3. There was also a small shift to
the clectrode for the cation, but it was smallcr duc to stronger binding of the waters
of hydration. With a cut off radius of 0.82 nm thc ions did not couple directly by
Coulomb interactions. Therc was no overlap of the range of the intcractions that

would be possible at times in the 2.262 nm thick sample.
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There is some concern that the transccll ion attraction in the thin films may be an
artifact duc to the truncation of the Coulomb potentials of the sort recently described
by Bader and Chandler. (41). Bader and Chandler identified an artificial, truncation
induccd attraction between ion of like charge, however arguc that for ions of unlike
charge such artifacts should be reduced. This and the fact that the transcell attraction
is decreasing with film thickness argue that we arc not scecing such truncation induce

eflects.

FFigurc 4 also showed that the water at the interface was quieter, as mcasurcd by the
peaks and troughs in the water density profile. Major [caturc positions are recorded
in Table I'V. Note first that the density in the middle of the films was about the same.
The peaks corresponding to surface water were higher at both surfaces relative to bulk
for the 432 molccule systém compared to the 216 system. Corroborating this notion
was the deeper water exclusion trough near the fluoride ion, implying a higher degrec

of time averaged organization around the anion.




V. RESULTS FOR LiCl

Figurc 5 shows the time cvolution of the 7 coordinate {or the lithium iton and chloride
ion in a 216 moleculc and ion simulation. Shown also s the time dependence of the
number of watcr molecules in the first and sccond solvation shclls (or chloride.
Lithium is not shown becausc it was cssentially identical to the result alrcady plotted
in Figure 2. The starting configuration was the same as previously described for Lil.
Notc first that the time dependence of the lithium ion was qualitatively the same as
in the LiFF simulation and is not discussed further here. The time dependence of the
z coordinate for chloride was different to {tuoride. During the {irst 100 ps of the LiCl
simulation hydrated CI moved faster under the influence of the clectric ficld and ar-
rived at the anode sooner than fluoride did under similar conditions. This observation
is significant since it is in qualitative agrcement with experimentally measured trans-
port numbers in dilute solutions (42-44). This diflerence was due to the larger effec-
tive radius of hydrated fluoride which binds its solvation shells more tightly than the
chloride ion. In passing we note that the chloride ion z coordinate also showed jitter

similar to that already described for fluoride in Figure 2.

For times greater than 100 ps the time dependence of the z coordinate of chloride
looks qualitatively different from the strongly hydrated ions fluoride and lithium. First
note that the chloride nucleus occasionally touches and pcnctrates the hard wall,
which in zero clectric field occurs at [z} = 0.934 nm. This means that chloride spends
some time contact adsorbed, in contrast to f{luoride which ncver made direct physical

contact with the electrode.

Inside the box in Figure S the data for the first and sccond solvation shells of chloride
was sampled every 5 ps not every 1 ps as for the z coordinates. The radit of the
solvation shells were chosen to be at the minima in the calculated chloride ion-water
pair corrclation functions. [For chloride these were at r = 0.3758 nm (first shell) and

r = 0.6558 nm (sccond shell).
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IFor chloride the first shell {luctnated mostly in the range live to seven with excursions
to three and occasionally as high as ten (not shown in the time spanned in figure 5).
The average hydration numbers for the first and sccond hydration shells averaged over
900 ps were 6.1 and 20.8 respectively. The first number is consistent with the pio-
necring studies of Dictz et al (45), who calculated 6.5 0.5 for the chloride ion in
bulk electrolyte. There was an apparent corrclation between first shell hydration
number and position when the ion was close to the clectrode. The calculated corre-
lation was 0.51. [For times greater than 100 ps the second shell hydration number
fluctuated between twelve and thirty seven. The averaged hydration number was 20.8
for the second shell. Again there was apparcent corrclation with distance from the
electrode and the calculated correlation was 0.81, higher than lor the shells of smaller
ions. The residence time {or water on chloride was about 15 ps for the large system
and a little smaller for the small system (sce Table 1l). It was not dependent on shell
indicating that the shells are mixing in comparable (ashion consistent with water being

weakly bound. This was the common description for all except the two smallest ions.

Figure 6 shows the z dependent density profiles for lithium and chloride ions (nor-
malized to unity) and water (normalized to 214) across the film. Only configurations
with times greater than 100 ps were used in accumulating these density profiles. The
total simulation time was actually 1100 ps more than shown in the figure, so that for
chloride statistics were collected for a total duration of 1000 ps. The main peak
(average) of lithium ion occurred at -0.732 nm (-0.679 nm) with closest approach at
-0.827 nm and furthest position at 7 = -0.283 nm. Valucs arc tabulated in Table 111.

The lithium distribution resembles that for Lil° quite closcly.

[For chloride the main peak (average) was at 0.709 nm (0.747 nm), closcst at 0.968
nm and farthest point at z = 0.449 nm. The range of displacements of the chloride
ion was about 0.5 nm. This was greater than shown in Iligure 4 which only showed

the first nanosecond, a large excursion away from the clectrode occurred between 1000
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ps and 1100 ps. Clearly the statistics were not suflicient to give a smooth distribution,
and it is possible that the density is bimodal for a gap of 2.362 nm. I the densny
profile is bimodal then a calculation ol the potential of mean force (46) will show two
minima. This latter conclusion was also suggested by the rapidity of the transition
from contact to non-contact adsorbed conliguration (sce Figure 4). It was considered
not worthwhile to pursue this aspcct further with the model used in this paper. The
figurc also shows schematically a cartoon ol the relative positions of the ions and
water molecules in the first hydration shell closest to the surface. Only when the
chloride ion is furthest from the clectrode at v = 0.5 nm, is it possible for the ion
to be surrounded by a complcte first solvation shell. The position of closest approach
is shghtly greater than 0.934 nm because the attractive clectric ficld acts to pull the
ion into the repulsive region. Also shown in Figure 6 is the water density distribution.
Chloride being a larger anion than fluoride gives risc to a deeper minimum located
near 0.66 nm the position of the main peak (at z = 0.7]1 nm} in the ion dcnsity.
Other features in common with the fluoride simulations were the sharpness of the
surface water peaks ( at |z} = 0.898 nm ) and a separate pcak in the calculated proton

distribution at z = -0.992 nm necar the anode (not shown in Figure 6).

Figure 7 displays the density proiile results for the thicker 4.230 nm film. Note the
dramatic change in distributions for both ions. Each was found to be sharper and
occupying a narrower range of Az. Thec full widths at half maximum wcre comparable
to those found for all the other thicker systems. The cartoon of hydration around
the chlonide ligand in I‘igure 7 showed that the anion was more strongly adsorbed
than in the 2.3 nm film. The half widths and position shifts arc consistent with the
view that transcell coupling mediated by water polarization is responsible for the much
broader distributions scen in the 2.36 nm films. The chloride distribution remained
wider than any other ion in similar cclls, suggestive of the behavior scen in the thinner

film. Chloride behaved intermediate between adsorbed as a bydrated ion and adsorbed




in contact.

The water exclusion zonc ncar 7

= 1.6 nm resembled that scen already

for the fluoride ion i Ifigure 4. Al the water density profiles were remarkably similar,

a fact reflected in part by the similarity in the values in Table IV,
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VI.RESUL'IS FOR LiBr

Figure 8 displays the time dependence of the 2 coordinete of the ithium ton and a
bromide ion Juring a simulation lasting 1000 ps. Unlike all the simulations presented
so far this onc started with an cquilibrated system i which the jons were adsorbed
on the electrodes. It was found that starting with the cubic lattice lead to the for-
mation of an ton pair. The procedure used for bromide was to start with the 6 x 6
x 6 cubic array as bhefore but in an electric (icld ten tunes stronger. The simulation
was run in high field for 10 or 20 ps until both jons were in contact with the
oppositely charged wall. In ficlds of 1.5 x 10° Viem and greater even the cation was
contact adsorbed. With the ions separated the ficld was then resct at 2x 10 Viem.
Dashed horizontal lines define the hard wall region of the wall potential starting at
z{ = 0934 nm. This is cffectively the boundary surface of the clectrode. Note that
the bromide ion frequently touched the boundary, and so in this model 1s a moderate
contact adsorber, more strongly bound than chloride in Figure 4, but not as strongly

bound as iodide (vide ultra).

The time dependence of the z coordinate of the lithium ion was a little different to
that found for LiCl and LiBr. Thc range of displacements is clearly smaller, which

results in the distribution being narrower. We rcturn to this subject later.

Shown in [ligurc 8 as a function of time for cach ion arc thc numbers of water
molecules in the first and sccond solvation shells of the bromide ion. Thc data was
sampled every S ps not cvery 1 ps as for the 7 coordinates. The radii of the solvation
shells were chosen to be at the minima ia the calculated ton-water pair corrclation
functions. For bromide these were at r = 0.4024 nm {{irst shcll) and r = 0.6588 nm

{second shell), same as (or chioride.

FFor bromide the contents of the first shell Muctuated between Nive and six waters with

infrequent excursions to four and occasional jumps to values as high as mne. The




average valuc was 5.6 for the lirst shell. The higher values were only weakly corre-
lated with positions further {rom the clectrode. The correlation cocflicient for the first
shell was calculated to be 0.37. In the sccond shell the hydration number {luctuated
between ten and twenty six. The hydration average valuc was 16.8 and the corrclation
coeflicient was 0.86, implying a strong correlation with distance from the electrode.

Table 11 shows the residence times follow the pattera established lor chloride.

Figure 9 shows the distribution of Li’, Br, and 214 water molccules in & strong
clectric field ( 210 V/cm) across the gap between the charged plates. The wall po-
tential s shown for reference. Circles have the Lennard-Jones radii for the tons and
watcer. The conligurations were collected in the time interval 100 ps < time < 1000
ps. The range of bromide positions was: farthest z = 0.661 nm, closcst z = 0.968
nm, and peak (average) position at approximately 0.874 nm (-0.861 nm). At the
closest approach the negative ion lay inside the rcpulsive regime of the wall potential.
In this simulation the anion engages in moderate contact adsorption, stronger than
chloride but not as strong as in the case of iodide. Note the again the presence of
the shallow minimum in the watcr distribution ncar the average position of the anion.
This minimum is slightly more pronounced than in the case of chloride. It is duc to

exclusion of water molecules (rom the interface by the larger volumec of the ion.

The results of simulations with a twelve (4.230 nm) watcr layer system arc shown in
Figure 10. The trend to contact adsorption with larger ionic size was continued.
Again there was a narrow lithium distribution characteristic of the thicker [ilm. What
was of interest in comparing the density profiles in Figurcs 9 and 10, was their simi-
larity. In all the other LiX systems the 2.3G and 4.23 nm [ilms show how the transccll

interaction drops in going to the thicker cell.

I'he transccll interactions between Li and Br appcarcd weaker in thin ccll compared
say to Lil and LiCl. As with Lil, to be discussed in the next scction, it appcared

that as contact adsorption increased then the more the anion decoupled rom the bulk
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water and the smaller the perturbation on the cation duc to movement ol the amon
perpendicular to the surface. As scen from the Figure 10 and the positions tabulated
in Table 111 the lithium cation peak at z = -1.692 nm had moved a lhittle closer to
the hard wall, and the density proflilc was somcwhat sharper. Indeed the lithium
position was close to that for a lithium ion without an anion but trapped against the

cathode by the static field used in all thesc simulations (6).
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V1L. RESULTS FOR Lil

The casc of lithium iodide solutions at constant encrgy were described in the first (1)
paper. New results are presented here for simulations donc at constant temperaturc.
lodide represents the extreme casc of contact adsorption. Experimentally iodide is
known to contact adsorb on metals at potentials corresponding to thermodynamically
stable clectric double layers. in contrast to lithium ions which do not. Time de-
pendence of the z coordinate of the lithium ion and a iodide ion during a simulation
lasting 400 ps is showa in Figure 11. The sampling interval in these calculations was
0.5 ps, smaller than in all the previous calculations described so far which were all
at 1.0 ps. The starting configuration was one previously obtained in the earlier study
(1). As before the dashed horizontal lines define the repulsive region of the wall po-
tential starting at |z| = 0.934 nm. This is cffectively the boundary surface of the
electrode. Note that the iodide ion spends almost all its time at the boundary, and
in this model is classified as a strong contact adsorber. It makes only short time
excursions away [rom the surface, and is rarely found morc than 0.1 nm removed [rom

contact.

Also shown in Figure 11 as a function of time for the iodide ion are the numbers
of water molecules in the first and second solvation shells. The data was sampled
cvery 2.5 ps not cvery 5 ps as for the hydration number plots in the figures for LilF,
LiCl, and LiBr. The radii of the soivation shclls taken from the calculated ion-water
pair correlation functions were at r = 0.4289 nm (first shell) and r = 0.6765 nm

(second shell).

For iodide the first shell fluctuated between two and cight, with four, five and six
being the most {requent occupation number. The average value was 5.4 [or the first
shell with a corrclation of 0.29 (wcak, corresponding to no apparent corrclation visible
in Iigure 11) between first shell hydration number and position. Because the ion was

so strongly adsorbed the correlation was small. In the sccond shell the hydration
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number fluctuated between cleven and twenty five. The average value was 16.8. A
weak correlation with distance from the clectrode wus apparent, the calculated corre-

lation was 0.63.

As shown in Figure 12 the esscntial features of the iodide distribution emerge cven
after a simulation running for 400 ps. The distribution of the Li' jon and the 214
water molecules looks very similar to LilF and LiC] solutions. In this simulation the
anion cxhibits strong contact adsorption. Thc anion density profile was sharply
peaked (average) at z = 0.921 nm (0.886 nm) very closc to the hard wall. The point
of closest approach was 0.992 nm, and that farthest (rom the clectrode was at 0.685
nm. The water distribution in Figure 9 has more noisc than the onc shown in Figure
6 for LiCl solution becausc of poorer statistics resulting from a simulation time of
400 ps duration. In spite of this the shallow minimum in the water distribution due
to the ion displacing water was clcarly visible near 0.70 nm. Tablc 1V gives the salient

features of all the water distributions.

In Figure 13 the results of the thick film density profile arc displayed. As before the
system was allowed to cquilibrate for 100 ps beforc averaging over conligurations
collected during the next 900 ps. The iodide density distribution was the sharpest,
of all the halide profiles for all the systems studicd here. The peak valuc of nearly
14 nm’' in the thick film compared to 11 nm’' in the six layer film. A comparison
of water density profiles showed them all to be very similar, with all the distribution
differences occurring near the walls. The diflerences that did exist seemed to be re-
lated to the dcgree and strength of hydration of thc adsorbed ions. Consistent with
weaker coupling across this thicker film, the water distribution ncar the cathode where
the Li* was adsorbed were superimposable for different anions in systems with 432

molecules and ions.
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VIIL. RESULTS FOR WEAKER FIELDS

This section resumes the discussion of the quality of water and ion paramcters for

surface studies begun in the introduction.

It has been pointed out (8) that small ion paramcters over cstimate the of hydration
by as much as 25%. Conscquently in the ficld we arc using 210 V/em in our sim-
ulations, the ability of small ions like {luoride I~ and lithium Li " 10 adsorb with intact
primary solvation shell is cxaggerated compared to the larger ions. Thic magnitude
of this field is at the upper end for stable clectrochemical double layers so it 15 of

interest to know what happens in wcaker ficlds.

lHowever it is an experimental fact that small ions like Li' and fluoride I do not
chemisorb on to metals in thc double region of clcctrode potentials, and this phe-
nomenon is attributed to their strongly held primary solvation shells. There are even
anions (PF6', BF6' and CIO4') that adsorb morce wcakly than fluoride (5), in that they
distrurb the interface even less (lower capacitance). Consequently although the ST2
parameters for Li* do not qualitatively model the adsorption process at the value
of the static field used here, the scries of Ileinzinger’s anion parameters does model
adsoption changes along the serics. We do not expect this modelling to be quanti-
tative, for example by predicting the value of thc threshold ficld above which the

lithium ion to be contact adsorbed.

To explore the static ficld dependence we calculated the density profile for a single
P . . - ' K .

Li~ ion with 215 water molecules and a single I ion in 215 ST2 waters, for different

values of the applicd field. All other conditions in these simulations were the same

as before.

For ficlds about seven times higher (ca.l.le()RV/cm), like the oncs used in the cal-
culations of Brodsky and Reinhardt (30, 31), the lithium ion was contact adsorbed

and it was observed that all the waters of the film oricnted with dipoles |jz. The
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behaviour in the regime of weaker ficlds is more relevant to the present study. As
the ficld was weakened the density profile of Li' ion shifted towards the middle of
the water film. In zcro field the density profile pmn('/,) was a broad bell-like distrib-
utton with the tails rcaching out to about {7] =0.5nm. 'This result is consistent with
that reported by Wilson ct al (47) (or a singlc sodium ion in a 2.0 nm thick f{ilm of
water with two liquid - vapour boundarics, and can be interpreted as the ions mi-
grating io maximize their polarization encrgy in the solvent. Relaxation times were
found to be longer than 1 ns, becausc of the large configuration spacc explored.
Consequently it was not possible to get good statistics by accumulating configurations
with brute force dynamics. This problem could be better tackled using umbrcila
.

sampling (24) or some scheme to simplily the long time dynamics like those used to

studied polypeptides (48).

In the case of iodide thc peak in the density profilc pion(z) for a given ficld always
occurred at a point closer to the charged wall than was the case {or lithium ion. This
is consistent with the previous calculations for 1" ion, and suggests that the estab-
lishment of the solvent structure around this large anion occurs gradually as the field

1s weakened and the ion pulls pulls back [rom the wall.

What can be concluded from these results? [First because of differences in ionic radii
the smaller ions will be more strongly hydrated than larger ions. As the strength of
the field is incrcased ions with more strongly bound solvation shells will tend to spend
more time contact adsorbed. Converscly, in thc abscnce of a strong universally
binding interaction such as an image intcraction, the adsorbed ions will shift away
from the clectrode as the field is wcakcned. An cxception will occur for large
hydrophobic ions which might remain adsorbed in a configuration that maximized
solvent entropy (it is well established that large ncutral organics cg., benzene, arc

adsorbed most strongly at thc potential of zcro charge) (49).
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IX. SUMMARY

The simulations described here have revealed some of the static and dynamical com-
plexities of the adsorption of hydrated ions onto charged surfaces. The main features
were as follows. 1) The small ions Li' and I did not make contact with electrode
in fields of 2xlO']V/cm because of their strongly bound first solvation shells. There
was a balancc between clectric and Lennard-Toncs attraction and thermal fluctuations.
In the thin film polarization coupling mediated by water molccules increased the size
of the fluctuations cxpericnced by the ions. i) In the modcl uscd here chloride was
the first ion to exhibit contact adsorption. In thc 2 nm film it appcarcd to have a
bimodal distribution. 1ii) The presence of adsorbed tons implies the presence of lo-
calized water hcld in place by the ficld of the ion and it’s associated hydrogen bond
nctwork. The presence of large interfacial ions also mecans there is a depletion zone
where fewer waters are located. iv) The time dependence of the first shell hydration
numbers for lithium and (luoride corroborate the picturc. The residence time of a
water moleculc on lithium ion was a factor of {our longer compared to {luoride. The
first solvation shell of chloride and the bigger ions were found to be all very dynami.
with residence times around [0 ps according to the model used here. Exchange of

water between the first shell and thic bulk was less than about 1ps.

Finally we point out that their arc significant physical cffects not modeled in the
present study. In particular rigid non polarizable models exhibit diclectric saturation.
To more accurately account for rclaxation around small ion core one clearly nceds
to enhance the models in signilicant ways outsidc the scope af the present study. In
the extremely high ficlds near small ion cores water molccules will distort clectronically
and geometrically. To account for thesc cffects commonly adopted enhancements
include replacement of the repulsive r'? core potentials with softer ones fashioned

after exp(-ar), or better still a sum ol cxponcntials obtained from a quantum chemistry
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calculation, polarizable ions and ncutral water molccules, and flexible water molecules.

Work on incorporating these effects in uscable models is in progress in our laboratory.
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Table I The interaction parameters (g, z, a, A, B) and mass () for all atoms used
in the simulations, where g, =¢e . £, = 1 KJ[muole , a,= lum ,
A, =17.447 x 10 KJ e nnttfmole |, B, = 76.144 x 10 3KJ e nnt*{mole , and m, = 1AM

The ¢ and o for unlike atom pairs 1s formed {rom the combination rules,

Eap = [(5“[}5”) and O',(n:(oAA“"Oﬂﬁ)/z'

qlq. efe, olo, min, AlA, BB,
0O_ST2 0.0000 0.310 0.310 16.0 1 ]
11 §ST2 0.2357 0.000 0.000 1.000 0 0
PC_ST2 —-0.2357 0.000 0.0 0.0 0 0
Li 1.0000 0.149 0.237 0.9 1 H
F — 1.0000  0.050 0.400 19.0 | !
Cl —1.0000 0.168 0.486 35.5 1 i
Br — 10000 0.270 0.504 79.9 1 1
1 —1.0000 0.408 0.540 129.9 1 1




Table H. Summary of hydration water restdence times with the one signia errors {or
LiX (X =1,CLBr 1) in water films with 216 molecules (2.362nm) and 432 molecules
(4.320um).

LiF LiCl LiBr Lil

2.362 nm film with 216 molecules

Lit ion, 1st shell 122425  168+43 115443
Li* ion, 2nd shell 1240.5  12+0.4  1240.5
X~ ion, 1st shell 25+41.8  1240.6  1140.6
X~ ion, 2nd shell 13+0.4 1340.4 1240.4

4.320 nm film with 432 molecules

Li* ion, ist shell  106+14 97412 87417 130422
Li" ion, 2nd shell  1040.3  940.3 1040.3  9+0.3
X~ jon, 1st shell 3342.7  16+1.2  14+0.8  1140.6

X~ ion, 2nd shell 1540.6 16+0.6 16+0.6 1540.5




RYS

Fable T Swmmary of density profde aesults ol halide sone i two water hiims. All

wositions reliative to closest wall at |7 U3 (for 2302nm hilmy and /]
{

1.808nm

tor 4 3 20nm hlmy

Br

Lit 4 F- Cl I-
2.362nm film
Znear - ZhP +0.084 -0.084 $0.034  40.058  40.058
Zpk - 2KC +0.225 -0.273  -0.225 -0.036 -0.013
Zfar - 219 +0.580 -0.556  -=0.509 -0.320 -0.249
4.320nm film
Znear - 24P +0.064 -0.007 +0.062 +0.062 +0.062
Zpk - 24° +0.202 -0.176  -0.044  -0.017 -0.017
Zfar - 2p9 +0.414 -0.440 -0.335 -0.308 -0.202

a hithium from Lil simulation

bz .. pomtof ncarest approach to clectrode
€7 position of pcak in the density

d z . position of farthest point from clectrode
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Table 1V. Summary of water density profile results for X (X = F,CLBr1) two water
films. All positions measured in nm celative to ncarest hard wall at |z, = 0.934nm (for
2.362nm film) and |z = 1.808 (for 4.320nm film). The number i parentheses 1s the

value in nm™ of the density profile

LiF LiCl I.iBr Lil

2.362nm film

Peak on ~0.060 -0.036 -0.036 -0.036
anion side (147) (143) (142) (135)
Minimum on ~0.273 -0.273 ~0.296 -0.273
anion side (103) ( 95) ¢ 93) (¢ 91)
Peak on 0.036 0.036 0.036 0.036
cation Side (133) (140) (138) (138)
4,.320nm film

Peak on -0.044 -0.044 -0.044 -0.044
anion side (157) (150) (152) (141>
Minimum on  -0.255 -0.282 -0.255 ~0.255

anion side ( 96) ( 93) ( 90) ( 87)

Peak on 0.044 0.044 0.017 0.017
cation Side (146) (149) (151) (147)
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FIGURE CAPTIONS

Figure 1. lon-water pair correlation functions for lithium and the halide tons. The
four correlation functions for the lithtum tons are supcrimposed showing
their essential equivalence. For chloride, bromide, and iodide the second
pcak necar 0.55 nm arc also essentially thc samc within numerical crror.
The dip at 0.82 nm indicated by thc arrows was duc to the truncation

function.

Figure 2. Time dependence of the 7 coordinate of the lithium ion and a fluoride ion
during a simulation lasting {000 ps. At timc t = O ps both ions start out
ncar the cathodc. It takes the anion about 100 ps to migrate across the
gap. Note that the clectric ficlds keep the ions separated and restricted to
vicinity of their respective clectrodes. The ions arc not {ree to diffuse
throughout the gap. Dashed horizontal lines define the beginning of the
hard wall repulsive region of the potential starting at {z| = 0.934 nm. This

is eflectively the boundary surface of the clectrode.

Figure 3. Distribution of Li*', I, and 214 water molecules in a strong clectric field
(~2x107 V/cm) across the gap between the charged plates. Wall potential
shown for reference. Circles are Lennard-Jones radii for the ions and water.
In this simulation the anion ncver contact adsorbs. Contrast this with the
results of the simulation for LiCl, LiBr, and Lil. Notec the shallow minimum

in the water distribution ncar the avcrage position of the anion.

e R . . Lt . . .
Figure 4. Distribution of Li , I7, and 430 water molccules in a strong electric ficld

(~2xl()7 V/cm) across the gap between the charged plates. Wall potential
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shown for reference. Circles arc Lennard-Jones radii for the tons and water.
In this simulation the anion never contact adsorbs. Contrast this with the
results of the simulation for LiCl, LiBlr, and Lil. Note the shallow minimum

in the water distribution ncar the average position of the anion.

Figure 5. Time dependence of the z coordinate of the lithtum ion and a a chloride

Figure 6.

Figure 7.

I

ion during a simulation lasting 1000 ps. At timc t = 0 ps both ions start
out near the cathode. It takes the anion less than 100 ps to migrate across
the gap. Note that the clectric fields keep the ions separated and restricted
to vicinity of their respective clectrodes. The ions are not free to dilfuse
throughout the gap. Dashed horizontal lines define the hard wall region
of the potential starting at |z| = 0.934 nm. This is eflectively the boundary
surface of the electrode. Unlike fluoride the chloride ton does touch the

boundary, and in this model is able to contact adsorb in weak fashion.

Distribution of Li +, Cl, and 214 water molecules in a strong electric ficld
(~2x107 V/cm) across the gap between the charged plates. Wall potential
shown for reference. Circles are Lennard-Jones radii for the ions and water.
In this simulation the anion makes wecak contact adsorption. Contrast this
with the results of the simulation for LiBr and Lil, where the contact
adsorption is morc {requent and therefore stronger. Note the shallow

minimum in the water distribution ncar the average position of the anion.

. . . A - . .
Distribution of Li , Cl, and 430 water molecules in a strong electric ficld
7 .
(~2x10" V/cm) across the gap between the charged plates. Wall potential
shown for reference. Circles are Lennard-Joncs radii for the ions and water.

In this simulation the anion makes weak contact adsorption. Contrast this
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with the results of the simulation for LiBr and 1.il, where the contact
adsorption is more frequent and thercfore stronger. Note the shallow

minimum in the water distribution near the average position of the anion.

Figure 8. Time dependence of the z coordinate of the lithium ion and a bromide ion
during a simulation lasting 1000 ps. Notc that the clectric fields keep the
ions separated and restricted to vicinity of their respective clectrodes. The
ions arc not frec to diffuse throughout the gap. Dashed horizontal lincs
define the repulsive region of the wall potential starting at [z} = 0.934 nm.
This is effectively the boundary surface of the clectrode. Note that the
bromide ion frequently touches the boundary, and so in this model is a

moderate contact adsorber.

Figure 9. Distribution of Li+, Br, and 214 watcer molecules in a strong clectric field
(~2xl07 V/em) across the gap between the charged plates. Vall potential
shown for reference. Circles are Lennard-Joncs radii for the ions and water.
In this simulation thc anion engages in moderate contact adsorption.
Contrast this with the results of the simulation for LiFF where there is no
contact and Lil where the iodide makes strong contact. Note the shallow

minimum in the water distribution ncar the average position of the anion.

Figure 10. Distribution of Li+, Br, and 430 watcr molccules in a strong electric ficld
(~2x107 V/cm) across the gap betwcen the charged plates. Wall potential
shown for refcrence. Circles are Lennard-Jones radii for the tons and water.
In this simulation the anion cngages in moderate contact adsorption.

Contrast this with the rcsults of the simulation for LilY where there is no
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contact and Lil wherc the iodide makes strong contact. Note the shallow

minimum in the water distribution near the average position of the anion.

Figure 11. Time dependence of the 7 coordinate of the lithium ion and a todide ion
during a simulation lasting 400 ps. Note that the electric ficlds keep the
ions separated and restricted to vicinity of their respective clectrodes. The
ions arc not free to diffusc throughout the gap. Dashed horizontal lincs
define the hard wall region of thc potential starting at |z} = 0.934 nm.
This is eflectively the boundary surface of the clectrode. Note that the
iodide ion spends almost all its time at thc boundary, and in this modcl is
classified as a strong contact adsorber. It makes only short time cxcursions

away {rom the surface.

Figure 12. Distribution of Li*, I, and 214 water molccules in a strong clectric field
(~2x107 V/cm) across the gap between the charged plates. Wall potential
shown for reference. Circles are Lennard-Jones radii for the ions and water.
In this simulation the anion exhibits strong contact adsorption. The density
profile is sharply pcaked very close to the repulsive wall. Contrast this with
the results of the simulation for LilF where there is no contact. Notc the
shallow minimum in thc water distribution ncar the average position of the

anion.

Figure 13. Distribution of Li '*', ', and 432 water molccules in a strong clectric field
(~2xl07 V/em) across the gap between the charged plates. Simulation time
{000ps. Wall potential shown for reference. Circles are lLennard-Jones radii
for the ions and water. In this simulation the anion exhibits strong contact

adsorption. The density profile is sharply peaked very closc to the repulsive




wall. Contrast this with the results of the simulation for Lil© where there
i< no contact. Note the shollow minimum in the water distribution near

the average position of thc anion.
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