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Simulation of water solutions of Ni°* at infinite dilution
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A new ab initio pair potential is developed 1o describe the nickel-water interactions in Ni¢IT) aqueous solutions. Results of
Monte Carlo simulations for the Ni(IT)~(H20) g0 system are presented for this pair potential with and without three-body clas-
sical polarization terms (the watcr—water interaction is described by the ab initio MCY potential). The structure of the solution
around Ni(Il) is discussed in terms of radial distribution functions, coordination numbers and thermal ellipsoids. The results
show that the three-body terms have a non-negligible effect on the simulated solution. In fact, the experimental coordination
number of six is reproduced with the full potential while a higher value is predicied when the simple pairwise-additive petential
is used. The equilibrium NiO distance for the first hydration sheli is also dependent on the use of the three-body terms, Compar-
ison of our distribution fuactions with those obtained by neutron-diffraction experiments shows a reasonable quantitative agree-
ment. Statistical pattern recognition analysis has alse been applied to our simulations in order to better understand the local
thermal motion of the water molecules around the metal jon. In this way, thermal ellipsoids have been computed (and graphically
displayed} for each atom of the waler molecules belonging to the Ni{II) first hydration shell. This analysis revealed that the
twisting and bending motions are greater than the radial motion, and that the hydrogens have a higher mobility than the oxygens.
In addition, & thermodynarmic perturbation method has been incorporated in our Monte Carlo procedure in order to compute the
free energy of hydration for the Ni(II) ion. Agreement between these results and the experimental ones is also sufficiently reason-

able to demonstrate the feasibility of this new potential for the nickel-water interactions.

1. Introduction

The study of aqueous solutions of iransition metal
ions is fundamental 1o understand a wide range of
chemical processes in which these ions take part and
on which, as it is well known, the selvent has a deci-
sive role. In the past decades, our knowledge of the
microscopic properties of these aqueous solutions has
grown immensely due to the great improvements on
experimental diffraction work [1] and theoretical
simulations [ 2-15]. Among all transition metal ions,
the Ni(II) ion has been extensively studied experi-
mentally and good quality results exist.

The experimental studies of Ni** hydrated salts,
based on necutron or X-ray scattering [16-18],
showed a well resolved first hydration shell with six
water molecules uniformly arranged around the cen-
tral ion. This solvation structure was found to be re-
markably insensitive to changes on the counterion,

! Present address: Department of Theoretical Chemistry, Uni-

versity of Lodz, 90236 Lodz, Poland.

pressure or lemperature, From a theoretical point of
view, to our knowtedge, only Bounds [3] carried out
a molecular dynamics (MD) study of a Ni** solu-
tion using two-body poientials for the water—water
and ion—water interactions. This author found a gen-
eral agreement with the experimental results save for
the high coordination number obtained. Bounds at-
tributed this discrepancy to the two-body Ni*+—water
ab initio potential used in his simulations. There is
an obvious need for new simulations for this ion us-
ing more reiiable potentials for the nickel-water in-
teractions and this is precisely the purpose of this
work,

The outline of the paper is as follows. In the next
section, several analytical potential functions for the
Ni?*—water two-body interactions are presented and
examined. Details of the three-body jon-water—water
classical polarization potential used are also given in
that section. The actual two- and two- plus three-body
model potentials chosen are then tested on Monte
Carlo (MC) simulations of diluted Ni** aqueous so-
lutions at 7'=298 K. The results of these simulations

(301-0104/93/% 06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved.
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arc collected in section 3 and compared, whenever
possible, with recent neutron-diffraction data. Fur-
thermore, a simple pattern recognition method is ap-
phied to our best simulation results. This method al-
lows us to clarify the relative motion of the water
molecules of the first solvation shell with respect to
the central Ni(11) ion. The perturbation method used
to calculate the free energy of hydration for this ion
15 also outlined and the results are used again to as-
sess the quality of the proposed NiZt—water poten-
ual. Finally, the main results of this work are sum-
marized in section 4.

2. Nickel-water interactions
2. 1. Two-body ion—water potential

The potential surfaces used on the fits of the two-
body Ni**-H, potentials were obtained from
quantum ab initio calculations of the corresponding
dimer. The ab initio calculations have been done at
the UHF level using the GAUSSIAN 90 program
[19]. The DZ basis set used for the water molecule
was taken from the work of Dunning et al. [20] and
for the Ni{II) ion (°F ground state) the ECP/DZV
basis set of Hay et al. [21] was used. More than 250
configurations of the Ni**-H,0 dimer were com-
puted, keeping fixed the water molecule geometry
(Ron=0.957 A and ~HOH=104.5° [22]) and
covering an important water configuration space
around the 1on [7]. From these calculations, the
global energy minimum of —385.78 kJ/mol corre-
sponding to a planar geometry of C,, symmetry
{ Rujo = 1.96 A) was found as expected. These results
are quite similar to the all-electron results obtained
by Bounds [3] using a high guality basis set {same
geometry found with an energy of —368.0 kJ/mol at
a NiO distance of 2.0 A ). It is also worth noting here
that calculations made with another transition metal
ion and using the same type of ECP/DZV basis set
have shown that the basis sct superposition errors arc
not very important for this tvpe of basis sets [15].
The long distance behaviour of the calculations is also
good, showing no unrealistic charge transfer [9-11].

The best choice of an analytical function to de-
scribe the interaction 1s always a delicate balance be-
tween a high quality fit to the data available and the

simplicity that allows a fast computation. Moreover,
certain conditions must be satisfied for the function
to be physically acceptlable when applied in the very
short and in the long range. This type of concern 1s
not relevant here as no long range correction is envis-
aged in the simulation and the short range behaviour
will be checked in cach case. Several analyvtical func-
tions have heen considered for the fit of the above set
of ab initio computations. The first type of functions
has an exponential part and was inspired on the work
of Rode et al. [ 10] for the solvated zinc ion. The fol-
lowing two forms, 7, and ¥, were then considered:

4w Aar By

+ o2
Rz'la‘ R:M’ R A

(qj(J‘laf A,w

VI - +C1M e!(p( - 1WR1M')

wwwwww + B]'U

+
Z th‘ R}Lf Rj‘w‘

g=1

+ CjM exp(— D_;‘M R}M)) > (1

where Ay, Ans, Bis By Ciasn Dipr and Dy, are the
fitting parameters. R, and R, indicate, respec-
tively, Ni{ll)-oxvgen and Ni{Il)-hydrogen dis-
tances. g, q; and g, are the net atomic charges of the
ith or jth atom of the water molecule and of Ni(Il)
taken from a Mulliken population analysis [23] of
the isolated species. ¥, differs from ¥, only on the
Coulombic terms, namely, the charge g4, of Ni{II} is
not mmposed but also considered as a fitting
parameter:

Airi G Birs Cias

V, =2 + —
: Ri;‘\f R.’ M Rt‘f

4; Biag Cias
+ ( M 4 UM M
Z j\:f Rj‘if Rj\a‘

sar €XP{— Epr Ripg)

+ Djpg exp( _Ej-’M’RjM)) . (2)

The second type of functions is a linear combina-
tion of R ~" terms and was taken from early works on
other hydrated metalic ions [5,7,8,12,15]. The fol-
iowing two forms, V; and ¥V, were used:
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G, 4 ) ( L_1g 1 )
Vima{ 2+ ¥ L yap( 1Y —
? (ReM j; R R 2 jgl s

1 12 1 ) Dips 2 D
+ (1 — = + + A
((R w2 ; R;w far J;i hY

E iAf E ;u j:’W
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where Ry, K, again refer to the Ni(1I)-oxygen and
Ni(ll)-hydrogen distances and g,, g, to the net atomic
charges of the oxygen and hydrogen atoms of the
water molecule {in this case, go= —0.64 au and
gu= +0.32 au). V, (s similar to V; but for the ab-
sence of the R ~"terms with n=2, 3:

g; 2
V,= +
+ (R,M ,_Z, RJM) R

+ M{ + z ;Mf ot ?
R!U J*l Rz't:( J"‘leM’
zh’
(4)
RM! J=1 }M

The i1 of the above functions to the ab initio Ni?*—
H.O energy points was made in the usual least-squares
sense and a weighting function similar to that of ref.
[24] was applied, namely

we =1+8Qexp| — (AE, — AE) /KT, (3)

where AE, 1s the minimum interaction energy of the
Ni{II)-H,O system and the {2 parameter was fixed
at 200. This was the best value found for £2 that, si-
multaneously, gave a greater importance to the at-
tractive parts of the potential surface and did not de-
tertorate its repulsive parts.

A simple test of the fitted potentials is the compar-
ison of their minima with those of the ab initio com-
putations. Table | shows the resulting minima for all
the model potentials together with the standard de-
viations obtained on their fittings. Potential ¥, was
chosen as a compromise between ihe guality of the
fit (smaller standard deviation and better proximity
to the ab initio values} and the complexity of the an-
alytical function. It should be noticed that the stan-
dard deviation achieved on the fit of this potential
corresponds to only ~4% of the energy minimum.

Table |

Comparison of minima for the most stable configuration of the
Ni**-(H,0Q) dimer obtained from ab initic calculations and from
the model potentials. The standard deviations (&) of the fits of
the potentials are also shown

Model AL i AR g
(ki/mal) (&) {kI/mal)
ab initio —385.78 1.96
V, —385.70 1.98 15.04
| —385.75 1.98 14.93
126} —385.04 1.97 14.54
V. —385.85 1.98 14.61
E00
400 F .- i
200 . -,." |
3 "
5
-200 - I
—400 | 4
-B0O L L n - n
~E00 ~400 -200 [+] 200 400 BOO
Vg (kJd/mold

Fig. 1. Comparison between calculated interaction energies { E,)
and those resulting from the fitting to potential V.

The accuracy of the ¥, potential is also apparent in
fig. 1, where all calculated ab initio interaction ener-
gies are plotted against those predicted by V. As one
can see from this figure, the depicted points are very
close to the ideal 45° line, particularly in the impor-
tant attractive region. The full set of parameters of ¥,
18 given in table 2.

In ali the following MC calculations, the V, poten-
t1al has been used to describe the Ni(II)-water pair
interactions. It should be noticed that this function
has a unphysical short range behaviour, However, the
energy barrier between the potential minimum and
this unphysical attractive region is far too high to be
of any concern during the simulations.
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Table 2

Final parameters for the Ni**-H,0 ab initio pair potential
function

Parameter 12

A +0.21631 x 10!
Bow +0.34325510%
B —0.17037x 10?
Con —0.64110% 10°
Canm +0,12383x 10°
Do +0.18746x 104
Dam —0.20170 % 10°
Eom —0.15557 %10
Eum +0.24888 x 107

" Energies in hartrees when bond distances are in bohrs.

2.2. Three-body ion—water—water polarization
potential

A non-additive three-body Ni**—{H,0), correc-
tion may be added to the V, pair potential to improve
the representation of the ion—water interaction en-
ergy. Following the work of Clementi et al. [257 this
correction was maodelied by a polarization cnergy,
based on a classical water-bond polarizability model
[26] of the form

b= }ZK Z} Gitar[ 06 (Rags " Ryy)
w5

+Iu(Rysne,) (Rye,) ]/ Ry Ry (6)

where the first and the second summations extend
over, respectively, the bonds of the water molecule K
and the atoms of the water molecule J that should be
different from K. The parameters and the variables
of the above expression have the following meaning:

oy transverse polarizability of bond / in molecule
K.

& anisotropy of bond & in molecule K.

g;: charge of the ith atom of water molecule J.

gy charge of the metal jon.

R, distance vecior between the metal ion and the
mudpoint of the bond & in molecule K.

R, distance vector pointing from the ith atom of
molecule J 1o the midpoint of the bond / of molecule
K,

£, unit vector in the direction of bond 5.

Standard values [27] were attributed to the bond
parameters above (i.e., a,=3.91 auand §,=1.42 au}

and the charges ¢ used (go=~0.64 au and
¢n=+0.32 au) have an associated dipole moment
(1.85 D) similar to that of gascous water [28]. The
solute A {charge gy,=2.0au) itself 1s not polarizable
although 1t does contribute to the polarization P.

3. Monte Carlo simulations

The MC simulations have been carried out on the
NFT enscmble at a temperature of 298 K for a di-
luted solution of Ni(Il}, represented by the system
NiZ*—(H,0) 500 In these simulations, a cubic box of
side lengths of about 18 A has been chosen in arder
to get a density of = 1 g/cm? for the 200 water mole-
cules. Periodic boundary conditions under the mini-
mal image convention [29] have been considered.
The simulations have been done according to the
Metropolis algorithm [30] and the number of con-
figurations used for statistical equilibration and sam-
pling was 2x 10°% Several water—-waler potentials are
currently used in simulation. In this work, the MCY
potential [31] was chosen as it is the more exten-
sively tested non-empirical water—water potential. To
describe the ion-water interactions, the ¥, potential
or this potential with inclusion of the ion—water—water
polarization terms ( 1,4+ P) have been used.

3.1 The struchiire

3.1 1. Radial distribution functions and coordination
numbers

The structure of the solution around the Ni*™* will
be discussed in terms of radial distribution functions
(RDF) and running coordination numbers [ 1. nyl.
The main results of the MC simulations for the Ni2+-
(H.O )00 system using the 7, pair potential with and
without the three-body potential are given in table 3
and in fig. 2. In figs. 2a and 2b two sharp peaks can
be observed, one for the RDF,,o and the other for
the RDFy;u. this one shifted to larger distances rela-
tively to the former one. These two peaks are clearly
related to the first hydration shell of the nickel ion.
The displacement to larger distances observed for the
first peak of the RDFy;y means that, in this region,
the water molecules are well oriented to obey the
dominant ion~water inleractions with their oxygen
atoms pointing to the Ni(11). The first peaks of the
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Tabic 3

Nickel (11 )-water coordination. The experimental tesulis are from
& 2.0 molal solution of NiCl, [187 and the MD results are from
a simulation at 316 K of the N2F - (HaO b, svslem using pair
potentials {3}

Experimental Simulated

this work (MC) MD

Vs Pyt P
Ist shell
Rugn (A) @ 2.07 2.06 2.07 217
Ruu {A) 2.69 2.75 2.69 2.76
1o 6.0 8.00 6.00 .00
iy 11.8 16.24 12.04
2nd shell
7o 1842 17.95 16.27
1y 5 3614 43.68 38.45

3} Position of the maxima on the first peaks of the radial ion-
oxygen {Ruio) and lon-hydrogen (Ruy) distribulion
functions,

b} Calculated by integrating the radial ion—oxygen distribution
function (na} or the radial ien-hydrogen distribution func-
tion {#y) up to their first peak minima.

¢ Calculated by integrating the radial ion—oxvgen distribution
function (n) or the radial ion-hydrogen distribution func-
tion (#y ) between their first and second peak minima.

RDFyio and RDF 4 of fig, 2a appear, respectively,
at 2.09 and 2.75 A and do overlap to some extent.
The corresponding peaks for the simulation with the
V4+ P potential appear at shorter distances than the
abovc ones (see fig. 2b and table 3). In this case, the
RDFy is equal to zero in the zone 2.30 A<
Rui0<3.30 A_ which is precisely the zone where the
first peak of the RDFy,y appears. Such behaviour of
the RDF of the ¥+ P simulation suggests that the
first hydration shell is much better defined and has a
more rigid structure than the one obtained on the ¥,
simulation. From figs. 2a and 2b one can also notice
the existence of a second shell for Ruyio> 3 A, clearly
much fess structured than the first one. However, the
existence of a second shell is only detected on the
¥+ P coordination number plots, as the ¥ curves
outside the first shell have a very flat behaviour with-
out any major deviations.

As seen in table 3, the results obtained for the V,+ P
simulation are in excellent agreement with the exper-
imental values, while the 75 simulation gives an
overestimation for all values, in particular, the NiZ*

{a) /

ol RDFpyH =
ROFNs 0
“o fig - B
5 ng ..
<
¥ 30r B
S
w
=]
o
20} : ’ P
10+ ) -
o ‘\\
o 1 2 3 4 5 5 7 B
" (A
50
S0+
40
[
<
2 mf
3
W
o
o
20T
10

o] 1 2 2 4 9 <] 7 a
R (A

Fig. 2, Ion-hydrogen {RDF.;y) and ion-oxygen {RDFxyo) ra-
dial distribution functions and their respective running coordi-
nation numbers (#y and #o) for the simulation of a diluted Ni?+
selution at 298 K, using (a) the F, potential and {b) the V,+ P
potential.

first coordination number. The same overestimation
is obtained by Bounds on his MD simulations (see
table 3) with pairwise additive potentials. It should
be also noticed that the number of oxygens and hy-
drogens computed for the second hydration shell on
the F4+ P simulation are reasonably similar to those
suggested by Powell et al. [18]. However, 1t should
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be stressed that neither the experimental nor our re-
sults for these values are very precise.

312 Comparison with nevtron-diffraction data

Neutron-diffraction methods in conjunction with
150tapic substitution are nowadays powerfull tech-
niques capable of yielding unambiguous and detailed
information on the structure of agqueous ionic
solutions.

Powell et al. [ 18] have recently measured the first-
order difference neutron functions Ay (K) (differ-
ence spectrum function of two solutions that only
differ on the nickel isotopic composition) for 2.0
molal solutions of NiCl; in light and heavy water. By
Fourier transforming the Ay, (K) functions they ob-
tain real-space difference functions Gy (R ), that arc
linear combinations of all partial RDF involved.
Explicity,

Gni(RY=A(RDFyio — 1)+ B(RDFyn—1)
+C(RDFyu — 1Y+ D{RDFyic— 1}
+E(RDN'1N]'""I), (7)

where 4, B, C, D and E are weighting factors deter-
mined by the scattering lengths and concentrations
of the several atoms in the measured solution. Nor-
mally, the D and E factors are much smalier than the
A, Band C factors and thus Gw; (R) directly provides
the characteristics of the ion coordination 1n solu-
tion. Based on the assumption that the partial struc-
ture factors Sy;ef{K) and Sy (K) are the same in
H,0 and D,0, Powell et al. have computed the par-
tial structure factor Sy (K) by combining the two
A (K for the solutions in H,O and D,O. The Fourier
transform of Sy (K) gives the partial RDEF i (R).
The results of the simulations may be compared with
these experimental resulis as shown in fig. 3 for our
best simulation results (using the V,+ P ion-water
potential ). The data in this figure show that the two
RDF ;4 agree in their general features, although the
height of the experimental peaks is clearly much
smaller than the calculated one and their width much
larger. This is, probably, the consequence of a defect
of the ion—water potential used which may still be too
deep. However, it should be recalled that the experi-
mental solutions were measured at 2.0 molal solu-
tions while the present MC work refers to an infinite
dilute solution. On the other hand, earlier experi-
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Fig. 3. {a) Partial radial distribution function RDFyy for Ni(IT).
Full curve: Monte Carlo results using the V,+ Pand MCY poten-
tials. Dotted curve: Experimental results of Powell et al. [18] for
2 2.0 molal solutien of NiCl; {1¢ avoid confusion in the graph,
the unphysical oscillatiens of the experimental curve below R=1.8
A are not displayed}. (b} Partial structure function Sy for
Ni{II}. Fuil curve: Monte Carlo results using the F,+FPand MCY
potentials. Dotted curve: Experimental results of Powcell et al. [18]
for a 2.0 molal solution of NiCl,.

ments with Ni(Il) solutions [17] have shown that
the widths of the first RDF peaks tend to decrease
with an increase of the concentration although their
position do not vary with the concentration. This
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means that the strong octahedral coordination arcund
the Ni(II) is expected to be less perturbed for lower
concentrations, just as shown in fig. 3a. The agree-
ment between the calculated Sy ( K) and the exper-
imental one is also satisfactory {sce fig., 3b), partic-
ularly in what concerns the position and value of the
first maxima. A discrepancy is found at low K for the
S (K) (fig. 3b) and at high R (R>6 A) for the
RDFu;i (R) (fig. 32). This may be an artifact of the
finite size of the cubic box used in the simulation, On
the other hand, there may be room for improvement
of the V,+ P ion-water interacticns, at least, in the
longer range. In fact, this is not surprising since our
MC simulations use a Coulombic truncated potential
and long-range electrostatic interactions are not ex-
plicitly taken in account (for instance, by using a
Ewald sum [32]). However, the present compari-
sons show that the overall description of the interac-
tions in adequate in our model.

3.1.3. Water motion of the first Ni(II} shell

In order to estimate the geometrical disposition of
the water molecules in the first shell, a microscopical
pattern recognition analysis of the significant struc-
tures of the Ni(1l) solution for the ¥, + P simulation
has been done using a technique similar to that de-
veloped by Tapia and Lluch [33]. First. the equilib-
rium configuration space was sorted so that all water
molecules outside the first hydration shell were dis-
carded (a cutoff radius Ruo=2.2 A was used). Then,
the configurations were divided into classes through
a geometrical criteria based on the oxvgen—oxygen
interconfiguration distances (see ref. [3] for details
on this classification}.

In this work, the above technique has been ex-
tended to also include the hyvdrogen atoms. The con-
figuration space of the hydrogen atoms of cach one
of the six water molecules was scanned in the two rel-
evant angles, namely, the angle between the water C,,
axis and the local radial direction axis and the angle
of rotation of the hydrogen atoms measured in rela-
tion to the water C,, axis. the classes were defined by
a 307 interval in these two angles for each of the six
water molecules. It was found that about 60% of the
configurations analysed belong to a single class as de-
fined above by the criterium on the oxvgen and hy-
drogen atoms.

Each final class may be seen as a sampling of the

thermal fluctuations arcund the preferred confor-
mation of the solvation shell. Therefore, each of these
classes is a distribution that can be considered as a
trivariate normal distribution of the translation ran-
dom variables X, ¥, Z [4]. As usual. the probability
density function f{X, ¥, Z) of the three joint vari-
ables can be used to find the probability, P(.S), that
a point [ X, ¥, Z7 (in this case, the coordinates of a
water molecule) falls in the region § by integration:

}%S):‘[ijhi}iZ)dXdeZ, (8)
Ay

where (X, Y. Z} should be normalized.

This density function, which can be designated as
J{R} in vector notation, has the following form:
[det(M—1)]'72

(3n)>?

Xexp[ =3 (R— (R )M~ (R—(R))], (9)

AR} =

where M ' is the inverse of the variance—covariance
matrix M, (B> means the average of the random
variable R and the superscript T means transpose of,
The matrix M 1s well known [34] and contains the
variances and covariances of the random variables
X, Y and Z. This matrix is obviously dependent on
the temperature as it reflects the mobility of any par-
ticular atom. Diagonalization of the matrix M gives
the principal axes of the ellipsoids, the so-called ther-
mal ellipsoids [35], of the form

. . (5,0,6,)7"
SN e Ya) = =0 e
xexp[—i(Yi/at +Yi/ai+Yi/oD)], (10)

where Y, ¥y and Y are the principal axes of the ther-
mal ellipsoids and &3, o2 and &3 are the variances
along those principal axes. The ellipsoidsof eq. (10}
can be displayed graphically and represent the ther-
mal motion of each atom of the water molecules.

In our case, the matrix M was only computed for
the most populated class of configurations found by
the technique described above. Table 4 gives the vari-
ances g%, 6% and &3 for the atoms falling inside the
Ni(1II} first shell, the six hexacoordinated oxygens and
the corresponding twelve hydrogens. The values 1n
this table show that the motion of the hydrogen at-
oms is larger (approximately by a factor of 2) than
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Tablc 4
Amplitudes of motion (A?) of cach atom en the first hydration
shell of Ni(IT)

Atom al a3 o3

0, 0.042 0.026 0.003
0, 0.030 0.024 0.002
05 0.068 0.035 0.003
0, 0.036 0.019 0.003
O, 0.039 0.019 0.003
Oy 0.058 0.023 0.003
H, 0.068 0.039 0.005
H, 0.047 0.037 6.004
H, 0.096 0.044 0.0035
H, 0.046 0.027 0.006
H; 0.059 0.035 0.006
H, 0.110 0.033 0.006
H; 0.068 0.042 0.005
Hg 0.046 0.028 0.006
H, 0.101 0.051 0.006
H 0.048 0.036 0.006
H), 0.062 0.029 0.005
Hi G.100 0.035 0.006

Fig. 4. Stereo plot of thermal ellipsoids for each atom in the first
shell of the aqueous infinite diluted solution of Ni(II).

that of the oxygen atoms. On the other hand, for cach
atom there is always a direction of motion which is
smaller than the other two. This can be identified with
the radial motion by looking at the resulting sterco
plot of the atom’s thermal ellipsoids in fig. 4, as pro-

duced by the ORTEP program [36]. Bending and
twisting motions seem to be preferred to the radial
motion as indicated by the form of the ellipsoids of
fig. 4. On the other hand, the large variations on the
sizes of the hydrogen ellipsoids probably reflect the
looser nature of the second shell of the Ni(H ) ion.

3.2. The thermodvnaniics

Table 5 reports the average interaction energies per
water molecule for the MC simulations of the Ni?t—
(H,0 )40 system, using the 1 pair potential and the
174+ P polarization potential. By comparing the re-
sults of this table, 11 can be seen that the inclusion of
the polarization causes a decrease on the total energy,
resulting not only from the repulsive contribution of
the three-body polarization energy but also from the
observed decrease on the ion-water two-body en-
ergy. The contribution of the water-water binding
energy to the total energy of ionic solution is, how-
ever, more stabilizing in the V,+ P simulation than
in the I, simulation, Essentially the same energetic
trends have been observed for similar MC simula-
tions of another transition metal ion [15].

in table 5, the hydration enthalpies (AH,,q ), csti-
mated by subtracting the total interaction energies of
the 1onic solutions from that of pure water, are shown
for the two potentials, Comparison with the experi-
mental measured enthalpy of Ni(Il) shows that the
estimaled enthalpies are too exotermic although less
in the case of the V,+ £ potential. Notice that these
are rough estimates of the hydration enthalpy and thus
the comparisons with the experimental data only al-
lows a rough evaluation of the energetic performance
of the potentials. However, they certainly show that
even the best result, that for ¥,+ P, overestimates the
energy data for this ion,

To better assess the energetic performance of the
V4+ P potential, a thermodynamic perturbation sim-
ulation has been carried out to compute the Helm-
hoitz free-energy of hydration of the Ni(11) {on. To
compute this free-energy, the following process, that
corresponds to the conversion of one water molecule
of liquid water to Ni(Il) ion, was simulated [37]:

H,O(N, ag.} — H,O(N—-1,aq.)+Ni**{aq.),
(11)

where H,O{ N, aq.) means liquid water and, in this
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Table 5
Taermodynamic results (in ki fmoly of Ni{ll) in water at 298 K

Method AL AE, Y AL AHygar AGhpar
theor. MC (this work )
Vs —-30.13 - 24.02 —54.16 —3406 9
V4P —33.72 —19.06 —-51.30 - 28339 —2583 ¢
(1.479)
exp. 7 —2171 —2068

) Energy per waler molecule for the lotal two-body water-water interactions.
2 Energy per water molecule for the total two-body ion—walcr interactions.
“ Energy per water molecule for the total interactions. In the casc of the J,+ P simulation, the total three-body interaction energy is also

given in parentheses.

“ Computed as AH 5, =AE o {(Ni* "= (H20) 200} — AF 10, ((H20 ) 200).
“F MC value refers 1o the Helmholiz free energy of hydration Adpyg,.

" Ref. [38].

case, N was fixed at 125. Eq. {11} is a simple process
of simulating the real hydration process, this is

H,O(g )+ Ni** gy < Ni*" (aq.) . {12)

However, the differences between processes (11)
and (12) are expected to be negligiblie (of the order
of 1 kJ/mol {37]) when compared with the valuc of
the free energy of the Ni(II) ion { = —2000 kJ/mol
[38]).

A coupling parameter, 4, that slowly converts the
reference system (A=0) into the perturbed system
(A= 1) was incorporated on the simulation by con-
sidering an hybrid interaction potential of the form

Ul () = (1 =iV U+ Al | (13)

where U, r refers to the potential energy of the refer-
ence systemn, the H,O(N, lig. ) system. and U, t0
the potential energy of the perturbed system. the
Ni** = (H,0) . {aq.) system.

The free energy of hyvdration, Ad, 4. 1s then com-
puted as [39]

N1
A";Ihydr = 7kT Z{) ]n<e>\pi - [ L‘an{()' w | )
= Ul 2 ) VKT 5 A (14)

where ¢ >4, means a canonical average over the in-
termediate system U, (4,,) as a reference system and
N 1s the total number of windows.

To smoothly transform the reference system into
the perturbed one, 4 has heen incremented through
the formula [37]:

Awer=31Htanh [( =N/ 2+w) W) ],
w=0,N=-1, (13)

where a value of 0.02 was given 1o the constant #7,
This value ensures that the changes in free energy were
very small on the first and last windows.

Although a beiter estimate of the statistical errors
and of the hysteresis could have been found with in-
dependent forward (A=0-/7=1) and backward
(~=1-4=0) simulations, oaly the forward simula-
tion was performed. However, this forward simula-
tion was done with double-wide sampling [40] to
obtain simultancously the free-energy changes for
A iepyand A — A, . The value of the free energy
reported below is thus an average of the forward and
backward results obtained in the single simuiation of
process ( 11). This simulation started with an equili-
brated sample of 125 water molecules and the total
namber of windows used was ¥N=4000. In each win-
dow. C { = 35000) configurations were generated and
the free-energy changes were computed by averaging
over the last C/2 generated configurations.

Table 5 presents the resulting Ad,q, of the Ni(Il)
ion, to be compared with the experimental data
available, namely the Gibbs free energy of hydration,
AGyygr. Of this ion. Notice that the differences be-
tween AG and A4 are negligible in relation to the
qguantity computed. In fact, to the best of our knowl-
edge, free-energy changes of this magnitude have
never been calculated. As can be seen in this table,
and as partially expected from the above estimates of



106 M.N.D.S. Cordeiro et al. / Chemical Physics 176 (1993) 97-108

o

A bpygr (kd/mol)

*=1-= k=D

: L : . . L
Q ipog 2000 3600 4000
Window

Fig. 3. Variatien of Ady 4, of the Ni(II) ion in each window. Full
curve: Variation of A. Dotted curve: forward direction

AH\ 4 the Ad, 4, value obtained is overestimated
with respect 1o the experimental one. The use of a
larger sample, more windows and a larger number of
generated configurations for cach window will cer-
tainly improve the agreement with the experimental
data. On the other hand, a more proper account for
the hysteresis and of other statistical errors would also
have be obtained if the forward and backward simu-
lations were ran independently. However, the pres-
ent single simulation presents an acceptable hvster-
esis as can be noticed on fig. 5, where the vanation of
Ady 4. 1n each window is plotted for the two direc-
tions A=0—-Ai=1landi=1-i=0,

Nevertheless, the principal reasen for the disagree-
ment should lic on the ion—water potential model used
on the simulation. In fact, our potential model lcaves
out some important non-additive terms, i.e., the
short-range cxchange ion-water-water terms. Con-
sideration of those terms, as also noted before for the
solvated Cu(II) 1on [ 15] and other ions [41 ], would
probably improve the value Ay, q,.

4. Conclusions

In this paper, MC simulations are presented for a

diluted aqueous solution of Ni{II), using a new ab
initio pair potential with and without three-body
classical polarization terms, Marked changes on the
hydration aumber (#) and on the optimal NiO dis-
tances {Ryo) of this ion’s first shell are obtained
when the pair potential alone is used (n=8,
Ruin=2.09 A) or when it is supplemented with the
polarization terms (2=6, Ruio=2.07 A). Tt should
be rermembered that another simulation study of Ni**
[33. based on a two-body ab initio NiZ* -H,O poten-
tial, did also give a coordination number of eight for
the first shell, This author suggested that it was quite
possible that the problem lied on the 1on-water po-
tential used, which is certainly confirmed by the pres-
ent results, This suggests that the ab initio pair poten-
tials, save for a few exceptions [4.8,12,13], seem to
be strongly inadequate 1o describe the interactions
between transition metal ions and water. Pair poten-
tials of hydrated ions different from the last class were
also shown to be quite inappropriate and their refine-
ment with polarization terms seems to correct them
properly [41,42].

Ovwerall, the agreement between a recent neutron
diffraction study and the present MC simulations with
the polarization potential (the F,+F potential ), as
shown above In section 3, suggests that the intermo-
lecular configurations obtained on its sirmulation re-
produce sufficiently weil the real Ni{(II} hydrated
system, On the other hand, a simple pattern recogui-
tion method applied to our best simulation results al-
lowed us to dissect the water motion around the ion
on its first shell. This shows that most of the water
motion is due io the hydrogen atoms and that the
Ni(Il)~water radial motion is minimal. This seems
10 be a definitive featurc of strongly hydrated ions as
similar results were found for other solvated ions [4].

It should be said however, that further improve-
ments on the present Ni(ll)-water potential are
needed, judging from the attained thermodynamic
results. As aircady mentioned, this potential still lacks
the short range contributions of the non-additive ion—
water—water exchange terms and their inclusion is
expected to correct it on the right way. A better de-
scription of the electrostatic interactions at long range
is also likely to improve the present results. On the
other hand, there s an obvious need for new simula-
tion studies of this ion at higher concentrations and
with counterions in order to make the comparisons
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with the experimental work more reliable. Studies on
these and other related questions are now in progress
in our laboratory.
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