CHAPTER IV

Results for Zn 2+ _ Water function

4.1 Pair Potential

To construct the potential function by means of quantum chemical

calculations the following steps were performed :

(i) selection of repr

(ii) performance : calculation _ ~
(iii) fitting o gotaputed i ot ergies to a functional form and

testing of the functio

varying geometrical paramet 0° and 0° < ® < 135° (Figure 4.1). For
each configuratio e was varied from 1.0 A to
10.0 A. The wate e |during all calculations at the

experimental values 38) (« = 104.52 A ). The fixed

cartesian coordinates for water molecule are given in table 4.1 .

FULINUNTNEING

(i1) P%'rformance of the SCF Calculatl s

Q‘Wﬂﬂﬁﬂim umawmaﬂ

The calculations were performs based on the LCAO-MO-SCF method, with

double zeta basis set including polarization functions (DZP) and ECP (39)
approximation, using a version of the HONDO (7.0) (40) program. For the oxygen
atom of water, the basis set was taken from Stevens et al.(41) for both core and
valence shell electrons, and was extended by a d-type polarization function of orbital

exponent 1.154 (42). For the Zn** ion the original ECP-DZV basis set of Hay and
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Wadt (43) had to be modified to a truncated form. The reason for that is that the
original basis set does not describe correctly the behaviour of the system Zn**.. H,0
at larger distances. Contraction of the d-functions into one set, and removal of the
softest functions (p,s) ensures that Zn?* remains a Zn2* at all Zn...O distances. In
addition, with the original basis set charge transfer occurs to water at larger distances,
leading to an electronic‘ state closed to Zn*. The original and the modified basis sets

are given for comparison in tables 4.2 and 4.3 , repectively.

The LCAO-SCF calcul; -,‘u W modified basis set have been carried

where

— |
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Table 4.1 : Coordinates g

) — )
UL INYNFHmaes
atom ’ ' X oy IF_"}S”@

0 0. 00000 0 . 00000 0. 00000
HI1 0.78830 0. 00000 -0.57380

H3 -0.78830 0 . 00000 -0.57380
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Table 4.2: Original basis set for Zn.

Function Type o Ci
1s 79970 -0.2517637
| 17520 0.5099734
2s 0.6581327
3p 0.6130140
dp 0.4898007
5d 0.0214335
L 0.1368916
\ 0.3704352
04834232
6d 0.3315150

Table 4.3: Modifi edba

Function Tyjpe

ﬂ' ‘ %
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o; = gaussian orbital exponent

c; = coefficient

YT Y Yok
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Table 4.4: Spherical polar angles (degree) for the Zn* /water compiex in

different direction. (cf.figure.4.1)

Direction [0} 6
1 0
2 30
3 60
4 90
: 150
6 180
7 30
8 60
9 90
10 150
11 180
12 0
13 i 30
14 60
5 ﬂ‘lJEl’J'VIEWITW BN 9"0

a‘ma\aﬂmumwmw
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Table 4.5 : Coordinates of the Zn2* for Zn?**/water adduct where (9,8) = (0°,0°),

Zn**.0 distances (in A) and computed interaction energies, AEgcrp , (in

kcal.mol1)

r X Y z Ablyes
1.80 -80.711
1.85 -82.396
1.90 -82.947
2.00 -81.621
2.20 -73.697
4.00 -14.482
6.00 STs
7.00 -0.718
9.00 -0.215

Table 4.6 : Coordmates 0 ';_5 %‘g

n?*/water adduct where (§,0) =

(0°,30°), Zn**-O distpsices (in A) and computed int daction energies, AEgcg , (in

kecal.mol1) V

Y

0
_ﬂuﬂﬁjﬂﬂmﬂmﬂ‘i e

‘BRI TN ING A Y -« o

0. 9000
2.00 1. 0000
4.00 2. 0000
9.00  4.5000

0. 0000
0. 0000
0. 0000

0. 0000

1.5588 - 67 .895
1.7321 -69.925
3.4641 -11.178

7.7942 -3.887
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Table 4.7 : Coordinates of the Zn?** for Zn2*/water adduct where ($,0) =
(0°,90°), Zn%*-O distances (in A) and computed interaction energies, AEgcy , (in

kcal.mol})

r | X Y z ABscr
1.60 182.913
1.80 76 . 034
% . 0 28.997
6.00 6. 8.765
9.00 7.492
Table 4.8 : Coordi 7 1 7‘ “*/water adduct where (9,8) =
(0°,150°), Zn?+-O dist ina A} and-eompufed interaction energies, AESCF 4
(in kcal.mol)
R | ‘—»‘ ' AEgcp
1.60 (zp . 0. 0000 o 356 403 . 552
1.80 ﬂum i 192.527
2.00 w ﬂ m w gl ljgf] - 355
“RIHN T wnwanaa .10
8. 4 . 0000 -6.9282 .298

9.00 4.5000 0. 0000 -7.7942 10. 436
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Table 4.9 : Coordinates of the Zn®* for Zn?*/water adduct where (§,0) =
(0°,180°), Zn%+-0 distances (in A) and computed interaction energies, AEgcr ,

(in kcal.mol1)

1.80 0. 0000 0.0000  -1.8000 77 . 556
2.00 0’ - -2.0000 40.176
4.00 0.0000 % 0. 0000 4 : 20.739
8.00 0 . 0000 =" 0 . 0000 n g 11.710
9.00 0.8 10.786

AUt INENIneINg
AN TUAMINYAE
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(iii) Fitting of Pair Potential to a Functional Form

After having calculated 300 SCF-points of the energy surface in the
geometries mentioned in section (i), the energy points of the differences less than 80
kcal.mole™! were included in fitting using a multidimensional non-linear least-squares

procedure, to a functional of the form

AE = s A3iexp(-A4lri)
where r is the distance be we th afom o : d zinc(I) ion in A, g; and qz,
are charges of hydrog en of vater an | nc(Il) ion, respectively, obtained
by Mulliken populatio i§ (44) i the S 'F caleulations of the isolated systems.
These g-values were keptCo thig hou 7 aleulations. A, Aj,..., A, are the
fitting parameters for the in ra@_ weer Zh** and oxygen or hydrogen of water.
These parameters are shown qu ‘Figure4.2 illustrates the function obtained,
showing the energy“_‘ . e a 2ir () ion in the x-y plane
around a water molecute lyis plane, the uppermost part shows

isoenergetic contours, the mlddle part shows the three-dlmensmnal surface and the

s e et ﬁmﬂ‘ﬁﬂ‘ﬁ i
PYPEP VRS 49 D4 o i

using thefprocedure proposed by Beveridge(45). The result was satisfactory and
ensured by a plot of the SCF-energies versus the energies predicted by the function

with the final parameters (figure 4.3).
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Table 4.10 : Final optimized parameters for the interaction of O and H atoms of

water with ZnZ+

Atom

Parameters H
Ay 0.87647
Ay -351.7161
A, -82.2223
A, -743.592
Ay 1.7261

>
 AUEINENINEINg
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Figure 4.2 : Energy Surface for Zn?* - water (Zn?* appoaching water within its
molecular plane). The uppermost part shows isoenergetic contours, the middle
part the 3-dimensional surface and the lower part areas of stabilization (dark)

and destabilization (light)
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Flgure 4.3 : Scatterplot of fitted (%-axis) versus SCF calculated (7-axis) energy
points of the Zn/H,0 energy surface.
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4.2 Monte Carlo Simulation with Pair Potential

A Monte Carlo simulation was carried out with this potential function, for
infinitely dilute solution conditions represented by 1 Zn?* and 200 water molecules in
the elementary box, at a temperature of 25.0 °C and 1 atm. The Metropolis algorithrh
(24) was applied. For water-water interaction, the MCY (27) potential was used. The
edge length L of the box was 18.143 A | corresponding to the density of pure water,

and a spherical cut-off for e ( _' ‘W uns of L/2 was employed. The starting
configuration was obtained om g ' d in the following procedure one

. - - 4 T —— =
molecule was displaced mly 7. . configurations were randomly
generated, translation i {fce. cartesia A. \and rotation about a randomly

chosen angle were m

50 % for new configurations

Results and ﬁséﬁs’

e b B L) K BT e e o

zmc—hydrogen e presented in figure 4.4, together with the Qpespondmg running

i LA ﬂ%ﬁﬂ%ﬂ%&&@@& w224,03 A

beyond the minimum of the SCF Zn2* -water potential. Clearly separated, a second

hydration sphere appears in the region between 2.8 and 5.8 A . The average
coordination number for the first hydration shell results as 8, in contrast to the value 6
expected from experimental x-ray data(46-48). This situation was similar to the result
from a recent Monte Carlo simulation of Cu2* hydration using convéntional pair

potential(49). As in case of Cu?* , water-water repulsion alone is apparently not
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sufficient to prevent accumulation of a larger number of water moleculés in the first
hydration sphere of Zn?* , even at the price of the moderate enlargement of the an“_*
-O distance. It was obvious that 3-body corrections had to be taken into account for
further simulation work.
The second hydration shell contains about 16 water molecules. Since this
value should strongly depend on the structure of the first hydration sphere, it should

also not be considered too reliable.

_ implies - besides the eval ati, . ) al" pair potentail function - the
performance of a large mi fiber of -s_"-*"-'m.. on H,0..Zn** .. H,0 and
‘ | followed by a fitting of these
data to a separate co tio ; Althoug arst part of these efforts had
already been performed(i. Jpair 61 evaluation), it seemed worthwhile to
investigate the possibility o iffe -,‘ approz ch, ] owing to obtain an improved
ion-ligand function in“ongf's by ess jcomy ‘ ‘er-intensive way. Such a function
should also fulfill the requi . ; "? ' ref > significantly the time needed for

. . ‘ 2 - . - .
energy computations during stat ¥ ons. These considerations were finally

o ;
realized in the correfgm} orithrr din t g Section 4.3

ﬂﬂﬂ’)ﬂﬂﬂ‘ﬁﬂﬂ"lﬂ‘ﬁ
QW’TG\"IﬂiﬂJ 1IN Y
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Figure 4.4 : Zn?*-oxygen and Zn?*-hydrogen radial distribution functions and

running integration numbers obtained by pair potential.
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Figure 4.5 : Schematic illustration of correction method for Zn*-water potential.
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4.3 Nearest Neighbour Ligand Correction (NNLC)

As the conventionally evaluated pair potential function for Zn2* with H,O
leads to the wrong coordination number 8 for the ion at infinite dilution (simulated by
a system of 1 Zn?* and 200 water molecules), it was evident, that 3-body effects

should play an important role in the ion-water interaction, as indicated by several

literature data (4-6,12). Since the evaluation of a potential function taking into

e .\h\xgdC successfully in the case of
for the case of Zn?* in water. This

X orrection (NNLC) " hereafter,

is based on the evaluatiost' offan i 1ol air potential function between an ion

for all ligands resid.m? already in t 3 ong ell at or near the energetic
minimum positions, whienever a metal-ion / ligand pair energy is evaluated.

Figur Wﬁ%ﬁﬁﬂﬂqﬂﬁ correction. The large

sphere indicatesythe area, where the correction is effective for the water molecule

£ = .
whose i m ﬁiﬁﬂqﬁmmﬁ?wﬂﬂ ﬂﬂvo inner sphere
limits n:i ed, where nearest neighbour ligands are searched and included in the

correction of the interaction energy.
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Figure 4.6 : Evaluation of NNL corrected intermolecular potentail:

characteristic radial and angular variations in SCF calculations.
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Construction of the intermolecular potential function

Instead of SCF calculations on a Zn?*/water energy surface, points were
evaluated for the energy surface of a water molecule in the field of a fixed Zn**-H,0
system, where the Zn?>*-O distance of the fixed water molecule was 2.0 A,
corresponding to the average experimental value found for aqueous zinc solutions

(46). A total of 260 points of the energy surface for system H,0-Zn2*..OH, have

# ic directions of approach as illustrated
&Jm 180 to 60 degrees. The energy

of these points was calcula he ab ©LE procedure involving a double zeta

been considered, including the

in figure 4.6, and variation:
valence basis set for w factive.core e ential (ECP) for oxygen (41).

The ECP for zi T re 43), b the valence basis set from this

inﬂ@nce of the second water’s

orientation is demonstrated by the SCF enmergy curves in Figure 4.7, and this effect

will be takenﬂ «u &lm'g b% %§ %ﬁq m correction term of the

potential funcu

QW’W&Nﬂim URIAINYIAY

stabilization energy 3
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Figure 4.7 : Influence of angular orientation of second water molecule on SCF

energy curve(for dipole-oriented attractive configuration).
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4.4 Final Function including NNLC

Fitting of the resulting SCF interaction energies was performed to a potential

function of the type :

q4Zn4i
AE = z im + , 4+ Ayexp(Ayr) | + NNLC

CL....Cut-off Limit for

et B VHEIA § Y Tt o

previously usea']for Zn**-H,0. The second term, (NNLC) corresponds to a "Nearest

Neightiohr|igahd Cofrection fd i defdiea ’}%ﬂ&] & bxygens of other

water molecule near Zn2* and the moved water molecule. N is the number of these
"nearest neighbour ligands" determined by a search algorithm in the simulation which
evaluates number and position of other water molecules fulfilling the condition 2.0 A
< rz,.0< 2.2 A. These narrow limits around the peak of the first hydration shell
obtained by the pair potential have to be set, as the fitted function will be applicable

only when the second water molecule is located at, or near the distance it had in the



4.4 Final Function including NNLC

Fitting of the resulting SCF interaction energies was performed to a potential

function of the type :

+ Azexp(Agry) [ + NNLC

%«’{'-‘ 2 (1 correction
CL....Cut-off Limit for @m ‘

e GRHEHR YHEMA S AR St o

previously use&or Zn?*-H,0. The second te rm., (NNLC) corresponds to a "Nearest

Neightioy: Ygadd Gofletrion] dndl if #lbléd 1o theldisfahoe) of Ihe: bxygens of ofher

water molecule near Zn?* and the moved water molecule. N is the number of these

NNLC....nearest neig

"nearest neighbour ligands" determined by a search algorithm in the simulation which
evaluates number and position of other water molecules fulfilling the condition 2.0 A
< Izy,0< 2.2 A. These narrow limits around the peak of the first hydration shell
obtained by the pair potential have to be set, as the fitted function will be applicable

only when the second water molecule is located at, or near the distance it had in the
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SCF calculations.

A cutoff limit CL has also been introduced into the function, avoiding
calculation of correction terms for larger Zn2*-O distances, where also 3-body
corrections become negligible. This limit was varied during the fitting procedure from
2.5t0 6 A, and the best fit was obtained for CL = 4 A . The implementation by the

form (CL - r)? ensures that the function will be steady at the point of cutoff.

In Table 4.11, the fins e fitting procedure are listed. Figure

4.8 shows the scatterplot of fitte culated energy data, showing the

points closed to the theore

Table 4.11: Final of-the NNL ‘¢ ed intermolecular potential

function for Zn?*/ H

Atom qi | A3z Ay
(au.) (A3kcal/ A% . (kcal/mole) (A'l)

O -0.742 -‘ 911007.50 -4.0028
H 0.371 381.480 -1.8452

e AUHININTNYINT
RN I N INEa Y

827.7356 -2.0474

The effect of the NNL correction term as a function of Zn?*...0 and O...0 distances
is visualized in figure 4.9 . It shows a rather steep barrier near the ion without

significant effects for the outer surroundings.
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Figure 4.8 : Scatterplot of fitted (x-axis) versus SCF calculated (y-axis) energy
pomts of the Zn**-H,0 / H,0 energy surface.
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Figure 4.9 : Effect of the NNL correction term as a function of Zn?+...0 and

0...0 (ligand-ligand) distance.
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4.5 Monte Carlo Simulation of Zn?* in Water with NNL Corrected Function

'4.5.1 Methodical Investigations

The system chosen for testing the corrected intermolecular function for

Zn**/H,0 in MC simulations consisted of 1 Zn?* and 200 water molecules; at the
x length of 18.143 A, and for exponential
/ ipplied. Periodic boundary conditions

- pe&tu

density of pure water. This leads t

terms a cutoff of half of tlus

were assumed, the snnul ' C and the Metropolis samplmg

algorithm was used. e MCY potential (27) was

employed. SN
The previous simulati s orTec bai mnﬂal function for Zn?*/H,0
had led to a single sh forthe i ion sphere, whose integration

With the corrected function; 2 Serie simulations was performed with
varying conditions, in order to,% als e more methodical informations about
i v o
applicability and lug}hauons of the nearést. and correction method.

Variations «of the correctlm~ cut nit C1'as well as the range, within
which neighbour hgags are considered, have been iﬂestigated first. They showed,
that the results for structural data are sensitive to these Irﬁarame:ters especially to the

g 16 3 anbdothoo Wbl & ek

coordination numbers can hardly béen determined. The chmce 6f'CL = 4.0 A where

e bes i v AN BARTIT IR ¢ o s

range for neighbour ligands to the narrow area of 2.0 to 2.2 A, closely corresponding

ctions split up and

to the conditions of the SCF calculations seem, to be justified therefore not only

theoretically, but also by practical results.

A second problem, which did not show up in the simulation of Cu?* in water,

was the number of nearest nelghours to be considered. In the case of Cu?* in water,
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the number of eligible ligands never exceeded 1 in average. For Zn?* | less strongly
interacting with water and having a slightly larger equﬂibﬁuﬁ distance to ;oxygen,
equilibrium was not yet established even after a considerable higher number of
configurations than in the case of Cu2*. During the process, up to 5 eligible ligands
could be found within the limits. It seemed useful therefore, to investigate whether a
limitation of thg number N for the NNLC correction term should be applied, also

because the error of multiple double-counting of ligand-ligand repulsion as outlined in

(49) could become more mmx\,' %s veral nearest-neighbour ligands are
involved. "-:L\“*: e

h—a

In the first s
limitation was made, 1 f

correction after 1 milligst' ¢

dom configuration, no such

€ Of J.5'ligands considered in the NNL
) Img 500000 further configurations
_ uhthe Zn-O radial distribution

oE

i .
were scarcely moved, showing that too st
M IA

of the
3 - —— e ——
In a secon&f simulation

the maximum numberg eligib

immediate and full a}:ﬁlicatioﬁ

ously obtained configuration,
as'set to 2 for the correction, taking those
two with the shortest disg'aﬁge to the one water molecule under consideration in the

potential energﬂv%aﬁdnwglmgx%&bﬂ ﬂrﬁ million configurations

(Figure 4.10a) n&/ displayed a dorrg'enatihg first peak at 2.05 A, whose integration up

to-the fik YR Jidlds 5 Fated nblecules) 4/ betdnd| by peake is closely

attached t0 it, containing one further water molecule. The corresponding Zn?*-H RDF

shows by its main peak that the water molecules of the first peak are dipole-vector
oriented, and its integration line displays a slight turn at the value 12, and at the end of
the peak reaches the value 14, corresponding to 6 and 7 water molecules, respectively.
This had to be regarded also as preliminary result, as energy was still decreasing after

the 1 million configurations evaluated.
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- Figure 4.10 : Radial distribution functions (RDF) and their integration from
Monte Carlo testruns for Zn2* in water: (a) restricted to correction for 2
nearest-neighbour ligands. (b) restricted to correction for 1 nearest-neighbour

ligand.
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In a third run, the number of nearest neighbour ligands considered for the
correction was restricted to only the one very nearest ligand, i.e. the one with the
smallest O..0 distance among all neighbours found within the 2.0 - 22 A sphere
around Zn**. Considerable changes in the Zn?*-O RDF are observed (Figure 4.10b).
The first hydration shell is now represented by a peak with minor splitting, showing
the relative maximum at 2.2 A, but centered around 2.1 A far from the ion. Integration

over the whole peak yields 7

va ‘4” ligs up to 2.5 A, which is identical to the
, sa:ie ___.yle considering a maximum of 2

integration value obtaine
neighbours. In this si ‘ | equilibrium more readily and
fluctuated around a co f the 1 million configurations

performed.

Finally, it had ceminéd, Whit Would be the effect of applying the
maximal correction -ie. igible neighbours- to this state of

equilibrium.

d with 1- neighbour-correction, a

¢ number neighbour ligands

as reached after only 200,000 steps

included in the correcgﬁ, = auilibri

but due to strong fluctyations, another 2 million configurations were taken for the

- Smplmgﬁﬂ"ﬁé%l‘@‘ﬂ EI ¥ ‘3 ‘W gIN3
PR C IRy T

the begifining was restarted, and the further development of nearest-neighbour hgand
number, RDF’s and energy showed, that it would also converge to the same result,
but after more than 5 million configurations,showing that the most appropriate and
economic form of invoking the NNLC algorithm is a stepwise addition of the
correction, obtaining first a good starting configuration by consideration of 1

neighbour only, and then applying the algorithm without restriction to the eligible
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ligands’ number.

It seemed also interesting, to compare the numbers of relevant —neighbour
ligands for the 3 simulation runs and the associated NNL energy correction values,
These data are given below, where Npax denotes the limitation of cons1dered
neighbour ligands, nyy; the average number of neighbours actually found within the

boundaries, and ENNLC the associated correction energy in kcal/mole :

-:-_~=”///

max Deon.
1 t 15. 105
5 Ny ~ 1.5. 106
unlimited 2.106
starting from configuration obt
Full applicat strongly reduces the number of
water molecules "allo ected boundaries, and leads to a
correction energy 80% highe the Cu2+/I-120 system under otherwise
identical conditions
It should L" nentio pOInt that ¢ € of the consideration of other
ligands for the nuniﬁxc ETIRC Correction energy term, the NNL

correction supplies just i,mochﬁcauon of g pair potential energy term and should not

be mistaken oﬁeuc%jnqa% #de T8, % $nfbbay { docdrding to the number of

considered neighbour ligands ) cm;ectxon term. gx the snnulat the evaluated AE

= RRTRENTARAT ETEY-y T,

4.5.2 Results of final MC simulation

The resulting RDFs of the final run are shown in Figure 4.11 . The picture is
quite similar to that obtained in the preliminary run with a maximum of 2 neighbours

considered. The O-O RDF is almost identical to that of pure water.
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Figure 4.11 : Radial distribution function (RDF) and their integration from final

Monte Carlo simulation for Zn?* in water.
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Figure 4.12 : Distribution of water coordination numbers in 1st hydration shells

of Zn?* , for 2 different limits (cf.text).
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Figure 4.12 : Distribution of water coordination numbers in 1st hydratmn shells

of Zn?*, for 2 different limits (cf. text).
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The average hydration energy for Zn2* resulting from this final simulation is

848 kcal/mole, 32 kcal less than obtained for Cu?*, where 100 % df the solvates are V'

hexaquo-ions with waters of the first shell centered 1.95 A away from the ion ie

0.1 A closer than in the case of Zn2* (49).
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