CHAPTER YV

Simulation of ZnCl, Solutions

5.1 Results for Zn 2+ -Chloride Function Including NNLC

In order to compare simulation results to more experimental data, simulation
had to be performed for "real" solutions, i.e. solutions with a known concentration of

salts of the ion. In this case the chloride was chosen for this purpose. For the

approximate 3-body cox SGLOnSW : the ziric(II) ion-water potential.

For the zinc(IT) - b nearest neighbour ligand correction
could be performed in gxfcu¥ : as “ for zinc(I) - water potential,
calculating the energy susfa forz C oride ﬁeld of a Zn?* carrying already
one hydration water® mole @ 40 F\ ce then becomes the relevant
geometrical parametes foy’ erm. The orientations for ClI- were

almost the same as mentioned mI; e pr
alh g

p

apter except the substitution of the

second water molecule with CF-“Fhe ab imiti® calculations were then performed for

numerous different points using HON

AE Q@ﬁﬁlﬂ‘wiﬁiaélﬁli NNLC
YEIRI AR APIMNE A E

¥ Zn** - CI- distance

I s number of neighbour ligand within selected spherical area

Rér. g wens distance of chloride ion and oxygen
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where 4.0 is the cut-off limit, up to which the correction algorithm is invoked during
the fitting procedure and later, during the simulation.

~The resulting final parameters for the functions was :

A 60995.2
Ay 3.40713
Az 5526.58
Ay 2.50965
The difference between NI ion for water-water and chloride-water
as neighbour ligands is vi t shows that in the case of chloride
ligand, the function ex WW than the case of two waters
ligands S
Besides of z ride potential functions, there
are additional potentialdfunétibus; aisor ne d'in"the simulation of aqueous ZnCl,

solutions. Some of these fi
1) water - water
'\J _|'
2) water - chloride P potent
y "lq-.t-d illlf s

3) zinc(II) ion - zinc(¥) ien

can be suitably obtaine ntial 3) was constructed on the

basis of ab initio ;r- BCP basis sets as used in the

: e fugtionl form
ﬂﬂﬂ'ﬁ%ﬁ'ﬂﬁﬂﬂqﬂﬁ]

mmmm NN TR Y

3531.2
A2 : 669607.3

previous chapter, ﬁtt% e S

\

After having all potential functions, the simulations for zinc chloride solution in

different concentrations could be carried out.



* 67
Figure 5.1 : Difference between NNL correction for water-water and

chloride-water as neighbour ligands.
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5.2 Simulation of 1 M Aqueous ZnCl, Solution

For the simulation, the density of a one molal ZnCl, solution was measured
at the temperature 25 °C. From this density, the elementary box length for a
simulation representing such a solution, consisting of 222 water molecules, 4 metal
ions and 8 chlotide ions, was evaluated to be 18.947 A. The three molal and five
molal ZnCl, solutions used in the later simulations were also measured at the same

temperature and these densities : in table 5.1 including the elementary box

lengths. In the Monte Carlg

‘\;‘:}xh "

ing from random configurations, the
Metropolis sampling odic boundary conditions were
employed. A spherical, A1 term of half of the box length was
introduced, and Ew o long-range interactions. The
simulation tempera

The simulati erfo n on e DEC 3100 RISC workstation using

Table 5.1 : Densities an xdengths for ZnCl, solution at different

concentrations.

Conc. ZnCl, Density Box Length

ﬁuﬂﬂﬁﬁiﬂjﬂmﬂ’ﬁ“" (A
ammnimuﬁﬁmmﬁﬂ

3 1.29519 19.3265

3 20 40 222 1.47708 19.6226
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Results of 1 M ZnCl, solution

It took over 4 million configurations, until the average energy started
fluctuating around a stationary value, indicating thermal equilibrium. During the
sampling process it became clear that there exist several energetically almost identical
configurations for the first shell of ligands around zinc ion. Exchange processes
occure only after a large number of configurations so that sampling was performed

ood picture of the average structure

distribution

The average num onsidered in the NNL correction
was 3.12 . For zinc 90t only. “““swater, but also chloride - water
corrections are signifi c/Comespo ling energies being 28.0 and 10.0 kcal/mole,
respectively. As in the iham A dilution, considerable differences

were observed in the st
solution. The RDFs i 5.2 illustrate: s . “of these features and in table 5.2

some of the characteristic

TN ) S
Table 5.2 : Charfﬁtenstic Values for the

i

! ﬂﬂﬂ@ﬂﬂ%ﬁ%ﬂ?ﬁ@ w2 PaB(ras)
o RINHEUNRIINGAN D0 s

“Img and r,; are the distances in A where for the ith time gop() is a maximum and a
minimum, respectively. n(xﬁ(fmi) is the average coordination number of the it

coordination shell up to the distance of r;.
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Figure 5.2 : Radial distribution functions and their integration for 1 M zinc

chloride solutions.
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The sharp peak in the Zn?*..0 RDF, located at 2.05 A, contains a very
significant shoulder peak at 2.15 A. integration to different limits of the peak leads to
the following values : 2.10 A /5.0,2.15 A /6.0, 2.5 A / 6.75. Similar to the case of
infinite dilution, 6 seems to be the preferred but not "ideal" hydration number for the
first shell. The result is a "compromise", where some first-shell hydration waters are
always in non-ideal position not far from the equilibrium distance thus forming the
shoulder peak in the RDF. For water molecules in the first shell, the coordination
numbers are distributed as sh : / art given in figure 5.3 where the values

are :

flic first and the second shell)

6 gwater molecules : 25

AU meawmwﬂ N9
e B RETH TR SN B b w0

the Zn?*{CI- RDF in figure 5.2 . Analysing the number of chloride ions contained in
this peak up to 4.5 A, the following coordination number distributions results :

0 chloride ion :38.5%

1 chloride ion :48.6 %

2 chloride ions : 12.8 %

the bar chart illustrating this result is shown in figure 5.4 .
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Figure 5.3 : Distribution of water coordination numbers (CN) in 1st hydration

shell of Zn?* , for 2 different limits (cf.text).
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Figure 5.4 : Distribution of chloride cobrdinati(m numbers (CN) in Ist solvation

“shell of Zn2* within limit 4.5 A
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5.3 Simulation of 3 M Aqueous ZnCl, Soultion

‘For this simulations, the density of three molal ZnCl, solutions used was
1.29519 g/cm3 leading to the evaluated elementary box length 19.3265 A as given in
table 5.1 . In the Monte Carlo simulations, the same conditions as the previous section
were mentioned, i.e. starting from random conﬁguration, Metropolis sampling

algorithm (24) and periodic boundary, conditions were, employed. A spherical cut-off

equilibrium and then the sf{% ‘procedure was done for another 3 million

-lll“‘__,.l"‘:,.'l__,

configurations to gtam a good |

correction was 1.88 and
a were 12.9 and 4.7 kcal/mol,
respectively. The Zn?*4Qcand Zn?*-Cl- radial i] ﬁnctlons (RDFs) for 3 M

2a0, e B e BELTLE ALY

integrations, and the characteristicfvalues of RREs and average‘eoordination numbers

- RN I NIV E

the correction energg for Zn®*

corresponding running
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Table 5.3 : Characteristic values for the radial distribution functions gaB(r)'

and the running integration number ngg of 3 M ZnCl,.

o B v Imi1 NgR( Tmi) M2 Cm2 NoB(m2)

Zn 2 O 2.00 4.75 5.00 14.5

2+ -

Zn Cl %05 4.60 5.80 32

er and r,; are the th time gaﬂ(r) is a maximum and a

minimum, respecti erag ‘- dination number of the it

coordination shell up

The Zn?*..0 k for the first hydration shell of

the ion, centred around 2 ,_ﬁfa.‘ at fthis peak leads to a number of 5.5

‘water molecules. For water 1 in shell, the coordination numbers are

ﬂﬂs&l@%&xﬂﬁ%ﬂﬂﬂ‘i

6 water moleauiles : 21. 33 %,

Q‘anﬂvﬂiwﬁ&iﬁﬂmﬁﬂ

the bar chart illustrating this result is shown in figure 5.7 .



76
Figure 5.5 : Zn-O radial distribution functions and its running integration for 3

~ M ZnCl, solution.
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Figure 5.6 : Zn?*-CI" radial distribution functions and its running integrations

for 3 M ZnCl, solution.
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The Zn?*+..Cl" RDF shows a sharp peak at 2.65 A . Integration over this peak
up to 3.20 A leads to the coordination number 0.7 . Analysing the number of chloride

ions contained in this peak up to 3 A gives the following coordination number .

distribution results :

the bar chart illustra n figure 5.7
In order to i rucgure\o fitst coordination sphere of Zn?* |
ligand distribution P I "'..- f he simulations’ history files by

nsformation of one water ligand to
the positive x axis and aBaloge fzx_ f all other ligand positions within a
radius of 3.5 A around the ce 01 ‘the plts, the oxygen positions in the xy-,
xz- and yz- planes .
find another ligz ?}f—_
center of the displagg plane.

arched, and the probability to
I1, in which the Zn?* lies in the

2
ﬂ‘lJEI’J'VIﬂ'V]ﬁWEI']ﬂ‘i
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Figure 5.7 : Distribution of water and chloride ion coordination numbers (CN)

in the 1st solvation shell of Zn?* (water limit 2.5 .7&., chloride ion limit 3 1°&)
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Figure 5.8 : Combined xy/xz/yz plane probability plots for water ligand positions
in the first coordination sphere around Zn** , whose position is in the center of

the displayed plane. (for 3 M ZnCl, solution)
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Figure 5.9 : Combined xy/xz/yz plane probability plots for water ligand positions
in the first coordination sphere around Zn2+ » whose position is in the center of

the displayed plane. (for 3 M ZnCl, solution)
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Figure 5.10 : Probablity plots for water ligand in the first coordination sphere.
The uppermost part shows plot contours, the middle part the 3-dimensional plot
and the lower part areas of high probability (light) and low probability (dark).
(for 3 M ZnCl, solution) :
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Figure 5.11 : The contour plot of probability of water ligands around Zn2* whose

position is in the center. (for 3M ZnCl, solution)
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5.4 Simulation of 5 M Aqueous ZnCl, Solution

In this simulation, the system consisting of 20 Zn?* , 40 CI" and 222 water
molecules was treated at the same conditions as in the previous section . The
elementary box length was 19.6226 A., the simulation temperature 25 °C. The
simulation was also performed on the DEC 3100 RISC workstation using the MC90

Results of 5 M ZaCl Solution -
: J—' N

The simulatiof wformed until the average energy reached the thermal

Monte Carlo programme(52).

equilibrium and thg ¢ sauapling > was done for another 5 million

configurations to ob fage structure distribution. The

average number of neagést "NNL correction was 1.94 and the

correction energies for Z; 2 HO: Al I'Z - 1" are 16.38 and 6.52 kcal/mol,

respectively. The Zn?*-O d Z distribution functions (RDFs) for 5 M

— =
Ehqssmm——

-:'. -l;"lrj".-' 4 J‘r

ZnCl, were shown in fig .13, respectively, together with the

alues of RDFs and average

St
-

e — N,
coordination numbezs 2 . ’

] g
AUEINENTNYINT
AMIAIATUAMINYAE

corresponding runnifig :
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Table 5.4 : Characteristic values for the radial distribution functions gaﬁ(r)*'

and the running integration number ngg of S M ZnCl,. .

o B v Fmi naﬂ( mi1) ‘ vz 'm2 naﬂ( m2)

Y0 2.00 2.40 4.80) (5.20) (12:.8)

,M (
*& 4.70 5.80 4.0

2+

Zn Cl 2.60

I and 1,,; are the distas

minimum, respectively. 7 average coordination number of the i

coordination shell istance of 1 .' Parent eses indicate uncertainly in
assignment. v

In the Zn-O RDH, thé st iishell of Zn?* is represented by a sharp
peak at 2.0 A . Integration over o ¢y 146.2.40 A leads to coordination number
5.1 . Evaluation of‘. number diser; 'ution up to 2.50 A gave the
following results :

CHEEInENINGINT
AIASHHMINYa L

the bar chart illustrating this result is shown in figure 5.14 .

&

The Zn?*..Cl- RDF shows a sharp peak at 2.60 A, accompanied by a samller
at 2.80 A . Integration over both peaks up to 3.20 A leads to coordination number 1.0 .
Analysing the number of chloride ions contained in this peak up to 3 A gives the
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following coordination number distribution results :

0 chloride ion : 2497 %
1 chloride ion : 50.83 %
2 chloride ions : 24.20 %

the bar chart illustrating this result is alsoshown in figure 5.15 .

Figure 5.12 : Zn?+-O radiab-distributi ﬁaﬂd 1ts running integration for

30 ' : \m gration K
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Figure 5.13 : Zn?*-Cl radial distribution function and its running integration for

5 M ZnCl, solution.
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Figure 5.14 : Distribution of water coordination numbers (CN) in 1st hydration

shell of Zn**within limit 2.5 A. (for 5 M ZnCl, solution)
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Figure 5.15 : Distribution of chloride coordination numbers (CN) in the Ist

solvation shell of Zn?* within limit 3 A. (for 5 M ZnCiz solution)
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Ligand distribution plots were also prodﬁced by the same procedure as
outlined for 3 M ZnCl, in order to illustrate the structure of the first coordination
sphere of Zn?* . These picture are displayed in ﬁgmes 5.16 and 5.17 .

AUEINENTNEINS
PR TUAMINYAE



Figure 5.16 :

positions in the first coordination sphere around Zn2+

91

center of the displayed plane. (for 5 M ZnCl, solution)

Combined xy/xz/yz plane probability plots for water ligand
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Figure 5.17 : Probablity plots for water ligand in the first coordination sphere.

The uppermost part shows plot contours,

the middle part the 3-dimensional plot

and the lower part areas of high probability (light) and low probability (dark).
(for 5 M ZnCl, solution)
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5.5 Comparison of Solutions at Different Concentrations with Respect to

Experimental Data

Structural Data

For comparison, the characteristic values of RDFs and average coordination

numbers for 1 M, 3 M and 5 M solutions are listed in table 5.5 .

Table 5.5 : Characteristic W lstrlbutlon functions gog(r)* and
running integration num », (Fo and 5 M ZnCl, solutions)

B Conc. M2 Tm2  NgB(ry)
1.0 4.80 480 167
n? o 3.0 475 5.00 14.5
5.0 (4.80) (5200 (12.8)
1.0 4.50 5.90 2.5
2 -
e 3.0 4.60 5.80 34
5.0

4.70 5.80 4.0

"Iy and 1, are the distanges in A where for the ith time g%r) Is a maximum and a

s, BR8] LTS AT

coordination shell up to the distance of r,;. -Parentheses indicate uncertainty in

s A MONIRIE URIINYIAY

The Zn?*-Q distance is in excellent agreement with the experimental (46) value of

on number of the ith

2.08 A obtained for Zn(H,0)s2*, which is the dominant species in 1 M ZnCl,
solution. The Zn?*-H RDF (not displayed in the figures) with a first peak 0.6-0.7 A
beyond the first Zn?*-O peak proves the dipole-oriented arrangement of the 1st

hydration shell water molecules.
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The Zn?*-Cl RDFs display a very distinct peak for chloride ions directly
bound to the metal jon, and a second, more diffuse but still well separated peak
representing anions bound via a water molecule to Zn?*. These "outer-sphere"
complexes are apparently more important in chloride solutions of this metal ion than

for aqueous solutions of CuCl, (53)

From the probability plo S, . mentioned in the previous section (figures

5.8-5.10, 5.16 and 5.17) one ca ‘ basic octahedral-like structures (as
deduced also from experi (4 ﬁ)aahcdral-like structure is clearly
visible for 3 M solution,. : . the same well ordered as in the case of

Cu?*(53). This is due johiodirs ibutions 0f species Zn(H,0),2* with n = 4,5
and 7 (details see belgW). Wh ~ entra ol reaches 5 M (figures 5.16 and

With incr::ﬁing salt con _f_:'r - dicl iCate species are forming to a

considerable extent, Tn order to obtain more information about the structure of such
species, the same progdure as outlined be ore for w&r ligands has been performed
for chloride ligands. Phe.result, displ in figure i where the large peak

Y- LY O EC T

ligand is locate%l in a trans-position’to the first gne. Vicinal ligands -still significantly

prsenih BT Bl bpload okl 6) £

dicates that the second
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Figure 5.18 : Combined xy,xz,yz plane probablity plots for water ligand positions

in the first coordination sphere around Zn?*, whose position is in the center of

the displayed plane; 3 M (lower part of figure) and 5 M (upper part of figure)

ZnCl, solution.
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Figure 5.19: Combined xy/xz/yz plane probability plot for the location of a

second chloride coordinated to Zn?* in 5 M ZnCl, solution (Zn?* position in the

certer of the plane, large peak represents first CI" ligand)
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Energy Data
The changes in the structural composition of the ZnCl, solutions with
increasing salt concentration are reflected in the interaction energies of the metal ion
with water and chloride, respectively. Table 5.6 gives a summary of these data from
all simulations,'showing the strong concentration dependence of the ion’s hydration
energy. The increasing formation of direct Zn2*-Cl bonds -occuring only for 5 % of

the ions in 1 M ZnCl, - at higher co atlons is recognized from a sharp increase in

In the same table, the in roxxmate 3-body terms introduced
by the NNLC algorit is ’ ‘ . T “ tion energies increase with salt
concentration and '

CuCl,/H,0 system

lagnitude as in the case of the
amount only to a few percent of

the hydration energy _ cen_shown 't¢ e ‘crucial in order to obtain correct

Table 5.6 : Interaction rgics ergy corrctions for nearest neighbour

Conc Energy correction
(molal) (kcal/mol)
%"  Zn*.Cr
0.0 Usag0 gl B Ve o :
loﬂﬁ’lﬁaﬂﬂimwﬂ’nﬂﬂ e
3.0 -478.2 -2379 12.9 27 47
5.0 | -407.6 -3867 16.4 4.0 6.5

* % of hydration energy
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Table 5.7 : Coordination number (CN) distribution for water and chloride

ligands in aqueous ZnCl, solutions of different concentration.

a) water
CN 4 5 6 7
1M* 74.9
25.0
5.0
b) chloride

Table 5.8 : Zn“/y complex formatlon constants from experiments and

simulation. ﬂuﬂfa wﬂ‘ﬂﬁw Ell]ﬂ‘j
ol

54 (spectrophotometric)
5.62 3.09 0.64 1.51 55 (electrochemical)
4.72 0.65 1.54 3.38 56 (electrochemical)
0.48 1.86 0.56 1.41 57(ultrasonic)

040  0.09 this work
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Species Distribution and Equilibria

In order to obtain more detailed insight into the composition of ZnCl,
solutions, coordination number distributions for the first shell were evaluated. The
results are compiled in Tables 5.7a and 5.7b for water and chloride ligands,
respectively. From these data, the main species present in aqueous ZnCl, solutions
can be classified as Zn(H,0)¢42*, ZnCl(H20)5+, and ZnCl,(H,0),, with increasing
presence of the chlorocomplexes at

ZnCl(H,0)¢" are found, in agreem

er salt concentrations. Only small amounts of

ent. (54)

From the qu 3-of . <:1es predicted to coexist in 5 M

solution, an evaluation o utive complex formation constants

for the reactions

spectrophotometric (54) personi 57y o the steps to form ZnCl;™ and

ZnCl,* are reported. Fro is simulatio; e is no indication towards these
Itai 2, . " :
species even in 5 M solu'ﬁEC or g however the distinct peaks for
...--'I .--" -""‘ -

solvent-separated 1?3 pairs and t'Ke ions associated with such

species in the RD € D e that such "outer sphere"

species are partially&gistere ‘ ernnentaﬂmethods as complexes thus
producing overestimated formation constants for the "true” ZnClL,®™* complexes

The fact that ﬂpu@@%ﬂuim&ﬂ(asﬁ are considerably larger.

than expenmen%lal and simulation-based constants for the (mote’ stable) CuCl 2+
compicads {5 35 08 a9 i b e bk 1 Ikl i) sabit for e
tetrachlo?ocomplex, supports this hypothesis. Considering the good agreement of B,
from spectrophotometric (54) and ultrasonic (57) measurements and this simulation,
and of experimental and simulation-based constants in the Cu?*/CI'/H,0 system (53),
the formation constants obtained from this simulation seem to be quite reliable data

for chlorozincate ("contact ion pair") complex formation in aqueous solution.
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