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A structural investigation of a 1.1 molal BeCl, aqueous solution has been performed by a
molecular dynamics simulation together with X-ray diffraction studies of 1.1 and 5.3 molal BeCl,
aqueous solutions at pH=1. A central force model in combination with an improved intra-
molecular three-body potential was used for water. The ion-water and ion-ion potentials were
derived from ab initio calculations. The structure function obtained from the simulation is in
satisfactory agreement with that from X-ray diffraction. The MD simulation of the 1.1 molal
solution shows that the hydration shell of Be?* consists of six water molecules occupying octa-
hedral sites around a central Be>*. The X-ray scattering data of the 5.3 molal solution indicate
that Be?* has only four water molecules in the first hydration shell. The average coordination
number of Cl™ is found to be about seven in the 1.1 molal solution from both X-ray diffraction
and MD simulation, but Cl~ is surrounded on the average by 3.4 water molecules in the 5.3 molal
solution. The influence of the small divalent Be2* on the geometry of its nearest neighbour water
molecules is compared with the results of previous simulations of 1.1 molal MgCl, and CaCl,

solutions.

1. Introduction

Molecular dynamics (MD) simulations in con-
junction with X-ray and neutron diffraction experi-
ments have successfully elucidated the structural
(especially the hydration shell structure of ions) and
dynamic properties of aqueous alkali halide solu-
tions [1]. Recently, MD simulations have also been
applied to aqueous solutions involving doubly
charged ions like Mg?* [2, 3] and Ca?* [4a]. The
results have demonstrated that Mg?* has a strongly
preferred octahedral arrangement of the water
molecules in the first hydration shell, whereas the
larger Ca’* tends to have about nine nearest-neigh-
bour water molecules arranged in a none-regular
way [4b]. For a comparison with these divalent ions,
it is of interest to examine the hydration phenome-
non of the smaller Be?* in aqueous solutions.

Reprint requests to Prof. H. Ohtaki, Department of Elec-
tronic Chemistry, Tokyo Institute of Technology, Na-
gatsuta, Midori-ku, Yokohama 227, Japan.

The structure of Be(II) hydrates in the solid state
has been established from X-ray [5] and neutron [6]
diffraction studies and from infrared and Raman
spectra [7] to consist of four water molecules, form-
ing a tetrahedron with a slight angular distortion of
the T4 symmetry. No direct structural information
of the hydrated Be?* in aqueous solutions is avail-
able so far but a hydration number of four has been
concluded from several NMR measurements [8—11].
Infrared and Raman spectra of beryllium(Il) hy-
drates in aqueous solutions have shown an intense,
strongly polarized band around 530 cm~! and
weaker depolarized peaks at 880 and 355c¢m™),
which were assigned, respectively, to the v, v3 and
v, modes of the tetrahedral Be(OH,)3* ion, but the
spectra are complicated by the presence of extra
peaks due to hydrolysis products [12—15]. As no
diffraction work on aqueous solutions containing
Be2* ions has been performed so far, it is one of the
aims of the present investigation to determine the
hydration number of Be?* and to examine the
geometrical arrangement of the water molecules in
the first coordination shell.
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In order to check the consistency between experi-
ments and MD simulations, an X-ray scattering
measurement of an aqueous 1.1 molal BeCl, solu-
tion was performed with a slight excess of H™ ions
because Be’* hydrolyses to form polynuclear species
Be;(OH)3* and Be,(OH)** at higher pH [16, 17]. In
addition, a 5.3 molal BeCl, solution was measured
in order to emphasize the interactions within the
hydration structure of Be?* having small X-ray
scattering amplitudes.

2. Pair Potentials and Details of the Simulation

All intermolecular potentials in the simulation
presented here were of pair potential type and con-
sisted of a Coulomb part for which the Ewald
summation was applied and of short range parts for
which the shifted force method was used [18].

Water was described by a model which treated
the intermolecular O—-0O, O—H, and H-H inter-
actions by means of the latest version of the central
force (CF2) model [19] but used a three-body
potential for a more correct description of the intra-
molecular interactions [20,21]. This modification
has led to a marked improvement with respect to
the intramolecular vibrational motions and the dis-
sociation energy of the water molecules. As the
intermolecular part of the potential is very similar
to the one employed in previous work, a direct com-
parison is thus possible, e.g., with the results of the
MgCl, and CaCl, simulations [2—4].

The pair potentials for Be?*—0, Be?*—H, Be?*—
Be?*, and Be’*—Cl~ were derived from new Har-
tree Fock calculations. It is known that for such sys-
tems the electron correlation does not contribute
significantly to the binding energy [22]. The Dunn-
ing GTO double zeta valence basis set [23] was
used, which was augmented by polarization func-
tions. Altogether, we calculated several hundred
energy points. The Hartree Fock energies were in
excellent agreement with the calculations of Corongiu
and Clementi [24] (where the energies for a smaller
number of different orientations were calculated) as
well as with the calculation of the energy minimum
of Kollmann and Kuntz [25]. Since the CF2 water is
flexible, it is not guaranteed that potentials obtained
from calculations with rigid water do not introduce
force that lead to an artificial distortion of the
water. To overcome this problem we calculated our
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energies not only with the water in the CF2 equilib-
rium geometry but also for different HOH angles.
To obtain simple analytical expressions, we fitted
three-parameter functions for the Be—O and Be—H
interactions toward the ab initio energies after sub-
tracting from them the Coulombic contributions
that were already determined by the CF2 model
and the charges of the ions. In a similar way we
obtained the potentials for the Be?*—Be?* and
Be’*—Cl~ interactions. The potentials involving
Be’* are shown in Table 1, together with the other
ones used in [2] and [4]. Figure 1 shows the ab initio
energies and the fitted potentials for the ion-water
orientation with C,, symmetry and the water mole-
cules in equilibrium geometry, where the global
energy minimum is found.

Table 1. Pair potentials employed in the simulation. Ener-
gies are given in 107'°] and distances in A. For intra-
molecular potentials see [20]. The cutoff distances in units
of the side length of the box were 0.45, 0.22 and 0.16 for
V%o(r). Vou(r), and Vyy(r), respectively, and 0.5 for all
others.

Voo(r) = 10.04/r + 1858/r88¢ —0.01736/
lexp[—4(r—3.4)% + exp[-1.5(r—4.5)%}
Vou(r) =—=15.019/r +0.433/r%2
—0.694/{1 + exp [40 (r— 1.05)]}
—0.278/{1 + exp [5.493 (r = 2.2)]}
Vau (r) = 2.509/r + 6.957/{1 + exp [29.9 (r — 1.968)]}
Veo(r) = —30.43/r — 23.03/r2 + 1719 exp (— 3.787)
Ve (1) = 15.22/r + 1.037/r2 + 0.495 exp (— 0.0859 )

Viepe () = 92.27/r — 3.534/r> + 1.994 exp (— 0.628 r)
Viecr (r) = —46.14/r — 1.033/r2 + 15855 exp (— 4.777)
Veo(r) = 15.22/r — 1.849/r> 4+ 6304 exp (— 3.217)
Vo (r) = —7.609/r + 3.138 x 10** exp (— 34r)
Vae(r) =23.07/r+476.1/r% + 15230 exp (— 3.397)

-10 L L L | L
0 1 2 3 4
r/A > ¢

Fig. 1. Beryllium-water potential for C,, geometry with an
HOH angle of 104.52°. Triangles indicate energy values
from the ab initio calculations.
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The basic cube contained 200 water molecules,
4 cations, and 8 anions representing a 1.1 molal
BeCl, solution. A side length of the cube of 18.33 A
was calculated from the experimental density at
25°C of 1.051 g/cm? for a 1.1 molal BeCl, aqueous
solution with pH =1 as used in subsequent X-ray
measurements. After several thousand time steps of
equilibration the collection of data was started. The
simulation was performed for about 4000 time steps
of 0.25 fs each without rescaling, leading to a total
elapsed time of about 1 ps. The average tempera-
ture of the system was 310 K. The total energy was
stable to better than 0.01% during the whole run.

3. X-Ray Scattering

The 1.1 and 5.3 molal aqueous solutions used for
the X-ray measurements were prepared by dissolv-
ing a weighed amount of BeCl, (99.5%) into a
0.1 mol/dm?® aqueous HCI solutions to prevent hy-
drolysis of Be?*. The densities of the solutions were
measured pychnometrically to be 1.051 and 1.227 g/
cm? for the 1.1 and 5.3 molal solutions, respectively.

The X-ray scattering measurements of the solu-
tions were performed at 25 °C using a -6 diffrac-
tometer with MoKo radiation (i=0.7107 A). A
graphite crystal was used for monochromatization
of the scattered X-rays. The measurements were
extended over the range 1° =6 =70° (26 is the
scattering angle), corresponding to the range

0.03A'=s=155A"" (s=4nsinb/}).

The scattered intensities were collected with 80 000
impulses at each data point. Details of the diffrac-
tometer and the measurements have previously
been described [26]. The corrections for background,
absorption, polarization, multiple scattering, and
incoherent scattering, and then scaling of the cor-
rected intensities to the absolute unit intensities
were made in the usual manner [26, 27].
The experimental structure function is given by

fexp(8) = [ (8) = 2 X0 f2O)VI X fu ()2 (1)

where (s) is the corrected absolute coherent inten-
sity, x, the mole fraction and f,(s) the scattering
factor of atom a. The experimental radial distribu-
tion function has been calculated from the si(s)
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values via Fourier transformation:

Smax

G(r)=1+ Qn%0yr)~" | si(s) M(s)sin(sr)ds, (2)
0

where o, is the number density of the sample, sp.x a
maximum value of s attained in the experiments,
and M (s) = exp (— 0.01 s?) the damping factor used
to eliminate the truncation error in the Fourier
transform and to minimize the uncertainties in the
structure function at high s.

A theoretical structure function based on a model
has been obtained according to

i(k)syn . (Z .\',f,()‘z z Z Xy ”uifafﬁ sin (erﬂ)/(srzﬁ)

- exp (= byps?) — 22 XuXpfufs(4RRI/V)

-[sin(sR,) — SR, cos (sR,)]/(sR,)* exp (— B,s?) ,

3)

where 7,4 is the interatomic distance, b,z the tem-
perature factor, which is related to the root mean
square deviation (rmsd, /) by b=/?/2, and n,y the
number of interactions of discrete structures. Be-
yond these distances an uniform electron distribu-
tion was assumed. R, and B, are the radius of the
spherical hole around atom o and the sharpness
parameter of the emergence of the continuum,
respectively. The correction of the anomalous dis-
persion was made for all atoms. The scattering
factors of the neutral atoms and the values of the
anomalous dispersion were taken from [28]. All cal-
culations were carried out by means of the program
KURVLR [29].

4. Results and Discussion

4.1. Radial Pair Distribution Functions
from the MD Simulations

Figure 2 shows the ion-oxygen and ion-hydrogen
radial distribution functions (RDFs) and the corre-
sponding running integration numbers defined by

Ny (r) =4mog § gup(r') r'2dr, (4)
0

where o4 is the number density of species . Table 2
gives the characteristic values of the g,z(r)’s. In
Jreo(r) the first sharp peak due to the strong Be**-
water interactions in the first hydration shell is
observed at 1.75 A, a distance longer by 0.1 A than
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Table 2. Characteristic values for the radial distribution functions g, (r). R;, ry;, and ry,; are the distances in A where for
the ith time g, is unity, has a maximum and a minimum, respectively. For O—H and H—H only intermolecular data are

given.
x B R, M Gap(rm1) Ry Fml Gap(rm1) Ny (Fm1) ™2 Gap(rm2)
Be (0] 1.62 1.75 25.5 2.01 2.35=243 =0.0 6.0 3.73 322
Be H 2.23 2.49 7.50 2.76 2.95 0.47 12.7 4.59 215
Cl O 293 3.12 2.56 3.68 3.93 0.63 7.4 - —
Cl H 1.99 2.25 2.28 2.59 2.60 0.56 6.1 3.50 1.28
O O 2.44 2.80 2.99 3.20 3.3 0.91 5.4 4.85 1.25
O H 1.72 1.97 1.22 2.31 2.40 >~0.5 4.0 3.16 1.61
H H 2.14 2.28 1.82 2.85 3.05 0.88 7.4 =37 1.11
9(n known from the crystal structure of BeSO,-4H,0
%0 [, 6]. The peak (25.5) is higher than the correspond-
2 ing ones for Mg2* (19.2) and Ca®* (14.0), which
indicates an even more pronounced hydration shell
8 of Be>* than those of Mg?* and Ca®*. The second
hydration shell of Be?* is observed at 3—5 A and is
i clearly separated from the first shell, this feature
. being similar to those found for Mg?* and Ca’*. An
unexpected result is the coordination number of
i Be?*, n(rm;) =6, contrary to the value of four
P S reported previously from NMR measurements. This
will be discussed in a later section.
o5 The first Be—H peak appears at 2.49 A, com-

Fig. 2. Ton-oxygen and ion-hydrogen radial distribution
functions and running integration numbers for the 1.1 molal
BeCl, solution.

q(r) n(r)

4 8
L A H-H J
2 {\ 4
0 s Hf S 0

g 1 2 3 Lr/AS 6 7 8 9

Fig. 3. Oxygen-oxygen, oxygen-hydrogen, and hydrogen-
hydrogen radial distribution functions (full) and running
integration numbers (dashed) for the 1.1 molal BeCl,
solution.

pared with 2.75A and 3.13A for Mg>*—H and
Ca’*—H, respectively. This is in accordance with
the shifts of the first ion-oxygen peaks from 1.75 A
to 200 A and 2.39 A. The height of the peak
increase by 1.5 from those for Mg?* (5.96) and
Ca’* (5.98), indicating a more rigid conformation
of coordinated water molecules for Be?* than for
Mg?* and Ca®*. The npey(rm)) value is similar to
that for Mg>* (12.5) but smaller than that for Ca**
(18.7). This is simply because of the average coordi-
nation number of six for both Be?* and Mg** and
9.2 for Ca®*. The ngepy(rm1) value of 12.7 corre-
sponds to the hydrogen atoms all belonging to the
six water molecules found in the first hydration
shell of Be?*.

The first neighbour Cl-O distance observed is
slightly shorter than those seen in the MgCl,
(3.18 A) and CaCl, solutions (3.19 A), while the
heights of the first peaks in gco(r) and gau (r) de-
crease with increasing cation size. The CI—-H dis-
tance is very similar for the three solutions. The
second hydration shell of CI~ is not observed in the
BeCl, solution. The nco(ry) value is in between
those obtained for the MgCl, (7.0) and CaCl, (7.9)
solutions.
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Figure 3 shows the O—O, O—H, and H-H RDFs
and the corresponding running integration numbers.
The goo(r) for the BeCl, solution shows two shoul-
ders around 2.5 and 3.5 A, which have not been
observed for the MgCl, and CaCl, solutions. These
characteristic shoulders have been found to corre-
spond to cis and trans O—O distances within the
octahedral hydration shell of Be?* as discussed in a
later section. Another noteworthy feature of the
goo(r) is a shallow minimum, compared with those
for the MgCl, (0.75) and CaCl, (0.80) solutions.
This together with a slight decrease of the height of
the first peak indicates a stronger disturbance of the
water structure by Be?* when compared with Ca?*
and Mg?* (see Fig. 10 below). There seem to be no
significant differences for BeCl,, MgCl, and CaCl,
as far as goy(r) and gyn(r) are concerned except
for the less deep first minimum in goy(r) in the
BeCl, solution which again could mean poorer
hydrogen bonding.

4.2. X-Ray Scattering Results

Experimental structure functions and total radial
distribution functions of the 1.1 and 5.3 molal BeCl,
aqueous solutions are shown in Figs.4 and 5,
respectively, together with those obtained from the
MD simulation of the 1.1 molal solution.

In the structure function of the 1.1 molal solution,
a discrepancy between experiment and simulation is
observed in the range 2—3 Al i.e. a lower shoul-
der at 2.2 A" and a higher first peak at 3A™! in
the simulated si(s), which has also been seen in
previous simulations of the MgCl, and CaCl, solu-
tions. The discrepancy may originate from the
water-water interactions as demonstrated in the
corresponding partial structure function for the
MgCl, solution which has shown a similar dis-
crepancy for the same s values [3]. At s > 12 A~! the
experimental structure function of the 1.1 molal
solution is noisy, indicating a small contribution of
the structure of the solution of the si (s) function as
seen in the simulated one.

In the total radial distribution function of the
1.1 molal solution obtained from the simulation, a
small peak due to the Be—O interactions appears at
1.7 A. However, the experimental G (r) function
showed no appreciable peak but small ripples in the
corresponding r range, which was caused probably
by random errors in the experimental structure
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function at high s. In the 5.3 molal solution, a peak
due to the Be—O interactions is clearly visible at
1.65 A.

The distinct peak at 2.9 A for the 1.1 molal solu-
tion is assigned mainly to the first neighbour O—-0O
distances in the bulk [30] and in part to the C1-O
interactions due to the anionic hydration [2—4].
With increasing solute concentration the peak shifts
to 3.2 A because the Cl-O interactions predomi-
nate in the 5.3 molal solution. A shoulder left
around 2.6 A in G (r) for the 5.3 molal solution may
be ascribed to the interactions between water mole-
cules within the first hydration shell of Be?*.

On the basis of the above assignment of the peaks
in the G(r) functions, we analysed the structure
functions quantitatively by using a least-squares

53 m 1
T N O
‘§ Tae ol
o
= _
U
@

1.1m

e

8 /A 12 16

Fig. 4. X-Ray structure functions from experiment (dots), a
model fit (dashed), and the MD simulation (full) for the
1.1 and 5.3 molal BeCl, solutions.

G(r)

r/A

Fig. 5. Total radial distribution functions from experiment
(dots), a model fit (dashed) and the MD simulation (full)
for the 1.1 and 5.3 molal BeCl, solutions.
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fitting procedure in which a minimum of the
function

Smax

U= Z w(s) [i (S)exp— i (s)syn]2 s (5)

Smin

was searched by program NLPLSQ [31] with vari-
ables r, b, n, R, and B in (3). Spin and sy.c are the
lower and upper limits of s used in the fits, and w (s)
is a weighting function proportional to s*.

The adopted model had the following charac-
teristics:

a) The hydration shell structure of Be®* is dis-
crete as in Be(OH,)2*. The Be—O and O-O inter-
actions were taken into account by introducing the
parameters rgeo, bpeos MBeos 'oo» boo and npg, of
which rgp and ngo follow from the assumed geom-
etry: ng.o =4 for the tetrahedral model A and 6 for
the octahedral model B. The contribution of the
hydrated Be’* ion was not included in the fits of the
X-ray data for the 1.1 molal solution because it was
negligibly small in the si(s) values. Indeed the fits
with or without its contribution gave similar U
values.

b) The structure of the hydrated ClI- was ex-
pressed in terms of the parameters rco, bco, and
necio, which were allowed to vary independently.
The water-water interactions within the hydration
shell of ClI~ were not included because of no strong
correlation between them as revealed in [3].

c) Be?*—Cl~ contacts were assumed for the
5.3 molal solution since the formation of cationic
complexes was plausible in concentrated BeCl; solu-
tions [32]. The Be—Cl distance was expected to be
about 2.1 A from the sum of the ionic radii of Be?*
and Cl™ [33]. The experimental G (r) showed a small
hump at the corresponding distance. The parame-
ters rgeci, bpecr, and np.c were allowed to vary
independently.

d) The water-water interactions were divided into
two kinds: (i) those from the bulk structure present
in a 1.1 molal solution, in which the pentamer struc-
ture proposed from many previous works [30, 34]
was assumed, (i1) those from the interactions be-
tween coordinated water molecules in the first and
second hydration shells. This treatment seemed
reasonable since the latter hydrogen bonds give
shorter distance than the former ones [3].

e) Beyond the above discrete structures, a uni-
form electron distribution was assumed for each
atom.
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The final results are summarized in Table 3. The
si(s) and G(r) functions calculated using the pa-
rameter values in Table 3 (Model A for the 5.3 molal
solution) are compared with the experimental ones
in Figs. 4 and S, respectively. The present model has
well reproduced the observed values. From the R-
value, model A is preferred for the 5.3 molal solu-
tion. Apparently, the rmsd for the Be—O inter-
actions obtained in model B is too large and in
model A too small. The fits including the Be?*—Cl~
interactions did not improve the R-value signifi-
cantly. This may be due partly to the small X-ray
scattering amplitude of Be and probably to a small
amount of the Be’*—Cl~ contacts formed in the
5.3 molal solution. In Fig. 5 (above), the discrepancy
between the experiment and the fit around 2 A is
within the uncertainties.

4.3. Properties of the Hydration Shell of Be**

From the knowledge of the position of all par-
ticles as a function of time, provided by the MD
simulation, the geometrical arrangement of the

Table 3. Structure parameters obtained from least-squares
fits for the X-ray data of the 1.1 and 5.3 molal BeCl, aque-
ous solutions; interatomic distance r(A), the root mean
square deviation /(A), and the number of interactions N.
Models A and B correspond to four- and six-fold coordina-
tion models for Be?*, respectively.

I.Im 5.3m
A B

Be(OH,)}* I'BeO 1.67 1.66

BeO 0.035 0.14

BeO 4¢ 6*

loo 0.23 0.28

lco  0.21 0.17 0.17

Nco 6.9 3.5 3.7
H,O-H,0P roo 2.76 2.71 2.77

loo 0.31 0.19 0.17

Noo¢ 1.2 1.1 1.1
bulk oo 282 - =
H:O—H:Od /OO 021 - -

oo 0.54 — —
Fit s-range/A ! 0.8-12.0 0.2-15.0 0.2-15.0
R¢ 0.181 0.252 0.381
4 Fixed. ©° Interactions between water molecules in the

first and second coordination shells. ¢ Per H,O molecules
coordinated. ¢ Pentamer structure of free water mole-
cules was assumed. /o and /[ represent the rmsd’s of the
first and the second neighbour O-O interactions in
the bulk. respectively. ¢ R= > w(s) {iexp (5) — isyn(s):z/
(2w (5) fexp (52172
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water molecules in the first hydration shell of Be2*
has been deduced. In order to achieve this aim a
coordinate system has been introduced where the
ion defines the origin, one oxygen atom of the
hydration shell water molecules the z-axis and a
second one the xz-plane. The projection of the
oxygen atom positions of the six nearest neighbour
water molecules around Be?*-collected at several
hundred different times spread over the whole
simulation — onto the xy-plane of this coordinate
system are shown in Fig. 6 in the form of a three-
dimensional drawing. Figure 6 shows unambiguous-
ly that they are arranged octahedrally with prac-
tically no distortion and a narrow distribution
around the octahedral positions. The result is very
similar to what has been found for Mg?* [3].
Although there is no significant difference be-
tween Mg?* and Be?* as far as the average geomet-
rical arrangement of the water molecules in the first
hydration shell of both ions is concerned, they differ
in the answer to the question how many water mole-
cules occupy octahedral positions at the same time.
In order to derive this information from the simula-
tion, solid angles have to be defined on the basis of
which it is decided if the oxygen atom of a given
water molecule occupies an octahedral position. In
the choice of these angles there is, of course, some
arbitrariness involved. It was decided to choose a
solid angle of 0.12m centred at each of the octa-
hedral directions, corresponding to an aperture
angle of each cone of 40°. The percentage of simul-
taneous occupation of all six octahedral positions

| A‘:\
e

Fig. 6. Three-dimensional drawing of the projection of the
oxygen atom positions of the six nearest neighbour water
molecules around a Be?* onto the xy-plane of a coor-
dinate system defined in the text.
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has been calculated from the simulation to be 74 for
Be?" and 61 for Mg?*, while the average number of
simultaneously occupied octahedral positions is 5.5
and 5.1, respectively. This is just a consequence of
the stronger interactions of the smaller Be?* with its
first shell water molecules.

The structural parameters of the hydration shell
of Be?* obtained from the MD simulation and the
X-ray diffraction are given in Table 4, together with
previous results from other methods. The Be—O
distance obtained from the present X-ray measure-
ments is appreciably longer than those found in the
crystal structure of BeSO,-H,O. The simulation
gives an even longer Be—O distance than the X-ray
measurement of the 5.3 molal solution, which has
certainly to be ascribed to the higher coordination
number of six. Previous NMR, infrared and Raman
spectra have all indicated about four as the average
hydration number of Be?* in aqueous solutions. The
present X-ray scattering data of the 5.3 molal solu-
tion also give a coordination number of four. Un-
fortunately, the scattering power of Be?* for X-rays
is very small and therefore a coordination number
could not be deduced from the X-ray measurement
of the 1.1 molal BeCl, solution.

The two main reasons why the simulation might
give a different hydration number are the starting
configuration and the pair potentials employed.
Because of the strong Be?*-water interaction the
residence time of the water molecules in the first
hydration shell of Be?* is by a few orders of mag-
nitude longer than the simulation time. This means,
of course, if at the beginning 6 water molecules are
in the first shell there will not be time enough for
them to leave. In order to rule out this point several

Table 4. Comparison of the structural parameters for the
hydration shell of Be?* obtained from various methods.
r 1s the Be—O distance and N the hydration number.

r/A N Molality Method  Ref.

1.610 4 X-ray? [5]

1.618 4 neutron®  [6]

- 40-4.3 3 NMR [8]

- 3.7-3.9 1.02-3.17 NMR [9]

- 4.0 1.500 NMR [10]

- 45 2.70° NMR [11]

1.67 4 Dt3 X-ray This work
1.75 6.0 1.1 MD This work
4 Incrystals. ® mol/dm?.
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preliminary runs have been made with starting con-
figurations where only four water molecules were
positioned in the immediate neighbourhood of
Be’*. In each case after less than 0.5 ps a hydration
number of six resulted.

With decreasing ion size the polarization of the
water molecules in the hydration shell and charge
transfer effects make the asssumption of pair addi-
tivity of the potentials more questionable. These
effects tend to decrease the hydration number,
however a very rough estimate seems to indicate
that they are not sufficient to decrease the hydration
number of Be?* from six to four.

In conclusion it can be stated that the hydration
number of Be?* in moderately dilute aqueous solu-
tions remains undecided. Spectroscopic measure-
ments are not the most reliable way to determine
hydration numbers. Diffraction data at low concen-
trations do not give definite answers, and the poten-
tials employed in the simulation need to be im-
proved by including many-body interactions. The
situation is similar to that of Li™ which was exam-
ined about ten years ago, though Li* does not
hydrolyse but Be?* does at higher pH. Different
from what had been concluded from experiments,
the MD simulation predicted for Li* a hydration
number of six instead of four [35], which was later
confirmed by neutron diffraction measurements
with isotopic substitution [36].

4.4. Hydration Shell of Cl~

The Cl-0O distance obtained from the present
X-ray measurement for the 1.1 molal solution
(3.24 A, Table 3) agrees with that from the MD
simulation (3.12 A, Table 2) within the experimen-
tal uncertainties. The rmsd of 0.2 A is within accept-
ed values for the uncertainties. For the 1.1 molal
solution, the average coordination number of CI™
obtained from the X-ray study is consistent with
that derived from the MD simulation. The calcula-
tion of the average geometrical arrangement of the
water molecules in the first hydration shell of CI~
from the simulation (as shown for Be?* in Fig. 6)
gives a uniform distribution. This result has been
found before for other chloride solutions, too (see
e.g. [1]).

The X-ray measurement of the 5.3 molal solution
leads to a very small coordination number of Cl~ of
3.4 although the CI7=O distance and its rmsd are
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very similar to those for the 1.1 molal solution. A
small hydration number of Cl~ (3.9) has also been
found from a neutron diffraction study with isotopic
substitution of a 2.85 molal NdCl; solution [38]. The
first-order-difference method of neutron diffraction
studies of aqueous 3.57 and 9.95 molal LiCl solu-
tions [36] revealed the hydration number of Cl~ to
be 5.9 and 5.3, respectively. Moreover, the hydra-
tion number of CI~ further decreases to 4.4 in a
14.9 molal LiCl solution, in which a direct contact
Li*—ClI~ species is formed, as revealed by the
second-order-difference method [39]. Thus, from the
diffraction measurement, the decrease in the hydra-
tion number of CI~ in the 5.3 molal BeCl, solution
could not be explained until the ion-ion pair distri-
bution functions were derived from the second-
order-difference method. An MD simulation at
higher concentration might help to understand the
structural changes leading to this small number.

4.5. Average Interaction Energies

Figure 7 shows the average interaction energy
between a water molecule and the central ion as a
function of the ion-O distance. For Be2*, contrary to
the MgCl, solution, an unexpected feature is found,
which shows that the position of the minimum in
the average potential energy has shifted to 1.7 A, a
distance longer than that in the corresponding pair
potential (1.55A), which was not the case in the
MgCl, and CaCl, solutions. This may be caused by
a stronger water-water repulsion within the smaller
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Fig. 7. Average potential energy of a water molecule with
respect to Be>* and Cl~ as a function of ion-oxygen dis-
tance. The positions of the maxima in the RDFs are
marked by an arrow.
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hydration shell of Be?* than that in the case of
Mg?*. The position of the minimum is close to that
of the first peak in the ggeo (7).

The average potential energy of Cl~ has a mini-
mum around 3.2 A, at which the first peak has been
observed in gco(r) (Figure 7). This feature is con-
sistent with that found in the MgCl, and CaCl,
solutions.

Figure 8 shows the average water-water potential
energy as a function of O—O distance. A charac-
teristic feature of the potential is a steep positive
part below 2.6 A and a positive hump at 3.2—4.1 A,
They correspond to similar features in goo(r)
(Fig. 3) and arise from cis and trans H,O—H,0
within the octahedrally hydrated Be?*. Thus, the
large charge density on the Be?* forces coordinated
water molecules to orient in an energetically un-
favourable way relative to each other. A similar
feature of the water-water potential energy has been
observed in the MD simulation of an LiCl, - 4H,0
solution, in which all the water molecules are bond-
ed to the ions [37].

4.6. Orientation of the Water Molecules

The distribution of cos § for the water molecules
in the first hydration shells of Be?* and Cl~ is com-
pared in Fig. 9 with the results of the simulations of
1.1 molal MgCl, and CaCl, solutions [2,4]. 6 is
defined as the angle between the dipole moment
direction of the water molecule and the vector
pointing from the oxygen atom towards the center
of the ion. For all three cations a trigonal orienta-
tion is found and the distributions are quite similar.
Preferentially linear hydrogen bonds are formed
between Cl~ and the water molecules in its first
hydration shell. The differences in the distributions
for different counterions are small but seem to be
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Fig. 8. Average potential energy of two water molecules as
a function of oxygen-oxygen distance.
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significant. The sharpness of the distributions de-
creases with decreasing cation size indicating a
stronger disturbance of the hydration shell of Cl~ by
the smaller counterion.

The cations also strongly influence the hydrogen
bond structure of the bulk water, as can be seen
from Fig. 10 where the distributions of the hydro-
gen bond angles ¥, as defined in the insertion, are
shown for pure water as well as for the 1.1 molal
BeCl,, MgCl, and CaCl, solutions. In the case of
the solutions the distributions are calculated only
for bulk water, which means that the water mole-
cule from which the angle is measured does not
belong to the first hydration shells of one of the

Fig. 9. Distribution of cos # for the water molecules in the
first hydration shells of the ions from MD simulations of
1.1 molal BeCl, (full), MgCl, (dotted) and CaCl, (dashed)
solutions. @ is defined in the insertion.
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Fig. 10. Distribution of the hydrogen bond angles ¥ for
pure water (dash-dotted) and the bulk water in 1.1 molal
CaCl, (dashed), MgCl, (dotted) and BeCl, (full) solutions.
¥ is defined in the insertion.
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ions. The disturbance of the bulk water structure
strongly increases with decreasing cation size.

4.7. Geometries of the Water Molecules

The central force type model for water employed
in the simulation [20] permits the investigation of
the influence of the ions on the water molecule
geometry. The average intramolecular distance of
0.975 A was found to be the same for bulk water
and hydration water of CI~. With an average HOH
angle of 100.3°, a dipole moment of 2.00D (1D =
3.3356 x 107 Cm) results for both water subsys-
tems. These values for the BeCl, solution are in the
limits of error the same as those found for the CaCl,
solution [4]. A comparison with the data from the
simulation of the MgCl, solution would not be help-
ful as the intramolecular part of the water potential
was different from that used here and for the CaCl,
solution. As the intermolecular part of the water-
water potential was the same in all three simulations
the comparisons performed above are justified.

There exists a significant difference in the water
molecule geometry between bulk water and hydra-
tion water of Be>*. The average O—H distance in-
creases to 0.994 A and the HOH angle decreases to
96.9°, resulting in a dipole moment of 2.11 D. For
the water molecules in the first hydration shell of
Ca’* the corresponding values were found to be
0.992, 96.4° and 2.12 D. Considering the big dif-
ference in size between Be?* and Ca’* the changes
in the water molecule geometry are unexpectedly
small.

5. Concluding Remarks

The MD simulation of the 1.1 molal BeCl, aque-
ous solution demonstrated an octahedral coordina-
tion of water molecules around Be?*, which is
inconsistent with the results obtained from previous
spectroscopic studies. The pair distribution func-
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