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A structural investigation o f a 1.1 molal BeCl2 aqueous solution has been performed by a 
molecular dynamics simulation together with X-ray diffraction studies o f  1.1 and 5.3 molal BeCl2 
aqueous solutions at pH =  \. 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 M D simulation o f  the 1.1 molal 
solution shows that the hydration shell o f  Be2+ consists o f  six water molecules occupying octa­
hedral sites around a central Be2+. The X-ray scattering data o f the 5.3 molal solution indicate 
that Be2+ has only four water molecules in the first hydration shell. The average coordination 
number o f Cl-  is found to be about seven in the 1.1 molal solution from both X-ray diffraction 
and M D simulation, but C l-  is surrounded on the average by 3.4 water molecules in the 5.3 molal 
solution. The influence o f the small divalent Be2+ on the geometry o f its nearest neighbour water 
molecules is compared with the results o f previous simulations o f 1.1 molal MgCl2 and CaCl2 
solutions.

1. Introduction

M olecular dynam ics (M D ) sim ulations in con­
junction  with X-ray and neutron d iffraction experi­
ments have successfully elucidated  the structural 
(especially the hydration  shell structure o f ions) and 
dynam ic properties o f aqueous alkali halide solu­
tions [1]. Recently, M D sim ulations have also been 
applied to aqueous solutions involving doubly 
charged ions like M g2+ [2,3] and C a2+ [4 a]. The 
results have dem onstrated  tha t M g2+ has a strongly 
preferred octahedral arrangem ent o f the water 
molecules in the first hydration  shell, whereas the 
larger C a2+ tends to have abou t nine nearest-neigh- 
bour w ater m olecules arranged in a none-regular 
way [4b]. F or a com parison w ith these divalent ions, 
it is o f interest to exam ine the hydration  phenom e­
non o f the sm aller Be2+ in aqueous solutions.

Reprint requests to Prof. H. Ohtaki, Department o f Elec­
tronic Chemistry, Tokyo Institute o f Technology, N a­
gatsuta, Midori-ku, Yokohama 227, Japan.

The structure o f Be(II) hydrates in the solid state 
has been established from  X-ray [5] and neutron [6] 
diffraction studies and from  infrared and Ram an 
spectra [7] to consist o f four w ater molecules, form ­
ing a tetrahedron w ith a slight angular distortion  o f 
the T d symmetry. N o direct structural inform ation 
of the hydrated Be2+ in aqueous solutions is avail­
able so far but a hydration num ber o f four has been 
concluded from several N M R  m easurem ents [8 -11]. 
Infrared and R am an spectra o f beryllium (II) hy­
drates in aqueous solutions have shown an intense, 
strongly polarized band  around 530 cm -1 and 
weaker depolarized peaks at 880 and 355 cm -1, 
which were assigned, respectively, to the v1? v3 and 
v4 modes o f the te trahedral B e(O H 2)4+ ion, bu t the 
spectra are com plicated by the presence o f extra 
peaks due to hydrolysis products [12 -15 ]. As no 
diffraction work on aqueous solutions containing 
Be2+ ions has been perform ed so far, it is one o f the 
aims of the present investigation to determ ine the 
hydration num ber o f Be2+ and to exam ine the 
geom etrical arrangem ent o f the w ater m olecules in 
the first coordination  shell.

0340-4811 /  86 /  1000-1175 $ 01.30/0. -  Please order a reprin t ra ther than  m aking your own copy.
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In order to check the consistency between experi­
ments and MD sim ulations, an X-ray scattering 
m easurem ent o f an aqueous 1.1 molal BeCl2 solu­
tion was perform ed w ith a slight excess o f H + ions 
because Be2+ hydrolyses to form polynuclear species 
Be3(O H )3+ and Be2(O H )3+ at higher pH  [16, 17]. In 
addition, a 5.3 molal BeCl2 solution was m easured 
in order to em phasize the interactions w ithin the 
hydration structure o f Be2+ having small X-ray 
scattering am plitudes.

2. Pair Potentials and Details of the Simulation

All interm olecular potentials in the sim ulation 
presented here were o f pair potential type and con­
sisted o f a C oulom b part for which the Ewald 
sum m ation was applied  and o f short range parts for 
which the shifted force m ethod was used [18].

W ater was described by a m odel which treated 
the in term olecular O - O ,  O - H ,  and H - H  in ter­
actions by means o f the latest version o f the central 
force (CF2) m odel [19] but used a three-body 
potential for a m ore correct description o f the in tra ­
m olecular interactions [20,21]. This m odification 
has led to a m arked im provem ent with respect to 
the in tram olecular vibrational m otions and the d is­
sociation energy o f the w ater molecules. As the 
interm olecular part o f the potential is very sim ilar 
to the one em ployed in previous work, a direct com ­
parison is thus possible, e.g., w ith the results o f the 
M gCl2 and C aC l2 sim ulations [2 -4 ],

The pair potentials for Be2+- 0 ,  Be2+- H ,  Be2+-  
Be2+, and Be:+ - C l _ 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 b inding energy [22]. The D unn­
ing G TO  double zeta valence basis set [23] was 
used, which was augm ented by polarization  func­
tions. A ltogether, we calculated several hundred 
energy points. The H artree Fock energies were in 
excellent agreement with the calculations o f Corongiu 
and Clem enti [24] (where the energies for a sm aller 
num ber of different orientations were calculated) as 
well as with the calculation o f the energy m inim um  
of Kollmann and Kuntz [25], Since the C F2 w ater is 
flexible, it is not guaranteed that potentials obtained 
from calculations w ith rigid w ater do not introduce 
force that lead to an artificial distortion o f the 
water. To overcom e this problem  we calculated our

energies not only with the w ater in the C F2 equ ilib ­
rium  geom etry but also for different HO H angles. 
To obtain sim ple analytical expressions, we fitted 
three-param eter functions for the B e - 0  and B e -H  
interactions toward the ab initio energies after sub­
tracting from them  the C oulom bic contributions 
that were already determ ined by the C F2 model 
and the charges of the ions. In a sim ilar way we 
obtained the potentials for the Be2+- B e 2+ and 
Be2+- C l"  interactions. The potentials involving 
Be2+ are shown in Table 1, together w ith the o ther 
ones used in [2] and [4], F igure 1 shows the ab initio 
energies and the fitted potentials for the ion-w ater 
orientation with C 2v sym m etry and the w ater m ole­
cules in equilibrium  geom etry, w here the global 
energy m inim um  is found.

Table 1. Pair potentials employed in the simulation. Ener­
gies are given in 10“ 19J 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 
^ oo(r)> ^ oh('), and VHH(r), respectively, and 0.5 for all 
others.

VOQ(r) =  10.04/r + 1858/r8 86 -  0.01736/
• [exp [—4 ( r — 3.4)2] +  exp [— 1.5 (r — 4.5)2]} 

V0H(r) =  -5 .0 1 9 /r  +  0.433/r9-2
-0 .6 9 4 /{ l  + e x p  [40 (r — 1.05)]}
-  0.278/{ 1 +  exp [5.493 (r -  2.2)]}

VHH(r) =  2.509/r + 6.957/{ 1 +  exp [29.9 ( r -  1.968)]} 
*BeoW =  — 30.43/r — 23.03/r2 + 1 7 1 9  exp (— 3.78r) 
VBeH (r) =  15.22l r  +  1,037/r2 +  0.495 exp ( -  0.0859 r) 
B̂eBeOO =  92.27/r -  3.534/r2 +  1.994 exp ( -  0.628 r) 

F^c, (r) =  -4 6 .1 4 l r -  1.033/r2 +  15 855 exp ( -  4.77 r) 
Vao(r)  =  15.22/r — 1.849/r2 +  6304 exp ( -  3.21 r)
Vcm (r) =  -  7.609/r +  3.138 x 10 24 exp ( -  34 r)
Va a  (r) =  23.07//- +  476.1 / r 6 +  15230 exp ( -  3 .39r)

Fig. 1. Beryllium-water potential for C2v geometry with an 
HOH angle o f 104.52°. Triangles indicate energy values 
from the ab initio calculations.
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The basic cube contained 200 w ater molecules,
4 cations, and 8 anions representing a 1.1 molal 
BeCl2 solution. A side length o f the cube o f 18.33 A  
was calculated from the experim ental density at 
25 °C o f 1.051 g /c m 3 for a 1.1 molal BeCl2 aqueous 
solution with pH =  1 as used in subsequent X-ray 
measurements. After several thousand tim e steps o f 
equilibration the collection o f data was started. The 
sim ulation was perform ed for abou t 4000 tim e steps 
of 0.25 fs each w ithout rescaling, leading to a total 
elapsed tim e o f about 1 ps. The average tem pera­
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 m easurem ents were prepared by dissolv­
ing a weighed am ount o f BeCl2 (99.5%) into a 
0.1 m o l/dm 3 aqueous HC1 solutions to prevent hy­
drolysis o f Be2+. The densities o f the solutions were 
measured pychnom etrically to be 1.051 and 1.227 g / 
cm 3 for the 1.1 and 5.3 molal solutions, respectively.

The X-ray scattering m easurem ents o f the solu­
tions were perform ed at 25 °C  using a 9 - 9  d iffrac­
tom eter with MoA'a rad ia tion  (A =  0.7107 A). A 
graphite crystal was used for m onochrom atization 
of the scattered X-rays. The m easurem ents were 
extended over the range 1° ^ 9 ^ 1 0 °  (29  is the 
scattering angle), corresponding to the range

0.03 A -1 ^  5 ^  15.5 A -1 (s =  4n  s in # / / )  .

The scattered intensities were collected w ith 80 000 
impulses at each data point. D etails o f the d iffrac­
tom eter and the m easurem ents have previously 
been described [26]. The corrections for background, 
absorption, polarization, m ultip le scattering, and 
incoherent scattering, and then scaling o f the cor­
rected intensities to the absolute unit intensities 
were m ade in the usual m anner [26, 27],

The experim ental structure function is given by

/ ,xp(j)  =  [ / ( * )  -  M l 2, ( i )

where I (s) is the corrected absolute coherent inten­
sity, .y* the mole fraction and / a (s) the scattering 
factor o f atom a. The experim ental radial d is trib u ­
tion function has been calculated from the si (5)

G (r) =  \ +  (2 n2Qor)~] } si (5) M(s)  sin (sr) ds , (2) 
0

where g0 is the num ber density of the sam ple, 5max a 
m axim um  value of s attained in the experim ents, 
and M(s)  =  exp (—0.01 s 2) the dam ping factor used 
to elim inate the truncation error in the F ourier 
transform  and to m inim ize the uncertainties in the 
structure function at high 5.

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

i (k) syn ( Z  -v*/a) 2 Z  Z  *a n*ßf*fß sin (sra,ß) / (s raß)
• e x p ( ~ b ^ s 2) -  Y , Y . x *x ß f *f ß ( 4 n R V V )
■ [sin (sRy) — sRy, cos ( sR^)]/ (sR^)3 exp ( -  B^s2) ,

(3)
where raß is the interatom ic distance, b^ß the tem ­
perature factor, which is related to the root m ean 
square deviation (rmsd, /) by b = I2/ 2, and n^ß the 
num ber o f interactions o f discrete structures. Be­
yond these distances an uniform  electron d istribu ­
tion was assumed. R a and B % are the radius o f the 
spherical hole around atom  a and the sharpness 
param eter o f the em ergence o f the continuum , 
respectively. The correction o f the anom alous dis­
persion was m ade for all atoms. The scattering 
factors o f the neutral atom s and the values o f the 
anom alous dispersion were taken from [28], All cal­
culations were carried out by means o f the program  
KURVLR [29].

values via Fourier transformation:
5max

4. Results and Discussion

4.1. Radial Pair Distribution Functions 
from the MD Simulations

Figure 2 shows the ion-oxygen and ion-hydrogen 
radial d istribution  functions (R D Fs) and the corre­
sponding running integration num bers defined by

r

n*ß(r) =  * n Q ß \ g *ß (/■') r '2d r ' , (4)
0

where Qß is the num ber density o f species ß. Table 2 
gives the characteristic values of the g*ß(rys.  In 
dBeo(r) the first sharp peak due to the strong Be2+- 
w ater interactions in the first hydration  shell is 
observed at 1.75 A, a distance longer by 0.1 A  than



1178 T. Yam aguchi et al. ■ M D and X-Ray Studies o f BeCl2 Solutions

Table 2. Characteristic values for the radial distribution functions g^ßir). R t , rMi, and rmi are the distances in A where for 
the /th time g zp is unity, has a maximum and a minimum, respectively. For O - H  and H - H  only intermolecular data are 
given.

2 ß R\ rMl 9iß(r Ml) ^2 rm\ 9zß(r ml) nxß(rml) r M 2  9 z ß ( r M2)

Be 0 1.62 1.75 25.5 2.01 2 .3 5 -2 .4 3 ^ 0.0 6.0 3.73 3.22
Be H 2.23 2.49 7.50 2.76 2.95 0.47 12.7 4.59 2.15
Cl 0 2.93 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
0 0 2.44 2.80 2.99 3.20 3.3 0.91 5.4 4.85 1.25
0 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 S 3 .7 1.11

9ße0
1 /  

nBeH/ /
/ / nBeO / // // // /

9&>h /

ir  /j U  
Htr /"Na "
y±J>r'' . 7

nci
/

9cih/Y 
/  !\

y / b o

)\9c io

, IJ 1

Fig. 2. Ion-oxygen and ion-hydrogen radial distribution 
functions and running integration numbers for the 1.1 molal 
BeCl2 solution.

Fig. 3. Oxygen-oxygen, oxygen-hydrogen, and hydrogen- 
hydrogen radial distribution functions (full) and running 
integration numbers (dashed) for the 1.1 molal BeCl2 
solution.

known from the crystal structure of B eS 0 4 -4 H 20  
[5, 6], The peak (25.5) is h igher than the correspond­
ing ones for M g2+ (19.2) and C a2+ (14.0), which 
indicates an even m ore pronounced hydration shell 
o f Be2+ than those o f M g2+ and C a2+. The second 
hydration shell o f Be2+ is observed at 3 - 5  A  and is 
clearly separated from the first shell, this feature 
being sim ilar to those found for M g2+ and C a2+. An 
unexpected result is the coordination  num ber of 
Be2+, n(/-m)) =  6 , contrary to the value o f four 
reported  previously from  N M R  m easurem ents. This 
will be discussed in a later section.

The first B e -H  peak appears at 2.49 A, com­
pared with 2.75 A  and 3.13 A  for M g2+- H  and 
C a 2+- H ,  respectively. This is in accordance with 
the shifts of the first ion-oxygen peaks from  1.75 A  
to 2.00 A and 2.39 A. The height o f the peak 
increase by 1.5 from those for M g2+ (5.96) and 
C a2+ (5.98), indicating a m ore rigid conform ation 
o f coordinated w ater m olecules for Be2+ than for 
M g2+ and C a2+. The «BeH^'mi) value is sim ilar to 
that for M g2+ (12.5) but sm aller than that for C a2+ 
(18.7). This is sim ply because of the average coordi­
nation num ber o f six for both  Be2+ and M g2+ and
9.2 for C a2+. The nBeH(rm\) value of 12.7 corre­
sponds to the hydrogen atom s all belonging to the 
six w ater m olecules found in the first hydration 
shell o f Be2+.

The first neighbour C l - 0  distance observed is 
slightly shorter than those seen in the MgCl2 
(3.18 A) and C aC l2 solutions (3.19 A), while the 
heights o f the first peaks in gc\o( r) an<3 9cm (r) de­
crease with increasing cation size. The C l - H  dis­
tance is very sim ilar for the three solutions. The 
second hydration  shell o f C l-  is not observed in the 
BeCl2 solution. The nC\o(rm) value is in between 
those obtained for the M gCl2 (7.0) and C aC l2 (7.9) 
solutions.
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Figure 3 shows the O - O ,  O - H ,  and H - H  R D Fs 
and the corresponding running integration num bers. 
The g o o (r) f°r the BeCl2 solution shows two shoul­
ders around 2.5 and 3.5 A, which have not been 
observed for the M gCl2 and C aC l2 solutions. These 
characteristic shoulders have been found to corre­
spond to cis and trans 0 - 0  distances w ithin the 
octahedral hydration shell o f Be2+ as discussed in a 
later section. A nother noteworthy feature o f the 
g o o ( r) is a shallow m inim um , com pared with those 
for the MgCl2 (0.75) and C aC l2 (0.80) solutions. 
This together with a slight decrease o f the height o f 
the first peak indicates a stronger disturbance o f the 
water structure by Be2+ when com pared with C a 2+ 
and M g2+ (see Fig. 10 below). There seem to be no 
significant differences for BeCl2, M gCl2 and C aC l2 
as far as g o u ( r) and d\ \n{r) are concerned except 
for the less deep first m inim um  in gow{r) in the 
BeCl2 solution which again could m ean poorer 
hydrogen bonding.

4.2. X-Ray Scattering Results

Experimental structure functions and total radial 
distribution functions o f the 1.1 and 5.3 molal BeCl2 
aqueous solutions are shown in Figs. 4 and 5, 
respectively, together w ith those obtained from the 
M D sim ulation o f the 1.1 molal solution.

In the structure function o f the 1.1 molal solution, 
a discrepancy between experim ent and sim ulation  is 
observed in the range 2 - 3  A -1, i.e. a lower shoul­
der at 2.2 A -1 and a h igher first peak at 3 A -1 in 
the sim ulated si (s), which has also been seen in 
previous sim ulations o f the M gCl2 and C aC l2 solu­
tions. The discrepancy may originate from the 
water-water interactions as dem onstrated  in the 
corresponding partial structure function for the 
M gCl2 solution which has shown a sim ilar d is­
crepancy for the sam e s values [3]. At s >  12 A -1 the 
experimental structure function o f the 1.1 molal 
solution is noisy, indicating a small contribution  o f 
the structure of the solution o f the si (5) function as 
seen in the sim ulated one.

In the total radial d istribution function o f the
1.1 molal solution ob ta ined  from the sim ulation, a 
small peak due to the B e -O  interactions appears at 
1.7 A. However, the experim ental G(r)  function 
showed no appreciable peak but small ripples in the 
corresponding r range, which was caused probably 
by random  errors in the experim ental structure

function at high s. In the 5.3 molal solution, a peak 
due to the B e - 0  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 0 - 0  
distances in the bulk [30] and in part to the C l - O  
interactions due to the anionic hydration [2 -4 ]. 
W ith increasing solute concentration the peak shifts 
to 3.2 A  because the C l - O  interactions p redom i­
nate in the 5.3 molal solution. A shoulder left 
around 2.6 A in G(r)  for the 5.3 molal solution m ay 
be ascribed to the interactions between w ater m ole­
cules w ithin the first hydration shell o f Be2+.

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

Fig. 4. X-Ray structure functions from experiment (dots), a 
model fit (dashed), and the M D simulation (full) for the 
1.1 and 5.3 molal BeCl2 solutions.

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 BeCl2 solutions.
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fitting procedure in which a m inim um  of the 
function

i'max
u  =  X  W (s) [/' (s)exp -  / (s)syn]2 , (5)

•*min
was searched by program  NLPLSQ  [31] with vari­
ables r, b, n, R , and B in (3). smin and smax are the 
lower and upper lim its o f 5 used in the fits, and w (5) 
is a weighting function proportional to 54.

The adopted model had the following charac­
teristics:

a) The hydration shell structure of Be2+ is d is­
crete as in B e(O H 2)2+. The B e - 0  and 0 - 0  in ter­
actions were taken into account by introducing the 
param eters /-Be0, b Be0, «Beo, roo,  b0o and n0 0 , o f 
which /*oo and n00 follow from the assumed geom ­
etry: «Be0  =  4 for the tetrahedral m odel A and 6 for 
the octahedral model B. The contribution o f the 
hydrated Be2+ ion was not included in the fits o f 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 w ithout its contribution gave sim ilar U 
values.

b) The structure of the hydrated C l-  was ex­
pressed in term s of the param eters rcl0, &cio> and 
nC\o, which were allowed to vary independently. 
The w ater-w ater interactions w ithin the hydration 
shell o f C l-  were not included because of no strong 
correlation between them  as revealed in [3].

c) Be2+- C l _ contacts were assum ed for the
5.3 molal solution since the form ation o f cationic 
complexes was plausible in concentrated BeCl2 solu­
tions [32], The B e -C l distance was expected to be 
about 2.1 A from  the sum of the ionic radii o f Be2+ 
and C l-  [33]. The experim ental (7(/-) showed a small 
hum p at the corresponding distance. The p aram e­
ters /‘BeCb b Beci5 and «Beci were allowed to vary 
independently.

d) The w ater-w ater interactions were divided into 
two kinds: (i) those from the bulk structure present 
in a 1.1 molal solution, in which the pentam er struc­
ture proposed from many previous works [30, 34] 
was assum ed, (ii) those from the interactions be­
tween coordinated water molecules in the first and 
second hydration shells. This treatm ent seem ed 
reasonable since the latter hydrogen bonds give 
shorter distance than the form er ones [3].

e) Beyond the above discrete structures, a un i­
form electron distribution  was assum ed for each 
atom.

The final results are sum m arized in Table 3. The 
si ( 5 ) and G(r)  functions calculated using the pa­
ram eter values in Table 3 (M odel A for the 5.3 molal 
solution) are com pared with the experim ental ones 
in Figs. 4 and 5, respectively. The present model has 
well reproduced the observed values. F rom  the R- 
value, model A is preferred for the 5.3 molal solu­
tion. A pparently, the rmsd for the B e - 0  inter­
actions obtained in model B is too large and in 
model A too small. The fits including the Be2+-C l~  
interactions did not im prove the R -\a lu e  signifi­
cantly. This may be due partly to the small X-ray 
scattering am plitude o f Be and probably to a small 
am ount o f the Be2+- C l~  contacts form ed in the
5.3 molal solution. In Fig. 5 (above), the discrepancy 
between the experim ent and the fit around 2 A is 
w ithin the uncertainties.

4.3. Properties o f  the Hydration Shell o f  Be1+

From  the knowledge of the position of all par­
ticles as a function o f tim e, provided by the MD 
sim ulation, the geom etrical arrangem ent of the

Table 3. Structure parameters obtained from least-squares 
fits for the X-ray data o f the 1.1 and 5.3 molal BeCl2 aque­
ous solutions; interatomic distance r(A), the root mean 
square deviation /(A), and the number o f interactions N. 
Models A and B correspond to four- and six-fold coordina­
tion models for Be2+, respectively.

1.1m  5.3 m

A B

Be(OH 2)*+ r BeO 1.67 1.66
/ßeO 0.035 0.14
NßeO 4 a 6a
loo 0.23 0.28

C1(H20 ) „ rc\o 3.24 3.15 3.15
I CIO 0.21 0.17 0.17
N q\o 6.9 3.5 3.7

H 20 - H 20 b rOO 2.76 2.71 2.77

0
1 0 

0

0.31
1.2

0.19
1.1

0.17
1.1

bulk 'oo 2.82 — —
H 20 - H 20 d /po

'00
0.21
0.54 : _

Fit s-ranae/A-1 0. 8 - 1 2 . 0 0 .2 - 1 5 .0 0 .2 -1 5 .0
R e 0.181 0.252 0.381

a Fixed. b Interactions between water molecules in the 
first and second coordination shells. c Per H 20  molecules 
coordinated. d Pentamer structure o f free water mole­
cules was assumed. I00  and 1'00  represent the rmsd’s o f the 
first and the second neighbour 0 - 0  interactions in 
the bulk, respectively. e R =  [X  H’(J) {'exp0s) ~  'synCO) !
( X  "  (^ ) 'ex p (^ ))  ] ”•
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w ater molecules in the first hydration shell o f 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  o f the 
hydration shell water molecules the z-axis and a 
second one the .Yz-plane. The projection o f the 
oxygen atom positions o f the six nearest neighbour 
water molecules around Be2+-collected at several 
hundred different tim es spread over the whole 
sim ulation -  onto the x^-p lane o f this coordinate 
system are shown in Fig. 6 in the form of a three- 
dim ensional drawing. Figure 6 shows unam biguous­
ly that they are arranged octahedrally w ith p rac­
tically no distortion and a narrow  d istribution  
around the octahedral positions. The result is very 
sim ilar to what has been found for M g2+ [3].

Although there is no significant difference be­
tween M g2+ and Be2+ as far as the average geom et­
rical arrangem ent o f the water molecules in the first 
hydration shell of both ions is concerned, they d iffer 
in the answer to the question how m any w ater m ole­
cules occupy octahedral positions at the same time. 
In order to derive this inform ation from  the sim ula­
tion, solid angles have to be defined on the basis o f 
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, o f course, some 
arbitrariness involved. It was decided to choose a 
solid angle of 0.12rr centred at each o f the octa­
hedral directions, corresponding to an aperture 
angle o f each cone o f 40°. The percentage o f sim ul­
taneous occupation o f all six octahedral positions

Fig. 6. Three-dimensional drawing o f the projection o f the 
oxygen atom positions o f the six nearest neighbour water 
molecules around a Be:+ onto the x j-p lane  o f a coor­
dinate system defined in the text.

has been calculated from the sim ulation to be 74 for 
Be2+ and 61 for M g2+, while the average num ber of 
sim ultaneously occupied octahedral positions is 5.5 
and 5.1, respectively. This is just a consequence of 
the stronger interactions o f the sm aller Be2+ with its 
first shell w ater molecules.

The structural param eters o f the hydration shell 
o f Be2+ obtained from  the MD sim ulation and the 
X-ray diffraction are given in Table 4, together with 
previous results from  other methods. The B e - 0  
distance obtained from  the present X-ray m easure­
ments is appreciably  longer than those found in the 
crystal structure o f B eS 04 • H 20 . The sim ulation 
gives an even longer B e -O  distance than the X-ray 
m easurem ent o f the 5.3 molal solution, which has 
certainly to be ascribed to the h igher coordination 
num ber o f six. Previous N M R, infrared and Ram an 
spectra have all indicated about four as the average 
hydration num ber o f Be2+ in aqueous solutions. The 
present X-ray scattering data o f the 5.3 molal solu­
tion also give a coordination  num ber o f four. U n­
fortunately, the scattering power o f Be2+ for X-rays 
is very small and therefore a coordination num ber 
could not be deduced from the X-ray m easurem ent 
o f the 1.1 molal BeCl2 solution.

The two m ain reasons why the sim ulation m ight 
give a different hydration  num ber are the starting 
configuration and the pair potentials em ployed. 
Because o f the strong Be2+-water interaction the 
residence tim e o f the w ater molecules in the first 
hydration shell o f Be2+ is by a few orders o f m ag­
nitude longer than the sim ulation time. This means, 
o f course, if  at the beginning 6 w ater molecules are 
in the first shell there will not be tim e enough for 
them  to leave. In o rder to rule out this point several

Table 4. Comparison o f the structural parameters for the 
hydration shell o f Be2+ obtained from various methods. 
r is the B e - 0  distance and N  the hydration number.

r / k N Molality Method Ref.

1.610 4 X -raya [5]
1.618 4 neutrona [6]
- 4 .0 -4 .3 3 b NM R [8]
— 3 .7 -3 .9 1 .02-3 .17 NM R [9]
— 4.0 1.500 NM R [10]
- 4.5 2 .70b NM R [11]
1.67 4 5.3 X-ray This work
1.75 6.0 1.1 MD This work

a In crystals. b m ol/d m 3.
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prelim inary runs have been m ade with starting con­
figurations where only four w ater m olecules were 
positioned in the im m ediate neighbourhood of 
Be2+. In each case after less than 0.5 ps a hydration  
num ber o f six resulted.

W ith decreasing ion size the polarization  o f the 
water molecules in the hydration shell and charge 
transfer effects m ake the asssum ption o f pair ad d i­
tivity o f the potentials m ore questionable. These 
effects tend to decrease the hydration num ber, 
however a very rough estim ate seems to indicate 
that they are not sufficient to decrease the hydration 
num ber of Be2+ from six to four.

In conclusion it can be stated that the hydration 
num ber of Be2+ in m oderately dilute aqueous solu­
tions rem ains undecided. Spectroscopic m easure­
ments are not the most reliable way to determ ine 
hydration numbers. D iffraction data at low concen­
trations do not give definite answers, and the poten­
tials em ployed in the sim ulation need to be im ­
proved by including m any-body interactions. The 
situation is sim ilar to that o f L i+ which was exam ­
ined about ten years ago, though L i+ does not 
hydrolyse but Be2+ does at higher pH.  D ifferent 
from what had been concluded from experim ents, 
the M D sim ulation predicted for L i+ a hydration 
num ber o f six instead of four [35], which was later 
confirm ed by neutron diffraction m easurem ents 
with isotopic substitution [36].

4.4. Hydration Shell o f  Cl~

The C l - 0  distance obtained from the present 
X-ray m easurem ent for the 1.1 molal solution 
(3.24 A, Table 3) agrees w ith that from  the M D 
sim ulation (3.12 A, Table 2) w ithin the experim en­
tal uncertainties. The rmsd o f 0.2 A  is w ithin accept­
ed values for the uncertainties. F or the 1.1 molal 
solution, the average coordination num ber o f C l-  
obtained from the X-ray study is consistent with 
that derived from the M D sim ulation. The calcula­
tion of the average geom etrical arrangem ent o f the 
w ater molecules in the first hydration shell o f C l-  
from the sim ulation (as shown for Be2+ in Fig. 6) 
gives a uniform  distribution. This result has been 
found before for o ther chloride solutions, too (see 
e.g. [1]).

The X-ray m easurem ent o f the 5.3 molal solution 
leads to a very small coordination num ber o f C l-  o f
3.4 although the C l“ - 0  distance and its rmsd are

very sim ilar to those for the 1.1 molal solution. A 
small hydration num ber o f C l-  (3.9) has also been 
found from a neutron diffraction study with isotopic 
substitution of a 2.85 molal N dC l3 solution [38]. The 
first-order-difference m ethod o f neutron diffraction 
studies o f aqueous 3.57 and 9.95 molal LiCl solu­
tions [36] revealed the hydration num ber of C l-  to 
be 5.9 and 5.3, respectively. M oreover, the hydra­
tion num ber of Cl~ further decreases to 4.4 in a 
14.9 molal LiCl solution, in which a direct contact 
Li + - C l -  species is form ed, as revealed by the 
second-order-difference m ethod [39], Thus, from the 
diffraction m easurem ent, the decrease in the hydra­
tion num ber o f C l-  in the 5.3 molal BeCl2 solution 
could not be explained until the ion-ion pair d istri­
bution functions were derived from the second- 
order-difference m ethod. An MD sim ulation at 
higher concentration m ight help to understand the 
structural changes leading to this small num ber.

4.5. Average Interaction Energies

Figure 7 shows the average interaction energy 
between a water m olecule and the central ion as a 
function of the io n -0  distance. For Be2+, contrary to 
the M gCl2 solution, an unexpected feature is found, 
which shows that the position o f the m inim um  in 
the average potential energy has shifted to 1.7 A, a 
distance longer than that in the corresponding pair 
potential (1.55 A), which was not the case in the 
M gCl2 and C aC l2 solutions. This may be caused by 
a stronger w ater-w ater repulsion w ithin the sm aller

V(r)/10"19J

Fig. 7. Average potential energy o f a water molecule with 
respect to B e-+ and Cl-  as a function of ion-oxygen dis­
tance. The positions o f the maxima in the RDFs are 
marked by an arrow.
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hydration shell o f  Be2+ than  th a t in the case of 
M g2+. The position o f the m in im um  is close to that 
o f the first peak in the #Beo(/)-

The average potential energy o f  C l-  has a m in i­
mum  around 3.2 A, at which the first peak has been 
observed in gc\o(r) (F igure 7). This feature is con­
sistent with that found in the M gCl2 and C aC l2 
solutions.

F igure 8 shows the average w ater-w ater potential 
energy as a function o f 0 - 0  distance. A charac­
teristic feature o f the potential is a steep positive 
part below 2.6 A and  a positive hum p at 3 .2 -4 .1  A. 
They correspond to sim ilar features in g o o (r ) 
(Fig. 3) and arise from cis and trans H 20 - H 20  
within the octahedrally  hydrated  Be2+. Thus, the 
large charge density on the Be2+ forces coordinated 
water molecules to  orient in an  energetically un­
favourable way relative to each other. A sim ilar 
feature o f the w ater-w ater potential energy has been 
observed in the M D  sim ulation  o f  an L iCl4 - 4 H 20  
solution, in which all the w ater molecules are bond­
ed to the ions [37],

4.6. Orientation o f  the Water Molecules

The distribution o f cos 9 for the water molecules 
in the first hydration  shells o f Be2+ and Cl~ is com ­
pared in Fig. 9 w ith the results o f  the sim ulations of
1.1 molal MgCl2 and C aC l2 solutions [2,4], 9 is 
defined as the angle between the dipole m om ent 
direction of the w ater m olecule and the vector 
pointing from the oxygen atom  tow ards the center 
o f the ion. For all three cations a trigonal o rien ta­
tion is found and the d istribu tions are quite sim ilar. 
Preferentially linear hydrogen bonds are form ed 
between C l-  and the w ater m olecules in its first 
hydration shell. T he differences in the distributions 
for different counterions are sm all bu t seem to be

V(r)/10'19 J

Fig. 8. Average potential energy o f two water molecules as 
a function o f oxygen-oxygen distance.

significant. The sharpness o f the d istributions de­
creases with decreasing cation size indicating a 
stronger disturbance o f the hydration  shell o f Cl~ by 
the smaller counterion.

The cations also strongly influence the hydrogen 
bond structure o f the bulk water, as can be seen 
from Fig. 10 where the d istributions o f the hydro­
gen bond angles V, as defined in the insertion, are 
shown for pure w ater as well as for the 1.1 molal 
BeCl2, M gCl2 and C aC l2 solutions. In the case o f 
the solutions the d istributions are calculated only 
for bulk water, which m eans tha t the w ater m ole­
cule from which the angle is m easured does not 
belong to the first hydration  shells o f one o f the

cos 0

Fig. 9. Distribution o f co s0  for the water m olecules in the 
first hydration shells o f the ions from MD simulations o f  
1.1 molal BeCl2 (full), MgCl2 (dotted) and CaCl2 (dashed) 
solutions. 6 is defined in the insertion.

Fig. 10. Distribution o f  the hydrogen bond angles W for 
pure water (dash-dotted) and the bulk water in 1.1 molal 
CaCl2 (dashed), M gCl2 (dotted) and BeCl2 (full) solutions. 
V  is defined in the insertion.
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ions. The disturbance of the bulk w ater structure 
strongly increases w ith decreasing cation size.

4 .7. Geometries o f  the Water Molecules

The central force type model for w ater em ployed 
in the sim ulation [20] perm its the investigation of 
the influence o f the ions on the w ater molecule 
geometry. The average intram olecular distance of
0.975 A was found to be the sam e for bulk water 
and hydration w ater o f C l- . W ith an average HOH 
angle o f 100.3°, a dipole m om ent o f 2.00 D (1 D = 
3.3356 x 10-30 Cm ) results for both w ater subsys­
tems. These values for the BeCl2 solution are in the 
lim its o f error the sam e as those found for the C aC l2 
solution [4], A com parison with the data from the 
sim ulation of the M gC l2 solution would not be help­
ful as the in tram olecular part o f the w ater potential 
was different from that used here and for the C aC l2 
solution. As the interm olecular part o f the water- 
w ater potential was the sam e in all three sim ulations 
the com parisons perform ed above are justified.

There exists a significant difference in the water 
molecule geom etry between bulk w ater and hydra­
tion water o f Be2+. The average O - H  distance in­
creases to 0.994 A and the HOH angle decreases to 
96.9°, resulting in a dipole m om ent o f 2.11 D. For 
the w ater molecules in the first hydration shell of 
C a 2+ the corresponding values were found to be
0.992, 96.4° and 2 .12D . C onsidering the big d if­
ference in size betw een Be2+ and C a2+ the changes 
in the water m olecule geom etry are unexpectedly 
small.

5. Concluding Remarks

The M D sim ulation of the 1.1 molal BeCl2 aque­
ous solution dem onstrated  an octahedral coordina­
tion of water m olecules around Be2+, which is 
inconsistent with the results obtained from previous 
spectroscopic studies. The pair distribution  func­

tions revealed a more structured  first hydration 
shell of Be2+, as com pared w ith those o f  M g2+ and 
C a2+, which is reasonable from  their ionic size. The 
consistency between the structure functions, as well 
as the radial d istribution  functions, from  the sim u­
lation and X-ray diffraction was satisfactory. How­
ever, it would not be straightforw ard to  conclude 
that the hydration shell structure of Be2+ is repro­
duced correctly by the sim ulation , since its contri­
bution to the total structure function is small and 
almost negligible for the 1.1 molal solution. The 
geometry of the water m olecules in the first hydra­
tion shell o f Be2+ was not deform ed as much as 
expected in the solution, in which the w ater m ole­
cules dissociate due to the hydrolysis o f the Be2+ in 
the real system. Thus, fu rther im provem ent may be 
required for w ater potentials when they are applied 
to a system in which m ore electron transfer between 
ion and w ater molecules becom es significant. X-Ray 
scattering data of the 5.3 m olal solution gave the 
average coordination num ber o f four for Be2+, con­
sistent with the previous results. The average num ­
ber of water molecules around  C l-  is abou t seven in 
the 1.1 molal solution, but decreases to abou t 3.5 in 
the 5.3 molal solution.
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