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A Molecular Dynamics simulation of a 1.1 molal aqueous BeCl, solution was performed with the flexible 
BJH model for water and a newly developed three-body potential for Be*+-H,O interactions derived from 
ab-initio calculations. The properties of the potential are discussed and radial distribution functions, 
angular distributions and dynamic properties of the solution like vibrational modes and hindered rotations 
are analyzed. 

KEY WORDS: Molecular Dynamics simulation, aqueous BeCl, solution, three-body interactions, hydra- 
tion shell structures, intramolecular frequencies, hydrogen bonding. 

1. INTRODUCTION 

The hydration shell structures of the alkaline earth ions Be2+, Mg2+, Ca2+ and S?+ 
have been investigated by Molecular Dynamics (MD) simulations and reported in a 
series of papers in recent years [l-41. Be2+, as the first member of this group in the 
periodic table, deserves special attention because it is a very small ion with a high 
electric field near to it. The ionic radius of BeZ+ is about 0.27A while that of Mg2+ 
is 0.72 A. Therefore, the assumption of pairwise additivity of the ion-water interaction 
energies is much less justified for the Be2+ -water system than for the other alkaline 
earth ions [5 ] .  As in the preceding simulation of the BeCI, solution [l] pair potentials 
were employed, it seemed to be advisable to repeat this investigation by including 
three-body terms for the Be2+ -HzO interaction. 

Some characteristics of the potential energy surface and details of the simulation 
are given in sections 2 and 3. The results found for various structural and spectroscop- 
ic properties of the solution are discussed in section 4 in comparison with those of 
previous simulations of alkaline earth chloride solutions. 

*Permanent address: Institut fur Anorganische und Analytische Chemie, Universitat Innsbruck, A-6020 

?Present address: Department of Chemistry, University of California at  Irvine, CA 92717, USA. 
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Figure 1 SCF (full; dashed) and 2-body potential energies (dash-dotted; dotted) for Be2+ (H,O),-H,O 
(dashed; dotted) and Be2+(H,0)5-H20 (full; dash-dotted) as a function of the Be-0 distance. 

2. THE ENERGY SURFACE IN THE Be2+-H20 SYSTEM 

Ab inifio calculations of the Be2+ -H,O potential surface [I]  yield a value of - 570 kJ/ 
mol in the global minimum. Due to well known effects like charge transfer from water 
to the ion and polarization of the water molecules the total binding energy in a 
Be2+(H20), cluster is less than n times the Be2+-H20 interaction at the given Be-0 
distance plus the water-water interaction. Rather similar total binding energies of 
1670kJ/mol and 1737 kJ/mol result for the geometry optimized Be2+(H20), and 
Be2+ (H,O), clusters, respectively, whereas the assumption of additivity strongly 
favours Be2+ (H20), (2053 kJ/mol vs. 2568 kJ/mol). 

In order to show the difference between the sum of the pair potentials and the 
many-body potential we have calculated the binding energy of one H 2 0  molecule in 
tetrahedral and octahedral Be2+ clusters as a function of its Be-0 distance for an 
orientation where the dipole moment vector points away from the cation. The 
remaining 3, respectively 5, water molecules were kept ‘frozen’ at the optimized 
geometry of the cluster. Figure 1 shows the corresponding potential energy curves 
obtained by means of the two-body approximation and with full Hartree-Fock 
calculations. While the Hartree-Fock interaction energy between one water molecule 
and the remaining Be2+ (H,O), complex is less than 160 kJ/mol, the attraction bet- 
ween the two subsystems is more than doubly overestimated in the pair approxima- 
tion. A similar difference is found for the tetrahedral complex. 

Although simulation studies incorporating many-body effects mainly by using 
dipolar polarizable models are becoming feasible [6] it seems-for reasons of consist- 
ency-better to improve the reliability of the results of the BeCl, simulation by taking 
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AQUEOUS BERYLLIUM CHLORIDE 45 

Figure 2 Effective Be2+ -H,O energy curves for tetrahedral (dashed) and octahedral (dash-dotted) clusters 
(Eq. (1)) and the two-body Be2+-H20 potential (full). 

the nonadditive effects into account. In principle, this can be done by using an 
'effective potential' that includes many-body effects in an averaged way or by incor- 
porating them explicitly. We know of only two previous investigations that used 
ion-water potentials improved in such a way for simulations of aqueous solutions. 
The first approach was taken by Curtiss et a/. [7] in Md simulations of aqueous Fez+ 
and Fe3+ while the second one was employed in a recent MC simulation on hydrated 
Li+ by Corongiu et al. [8]. 

In order to get some information on the effective interaction energy between the 
Be2+ alone and one water molecule in its hydration shell, we subtracted the water- 
water interactions from the Hartree-Fock energy curves of Figure 1: 

(1) 
For the case n = 1, from which the normal pair potential results and for n = 4 and 
n = 6, the energy curves are shown in Figure 2. The effective energy curves for 
Be2+ (H20)4 and Be2+ (H20)6 are close compared to the two-body curve but their 
minima still differ by about 80 kJ/mol. Under the assumption that nonadditive effects 
in the water-water interaction play a minor role for the total energy, this indicates 
that going from Be2+ (H,O), to Be2+ (H20)6 additional charge transfer and saturation 
effects occur. While an average of the potential curves for n = 4 and n = 6 probably 
would give an accuracy comparable to the two-body potentials for Ca2+ or Sr2+, we 
decided to incorporate non-additive terms directly into our cation-water potential as 
effective potentials always trade off some accuracy against computational advantages. 

E(Be2+ - H20),fl = E(Be2+(H20),-, - H20) - E(H,O),-, - H 2 0 )  

3. DETAILS OF POTENTIAL AND SIMULATION 

We used the ion-water and ion-ion two-body potentials from ref. [l] which were 
derived from ab initio calculations and augmented the beryllium-water potential with 
an additional three-body term as reported recently [9]. 
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46 M.M. PROBST ET AL. 

The ab initio calculations were performed using basis sets of double-zeta quality 
(DZP). Single points were checked using triple-zeta basis sets (TZP) [lo]. The basis 
sets of all atoms contained one set of polarization functions. The TZP binding 
energies are up to 5% higher than the DZP ones. For the three-body energies (which 
are always positive) TZP gives values that are about 12% larger than the DZP ones. 
For example, a typical conformation of two water molecules with the water dipole 
vector pointing away from the Be2+, an O( 1)-Be2+ -0(2) angle of 109", r&o(l) = 1.6 A 
and rw2) = 1.8 A gives a DZP binding energy of 989 kJ/mol with a three-body part 
of 92 kJ/mol whereas the TZP value is 1039 kJ/mol with a three-body part of 105 kJ/ 
mol. In view of the relatively small differences between the more accurate TZP values 
and the DZP results, in order to be consistent with [I], we based the calculation of our 
analytical potential on the latter ones. 

The basis set superposition error for the DZP case was checked for by the counter- 
poise method and found to be in the order of 3% of the bindng energy and in the same 
order for the three-body energy. Nearly no basis set superposition error was found for 
the triple-zeta basis set. 

The three-body part of the energy, E3b, was extracted from the total energy of about 
I50 H20-Be2+ -H20 triplets according to: 

E3b = qBe2+(Hz0),] - QBe2+ - H20(l)] - qBe2+ - H20(2)] 

- Ll(H,O),] + qBe2+]  + 2qH201, ( 2 )  
where all energies on the right-hand side are total energies. This three-body energy has 
been fitted to the following analytical expression: 

E3* = A[B + (n - a)']'exp[ - C(6 + r 3 ] ,  (3) 
where LY denotes the O( ])-Be2+ -0(2) angle and r ,  and r2 the distances between BeZ+ 
and the oxygen atoms of the two water molecules. The functional form reflects the 
facts that the three-body energy decays fast with increasing distance of each oxygen 
from the Be2+ and that it is strongly dependent on the 0-Be-0 angle. Since the energy 
surface was found to be rather smooth, 150 H20-Be2+ -H20 triplets were sufficient to 
scan the two 0-Be distances and the 0-Be-0 angles. In all configurations, the angle 
8 between the water dipole moment vector and the vector pointing from the oxygen 
atom towards the ion (see insertion in Figure 5 )  was 180%. This, of course, limits the 
accuracy of the potential function for other configurations but we do not consider this 
a disadvantage since the two-body part of the potential shows that large deviations 
of 8 from 180" are energetically very unfavourable. 

Least square fitting to Eq. (3) and a modification of the Parameter C to approxim- 
ately inco orate higher-order terms gave A = 11.16kJ/mol, B = -0.192, and 
C = 0.25 r-' for the three free parameters [9]. The dependence of on distance and 
orientation is visualized in Figure 3. For linear 0-Be-0 arrangements, E3b is almost 
constant within 1.5 > rW > 1.8. It, however, increases strongly if the 0-Be-0 angle 
gets smaller and then becomes more distance dependent, too. 

In spite of the fact that the inclusion of the three-body term is only a first step 
towards very accurate potentials and although the many-body expansion of the 
energy is certainly not converged completely after the three-body term, this one is by 
far the most important correction of the pair potential. The higher order contribu- 
tions seem to be of similar size as the uncertainties in the other potentials employed 
in the simulation. 
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AQUEOUS BERYLLIUM CHLORIDE 41 

90” 

120” 

Figure 3 Polar plot of the dependency of E ,  on the 0-Be-0 angle for four different values of 
rMC,,  = rW2): 1 .S A (full); 1.6 A (dashed); 1.7 k: (dash-dotted); 1.8 A (dotted). 

A technical detail deserves to be mentioned. In order to avoid inhomogenities of the 
forces at the cut-off radii normally the,so-called “shifted force method” is used. This 
means that the original potential is modified by addition of a linear term and a 
constant so that both energy and force become zero at the radius of the cut-off sphere. 
This simple method is not directly extensible to many-body potentials and as a 
substitute we multiplied our three-body potential with a term T given by: 

T = { I  - exp[D(r, - rl)n]>*(l - exp[D(rc - r2)n]} (4) 

It can be seen that the damping factor T ensures that the potential and its derivative 
are exactly zero if rl = rc or r, = rc. Values of D = 0.5 and n = 4 ensure that T is 
different from one only if the cut-off radius is approached. 

The basic cube contained 200 flexible BJH water molecules [ 1 1],4 Be2+ and 8 C1- . 
The equilibration period of our simulation was started with a configuration from 
reference [l]. The long range Coulombic interactions were treated by the Ewald 
method while for the non-Coulombic interactions the shifted force method was 
employed with a cutoff distance of 9.2 A, half of the sidelength of the basic periodic 
cube. After about 5000 time steps of equilibration, the final collection of data was 
performed for 12500 time steps of 0.25 fs each. The average temperature was 290 K. 
No rescaling of velocities was performed in order to obtain large time windows for 
the autocorrelations functions. The total energy was stable to better than 0.2% from 
the beginning to the end of the simulation. 

4. RESULTS OF THE SIMULATION AND DISCUSSION 
4.1 Radial Distribution Functions 

The radial distribution functions (RDF’s) for Be-0 and Be-H have already been 
depicted in reference [9]. The figure is not repeated here but the characteristic values 
for gBeo(r) and gkH(r) are given in Table I (see also Figure 4). Different from the 
simulation with the two-body potential [l] the hydration number of BeZ+ is now found 
to be four and, accordingly, the number of nearest neighbor hydrogen atoms is eight. 
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48 M.M. PROBST ET AL. 

Table 1 Characteristic values of the cation-water radial distribution functions, where R,, rM, and r,, are the 
distances where for the th time g,, ( r )  is unity, has a maximum, or minimum, respectively. 

a B Rl rMI  g r S ( r M l )  R, rml g.8(rm,) nZ8(rml )  rMz g,8(rMz) 

Be 0 1.62 1.75 23.2 1.90 2.02 0.0 4.0 4.27 3.2 
Be H 2.36 2.52 7.1 2.70 2.90 0.0 8.0 4.55 2.2 

Except for a slight decrease in the height and a narrowing of the first peak in gBeo(r) 
connected with the smaller hydration number, all the other characteristic values given 
in Table I are not significantly different from the previous simulation. The same is true 
for the chloride-water and water-water RDF's. Therefore, they are not repeated here. 
They can be found in reference [l] 

Since the only significant difference between the results of the simulations with and 
without the three-body potential is the change in the coordination number of Be2+ 
from six for four, it seems to be of interest, to investigate the sensitivity of the Be2+ 
coordination number on the potential. For this purpose, several molecular dynamics 

Figure 4 Beryllium-oxygen radial distribution functions (full) and running integration numbers (dashed) 
from simulations with three-body potentials for three different parameters C in Equation (3). 
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AQUEOUS BERYLLIUM CHLORIDE 49 

simulations of a few thousand timesteps each were performed. They showed no 
change in the hydration number when C (Equation (3)) was varied from 0.19 to 0.30. 
Only if values of about 0.30 and larger were used, the three-body potential became 
so weak that the coordination number changed again in to six within a few hundred 
timesteps. This is demonstrated in Figure 4 where the RDF's and the corresponding 
running integration numbers, n(r), for simulation runs with C = 0.5, C = 0.3 and 
C = 0.28 are depicted. While the first and the last one indicate clearly coordination 
numbers of six and four, respectively, the simulation for the limiting case C = 0.3 
shows water molecules moving between first and second hydration shell. Since the 
accuracy of our ab initio data leads to C values well below 0.3, it can be concluded 
that all theoretical and experimental [ 11 evidence now points towards a coordination 
number of four for Be2+ under the conditions studied. 

4.2 Orientation of the Water Molecules 

The distributions of cos 8 for the water molecules in the first hydration shells of Be2+ 
and Cl- are shown in Figure 5 . 8  is defined as the angle between the dipole moment 
direction of the water molecule and the vector pointing from the oxygen atom toward 
the center of the ion. Figure 5 shows for Be2+ a strong preference for a trigonal 
orientation. The distribution is significantly narrower than that for the other alkaline 
earth ions and for Be2+ with the two body potential [l]. The water molecules in the 
first hydration shell of C1- form preferentially linear hydrogen bonds, with a distribu- 
tion which is very similar to the one found for the other alkaline earth chloride 
solutions [ 11. 

Be ++ CI - H 

cos e 
Figure 5 Distribution of cos 6' for the water molecules in the hydration shells of the ions. 6' is defined in 
the insertion. 
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90" 

- E I k J/moll 

Figure 6 Polar plot of the BeZ+-H,O interaction energy as a function of 0, where 0 is defined in the 
insertion of Figure 5, for four different ion-oxygen distances. The denotations are the same as in Figure 
3. 

It is of interest to investigate if this strong preference for 6 = 180' results from the 
potential or if the interaction with the other water molecules is responsible for it. For 
this purpose the angular dependency of the potential of the Be2+-H,0 interaction 
energy is plotted in Figure 6 as a function of 8 for four different Be-0 distances. The 
restriction of the cos 6 distribution to values smaller than -0.8 for Be2+ (Figure 5 )  
is in accordance with this potential but the very strong preference for 0 = 180' results 
from the interactions between the water molecules in the first and second hydration 
shell. 

4.3 Hydration Shell Structure of Be2+ 

From the knowledge of the positions of all particles as a function of time, provided 
by the MD simulation, the geometrical arrangement of the water molecules in the first 
hydration shell of Be2+ has been deduced by calculating the distribution of cos 9 
where 9 is defined as the O-Be-0 angle. The result is shown in Figure 7, where only 
the oxygen atoms of the water molecules in the first hydration shell of Be2+ are 
included in the distribution. It is centered at the tetrahedral angle of 109.5' as expected 
for a hydration number of four. The halfwidth of the distribution corresponds to 
about 20'. It shows that even for an ion as small as Be2+ the hydration shell is rather 
flexible. 

4.4 Sev- Diffusion Coeficients 

The self-diffusion coefficients for the various subsystems in the solution have been 
calculated according to the Green-Kubo relation from the integral over the velocity 
autocorrelation functions in the limit t -+ 00. The values for Be2+ and C1- are found 
to be (0.7 k 0.2) and (1.2 k 0.2). 10-scm2s-', respectively. The errors are estimated 
from the noise in the velocity autocorrelation functions after their decay to zero. This 
result for the chloride ion is in the limits of statistical uncertainty the same as the one 
calculated from the simulations of a 1.1 molal SrCI, and several 2.2 molal alkali 
chloride solutions [4] and indicates that at moderate concentrations Dcl- does not 
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-1 - 0.5 0 
cos 3 

Figure 7 Distribution of cos 9 for the water molecules in the first hydration shell of Be2+. 9 is defined in 
the insertion. 

depend strongly on the cation. The self-diffusion coefficient for Be2+ is in the limits 
of error the same as calculated for Sr2+ in the 1.1 molal SrCI, solution 241 and for Li+ 
in the 2.2 molal LiI solution [12]. It is only about half of that found for C1-. The 
strong interactions between the small and/or doubly charged cations and the sur- 
rounding water molecules lead to a large effective mass of the cations which results 
in significantly smaller self-diffusion coefficients than those of the weakly hydrated 
anions C1- and I- [13]. 

The simulation permits the calculation of the self-diffusion coefficients separately 
for the three water subsystems in the BeCl, solution. The values for the hydration 
water of Be2+, of C1- , and bulk water are found to be (0.8 & 0.2), (1.2 & 0.2), and 
(1.3 f 0.2). 10-Scm2s-', respectively. A water molecule is considered to belong to 
the first hydration shell of an ion if it ion-0 distance is smaller than rm, (Table 1). the 
subdivision into the three classes is carried out at each correlation origin. The 
exchange of water molecules between the three classes is negligible during the typical 
lengths of the correlations. There is no difference in the limits of statistical uncertainty 
between bulk water and the hydration water of C1- presumably because of the 
relatively weak interaction between the chloride ion and its hydration shell. On the 
contrary, the very strong interactions between Be2+ and its hydration shell water 
molecules lead in the limits of error to the same self-diffusion coefficient for both. This 
result is different from that for Li+ and Sr2+. The smaller charge or the larger size of 
these ions compared with Be2+ mean weaker interactions. Therefore, the self-diffusion 
coefficients of the water molecules in the first hydration shells of Li' and Sr2+ are 
larger than those of the ions by a factor of about 2.5 and 1.5, respectively [4,12]. 
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4.5 Librational and Vibrational Motions of the Water Molecules 
In order to separate the various librational and vibrational modes of the water 
molecules the following scheme has been employed [ 141: The instantaneous velocities 
of the two hydrogen atoms in the center-of-mass system are projected onto the 
instantaneous unit vectors: i) in direction of the corresponding 0 - H  bond (u, and u2), 
ii) perpendicular to the 0 - H  bonds in the plane of the molecule (v, and v,), and iii) 
perpendicular to the plane of the molecule (p, and p 2 ) .  

Using capital letters to denote the projections of the hydrogen velocities onto the 
corresponding unit vectors, the following quantities are defined: 

Q2 = VI + V2 R, = PI + P2 
Q3 = U, - U2 R, = PI - P2 

where Q l ,  Q,, and Q3 describe approximately the three normal mode vibrations 
usually referred to as symmetric stretch, bend, and asymmetric stretch, respectively. 
R,, Ry , and R, approximate the instantaneous rotations around the three principal 
axes of the water molecule, as defined in the insertion of Figure 8. The Fourier 
transformations of the normalized autocorrelation functions of these quantities result 
in the spectral densities of the corresponding modes. They have been calculated 
separately for the three water subsystems and are shown for the librational and 
vibrational motions in Figures 8 and 9, respectively. While this procedure is an 
approximate one, it has been shown to describe with a sufficient accuracy the changes 
in the vibrational frequencies of the anharmonic oscillators perturbed by the fluctuat- 
ing environment of a molecule [4,14,15]. 

In Table 2 the intramolecular geometries of the water molecules in the hydration 
shell of Be2+ as well as the positions of the maxima in the spectral densities of the 
librations and intramolecular vibrations are presented as calculated from the simula- 
tions with the two- and three-body potentials. They are compared with the results for 
pure water which are in the limits of statistical uncertainty the same as for the bulk 
water in the 1.1. molal BeCl, solution. 

It can be seen from Figure 8 that the spectral densities of the librations around the 
x- and z-axes are quite similar for bulk water and the hydration water of the anion 
while for the y-axis the anion causes a slight blueshift, similar to that found in the 

Table 2 Intramolecular geometries and the frequencies of the peak maxima in the librational and vibration- 
al spectral densities for pure water and for the water molecules in the first hydration shell of Be2+ from 
simulation of a 1 . 1  molal B&ll solution with a two and a three-body potential for the Be*+-water 
interactions. The uncertainties in the positions of the maxima are estimated to be 15cm-' 

pure wafer hydration shell wafer of Bk+ 
two-body three-body 

~~ ~ 

0.9940 
96.9 
580 
765 
436 
3119 
3176 

- 
1 .W59 
93.9 
63 1 
807 
398 
2907 
3020 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
6
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



AQUEOUS BERYLLIUM CHLORIDE 53 

Y 

2 I 

Figure 8 Spectral densities of the librations of the water molecules around its three main axes, calculated 
separately for the three water subsystems in the BeCI, solution: Bulk water (full), hydration water of the 
cation (dashed) and of the anion (dash-dotted) and given in arbitrary units. 

SrCl, solution [4], which results from the slightly stronger hydrogen bond formed 
between C1- and water than between water and water which is also evident from the 
corresponding small redshift in the 0-H stretching vibration shown in Figure 9. The 
strong Be2+ -water interaction causes a strong blueshift relative to bulk water of the 
librational motions of its hydration shell water molecules around the x-  and y-axes. 
But the spectral densitiy around the dipole moment axis remains-not unexpectedly 
because of the orientation of the water molecules (Figure S)-unchanged in the limits 
of statistical uncertainty. 

It can be seen from Table 2 that the use of the three-body potential for the 
Be2+ -water interactions causes a blueshift of the librational frequencies around the 
x- and y-axes. This blueshift continues the trend from pure water along the alkaline 
earth ions with decreasing ion size [4,15]. But this further increase is surprising 
because the Be2+ -water interactions are weaker for the three-body than for the 
two-body potential, different from the trend with decreasing ion size. A possible 
explanation could be that the hydrogen bonds between the water molecules in the first 
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I aw 

1000 2000 3000 9 l c m  
Figure 9 Spectral densities of the three intramolecular vibrations calculated separately for bulk water, 
hydration water of the cation and of the anion and given in arbitrary units. From low to high fequency: 
Q 2  9 QI and Q,, 
and second hydration shell of Be2+ become stronger as a consequence of the change 
of the hydration number from 6 to 4 for the three-body potential and, in this way, 
overcompensate the weaker Be2+ -water interactions (see below). This change in the 
hydration number might also be responsible for the redshift of R, because it means 
less steric hindrance for the rotational motions around the dipole moment axis in the 
case of the trigonal orientation. The reduced hindrance seems to overcompensate the 
stronger hydrogen bond effect. This explanation is in accordance with the results for 
the other alkaline earth ions. In the case of S?+ and Ca2+,  Rz has been found smaller 
than 400cm-' while it is for Mg2+ the same as for pure water [4,15]. 

The three intramolecular vibrations of the water molecules are presented in Figure 
9 separately for bulk water, hydration water of Be2+ and C1- . The bending frequency 
is the same in the limits of statistical uncertainty for all three subsystems and is, 
therefore, omitted in Table 2. The symmetric and the asymmetric stretching vibrations 
are well separated. Their small redshift for the hydration water of C1- relative to bulk 
water is similar to what has been calculated from simulations of other akaline earth 
chloride solutions [4,15]. A strong readshift of about 560cm-' relative to pure water 
is found for both stretching modes in the hydration water of Be2+. On the basis of 
the well-known empirical relationship between the intramolecular 0-H distance and 
the frequencies of the 0-H stretching modes of about 20000cm-' /A [I61 this redshift 
is in accordance with the increase of the 0-H distance of about 0.03A (Table 2). 
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0" 20" 40" 60" 80" 100" 120" 8 
Figure 10 Normalized distributions of the hydrogen bond angle 0 - which is defined in the insertion - as 
calculated from simulations with the three-body (full) and two-body (dashed) potential for the Bezf -water 
interactions. Upper curves: hydrogen bond angles between first and second hydration shell of Be2+ only. 
Lower curves: hydrogen bond angles between all bulk water molecules in the solution with 0-0 distances 
smaller than 3.35 A. 

The frequency shift of Q, and Q3 as calculated from the simulation with the 
two-body potential (Table 2) follows the tendency of an increased redshift with the 
decrease in ion size found for the alkaline earth ion series [4,15]. Although in 
accordance with the empirical rule mentioned in the preceding paragraph a further 
increase of the redshift resulting for the three-body potential is rather unexpected 
because of the weaker Be2+ -water interaction in this case (Figure 2). Similar to R, and 
R, discussed above this result seems to indicate again a stronger hydrogen bond 
formation between first and second hydration shell of Bez+ for the three-body 
potential. 

In order to check whether this conclusion is justified the hydrogen bond angle 
distribution, P(8), where 8 is defined in the insertion of Figure 10, between the water 
molecules in the first shell (BeZ+ -0 distances smaller than 2.4 A) and the second shell 
(0-0 distances smaller than 3.35 A) has been calculated from the simulations with the 
two- and the three-body potential. The result is presented in the upper part of Figure 
10. Undoubtedly, the distribution for the two-body potential is shifted to larger 
angles. To quantify those results the average number of hydrogen bonds has been 
calculated under the assumption that a hydrogen bond is formed if 8 is smaller than 
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20". This choice is quite arbitrary but leads to a reasonable upper limit for the energy 
of the hydrogen bonded dimer [17]. With this definition the average number of 
hydrogen bonds is calculated from Figure 10 to be 0.84 and 0.58 for the three- and 
two-body potentials, respectively. As only donative hydrogen bonds are counted each 
water molecule can form only two bonds. The percentages of water molecules in the 
first shell which form simultaneously zero, one or two hydrogen bonds are 3 1 (49), 
53(42) and 16(9), respectively, where the numbers in parentheses result from the 
simulations with the two-body potential. 

It is obvious from Figure 10 and these numbers that the simulation with the 
three-body potential for the Be2+ -water interactions leads to significantly stronger 
hydrogen bonds between the water molecules in the first and second hydration shell 
of Be2+. It has been demonstrated by Kleeberg ec al. [I81 that the influence of the 
cations on the 0 - H  stretching vibration increases proportionally with the frequency 
shift due to the hydrogen bond and that the proportionality factor increases with the 
strength of the cation-water interactions. Therefore, it can be understood qualitative- 
ly that there is an increase in the frequency shift for the three-body potential although 
the minimum of the Be2+-water potential is lower in the two-body case. 

In the lower part of Figure 10 P(0) is drawn for the case where all water molecules 
outside of the first hydration shell serve as reference particles (Be2+ -0 distance larger 
than 2.4& again with the restriction of 0-0 distances smaller than 3.35A. The 
resulting average numbers of hydrogen bonds for the three-body (full) and the 
two-body (dashed) potential are calculated to be 1.00 and 0.89, respectively. The 
percentage of water molecules which form simultaneously zero, one and two hyd- 
rogen bonds are 25(32), 49(47) and 26(21), respectively, where the numbers in paren- 
thesis are again from the simulation with the two-body potential. Although the 
differences between the two curves for bulk water are smaller than those for the 
hydration water of Be2+, they are still significant. A comparison with P(0) for pure 
BJH water (Figure 10 in reference [l]) shows that the use of a three-body potential for 
the Be2+ -water interactions leads to a hydrogen bond angle distribution for bulk 
water which is in between that for pure water and that resulting from the two-body 
potential. Obviously the introduction of the three-body forces leads not only to a 
reduction of the hydration number but also to an energetically more favourable water 
structure which stabilizes the tetrahedral hydration sphere of the beryllium ion. 

5 .  CONCLUSIONS 

The MD simulation reported here shows that potentials including three-body terms 
can be used in practice advantageously in simulations of aqueous systems. Besides the 
dramatic change in the hydration number many other quantities show small but 
significant changes. Some vibrational and librational frequencies of the water mole- 
cules in the first hydration shell of BeZ+ show larger shifts than those found for all 
other ions investigated so far. 
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