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Abstract

Ab initio STO-3G molecular orbital methods have been used to calculate equilibrium ge-
ometries for the dimers, BeSi(OH), and HuBeSiOr, to model the BeOSi bonds in ber-
yllosilicate minerals. The optimized geometry and calculated potential energy surface for the
dimer BeSi(OH)' are consistent with the Be-O and Si-O bridging bond length and BeOSi
angle variations observed for these minerals. This indicates that the structures of ber-
yllosilicates are determined in part by the same kind of short range forces that govern the ge-
ometry of the BeOSi bond in the dimer. Calculations for HoBeSiOz indicate that the BeOSi
angle is an intrinsic consequenco of the electronic structure of the BeOSi bond and not
merely a property of the coordination number of the bridging oxygen. The calculations also
indicate that coupled substitutions of Be for either Si or Al will tend to occur in silicate struc-
tures that have TOT angles near the calculated equilibrium value (129o) for the BeOSi angle.

A refinement of the anisotropic temperature factors and Ap maps of asbecasite,
Ca3(Ti,Sn)As"Si2Be2Oro, calculated with the published data of CannrTlo et al. (1969) indicate
that the BeOSi bond in the mineral may not be straight as reported. The potential energy sur-
face for H.BeSiOT appears to conform with the anisotropic charge density distribution ob-
served for the BeOSi bond in asbecasite. When the short Be-O bond in the mineral is omitted
from a regression analysis of experimental data, only two percent of the variation in d(Be-O)
can be explained in terms of a linear dependence on the BeOSi angle.

Introduction

More than 40 beryllium minerals have been de-
scribed in the literature of which more than half are
sitcates (Ross, 1964). In minerals, Be has thus far
only been observed in tetrahedral coordination with
O, OH, or F as ligands. Although triangular BeO,
groups have been observed in the synthetic phases
CarrBerrOr, YrBeOo, SrBerOo (Harris and Yakel,
1966, 1967, 1969), and RbrBe,Si,O, (Howie and
West, 1977), it has been argued that these phases
may be metastable (Harris and Yakel, 1969). Beryl-
lium plays a crystal chemical role in minerals similar
to that of Si. Indeed, isomorphous substitution of as
much as 0.1 weight percent Be for the tetrahedral
cations in garnets, pyroxenes, amphiboles, micas, and
feldspars is known. Silicates containing substantial
amounts of Be, however, tend to adopt structures
unique to beryllosilicates.

A prominent structural feature of beryllosilicates is
the BeOSi bond. It is likely that the configuration of

a beryllosilicate structure is governed in part by the
inherent geometry of this bond as it often embodies
the dominant bonding forces in the crystal. In this
paper, the energetics of two beryllosilicate di_mers,
BeSi(OH), and IIoBeSiO,, are investigated with ab
initio self-consistent field (SCF) molecular orbital
(MO) calculations to determine the extent to which
their minimum energy geometries mimic the ob-
served bond lengths and angles of BeOSi bonds in
beryllosilicate minerals (Downs, 1980).

Molecular orbital model

Although silicates have traditionally been re-
garded as ionic compounds (Verhoogen, 1958; Clark
et al.,1969; Gait and Ferguson, 1970; Appelo,1977),
it has been argued by Pauling (1939) that the Si-O
bond is as much covalent as ionic in nature. This ar-
gument is based on the notion that the electroneg-
ativity diference between bonded atoms is a measure
of the covalency of the bond. Similar arguments sug-
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gest that the Be-O bond is also substantially covalent
(40-60Vo). Furthermore, experfunental charge defor-
mation maps through BeOSi units in euclase, Al-
BeSiO.(OH), show a signifisanl accumulation of
electron density in the bonds, indicating that both the
Be-O and the Si-O bonds possess significant cov-
alent character (Downs, 1980; Downs et al., l98l).
Since these bonds are indicated to be substantially
covalent, any formalism used to calculate the total
energy of systems containing the bonds should in-
clude interactions of a covalent as well as ionic na-
ture.

In a purely ionic model, only coulombic inter-
actions between charged atomic centers are consid-
ered. Since covalency indicates sharing of electrons
between bonded centers, a method that optimizes the
electron distribution is required to model covalent ef-
fects. Clearly the calculation of the total wave func-
tion of the system is most desirable inasmuch as such
a method would model ionic. as well as covalent in-
teractions since both depend ultimately upon the
electron distribution. Molecular orbital (MO) meth-
ods satisfy this criterion in that the total wave func-
tion V of the system is approximated by a product of
one electron MO's expressed as

v: f l Q,Q, "' Q^ (l)

where the fi's fr"u"-J""t "antisymmet rued"with re-
spect to the permutation of electrons to be consistent
with the Pauli exclusion principle. These MO's are in
turn approximated by s linear combination of atomic
orbitals (LCAO) as in

0': ) c'*)tu (2)

where the MO 
"o"m"i"rr* 

cik are obtained by the
iterative self-consistent solution of the Roothaan
equations. ln ab initio MO theory all resulting matrix
elements are accurately evaluated. In these calcu-
lations the atomic orbital (AO) basis functions 16 are
represented by Slater Type Orbitals (STO's) which
are approximated by a linear combination of Gaus-
sian functions denoted STO-NG, where N is the
number of Gaussians used in the expansion. In this
study each STO was represented by a linear combi-
nation of three Gaussian functions denoted STO-3G.
Although an infinite AO basis set is required to reach
the Hartree-Fock limit, we have used a minimal
basis set (Hefue et al., 1969, 1970) which has been
found useful in providing insight into the nature of
the bonding forces in minerals (Sauer and Zurawski,

1979; Newton and Gibbs,1979,1980; Meier and Ha,
1980; Swanson, 1980; Chakoumakos, l98l; Gupta et
al, l98l; Gibbs et al., l98l).

In this study, our main purpose is to calculate the
total energy E for the molecule in question. (ssalling

the Schrddinger equation,

HV:E|I (3)

where H is the Hamiltonian operator, multiplying
both sides by the complex conjugate of the wave
function V*, and integrating over all spatial coordi-
nates yields

E: JyjIId" (4)
JV* V dr

such that the total energy E is the expectation value
of the Schrddinger Hamiltonian. The correct wave
function for a molecule of fxed geom€try is obtained
using the variation theorem of quantum mechanics
which states that the energy calculated using the
equations of quantum mechanics with the use of the
correct wave functiofl V*' for the ground state of the
system is less than that calculated with any other
wave function V that rnight be proposed. Using this
technique then to calculate the total energy for a
given geometry, we may then vary the geometry
(usually within certain symmetry constraints) and
thus find the lowest possible energy, as well as the
"optimized" geometry for the molecule. The calcu-
lations reported in this paper were completed using
the Pople et al. (1973) cAUSSIAN 70 computer pro-
gram (QCPE,11,236).

Theoretical and experimental chemistry of the
BeOSi bond

The equilibrium geometry of the BeOSi bond

The BeOSi bonds of the dimers BeSi(OH)' and
HuBeSiOr were chosen as models for the correspond-
ing bonds in the beryllosilicates. In the study, the
bond lengths and bridging angle for each dimer were
optimized within the constraint of C" symmetry with
the terminal OH bonds fixed at 0.964, and the OTO
and TOH angles fixed at 109.47". fhs 1g5ufting ge-
ometries are shown in Figure l.

The bridging oxygen of BeSi(OH)' is clearly over-
bonded with po : 2.5 (where po is the Pauling bond
strength sum to oxygen) whereas that of HuBeSiO' is
underbonded with po : 1.5. As expected the bridging
bonds are longer in the overbonded case relative to
the underbonded case. The mean bridging bond
lengths calculated for the two dimers (tantamount to
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Fig. l Optimized geometries for (a) BeSi(OH), and (b)
H6BeSiO7, calculated using aD rulia theory with a minimal STO-
3G basis. Large spheres represent oxygen, small spheres represent
hydrogen; no significance is attached to the relative sizcs of these
spheres. Angles O-Be-O : O-Si-O : l@.47", d(O-H) : 0.096A.
During optimization, four sets of bond lengths were independently
varied, namely non-bridging Be-O and Si-O, and bridging Be-O
and Si-O. Both molecules are in doubly eclipsed conformation
with q symmetry.

interpolating to p. - 2.0) arc (d(Be-O)) : 1.63A and
(d(Si-O)) : 1.624, in exact agreement with bond
distances calculated using the Shannon and Prewitt
radii (1969). Since the Shannon-Prewitt radii give
good estimates of observed bond lengths, our results
indicate that the BeOSi bond in beryllosilicates may
be adequately modeled with small BeOSi containing
dinrers when using ab initio methods.

ln most beryllosilicates, the bridging oxygen of the
BeOSi bond is either bonded to another fairly elec-
tronegative atom (e.9., Al, Be) or it is bonded to one
or more electropositive atoms (e.g., Ca, Na). A two-
coordinated bridging oxygen involved in a BeOSi
bond is extremely rarc (e.g., asbecasite, Cannillo er
al.,1969). Thus, the dimer BeSi(OH), whose bridging
oxygen is bopded to Be, Si, and H is possibly the sim-
plest model for the BeOSi bonds observed in most
beryllosilicates.

The total energy for BeSi(OH)z and H"BeSiO,

when plotted as a function of bridging Be-O bond
length and angle results in the potential energy sur-
faces shown in Figure 2a and 2b, respectively. Exam-
ination of the surface for BeSi(OH), indicates that
the total energy varies rapidly with angle but slowly
with bond length. Hence, we may expect to observe a
fairly wide range of Be-O bridging bond lengths and
a relatively nanow range of BeOSi angles in ber-
yllosilicates. This is in contrast to the behavior of the
Si-O-Si bond.
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Fig. 2. Potential energy as a function of Be-O bridging bond
lengt\ d(Be-Obr), and"bridging angle BeOSi for (a) BeSi(OH),
and (b) H6BeSiOT calculated with all non-bridging bonds and the
Si-O bridging bond fixed at the optimized values. One contour :
0.001 atomic units : 0.63 kcal : 2.63 kJ. The Be-O bridging bond
length and angle data from 28 beryllosilicate structure refnements
are shown as dots in (a). The mean values for these data are
(d(Be-Obr)) : 1.64A and (BeOSi) :126".

l ! .  ^ _
o  r b c

q)
(D

o  t 6 0

-o
o

I

c)
(D

9

a \

a
t a
a

a ,
c /

O O
- c ,

\ . /, ? /
. \  |

a \

tBeOS i



822 DOWNS AND GIBBS: BCOSi BOND IN BERYLLOSILICATE

A comparison of experimental and theoretical SiOBe
geometries

It has been proposed by Ganguli (1979) that a cor-
relation obtains between Be-O bridging bond length
and BeOSi angle with wider angles involving shorter
bonds. The fact that the minimum energy portion of
the potential energy surface for BeSi(OH), forms a
narrow valley symmetric about BeOSi angle : l30o
indicates that no such correlation should exist. It is
noteworthy that a similar potential energy surface
calculated for'the dimer H"SirO, (Meagher et al.,
1980; Gibbs et al., l98l) shows that the energy varies
rapidly with Si-O bond length but slowly with SiOSi
angle, just opposite to that calculated here for
BeSi(OH),. The HuSirO, potential energy surface has
been shown to be consistent with the observed Si-O
bridging bond length and angle variations in the sil-
ica polymorphs and siloxanes (Newton and Gibbs,
1980; Meagher et a1.,1980; Gibbs et al.,l98l). When
the bridging Be-O bond lengths and angles from ob-
served structures are plotted on the potential energy
surface for BeSi(OH), a wide scatter of values ob-
tains with the bond lengths varying between 1.56A
and 1.724 and most of the angles varying between
ll5o and 1409. The nnean values for these data are
(d(Be-O)) : 1.64A and (BeOSil : 126" which
agree with the values (1.66A, 129') optimized for
BeSi(OH)r. This result is consistent with an observa-
tion made previously by Brown and Gibbs (1970)
that Be tends to be involved in narrow TOT angles.
The agreement between calculated and observed val-
ues indicates that the observed geometries of BeOSi
bonds are governed mainly by the local bonding
forces within these units themselves rather than by
the long range forces of the crystal fleld.

Figure 2a includes data from three-membered tet-
rahedral rings (e.9., euclase and phenacite) which
tend to cluster in the narrow angle range (Downs,
1980). It is noteworthy that three-membered tetrahe-
dral rings are relatively cornmon in beryllosilicates.
ln contrast, they are relatively uncommon in silicates
because of the inherent instability of the narrow
SiOSi angles (approximately 126") required to form
such a rhg (Chakoumakos and Gibbs, 1980; Cha-
koumakos, l98l; Chakoumakos et al.,l98l). The in-
herent tendency ofthe BeOSi bond to adopt an angle
of 129" indicates that three-membered beryllosilicate
rings are unstrained. On the other hand, when the
ring consists ofthree silicate tetrahedra, it represents
a strained configuration because ofthe inherent ten-
dency of the disiloxy unit to adopt an angle of 145o

(Newton and Gibbs, 1980; Chakoumakos and Gibbs,
1980; Chakoumakos, l98l; Chakoumakos et al.,
l98l). Cases where a bridging oxygen is bonded to
two edge-sharing Be tetrahedra and one Si tetrahe-
dron, as in epididymite, require narrow BeOBe an-
gles with a concomitant widening of the BeOSi an-
gles. Data from such topologies tend to cluster near
the wide angle range of the stable region. Thus it ap-
pears that whatever topology is adopted by the tet-
rahedral frame of a beryllosilicate that the resulting
BeOSi angles should correspond 1e 1[s minimum en-
ergy region of the potential energy surface for
BeSi(OH)'.

A linear regression analysis calculated for the data
in Figure 2a yields an r' value of only 0.02, suggest-
ing that only two percent of the variation in d(Be-
Obr) can be explained in terms of a linear depen-
dence on the BeOSi angle. This result is contrary to
that obtained by Ganguli (1979) who calculated an 12
value of 0.35 for this correlation. Our data are some-
what more extensive than those used by Ganguli and
we have excluded a questionable point for asbecasite
at d(Be-O) : 1.53A and BeOSi angle : l80o on
which his proposed correlation is highly dependent.
If the correlation is real, we might expect that it
would persist with the omission of this one point. In-
asmuch as our data (Fig. 2a) show a relatively wide
scattef, we suggest that the evidence for such a corre-
lation is lacking.

The BeOSi angle dependence on the coordination
nrrmber of the bridging oxygen

We will now examine the extent to which the equi-
librium BeOSi angle may depend on the fact that the
bridging oxygen of BeSi(OH), is three-coordinated.
To investigate this dependence we examined the op-
timized geometry and potential energy surface for
HuBeSiO, (which is essentially BeSi(OH)' with the
hydrogen removed from the bridging oxygen). The
fact that the optimized BeOSi angle of 13lo is practi-
cally the same as that calculated for BeSi(OH)' in-
dicates that the preference for the BeOSi angles in
beryllosilicates to be bent is not merely a proclivity of
the bridging oxygen to form morc bonds in order to
satisfy its valence. The potential energy surface for
H.BeSiO, is quite similar to that for BeSi(OH), at
narrow angles; however,  at  wide angles, the
HuBeSiO, surface is less steep. This result indicates
that although the equilibrium BeOSi angle with a
two-coordinated bridging oxygen is l3lo, the energy
barrier to widening the angle is less than for a three-
coordinated oxygen. In other words, if a BeOSi angle
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wider than 13lo were required in order to satisfy
steric constraints this could be accommodated with
minimal destabilization of the structure. The shape
of the HuBeSiO, surface also hints at the existence of
a possible weak correlation between d(Be-Obr) and
angle BeOSi when the oxygen is two-coordinated.
Howevel, the paucity of two-coordinated oxygens
bridging Be and Si tetrahedra makes it impossible at
this time to investigate this suggestion.

BeSi(OH), and HuBeSiOz are similar to the dimers
SiH.OHBeH. and SiHrOBeH, studied by Tossell and
Gibbs (1978) using the CNDO/2 MO method. In
their calculations none of the bond lengths were opti-
mized because of the limitations of the method. The
minimum energy BeOSi angles reported are 124"
and I l4o for the three-coordinated and two-coordi-
nated oxygen, respectively. Tossell and Gibbs (1978)
ascribe the calculated angles to the underbonded (or
overbonded) nature of the bridging oxygen and in-
dicate that the two dimers may be poor models for
beryllosilicate systems. The optimized angles of 124"
and 114o calculated for the two dimers were consid-
ered to be fortuitous and unrealistic. It appears that
the use of TH,O tetrahedra together with the limita-
tions of the CNDO/2 method may have an even
greater efect upon the optimized angle than the
overbonded or underbonded nature of the bridging
oxygen.

Calculations were also completed for both
BeSi(OH), and H.BeSiO, where all bond lengths
were fixed at the optimized values and the BeOSi
angle was varied from l00o to l80o resulting in the
energies listed in Table l. The shapes of the resulting
potential energy curves ior the two dimers are com-

Table 1. The total energy, E1 (atomic units), calculated as a
function of angle BeOSi for BeSi(OH)t and H6BeSiO7. Bond
lengths were fixed at the optimized values shown in Figure I for
these calculations. One atomic \rrrt : 627 .5 kcal : 2625.46 kJ.

B e S i  ( 0 H ) ,

r 00  -82 r . 0722 r

I 20  -821 .03684

1 3 0  - 8 2 r . 0 3 8 0 9

HUBeS iO ,

1 0 0  - 8 2 0 . 1 4 0 4 8

1 1 0  - 8 2 0 .  1 6 5 8 1
t20  -820 .1  7  303
130  -820 , r7457

1 4 0  - 8 2 I . 0 3 6 4 7

1 6 0  - 8 2 1 . 0 2 6 2 6

1 8 0  - 8 2 r . 0 0 7 3 1

LBeOSl = 729"
e

r 5 0  - 8 2 0 . 1 7 1 6 3

1 6 0  - 8 2 0 . 1 6 9 5 1

1 7 0  - 8 2 0 . 1 6 7 9 6

1 8 0  - 8 2 0 . 1 6 7 4 0

L B e O S i  =  1 3 1 '

o.o2

- o . o 2

- o . 0 4
i lo  r50 190

LBeOSi
Fig. 3. Potential energy curves, AE1 : E(180") - E(lBeOSi)

atomic units), as a function of BeOSi angle in BeSi(OH),
(riangles) and H5BeSiOT (diads) with bond lengths fixed at the
optimized values. The calculated quadratic bending force constant
for both molecules is 14 Nm-r. The barrier to linearity is 32 kT for
BeSi(OH)z and 8 kT for H6BeSiOT at 300 K.

pared by subtracting each energy from that calcu-
lated at angle BeOSi : l80o for each dimer in turn
and plotting the values vs. angle BeOSi as shown in
Figure 3. Using data at, and adjacent to, the energy
alinimum, the calculated quadratis fsading force
constant (given as the second derivative of the total
energy function scaled by the inverse product of the
two bond lengths forming the angle) for the BeOSi
angle is 14 Nm-' for both BeSi(OH), and HuBeSiO,.
The reason for this equality is evident from Figure 3
which shows the curves to be nearly identical in
shape near fis minimum energy. At angles wider
than 130o, however, the similarity disappears in that
the energy changes much more rapidly for
BeSi(OH), than for HuBeSiO'. The resulting differ-
ence in depth of these potential energy wells is mani-
fest in the calculated barrier to linearity of 32 kT at
room temperature for BeSi(OH), compared to that of
8 kT calculated for ttBeSiO,. This difference simply
reflects the improbability of a BeOSi unit adopting a

b
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straight BeOSi angle when the bridging oxygen is
three-coordinated.

The curve for tIoBeSiO, is sinilar to that calcu-
lated by Newton and Gibbs (1980) for HuSi,O,. Us-
ing the energies from the curve for BeSi(OH)r, a
Boltzmann distribution curve was calculated. This
is shown together with a frequency plot (using the
data in Fig. 2a) of the observed BeOSi angles in Fig-
ure 4. The frequency distribution is similar to that re-
ported by Tossell and Gibbs (1978). The Boltzmann
distr ibut ion curve is a plot of  the funct ion
exp[-AE(lBeOSi)/kT] where T : 300 K.

Examination of the linear BeOSi bond in asbecasite

The structure of asbecasite, Car(Ti,Sn)As.Si,
BerOro solved from 3-dimensional film data, was re-
fined by least-squares methods to R : 0.066 for all
data using isotropic temperature factors on each

atom and a correction for isotropic extinction (Can-
ntllo et al., 1969). Our attention is drawn to this
structure because of the short Be-O (1.53A) and Si-
O (1.58A) bonds, the wide BeOSi angle of 180", and
the fact that the bridging oxygen is two-coordinate.
Our calculations on HoBeSiO, indicate that a bent
bond configuration is considerably more stable than
a straight one. An investigation of the isotropic tem-
perature factor for the BeOSi bridging O(4) oxygen
of asbecasite shows it to be nearly twice the mean
value of the other oxygen thermal parameters. This
suggests that the short bond lengths and wide angle
may be due in part to averaged positional disorder at
the bridging oxygen atom. The structure was refined
by Cannillo et al. (1969) in space group P3cl with
Be, O(4), and Si located on a three-fold symmetry
axis requiring the BeOSi angle to be straight.

Using the reported structure factors, we attempted
a further refinement of the structure of asbecasite by
expanding the calculation to include a refinement of
the anisotropic temperature factors for each atom.
After a full matrix refinement using isotropic temper-
ature factors converged to R : 0.06 for all data, a
difference Fourier (Ap) map calculated through the
Be-O(4)-Si linkage showed conspicuous anisotropy
of charge density at the site of O(a) normal to the
three-fold axis. In addition, anisotropy in the charge
density parallel to the symmetry axis is exhibited by
Be and Si. The introduction of anisotropic thermal
parameters for O(4) alone yielded IJ,, : Uzz : 0.0120
and IJr, : 0.0089. The introduction of anisotropic
temperature factors for Si gave IJ,, : IJr, : 0.0028
and Ur, : 0.0047. Attempts at full matrix refinement
failed because the anisotropic temperature factors on
several atoms (notably Be) were calculated as non-
positive definite. Since we were using a data set
averaged for P3cl symmetry, it was impossible to
complete a refinement for the structure with the
three-fold axis removed. An analysis of the atom
shifts due to positional disorder from the Ap map in-
dicates that the Be-O(4)-Si angle may be close to
150-160" rather than 180" as reported. Although this
angle is still at the wide angle limit of observed
BeOSi angles, the potential energy curve for
HuBeSiO, suggests that when the bridging oxygen is
two-coordinated that wide angles are nearly as stable
as that of equilibrium angle of 13lo. The gentle slope
of the HuBeSiO, potential energy curve at wide an-
gles indicates that a two-coordinated oxygen in-
volved in a wide BeOSi angle may tend to exhibit in-
creased anisotropic motion and positional disorder
relative to a similar oxygen involved in a narrow

l to  t30

L BeO Si
Fig. 4. Frequency of BeOSi angles (f) in beryllosilicates vs.

angle BeOSi with Boltzmann distribution curve calculated for
BeSi(OH), from energies listed in Table l.

t50 t70
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BeOSi angle (i.e., the quadratic bending force con-
stant for the BeOSi angle is not constant but de-
creases in a regular way with widening angle when
the bridging oxygen is two-coordinated).

Conclusions

Ab initio generated equilibrium geometries and po-
tential energy surfaces calculated for BeSi(OH), a16
HuBeSiO, are consistent with observed variations in
Be-O and Si-O bridging bond lengths and angles
BeOSi in beryllosilicates. These results suggest that
the configuration of the tetrahedral frame of a ber-
yllosilicate may depend in large measure upon the
tendency for individual BeOSi bonds to adopt equi-
librium geometries. The narrow nature of the result-
ing equilibrium BeOSi angles may permit structural
units unstable in pure silicate systems (e.g., three-
membered rings) to be stabilized in beryllosilicates.
We may further expect beryllium not to participate
extensively in coupled substitutions for Si or Al in
structures that require large BeOSi angles (e.9., alkali
feldspars). Rather we may expect such substitution to
occur in structures where TOT angles near the equi-
librium value for BeOSi predominate (e.g., cordier-
ite, willemite).
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