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Figure 11 are detectable in electron transmission spectroscopy.
However, the proximity of the observed optical absorption
bands at about 3.5 eV to the B«—X transitions seems to indicate
a correspondence. The broadness of the resolved bands in
Figure 11 is reminiscent of a similar bandshape of benzene
anion and recalls the ease of the electron detachment of opti-
cally excited anions.320

Note Added in Proof. The cation radical of pyridine has been
recently identified to be a. ¢ cation (see Shida, T.; Kato, T.
Chem. Phys. Lett., in press).
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Abstract; The electronic structure of polymeric solid-state beryllium borohydride is modeled by performing molecular orbital
calculations on (BeB,Hg), fragments, n = |-6. Comparisons of atomic charges, overlap populations, localized orbitals, and
electron density indicate that the solid is best viewed as nearly ionic BeBH4* and BH4™ ions. This view is consistent with previ-
ous crystallographic and infrared work. The convergence of the calculated properties of the molecular wave function asa func-
tion of chain length is examined in detail. Fair convergence is observed for n = 3, while essentially complete convergence is seen

atpn =35,

Introduction

Although the structure of beryllium borohydride in the gas
phase is a subject of considerable controversy,!-5 the solid-
phase structure is known with certainty from an X-ray dif-
fraction study.® The solid state consists of one-dimensional
helical polymers of alternating boron and beryllium atoms
about a 4, crystallographic screw axis, with a BHy4 group bound
to the outside of the helix at each beryllium site. Figure 1 il-
lustrates the chemical repeat of the polymer, and Figure 2
shows a projection down the helical axis. There is a double
hydrogen bridge associated with every near neighbor boron-
beryllium interaction, and the hydrogen coordination about
beryllium is a distorted trigonal prism. The space group is
I41cd, with unit cell parameters @ = 9.1 and b = 13.6 A.

Earlier, an infrared study of the solid” was interpreted in
terms of the ionic solid BeBH4*BH4~. In fact, distances ob-
tained from the X-ray study for Be-B; (1.92 A}, Be-B, (2.00
A),and Be-By’ (2.00 A) suggested that the above interpreta-
tion may be substantially correct, with B,, the boron within the
helix, being part of a BHy™ group and B; being part of a
BeBH4* group. Nevertheless, the helical polymeric chains

0002-7863/79/1501-6876$01.00/0

suggest some compromise between the extremes of covalency
(the finite molecule) and ionicity (an infinite three-dimensional
solid).

In marked contrast to the polymeric nature of the solid state,
the gas phase is known324 to exist mainly in monomeric units.
Many different structures have been suggested,’ but recent
electron diffraction®® and infrared® work tends to favor a
two-structure hypothesis, one structure being linear with triple
hydrogen bridges, unequal boron-beryllium bond lengths, and
Cs, symmetry, and the other structure probably being linear
with double hydrogen bridges and D,z symmetry. Recent
theoretical work3# is not consistent with the suggested C3,
conformer, but suggests that the Dy structure and a linear
structure with triple hydrogen bridges and D34 symmetry are
competitive energetically. Neither of these structures can ac-
count for the observed dipole moment.’

In this paper we present a molecular orbital study of models
of the solid-state beryllium borohydride polymeric chain, using
fragments of from one to six monomeric units and geometrical
parameters defined by the previous X-ray diffraction study.®
We employ molecular orbital calculations in the approximation
of partial retention of diatomic differential overlap

© 1979 American Chemica! Society



Marynick [/ Solid-State Beryllium Borohydride
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Figure 1. The chemical repeat of the beryllium borohydride polymer.

(PRDDO)!0 and a minimum basis set of Slater orbitals.
Various properties derived from the molecular wave functions,
including total energy, inner shell eigenvalues, Mulliken
charges, overlap populations, localized orbitals, and electron
density, are studied as a function of chain length and compared
to the monomeric gas-phase molecule. Particular emphasis is
placed on two questions: is the ionic model BeBH4* BHs™ an
appropriate description of the solid state, and how quickly do
the computed molecular properties converge to the limit of an
infinite chain length? The question of the rapidity of conver-
gence is a particularly important one, since modeling solid-state
structure by relatively small clusters is an important area of
current research.!!

Calculations

All molecular orbital calculations were done within the
PRDDO approximation. This method, although more than an
order of magnitude faster than ab initio calculations on mod-
erate size molecules with the same basis set, gives results which
compare very favorably with the reference ab initio calcula-
tions.!2 The PRDDO method is particularly useful for this
study, since its basic n? dependence (rather than the n* de-
pendence of ab initio methods) results in dramatic savings in
computing time for the large, symmetryless systems studied
here. Published!? comparisons of PRDDO and STO-3G
computing times for smaller systems suggest that an STO-3G
calculation on the hexamer of beryllium borohydride (138
orbitals) would require more than two orders of magnitude
more computer time than the corresponding PRDDO calcu-
lation.

All exponents were held constant at the values given by
Hehre et al.!3 Bond distances were taken as the average of the
chemically equivalent distances found in the X-ray study,$
except for terminal B-H distances, which were set at 1.20 A
to compensate for known systematic shortening of B-H dis-
tances by X-ray diffraction.'# Other bond distances follow:
B;-Hy, Bj-H; (1.290 A), Be-H3, Be-H4 (1.527 A), Be-Hs,
BC—HG, BC—H7’, BC—Hg’ (1611 A), Bz—Hs, BQ—H6, BQ—H7,
B,-Hs (1.220 A), B;-Be (1.918 A), and B,-Be, By-Be (2.00]
R). Coordinates for the monomeric solid-state fragment are
given in Table I. Coordinates for longer chain lengths can be
generated from those of Table I by successive 90° rotations
about the Z axis, followed by a positive shift in Z of 4.2992 au.
In addition, a single calculation on the supposed gas-phase
structure of D4 symmetry was performed for comparison to
the solid-state structure. The Dyy gas-phase structure was
chosen for this purpose because the coordination about be-
ryllium in this structure (double hydrogen bridges) most closely
resembles that of the solid-state configuration. Coordinates
for this calculation were the same as used previously.!

Localized orbitals for each fragment were obtained by
maximizing the sum of the squares of displacements of the
orbital centroids from an arbitrarily defined molecular origin.
This is the well-known criterion of Boys,!5 as implemented by
the Edmiston-Ruedenberg!® procedure.

Results and Discussion

For reference, we compare all computed properties of the
polymeric chains to those of the unstrained, linear structure
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Figure 2. Portion of the unit cell, showing one helical polymeric chain
around a 4, axis and projected along the ¢ axis. Hydrogen arrangements
are approximately tetrahedral around B (@) and trigonal prismatic around
Be (O).

Table I. Coordinates of the Asymmetric Unit of Solid-State
Beryllium Borohydride®

atom X y z
H; —-4.157 71 —8,389 45 1.105481
H,» —0.788 56 -9.216 07 —-0.736 22
Hj —1.005 88 —-6.409 77 1.831 68
Hy —2.830 40 —-6.076 87 —1.55973
Hs —-3.81497 =-2.51311 0.254 95
Hg -0.781 29 —~2.382 41 2.389 97
H5 —2.680 90 0.814 20 1.702 89
Hsg —4.165 46 —-1.732 86 3.9552]
B -2.218 57 —-7.698 28 0.154 77
B> —-2.867 32 —1.454 16 2.070 4!
Be —-1.29202 —-4.197 89 0.000 00

a Atomic units.

with D,y symmetry and double hydrogen bridges between
boron and beryllium atoms. This structure, although not
necessarily the lowest energy conformer in the gas phase, most
closely resembles the structure found in the solid state. In
adopting the “‘supermolecule” approach to modeling the
solid-state structure, we of course are considering only effects
within each helix, and not any interhelical interactions. This
approximation seems reasonable, since the shortest interhelical
H-H and B-B contacts are 2.73 and 3.74 A, respectively.

For each polymeric fragment (BeB,Hg),, the electronic
structure of the central BeB,Hg moiety (or the central two
moieties for even-numbered ») will most closely approximate
that of the infinite chain length limit. Therefore, the computed
properties discussed below (with the exception of total energy)
are those calculated for the central BeB,Hg unit in the chain,
or, in the case of even n, the average of the properties of the two
central units.

Energetics. Total energies and virial ratios for the six
solid-state fragments and the D,y structure are given in Table
I1. A clear trend is evident in the virial ratios of the solid-state
fragments. The longer the chain length, the closer the virial
ratio is to unity. Each polymeric fragment is bound relative to
the free atoms. In Figure 3, we present a plot of AE vs. chain
length, where AE represents the energy change for the growth
of the chain by one monomeric unit:

(BeB2Hg),—1 + (BeB2Hg)p,, — (BeB,Hs),
AE, = E(BeB,Hy), — E(BeB;Hs),—1 — E(BeB:2Hs)n,,
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Figure 3. Plot of AE,, vs. n for the beryllium borohydride polymer (see
text).

kcal/molel

E

Table II. Total Energies for (BeB,Hg), Fragments

n E@ -E/T
1 —68.4381 0.9960
2 —136.9087 0.9964
3 —-205.3957 0.9968
4 —273.8872 0.9969
5 —342.380] 0.9970
6 —-410.8738 0.9971
Daa —68.5089 0.9984

4 Atomic units.

Here the reference gas-phase structure is assumed to be of D2y
symmetry. We note that the value of AE| (+44.4 kcal/mol)
represents the energy necessary to distort the gas-phase D,y
structure to the solid-state geometry. This involves changing
the B-Be-B bond angle from 180 to 124.8° and concurrent but
smaller changes in all other bond lengths and angles. While
each fragment from n = | to n = 6 is bound relative to the free
atom energies, even the hexamer is not bound relative to six
isolated D,y monomers. Nevertheless, the rapid convergence
of AE as a function of chain length indicates that we are near
the infinite chain length limit for AE with this basis set at n
= 5 or 6. The difference AEs — AE¢ is only 0.5 kcal/mol.
Taking AE¢ as the infinite chain length limit, we find a 44%
error for AE3, a 14% error for AE4, and a 5% error for AEs.
The instability of the polymeric units relative to the Djg4
monomers is almost certainly due to the well-known under-
estimation of bridge hydrogen stability by a minimum basis
set.!” For instance, minimum basis set calculations yield!” a
calculated AE for the dimerization of borane of —7.3 kcal /mol
compared to the most probable experimental value!8 of —34.9
kcal/mol. This error is due partially to a lack of polarization
functions in the basis set (~12 kcal/mol error) and partially
to neglect of electron correlation (~16 keal/mol error).!® Thus,
the high values for AE, are probably associated with the fact
that condensation of beryllium borohydride from the D,y
structure to the polymer involves the formation of two new
Be-H-B interactions. Assumption of a modest minimum basis
set error of 5 kcal/mol per Be-H-B interaction (only 36% of
the error found in diborane) will make AFE¢ negative. In fact,
the minimum basis set error is probably substantially larger
than S kcal/mol. Of course, other effects not considered here,
such as interhelical electrostatic interactions, may well stabilize
the crystalline phase. In addition, our AE values have been
calculated relative to the Dy, gas-phase structure, which is not
necessarily the actual lowest energy conformer in the gas phase
(although it is the lowest energy structure within the minimum
basis set approximation).!

Inner shell eigenvalues for boron and beryllium, which are
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Figure 4, Plot of inner shell eigenvalues vs. n.

often used as a measure of molecular charge distribution, are
plotted as a function of chain length in Figure 4. The values
reported correspond to eigenvalues associated with the boron
and beryllium atoms in the center of the polymeric fragment,
averaged as described earlier for even-numbered fragments.
Again, convergence is fair at the n = 3 level and very good at
n = 5, the largest difference between n = 5 and n = 6 being
0.004 au (for B,). Average errors relative to the hexamer are
0.0098 (trimer), 0.0059 (tetramer), and 0.0017 au (pen-
tamer).

Overlap Populations, Overlap populations as a function of
chain length for B-H and Be-H interactions are shown in
Figure 5. Again, reasonable convergence is obtained at n = 3,
but full convergence requires n = S or 6. Average errors are
0.016 (trimer), 0.009 (tetramer), and 0.002 (pentamer) rela-
tive to the hexamer. The results from the hexamer provide
considerable information concerning the nature of the bonding
in the solid state. In particular, the four strongest B-H bonding
interactions fall into a narrow range of overlap population and
correspond to the four B-H interactions within the helix.
Similarly, the four Be-H interactions within the helix are
grouped together and have the lowest overlap populations in
the chemical repeat, substantially lower than the Be-H overlap
populations external to the helix. These data strongly suggest
that the interpretation of the solid-state structure as
BeBH4t-BHy4~ (with the BH4™ group within the helix) is
substantially correct, although the small but still significant
values of the Be-H overlap populations within the helix suggest
that there is some covalent interaction between the ions. The
Be-B overlap populations (Figure 6) support this conclusion.
The Be-B, overlap population is greater than that of Be-B,,
implying a greater covalent interaction for Be-B,, external to
the helix. Average errors for BeB overlap populations (relative
to the hexamer) are 0.020 (trimer), 0.003 (tetramer), and
0.000 (pentamer).

Mulliken Charges. Figure 7 illustrates Mulliken atomic
charges for the central atoms of each polymeric fragment as
a function of chain length. To the extent that the computed
charges measure the actual distribution of charge in the mol-
ecule, the general trend is a lowering of (negative) charge on
the hydrogens and an increase in charge on the borons and
berylliums relative to the gas-phase monomer. The overall
ordering of charges does not remain constant until n = §;
however, the absolute errors relative to the hexamer are modest
for the trimer (0.01 e) and very small for the tetramer (0.003
e) and the pentamer (0.002 ). The two most negative hydro-
gens, H; and Hj, are the only two terminal hydrogens in the
chemical repeat. It is well known2® that bridging hydrogens
tend to have more positive Mulliken charges than terminal
hydrogens, and that trend is clearly reflected here. Charges
for B are clearly more negative than those for B, in each
fragment, suggesting that an ionic description of the solid
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might involve a BH4™ group including B,, but inner-shell ei-
genvalues (Figure 4), which are ordered B; > B», suggest the
opposite trend (large innershell eigenvalues implying high
negative charge).

Localized Orbitals. For each fragment, localized orbitals
were calculated by procedures described previously.?! In every
case, the localization calculation converged quickly to well-
localized two- and three-centered orbitals (inner shells were
excluded from the localizations). The bonding patterns in the
chemical repeat consist of two-center B-H orbitals (B;-H; and
B;-H;) and six three-center Be-H-B orbitals (Be-H;-B;,
Be-Hy4-B;, Be-Hs-Bj, Be-H¢-B;, Be-H7'-By’, and Be-
Hg’-By’). Considering the center of the n = 6 fragment, the
four Be-H-B orbitals within the helix are very asymmetrical,
with average atomic contributions from beryllium, hydrogen,
and boron of 0.24, 0.99, and 0.79 e, respectively. Conversely,
the Be-H-B orbitals external to the helix are considerably
more symmetrical. Average beryllium, hydrogen, and boron
atomic populations for these orbitals are 0.40, 1.03, and 0.60
e, respectively. These data again support the idea that the solid
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Figure 8. Difference electron density map between a Be-H--B interaction
within the helix and one of the D4 monomer (see text). The contour levels
are £0.002, £0.004, £0.008, and £0.016 e/au’. Dashed lines indicate
negative values.

may be viewed as BeBH4 -BH4~, with small covalent inter-
actions between the ions.

Truncation of the small nonlocal contributions to each lo-
calized orbital and subsequent renormalization allow an esti-
mation of percent s character in each hybrid, and thus calcu-
lation of degrees of hybridization. Average values for the
central BeB,Hj units of the hexamer are sp?! for beryllium,
sp*7 for the boron external to the helix, and sp3-0 for the boron
within the helix. Once again, the exact tetrahedral hybrid-
ization about the boron atom within the helix is suggestive of
BH4~.
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Electron Density. For a direct comparison of electron density
in the monomer and polymeric fragments, we have computed
two electron density maps, one being the central Be-H-B lo-
calized orbital of the trimer and the other being the Be-H-B
localized orbital of the D,z monomer, but with bond lengths
constrained to equal those of the solid state. The trimer was
chosen for computational convenience and because all indi-
cations are that electron reorganization upon going from the
inner part of the trimer to the inner part of the hexamer is small
compared to that from the monomer to the trimer (e.g., see
Figures 5-7). The distortion of the monomeric D4 bond
lengths to those of the solid state allows a direct measure of
reorganization of electron density brought about solely by
BeB;,Hjg units bonding to each end of the monomer, and not
by bond-length changes. In Figure 8, we show a difference
electron density map calculated as

Odiff = Ptrimer ~ PDyy

for the central Be-H-B localized orbital within the helix. The
pronounced “flow” of electron density from the region of the
beryllium to the region of the boron is another strong indication
of the increased ionic character of the Be-B interaction within
the helix.

Conclusion

Overlap populations, localized orbitals, and electron density
comparisons all indicate that solid-state beryllium borohydride
is best viewed as BeBH45+-BH4%~, with the boron-beryllium
interaction within the helix clearly being more ionic than in
the D,z monomer. This conclusion is consistent with the known
geometrical parameters of the solid state® and the infrared
spectrum of the solid.”

Calculated properties of the molecular wave function for the
central region of the polymeric fragments show little difference
between the pentamer and the hexamer. Therefore, it seems
reasonable to conclude that the hexamer results are close to
the limit of infinite chain length. Properties calculated from
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the center BeB,;Hg unit of the trimer agree only moderately
well with those calculated from the hexamer, but virtually all
of the inaccuracies associated with the trimer properties are
corrected at the pentamer level. The pentamer corresponds to
two BeB,Hg units on each end of the central BeB,Hg moiety,
and the above results indicate that two monomeric units are
necessary to eliminate edge effects in modeling the solid-state
polymer.
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Abstract: A series of platinum carbony! dianion clusters has been studied by X-ray photoemission spectroscopy. Members of

the series include [Pt3(CO)s],

2= where n = 2, 3, 4, 5, 6, ~10. The general structure of all valence spectra, in particular that

of the Pt 5d derived bands, is remarkably similar. This observation is taken to be evidence that negligible interaction exists be-
tween the Pt3(CO), layers. We observe changes in the binding energies of Pt 4f, Pt 4d, and the molecular orbitals (5o + I7)
of the carbonyl ligands as a function of cluster size. All levels except the carbonyl 4¢ orbitals are shifted to higher binding ener-
gy asymptotically as the cluster size increases. This behavior of binding energies is interpreted as being due to the decreasing
effect of the anion charge in larger clusters and to the bonding character of the (5o + I 7) orbitals.

Introduction

Metal cluster chemistry has become an additional way
for surface-physics research to understand chemisorption of
molecules on transition-metal surfaces. Recently, several pa-
pers have commented on the analogy which exists between
transition-metal cluster complexes and few-atom bare metal

0002-7863/79/1501-6880$01.00/0

clusters.! We and others feel that cluster complexes may
provide a way of studying metal-metal and metal-adsorbate
interactions in a more straightforward way than with metals
themselves.

We have chosen to study platinum carbony! dianion oli-
gomers by X-ray photoemission spectroscopy (XPS) for several

© 1979 American Chemical Society



