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Diniobium and dimolybdenum are synthesized by Nb atom—argon and Mo atom-argon matrix cocondensation experiments
at 10-12 K and identified by quantitative UV-visible spectroscopy. Extended Hickel molecular orbital calculations provide
some further insight into the electronic and molecular properties of Nb, and Mo,. Comparisons of the UV-visible spectra
and minimum-energy geometries of V, vs. Nb; and Cr, vs. Mo, show that the computed bond dissociation energies of the
“second-row diatomics are consistently higher than those of their first-row congeners. The exceptionally short No—Nb and
Mo-Mo distances calculated for the minimum energy configurations of Nb, and Mo,, respectively, suggest at least a quadruple
bond order for Nb; and Mo,. Formally, a closed-shell configuration would lead to “pentuple and sextuple” bonds for Nb

and Mo, respectively.

Introduction

The deliberate synthesis and characterization of small,
“naked” transition metal clusters began only about 2 years
ago.'” During the original experiments with Cr atoms,? it was
discovered that quantitative UV-visible monitoring of the
diffusion process in low-temperature matrices provided a means
of identifying the various clusters formed in the embryonic
stages of the nucleation process. By using these methods, the
diatomic molecules Sc,,’ Tiy,® Va,* Cu,,!® and Ag,’® have since
been identified. Today there is considerable theoretical activity
in the field,® as it has become evident that a detailed un-
derstanding of the molecular and electronic properties and
chemical reactivity of naked metal clusters, as a function of
cluster size and geometry, is fundamental to the understanding
of chemisorption and surface chemical reactions on supported
and unsupported transition metal catalysts.

In view of the recent flurry of interest in the use of the
vapors of the refractory metals of groups SB and 6B for both
macroscale’® and matrix-scale chemical synthesis,'® it was
considered desirable, from the point of view of metal aggregate
formation and product design, to establish the fate of these
refractory metals when cocondensed at low temperatures with
inert and reactive partners.

In this paper we present our findings for Nb atom—-argon
and Mo atom—argon cocondensations which provide evidence
that both isolated metal atoms and metal dimer molecules can
be generated and identified in the presence of each other.

Diniobium and dimolybdenum, the subjects of this study,
are particularly interesting on three accounts. First, the
gaseous molecules Nb, and Mo, (or in fact the majority of
the diatomic molecules of the refractory metals) have not
previously been detected by electronic, infrared, or mass
spectroscopy, presumably because the extremely high tem-
peratures required to produce measurable vapor pressures of
the dimer molecules (ca. 3000 K) are generally sufficient to
cause dissociation to their respective atoms. Second, Nb, and
Mo, have not previously been unambiguously identified in Nb
atom—Mo atom matrix cocondensation experiments. Third,
the electronic spectra of Nb, and Mo, would serve to complete
the data for the first and second transition series grouping of
diatomiCS, V2, sz, Crz, M02.

Experimental Section

The most crucial aspect of this kind of matrix experiment is to be
able to deposit the metal vapor at a constant and accurately known
rate. This was achieved by incorporating a quartz crystal microbalance
into the furnace—cryostat reaction chamber assembly as described
previously.!! Niobium and molybdenum vapors were generated from
specially shaped, thin filaments of Nb or Mo (dimensions roughly
1.251in. X 0.25 in. X 0.01 in.) by direct resistive heating in a vacuum
furnace identical with that also reported earlier.!> Matrices were

deposited onto an NaCl optical window cooled to 10 K by a Displex
closed-cycle helium refrigerator. Optical spectra were recorded in
the range 200-700 nm on a Unican SP 8000. Numerous metal
conc_entsration experiments were attempted in the range MiAr 2 1:10?
to 1:10°,

It should be noted here that quantitative metal concentration studies
for highly refractory metals such as Nb and Mo are fraught with
experimental difficulties. To begin with, one finds that reasonable
working vapor pressures for Nb and Mo (about 107 Torr) can only
be achieved at temperatures extremely close to their melting points
(within 50 °C for Nb and 300 °C for Mo). Under these conditions
it proved to be quite troublesome (particularly for Nb) to establish
reproducible deposition rates from the same metal filament, a
prerequisite for a series of accurate metal concentration experiments.
This problem was further aggravated by the fact that the vaporization
history of Nb and Mo filaments was found to have a controlling
influence over their useful working lifetimes. In addition, slight
radiation heating of the quartz crystal monitors by the very high-
temperature source had to be taken into account. However, it should
be noted that no significant heating of the optical window could be
observed during deposition. All of these factors had to be considered
when assessing the UV-visible spectroscopic results of Nb and Mo
in Ar matrices as a function of the total metal concentration,

Results and Discussion

With regard to Nb, and Mo, the existing literature is
confusing and in some instances contradictory. The uncer-
tainties associated with the diatomic molecules of these ref-
ractory metals can in part be related to the different methods
of generating the metal atomic vapors (for example, hollow
cathode sputtering,'*'* triode sputtering,'® and direct resistive
heating'®), as well as the different techniques for subsequently
producing the desired metal aggregate (e.g., matrix annealing®
and metal concentration experiments'®).

Besides the intense atomic resonance transitions observed
for these metals, other weak spectral features were sometimes
observed in the optical spectra of these matrices but could only
be tentatively ascribed to polymeric species M,, because of the
qualitative nature of the experiments.’*!* However, by
employing quantitative metal atom matrix cocondensation
experiments and a simple kinetic theory which enables small
metal clusters to be identified in the presence of atomic
species' we have been able to generate Nb, and Mo, and
establish their optical spectra.

Atomic Niobium, Nb.  Gruen et al.!* have used a hollow
cathode sputtering device and a 10-K cryostat assembly to
vaporize and isolate atomic Nb in various low-temperature
matrices. Apart from a single absorption observed by Gruen
et al.'’ at 366 nm, which is absent in our optical spectra of
Nb atoms in Ar (1:10%), our data are in close agreement, which
is gratifying, as direct resistive heating of a niobium filament
was employed for our source of Nb atoms,
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Figure 1. UV-visible spectra: (A) atomic Nb isolated in solid Ar
at 10 K at high dilutions (Nb:Ar =~ 1:10%); (B) same as spectrum
A but at higher concentrations (Nb:Ar &~ 1:10%), showing the growth
of new absorptions attributable to Nb,.
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Figure 2. UV-visible spectra: (A) atomic Mo isolated in Ar at 10
K at high dilutions (Mo:Ar =~ 1:10%); (B) same as spectrum A but
at higher concentrations (Mo:Ar =~ 1:10%) showing the growth of new
absorptions attributable to Mo,.

A typical trace of Nb atoms isolated in Ar at a ratio of 1:10*
is shown in Figure 1A. Note that the regions 700-450 and
320-200 nm are devoid of Nb atomic resonance absorptions
and that the medium absorptions observed around 280 and
660 nm by Gruen et al.'* and ascribed to atomic Nb are absent
in our atomic spectra.

Diniobium, Nb,. By increasing the Nb:Ar concentration
ratio in the range 1:10* to 1:10? three new absorptions were
observed to grow in at 660, 420, and 280 nm (Figure 1B)
whose absorbances relative to those of a reference Nb atomic
resonance line were proportional to the metal concentration,
We have previously demonstrated that, under these cir-

cumstances, ™ trimer and higher aggregates are expected to

be still unobservable. On these grounds we can therefore
attribute the three new absorptions to the formation of di-
niobium, Nb,. It is noteworthy that the group of lines around
500 nm which were observed by Gruen et al.!® to grow in on
annealing Nb/Ar matrices and which were tentatively ascribed
to Nb;, were rot observed in any of our experiments either on
deposition or after matrix annealing. This discrepancy may
have arisen from contamination problems associated with the
sputtering technique. A final point that should be made is that
Gruen et al."* did in fact observe both the low- and high-energy
transitions of Nb, in Ar and Kr matrices but under the
conditions used in their experiments felt obliged to assign them
to parity-forbidden transitions of atomic Nb.

Atomic Molybdenum, Mo. A typical UV-visible spectrum
of Mo atoms isolated in Ar at 10 K (Mo:Ar = 1:10%) is shown
in Figure 2A and the main absorptions are found to correlate
extremely well with those reported previously.!* Note that
under the high dilution conditions shown in Figure 2A, the
regions 700-360 and 275-200 nm are free of Mo atomic
resonance lines.

Dimolybdenum, Mo,. By increasing the Mo:Ar concen-
tration ratio in the range 1:10% to 1:10% one observes the growth
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Table I. Parameters Used in the Extended-Hiickel Molecular
Orbital Calculations for V,, Cr,, Nb,, and Mo,

Orbital

Orbital exponent Hy;, eV

\% 3p 3.594 -51.15
3d 2.994 -5.90

4s 1.246 —6.85

4p 1.150 -3.75

Cr 3p 3.817 -56.22
3d 3.253 -7.00

4s 1.285 -7.25

4p 1.200 -3.75

Nb 4p 3.566 ~39.50
4d 3.070 ~5.60

58 1.351 -6.00

Sp 0.992 —4.00

Mo 4p 3.761 —44 .39
4d 3.105 -7.00

5s 1.409 -7.09

Sp 0.994 -4.25

of three new absorptions at 512, 308, and 232 nm (Figure 2B)
whose absorbances relative to a reference Mo atomic resonance
line are metal concentration dependent. As previously
demonstrated!™ the formation of trimer and higher aggregates
is negligible under these circumstances, and we can therefore
attribute the three new absorptions to the electronic transitions
of dimolybdenum, Mo,.

It is especially interesting that absorptions around 520 and
305 nm were observed by Gruen et al.'* to grow in upon
annealing Mo/Ar matrices at 20 K. Also, in Ne and- Ar
matrices heavily doped with Mo, Weltner et al.'® observed
bands in the 510- and 320-nm regions. Similar observations
were made in the Mo atom triode sputtering experiments of
Schoch et al.'’® No definitive assignment of bands to the dimer
could be made by these groups, but it is clear from the results
of the present study that they had in fact generated di-
molybdenum, Mo,.

Molecular Orbital Calculations for Nb, and Mo,. To gain
a deeper insight into the electronic and molecular properties
of diniobium and dimolybdenum and the credibility of our
spectral assignments we have performed extended Hickel
molecular orbital calculations for Nb, and Mo,. In these
calculations the 4p, 4d, 5s, and S5p orbitals of atomic Mo were
employed, together with Clementi—Roetti orbital exponents,’
the Cusachs approximation,'® and slightly modified Bara-
novskii values! for the coulomb integrals (parameterized to
qualitatively fit the observed optical spectrum of Nb, and
Mo,). The calculated potential curves for Nb, and Mo,, using
the parameters shown in Table I, show an energy minimum
for the closed-shell configuration at roughly 2.20 and 2.10 A,
respectively. For these geometries the energy level schemes
shown in Figure 3 were calculated? and the predicted and
observed optical spectra for Nb, and Mo, in the range of our
UV-visible instrument are shown in Table II. Within the
framework of the extended-Hiickel approach the agreement
between the observed and calculated electronic transitions is
reasonable. A particularly interesting feature of these Mo,
calculations is the fact that the Mo—Mo distance is in close
agreement with that calculated for Mo, by SCF-Xa-SW
molecular orbital techniques®® which also show a minimum
energy configuration at 2.12 A for closed-shell Mo,.26 The
exceptionally short metal-metal distances calculated for Nb,
and Mo, are noteworthy and are most suggestive of a very high
bond order for the metal-metal bond (cf. Mo—Mo bond lengths
in the quadruply bonded systems Mo,Clg* (2.14 A)? and
Mo,(O,CCF3), (2.09 A)2). In this same vein, it is pertinent
to note that, at least for the calculated distances of 2.20 A for
Nb, and 2,10 A for Mo,, a closed-shell configuration would
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Figure 3, Computed extended-Huckel and molecular orbital energy level schemes for Nb, and Mo, (see text for notation and parameters used

in the calculations).

Table 1I. Calculated and Observed Optical Spectra
for V,, Cr,, Nb,, and Mo,

Spectra, nm
Assignment Obsd Calcd®
V,,Fe=19A4,D,=0.99 eV log—20, 494 521
log—lo, 558 558
log—>2m, b 350
204 —2m, 588 607
lmy—30g b 350
Cr,,7e=1.8A4,D,=2.65eV  log—20, 456 4%
log—2m, 340 309
20 221y b 389
lmy—30g 260 261
Nb,,7e=2.2A,D,=1.52eV  log—20, 660 612
log —~2m, 420 512
lmy— 305 280 269
Mo,,re=2.1A,D,=345¢eV  log—20y 512 500
log—2m, 308 362
20 221y ¢ 458
Imy—~30y 232 186

% Only electric-dipole- and spin-aliowed electronic transitions in
the proximity of the observed transitons are tabulated. Antici-
pated overlap with atomic absorptions. € The predicted 204 —
2m transition at 458 nm and 18, — 27y at 490 nm either are too
weak to be observed or are accidentally coincident with the Mo,
absorption at 512 nm.

lead to a formally “pentuple and sextuple” bond, respectively!**

Finally it is interesting to note that the optical spectra for
Nb, and Mo, are qualitatively similar and show the basic
pattern of a high-, medium-, and low-energy electronic
transition in the spectral range 200-700 nm. Moreover, the
spectra of Nb, and Mo, closely resemble those of their re-

Figure 4. Computed potential energy curves for V,, Cr,, Nb,, and
Mo, (see text for notation and parameters used in the calculations).

spective first-row congeners V,* and Cr,* and suggest a priori
that the electronic configurations and bonding interactions in
the V,~Nb, and Cr,~Mo, pairs are somewhat alike. In an
attempt to examine trends in the metal-metal bond strengths
of M, molecules on passing from the first-row to the sec-
ond-row transition elements, we have computed the molecular
orbital energy levels of V,—Nb, and Cr,~Mo, as a function
of the internuclear distances (over the range 1.5-6.0 A) using
the optical spectra as a guide for our choice of EHMO pa-
rameters. Our results are illustrated in Figure 4 and Table
II. Assuming that we are correct in our choice of assignments
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for the observed electronic transitions of V,, Cr,, Nb,, and
Mo,, we find that the bond dissociation energies of the sec-
ond-row diatomic molecules are consistently higher than those

of their first-row congeners (Table IT), analogous to the trend -

found for first- and second-row transition metal cluster
compounds.?*
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SCF-Xa—SW calculations on Mo,(O,CH), are used to discuss the metal-metal and metal-ligand bonding in molybdenum(II)
carboxylates and interactions between the two. Compar1sons are made with similar calculations on HCO,", Mo,**, and

Mo,, and previous work on Mo,Clg* and Re,Cls>.

The ordering of the metal-metal orbitals for the carboxylates appears

to be the same as for the chloro anions, but the metal—ligand bonding is more covalent, the Mo-Mo bond is stronger, and
interactions between the Mo—O 7 and Mo-Mo bonds are greater in the former. Possible structural implications of these
interactions are explored. Mo, is found to have a sextuple metal-metal bond, due to the stabilization, relative to Mo,**
and Mo,(0,CH),, of a 5s-orbital o-bonding combination which becomes the HOMO. The possibility of such an orbital
being occupied in very covalent Dy, complexes is discussed. The calculations are in excellent agreement with the UV
photoelectron spectrum of Mo,(O,CH),; the observed peaks at 7.7, 9.5, 11.6, and 12.7 eV are assigned mainly to ionization
of Mo—-Mo 6, Mo—Mo 7, Mo—0, and Mo—Mo o orbitals, respectively. The 80-K electronic spectrum of Mo,(O,CH), shows
peaks at 22.9, 30.8, 33.5, and 4.44 um™, with oscillator strengths of 0.0008, 0.03, 0.19, and 0.02, respectively. These are
tentatively assigned to forbidden § — =*, allowed § — 6%, allowed 6 — C-O =*, and allowed = — =* transitions, respectively.

Recently, the nature of the quadruple metal-metal bonds
in Mo,Clg*" and Re,Clg* has been defined in detail using
SCF-Xa-SW calculations.>® A consistent assignment for
the electronic spectra of these ions has also been achieved by
combining the Xo-SW predlctlons with polarization data from
spectra of single crystals.>> For theoretical studies of strong
metal-metal bonding, the chloro anions have the advantage
of simple structure However, they are known only for Mo,
Re, and Tc.® By far the largest class of compounds of this
general structural type (D, symmetry) is the dinuclear
carboxylates, M,(0,CR)4L,, which are well characterized for
M =V, Cr, Mo, Re, Ru, Co, Rh, and Cu and a variety of axial
ligands L.” The occurrence of the same basic structure for
50 many metals makes these compounds ideal for a theoretical
comparison of metal-metal bonding as a function of d”
configuration. We have begun such an investigation with

SCF-Xa—-SW calculations on molybdenum(II) formate,
Mo,(0,CH),. This paper reports the results of these cal-
culations and a proposed assignment for the electronic
spectrum of the compound. A preliminary account of the
calculations, done with sphere radii ca. 5% smaller than those
used here, has appeared.® We also present some interesting
theoretical results on the species Mo,** and Mo,.

Computational and Experimental Section

Initial Parameters for Moz(OZCH)4. The SCF-Xa—SW method
has been thoroughly reviewed.” The bond parameters Mo—Mo = 2.09
A, Mo-O = 2.11 A, C-O = 1.29 A, and angle Mo—Mo O =92°
were taken from the x-ray structure of Mo,(0,CH),;!° the C-H
distance used was 1.08 A. Coordinates to the nearest 0.000 01 bohr
were derived from these parameters using the relation 1 bohr =
0.529 177 A and the assumption of Dy, symmetry. The coordinate
system is shown by



