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The electronic structure and chemical bonding in the Tas;™ cluster are investigated using photoelectron
spectroscopy and density functional theory calculations. Photoelectron spectra are obtained for Tas™~ at four
photon energies: 532, 355, 266, and 193 nm. While congested spectra are observed at high electron binding
energies, several low-lying electronic transitions are well resolved and compared with the theoretical
calculations. The electron affinity of Tas; is determined to be 1.35 £ 0.03 eV. Extensive density functional
calculations are performed at the B3LYP/Stuttgart +2f1g level to locate the ground-state and low-lying isomers
for Ta; and Ta;~. The ground-state for the Ta;~ anion is shown to be a quintet (°A;") with D3, symmetry,
whereas two nearly isoenergetic states, C», (*A;) and Ds;, (°A;"), are found to compete for the ground-state for
neutral Ta;. A detailed molecular orbital analysis is performed to elucidate the chemical boding in Taz™,
which is found to possess multiple d-orbital aromaticity, commensurate with its highly symmetric D, structure.

1. Introduction

Transition metals exhibit diverse physical and chemical
properties and offer unique opportunities in advancing chemical
bonding models. The milestone work of Cotton and co-workers!
on d-bond in the Re,Clg?>~ compound? has led to the develop-
ment of a new branch of inorganic chemistry on multiple
metal—metal bonding.>~7 The recent synthesis of a Cr, com-
pound with a quintuple bond (0%7*9*)* has generated renewed
interest in multiple metal—metal bonding.%~® In particular, Roos
and co-workers® have presented computational evidence that
the W dimer reaches a bond order of six, the highest possible
between any two atoms in the Periodic Table. Delocalized
multicenter bonding in transition metal systems also raises the
interesting possibility for d-orbital aromaticity and, in particular,
d-aromaticity, which has been actively pursued lately.”~'> The
first examples of d-orbital aromaticity (albeit with o character)
appear to be the W30¢>~ and M030g>~ clusters.'? Very recently,
experimental and theoretical evidence has been reported for the
first d-aromatic molecule in Ta3O;.!* New computational
evidence has been presented!’ about triple (0-, 71-, and 0-)
aromaticity in the lowest D3, ('A|") singlet state of Hf5.
Od-Aromaticity, which is only possible in transition metal
systems, represents a new mode of chemical bonding and may
play an important role in multinuclear transition metal compounds.

In the present work, we carry out a combined photoelectron
spectroscopy (PES) and density functional theory (DFT) study
on the electronic and structural properties in the tantalum trimer
cluster and its anion. This work represents a continuation of
our research interest in exploring chemical bonding and aro-
maticity in novel inorganic clusters, all-metal main-group
clusters, and transition-metal clusters.”-!1=13.16=19 There have
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been relatively few previous experimental®®~23 or theoretical®>~2
studies on Taz and Ta; ™, and our understanding on their structure
and bonding is still limited. The ionization potential of Taz was
reported in two independent experiments to be 5.58 £ 0.05 eV
(ref 20) and 5.60 eV (ref 23). A resonant Raman spectrum was
obtained for Tas, yielding a symmetric Ta—Ta stretching
frequency of 251.7 cm™!.?! Computationally, there is a recent
DFT study on Ta;™”~ at the B3LYP/LANL2DZ level,?
reporting a D3, (PA;") ground-state for Ta;~ and three close-
lying states for the Taj neutral cluster, D3, (°A;"), Ca, (*Ay),
and C,, (*B,). An earlier B3P86/LANL2DZ study? suggested
a Cy, structure with three unpaired spins as the lowest energy
state, though the electronic state was not specified.

In the current work, we combine PES with DFT calculations
to elucidate the electronic structure and chemical bonding for
the Taz~ cluster. Well-resolved low-lying electronic transitions
are used to verify the theoretical calculations. We find that Taz™
possesses a quintet ground state (°A;") with D3, symmetry. Two
nearly isoenergetic states, Ca, (*A;) and D3, (°A;"), are found
to compete for the ground-state for the neutral Taz cluster. A
detailed molecular orbital (MO) analysis reveals that the Taz™
(Dsp, SA1") cluster possesses multiple (0, and partial 77 and o)
aromaticity, which is responsible for its highly symmetric D3,
structure.

2. Experimental and Theoretical Methods

2.1. Photoelectron Spectroscopy. The experiment was car-
ried out using a magnetic-bottle PES apparatus equipped with
a laser vaporization supersonic cluster source. Details of the
apparatus have been described elsewhere.2¢ Briefly, the Ta,~
clusters were produced by laser vaporization of a pure tantalum
disk target in the presence of a He carrier gas and analyzed
using a time-of-flight mass spectrometer. The Tas;™ cluster of
current interest was mass-selected and decelerated before being
photodetached. Four detachment photon energies were used in
the experiment: 532 (2.331), 355 (3.496), 266 (4.661), and 193
nm (6.424 eV). Effort was made to choose colder clusters for
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photodetachment, which has proved essential for obtaining high
quality PES data.?” Photoelectrons were collected at nearly 100%
efficiency by the magnetic-bottle and analyzed in a 3.5 m long
electron flight tube. PES spectra were calibrated using the known
spectra of Au™ and Cu™, and the energy resolution of the PES
apparatus was AEWEx ~ 2.5%, that is, ~25 meV for 1 eV
electrons.

2.2. Density Functional Calculations. The theoretical cal-
culations were performed at the DFT level using the B3LYP
hybrid functional.?® 3 A number of structural candidates
including different spin states and initial structures were
evaluated, and the search for the global minima was performed
using analytical gradients with the Stuttgart 14-valence-electron
pseudopotentials and the valence basis sets3!*? augmented with
two f-type and one g-type polarization functions [{(f) = 0.210,
0.697; &(g) = 0.472] for tantalum as recommended by Martin
and Sundermann.? Scalar relativistic effects, that is, the mass
velocity and Darwin effects, were taken into account via the
quasi-relativistic pseudopotentials. Only a selected set of
optimized structures (the ground-state and a few low-lying
isomers relevant in the discussion of the experimental data) are
reported. Vibrational frequency calculations were performed at
the same level of theory to verify the nature of the stationary
points.

The B3LYP geometries of selected isomers were tested in
single-point energy calculations with other functionals (see
Supporting Information, Table S1). We employed functionals
with and without components of Hartree—Fock exchange to
benchmark them for use in predicting the most stable species.
BLYP and B3LYP functionals show similar behavior. The three
functionals give the same lowest energy state. As discussed
below, B3LYP gives superior results in terms of electron
detachment energies when directly compared to experimental
results. Therefore, we used the results with B3LYP functional
for our further discussion.

Vertical electron detachment energies (VDEs) were calculated
using the generalized Koopman’s theorem by adding a correc-
tion term to the eigenvalues of the anion.3* The correction term
was estimated by OE = E| — E; — eyomo, Where E; and E; are
the total energies of the anion and neutral, respectively, in their
ground states at the anion equilibrium geometry and exomo
corresponds to the eigenvalue of the highest occupied molecular
orbital (HOMO) of the anion. All the calculations were
performed with the Gaussian 03 software package.’®> Three-
dimensional contours of the calculated orbitals were visualized
using the VMD software.3¢

3. Experimental Results

The PES spectra of Ta;™~ at four photon energies are shown
in Figure 1. The low photon energies yield better-resolved
spectra for low-lying transitions, whereas the higher photon
energies reveal transitions with high electron binding energies.
The 532 nm spectrum (Figure la) shows three close-lying
transitions (X, A, and B). The ground-state VDE was determined
from the well-resolved peak maximum of band X as 1.40 £
0.02 eV (Table 1). Since no vibrational fine structure was
resolved, the ground-state adiabatic detachment energy (ADE)
was determined by drawing a straight line along the leading
edge of band X and then adding the instrumental resolution to
the intersection with the binding energy axis. The X band was
quite sharp, allowing a fairly accurate ADE to be determined
as 1.35 £ 0.03 eV (Table 1), which also represents the electron
affinity of Tas. Band A at a VDE of 1.52 eV is also very sharp
similar to band X. It should represent the first excited-state of
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Figure 1. Photoelectron spectra of Ta;™ at (a) 532 (2.331), (b) 355
(3.496), (c) 266 (4.661), and (d) 193 nm (6.424 eV). Vertical bars in
panel b represent the calculated vertical detachment energies from the
lowest energy structure of Ta;~ (Dsp, *Ay').

TABLE 1: Experimental Vertical Detachment Energies
(VDEs) of Taz~ and Comparison with the Calculated VDEs
from the Lowest-Energy Taz™ (D3, SA;') Anion®

VDE (exptl)”

detachment channel® VDE (theor)

X 1.40(2)? 3a/'(B) 1.24¢
A 1.52(2) 2¢/(0) 1.27
B 1.70(3) 3a)' (@) 1.68
C 2.03(3) le" () 1.95
D ~22 1¢'(B) 2.04
E 2.39(2) 1a)" (B) 2.61
F ~2.7 2a/'(B) 2.74
G ~2.9 le'(ot) 2.87

@ All energies are in eV. » Numbers in the parentheses represent
experimental uncertainty in the last digit. ¢Labels “o” and “S”
denote majority and minority spins, respectively. ¢ Electron affinity
of Tas: 1.35 £ 0.03 eV. ¢ Theoretical ADE: 1.21 eV.

Tajz because its separation with band X is too large to be due to
a vibrational excitation. Band B (VDE: 1.70 eV), which should
represent the second excited-state of Tas, appears broader
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TABLE 2: Calculated Geometric Parameters of Ta;~ and
Taj; in Various Electronic States and Their Relative Energies
(AE) at the DFT/B3LYP Level of Theory*

state symmetry a (A) b(A) c (A) o (deg) S (deg) AE (eV)

Tas;™
A, Gy, 2.334 2334 2767 727 0.43
A/ D3, 2423 2423 2423  60.0 0.75
3A" C; 2499 2323 2.602 65.2 54.1 0.17
3A Gy, 2.504 2.504 2431 58.1 0.32
A, Gy, 2.573 2.573 2281 52.6 0.18
By Gy, 2.503 2.503 2403 574 0.29
B, Gy, 2.559 2.559 2348 54.6 0.54
SAY D3, 2.466 2.466 2.466 60.0 0.00
A, Gy, 2449 2449 2568 63.2 0.12
SAY Gy, 2428 2428 2777 69.8 1.12
"B, Gy, 2502 2.502 2.623 63.2 0.64
A" D3, 2.498 2.498 2.498  60.0 0.76
Ta3
’B, Cyy 2424 2424 2500 62.1 0.20
2A; Cyy 2465 2465 2360 572 0.28
’B, Cy,y 2343 2343 3202 86.2 1.68
2A| Cyy 2373 2373 2.809 72.6 0.66
’B, Cyy 2444 2444 2548 629 0.76
2AY Dy, 2439 2439 2439 60.0 0.38
‘A, Cyy 2413 2413 2607 654 0.11
‘B, Cyy 2.341 2.341 3.188 85.8 1.41
‘B, Cyy 2474 2474 2477  60.1 0.40
A Cyy 2448 2448 2537 624 0.00
‘B, Cyy 2431 2431 2.653 66.1 0.57
SA/ Dy, 2.506 2.506 2.506  60.0 0.02
B, Cyy 2466 2466 2.782  68.7 1.31

“ Structure parameters (a, b, ¢, o and ) are defined in Figure 2.

(Figure 1a), indicating a large geometry change in this detach-
ment channel between the anion and the neutral final state.

At 355 nm (Figure 1b), a number of higher binding energy
features are observed, which appear rather congested. Two
relatively weak bands are observed with VDEs of 2.03 eV for
band C and ~2.2 eV for band D. A sharp and intense band E
is observed at a VDE of 2.39 eV. Beyond 2.5 eV, two broad
bands can be tentatively identified at VDEs of ~2.7 eV for band
F and ~2.9 eV for band G. The 266 nm (Figure 1c) and 193
nm (Figure 1d) spectra display continuous signals beyond ~2.5
eV and do not yield well-resolved features. The congested
spectral features at higher binding energies suggest a very high
density of electronic states, which is not surprising for an
expected open-shell cluster. Multielectron transitions are also
possible, contributing to the spectral congestions at higher
binding energies.

4. Theoretical Results

The trimer is a relatively small cluster and there can be only
four possible atomic arrangements: linear, equilateral triangle
(Dsp), isosceles triangle (Cs,), or completely distorted triangle
(Cy). In our theoretical calculations, we considered all these
initial geometries and different spin multiplicities. A selected
set of optimized low-lying structures and electronic states for
Tas™ and Taz are summarized in Table 2 (organized according
to the spin multiplicity), along with their equilibrium geometries
and relative energies. The geometrical parameters for the
triangles are defined in Figure 2.

4.1. Taz™. The ground-state of Tas~ is found to be a quintet
state SA;" with D3;, symmetry and a Ta—Ta bond length of 2.466
A (Table 2). An isosceles triangle Cs, (A,) also with a quintet
state is found to be only 0.12 eV higher. We further located
two low-lying triplet states Cs; ((A") and C,, (PA;) for Tas™,
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Figure 2. Definitions of structural parameters for Ta;~ and Taz used
in Table 2 for the different isomers.

0.17 and 0.18 eV above the ground state, respectively. The
lowest singlet state (Cy,, 'A}) is found to be 0.43 eV above the
ground state, whereas the lowest heptet state (Ca,, 'B,) is 0.64
eV above the ground state. Our theoretical results clearly show
that the Ta; ™ anion has a propensity to adopt a quintet D3, CA;")
ground state, in agreement with a previous theoretical study?
at the BALYP/LANL2DZ level of theory. The high spin ground-
state for Taz~ is quite remarkable. For comparison, available
literature suggests that the isovalent V3~ (ref 37) and Nbz™ (ref
38) clusters possess triplet ground states.

4.2. Taz. Some 13 optimized electronic states for Taz, ranging
from low-spin doublets to a high-spin octet, are also presented
in Table 2. A quartet state (*A;) with Cy, symmetry is found to
be the global minimum. However, a sextet state (°A;") with D3,
symmetry is only 0.02 eV higher in energy, competing for the
global minimum for Taz. Another low-lying quartet state, C,,
(*A,) is only 0.11 eV above the ground quartet state (*A;). All
other quartet states identified are significantly higher in energy,
as well as the doublet and octet states. We note that the linear
structure Dey, (°A,) (Ta—Ta bond length: 2.340 A) is signifi-
cantly higher in energy (2.65 eV). The linear anion is also much
higher in energy and they are not listed in Table 2. In summary,
the C, (*A)) (0.00 eV) and D3, (°A;") (0.02 eV) states are
virtually isoenergetic and should be considered as competitive
candidates for the global minimum for the Tas neutral.

The current structures and energetics (Table 2) on Taz agree
in general with those from a previous DFT study at the B3LYP/
LANL2DZ level of theory,? except that the previous study
apparently missed the Cy, (*A) state identified here as the lowest
in energy. It is interesting to note that the unspecified lowest
energy C», structure reported by another previous DFT study??
at the B3P86/LANL2DZ level (a = 2.403 A, ¢ = 2.589 A, «
= 65.2°) is similar to the Cy, (*A,) state, which is 0.11 eV above
the lowest energy C,, (*A)) state in the current work (Table 2).

5. Discussion

5.1. Comparison between Experiment and Theory. Tran-
sition-metal compounds can be very difficult to handle com-
putationally because of the presence of low-lying electronic
states and substantial electron correlation effects. Density
functional theory is often the method of choice because it can
provide a good treatment of the electronic properties of many
transition metal clusters.’® There have been a number of gas-
phase experimental and DFT studies on transition metal
systems.* Those studies have shown that accurate electron
detachment energies can be obtained with DFT methods. In the
current work, vertical detachment energies were calculated using
the B3LYP level.

Because of the open d-shell of Ta (5d%6s?), even the
electronic structure for the relatively simple three-atom
system poses considerable computational challenges. Both
the current and previous theoretical results suggest that the
quintet state D3, (PA;") is the global minimum for Ta;~ with
a valent electron configuration of (la;")%(2a;")*(lay")?(le')*
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Figure 3. The calculated detachment channels from the Ta;™ (D3,
SA;") ground-state using the generalized Koopman’s theorem (see
text). The computed vertical detachment energies (VDE) are in eV.
The four unpaired spins (in red) in the half-filled 2¢’ and le" orbitals
lead to the quintet D3, (PA;") anion ground state. Comparison with
experiment is done in Table 1 and Figure 1b.

(1e")%(3a;")%(2e")2. The calculated VDEs from these valent
MOs are shown in Figure 3 schematically and are used to
compare with the experimental data in Table 1. We also
calculated the first VDEs of the two close-lying isomers, C,,
(°A,) and C, (*A"), which are 0.12 and 0.17 eV above the
D, (PA}") ground state, respectively (Table 2). The calculated
first VDEs are 1.07 eV for the Cy, (°A,) structure and 1.16
eV for the C; (A") structure, compared to the calculated
first VDE of 1.24 eV for the D3, (°A,") ground state, which
is clearly in better agreement with the experimental value of
1.40 eV.

The first detachment channel for the Ta;~ D3, (CA;")
ground-state comes from the removal of a 3a,'(3) electron
(Figure 3), resulting in the lowest sextet neutral state D3
(°A") with five unpaired spins. The sextet state retains the
D3, symmetry with a slight increase (0.04 A) of the Ta—Ta
bond lengths (Table 2), consistent with the bonding nature
of the 3a,’ orbital, as shown in Figure 4. The calculated ADE
(1.21 eV) for the first detachment channel or the electron
affinity for Tas, is also in good agreement with the experi-
mental measurement (1.35 eV). The second detachment
channel is from the half-filled 2e'(a) MO (Figure 3), leading
to the lowest quartet state C», (*A) with three unpaired spins.
The computed VDE (1.27 eV) appears to be underestimated
by 0.25 eV, compared to the experimental VDE of band A
(1.52 eV). The reduced symmetry upon electron detachment
from the 2e¢’ MO is expected, due to the Jahn—Teller effect.
However, the A band (Figure la) is still quite sharp,
consistent with the relatively small geometry change between
the Cy, (*A}) neutral state and the ground-state of Taz~ (Table
2).

The third and fourth detachment channels are from 3a;'(a)
and le" (a) with calculated VDEs of 1.68 and 1.95 eV (Figure
3), which are in excellent agreement with the experimental
VDEs of bands B (VDE: 1.70 e¢V) and C (VDE: 2.03 eV),
respectively. The next predicted detachment channel is from
le'(f) with a calculated VDE of 2.04 eV, in good agreement
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Figure 4. Pictures of the valence molecular orbitals for the Tas™
(D31, SA1") ground state.
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with band D (VDE ~ 2.2 eV). The sixth detachment channel
is from lay" (f), which should correspond to the intense band
E. The computed VDE (2.61 eV) seems to be overestimated
by about 0.22 eV, in comparison to the experiment (2.39
eV). The calculated VDEs for the next two detachment
channels [2a,'() and le'(a)] are 2.74 and 2.87 eV, which
agree well with the estimated VDEs for the two broad bands
F (VDE =~ 2.7 eV) and G (VDE = 2.9 eV), respectively.
There are several calculated one-electron detachment channels
at higher binding energies. However, the PES spectra become
very congested in the high binding energy side (Figure 1),
suggesting that there are likely significant contributions from
multielectron transitions due to strong electron correlation
effects. Thus, quantitative assignments of this spectral region
are no longer feasible on the basis of the one-electron
calculations.

The assigned spectral features are given in Table 1, and
the computed VDEs are plotted in Figure 1b as vertical bars.
Overall, the pattern of the calculated VDEs for the low-lying
transitions is in good agreement with the experimental PES
spectra, lending considerable credence to the Di;, (CA;")
structure as the ground-state of Taz™.

5.2. Chemical Bonding in Ta;~ (D3, 5A;): All-Metal
O0-Aromaticity. To further understand the structure and
chemical bonding in Tas~, we carried out a detailed MO
analysis for the D3, (°A}") ground-state of Tas™, as depicted
in Figure 4. The fully occupied 1a," and le' MOs form a o
bonding/antibonding pair and do not contribute to the net
chemical bonding in Taz ™. The 2a," and 2e¢' MOs form another
o bonding/antibonding pair, but the antibonding 2e’ orbital
is half-filled, resulting in partial o bonding contribution to



10966 J. Phys. Chem. A, Vol. 112, No. 43, 2008

Tas~. Analogously, the 1a,” and le” MOs form a st bonding/
antibonding pair and the half-filled le"” orbital results in
partial 7z bonding in Tas;~. The 3a;" MO is a completely
delocalized ¢ orbital, giving rise to 0 aromaticity in Tas".
The delocalized partial o and s bonding in Ta3;~ makes it
partially o- and sr-aromatic. Thus, Ta3™ can be considered
to possess multiple (partial o-, partial 7-, and 6-) aromatic
characters. Interestingly, Tas™ is similar to the D3, Hf; cluster,
which has been recently reported as a triply (o-, -, and 0-)
aromatic cluster because the antibonding 1e" and 2e’ orbitals
are unoccupied.

6. Conclusions

In conclusion, photoelectron spectroscopy is combined with
density functional theory calculations to investigate the
electronic structure and chemical bonding in the tantalum
trimer cluster. PES spectra are obtained for Taz™ at several
photon energies, revealing well-resolved low-lying electronic
transitions and congested spectral feature in the high binding
energy regime. The electron affinity of Tasz was determined
to be 1.35 4+ 0.03 eV. DFT calculations are performed at
the B3LYP/Stuttgart+2f1g level to locate the ground-state
and low-lying isomers for Taz and Tas™, yielding a quintet
D3, (PAy") ground-state for the Ta;~ anion and two nearly
isoenergetic states Cp, (*A}) and Ds;, (°A;') as the lowest
energy states for the Tas neutral. The calculated detachment
transitions from the D3, (°A|") anion ground-state is in good
agreement with the experimental data. A detailed molecular
orbital analysis shows that Taz~ is an interesting chemical
species with multiple (J-, partial 7z-, and partial 0-) d-orbital
aromaticity, responsible for its highly symmetric D5, structure.
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