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ABSTRACT

The electronic structure of the diatomic VO anion was explored by combining the
photoelectron imaging spectroscopy and high-level theoretical calculations. The electron
affinity (EA) of VO is determined to be 1.244 + 0.025 eV from the vibrationally resolved
photoelectron spectrum acquired at 532 nm. The anisotropy parameter () for the EA
defined peak is measured to be 1.59 + 0.02, indicating that it is the 9¢ electron attachment
leading to the formation of the ground state of VO . The present imaging experiment
provides direct evidence that the ground state of VO is X *Y with a (37)* (80)* (90)*
(16)* electron configuration, which resolves the significant discrepancy in previous
experiment and theory. In addition, the molecular orbitals and bonding involved in the
anionic VO cluster are also examined based on the present high-level theoretical

calculations.

PACS number(s): 33.60.+q, 33.80.Eh, 36.40.Mr, 36.20.Kd



I. INTRODUCTION

Due to their significant roles in catalysis, surface chemistry, and magnetic materials,
transition metal (TM) oxides have been subject to numerous recent experimental and
theoretical investigations [1-16]. Vanadium oxides, in particular, are the most versatile
metal oxide catalysts predominantly used in industrial catalytic processes [17,18], making
the understanding of the nature of vanadium-oxygen bonds highly valuable. Experiments
on metal oxides in the gas-phase can provide valuable molecular models with which to
explore fundamental bonding mechanism and their dependence on electronic structure
without the interference from solvation and other environmental factors [3,19-22].

As the simplest vanadium oxide cluster, diatomic VO is one of the most systematically
investigated molecules among the TM oxide clusters due to their significance in
astrophysics [23,24]. The electronic structure of VO has been extensively explored by
both experimental and theoretical methods [23-33]. The ground state of the VO cluster
has been unambiguously determined to be of *E symmetry with a (37)* (80)* (90)' (15)
electron configuration [26]. Moreover, the spectroscopic constants and term energies of a
number of excited states of VO, which are A’ 4CI), 1°A, AL, T, B, efc, have also
been located by employing high-resolution Fourier transform spectroscopy [23,25].

Compared with the extensive investigations on VO, knowledge about the electronic

structure of the VO 1ion is lacking or even controversial [28,34-37]. Experimentally, Wu
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and Wang reported the photoelectron spectroscopic study of VO by using the
magnetic-bottle time-of-flight (MTOF) spectrometer [28]. They proposed that the ground
state of VO~ should be X °II with an electron configuration of (37)* (86)* (90)' (16)* (47)".
Subsequent theoretical calculations, however, questioned that assignment, where all
theoretical results, independent of the theoretical methods and basis sets used, support
that the X °Y state with a (37)" (80)® (90)* (16) electron configuration should be the
ground state of VO™ rather than the X °I1 state [34-37]. Therefore, significant discrepancy
exists in previous experiment and theory regarding what type of electron (47 or 90) is
attached to the neutral VO giving rise to VO . To eliminate this contradiction, advanced
photoelectron imaging spectroscopy is considered as the most appropriate and
straightforward approach, which can reveal the information of the atomic orbital from
which the photodetachment takes place by detecting the angular distributions of the
detached electrons [38-42]. Additionally, many theoretical studies attempted to reproduce
the experimental EA of VO. All previous theoretical calculations, however, substantially
underestimate it by about 0.54 — 0.14 eV depending on the levels of theory and basis sets
used [30,34-36], demonstrating that it is indeed a challenge to precisely describe the
electronic properties of the vanadium oxide clusters, even for the simplest diatomic VO

[36].



In the present experiment, the photoelectron imaging spectroscopy of the VO cluster
was performed to detect the orbital symmetry of the detached electron. The present
experimental results provide direct evidence that the extra electron occupies the 9o
molecular orbital of the neutral VO forming the ground state of VO , which resolves the
discrepancy in previous experiment and theory. The EA of VO was measured to be 1.244
+ 0.025 eV according to the vibrationally-resolved photoelectron spectrum (PES), which
is consistent with the prior measurement [28]. Furthermore, high-level theoretical
calculations were accomplished to optimize the lowest-energy geometries of the neutral
and anionic VO clusters, to estimate the EA of VO, and to examine the occupied

molecular orbitals of the VO cluster.

II. EXPERIMENTAL SECTION
The experimental setup conducted in the present study has been described in detail
previously [43,44], and only a brief overview is presented herein. The diatomic VO
cluster was generated in a laser vaporization (LaVa) cluster source, where the second
harmonic output of a Nd:YAG laser (532 nm) was used to ablate a 1/4 inch pure
vanadium rod. To obtain smaller oxide clusters, a high-purity helium gas (typically 50
psi) seeded with 5% N,O was used as a carrier gas to react with laser-ablated V atoms

[19]. The formed neutral and charged clusters were expanded through a conical nozzle,



and then collimated by a skimmer. Subsequently, the anionic clusters were exacted and
mass analyzed using a Wiley-McLaren time-of-flight (TOF) mass spectrometer [45],
which is oriented perpendicular to the cluster beam. The anion detector (Burle
Electro-Optics bipolar detector), which contains microchannel plates, a scintillator, and a
photomultiplier tube, is assembled at the end of the TOF mass spectrometer. Thus, an
anion mass spectrum can be recorded by measuring the time at which the anions reach
and strike the detector. The velocity map imaging (VMI) system is located before the
anion detector, which is perpendicular to the TOF mass spectrometer. The mass selection
in the present experiments is achieved by determining the arrival time of the anion of
interest at the photodetachment region, which is at the center of the first two electrodes of
the three-electrode design of Eppink and Parker [39]. The first electrode, known as the
repeller, is time-delayed and pulsed in order to ensure that only electrons detached from
the mass-selected anion are being sampled. The pulse is on the order of a few
microseconds before and after the photodetachment laser arrival, ensuring a uniform field
is present. The voltage is pulsed from ground to approximately -180 V, and is supplied
using a fast switch (Directed Energy PVM-4210) with a 25 nanosecond rise time. In the
photodetachment experiments, mass-selected VO clusters were photodetached by the
second harmonic (532 nm) output of another Nd:YAG laser, and the produced electrons

were accelerated toward a position-sensitive detector consisting of a microchannel plate
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(MCP) and a phosphor screen. After flying through a field-free region, which is shielded
against stray magnetic fields by a u-metal tube, the photoelectrons are mapped onto the
position-sensitive detector. The 2D (two-dimensional) images generated on the phosphor
screen were recorded with a charge-coupled device (CCD) camera. Finally, the BASEX
and pBASEX programs were used to reconstruct all the photoelectron images [46,47],
which yielded similar results. Subsequently, the obtained pixel and energy distribution
were calibrated using the known binding energies of Bi to get the PES of VO [48]. For

the PES of VO , three repeated measurements were recorded to ensure the true signals.

1. COMPUTATIONAL METHOD

Calculations of the optimized geometries and electronic structures of the anionic and
neutral VO clusters were accomplished using the Gaussian 09 program [49]. Different
spin multiplicity states of the clusters were attempted to determine the ground-state
geometries. The structures were fully optimized without symmetry constraints. In this
study, the coupled cluster singles and doubles with perturbative contributions of
connected triplets, CCSD(T) level of theory [50,51] was employed to optimize the
lowest-energy geometries and estimate the adiabatic detachment energy (ADE) and
vertical detachment energy (VDE) of the anionic VO cluster. This method has been

proven to be an accurate theoretical approach to predict the geometrical and electronic



properties of the TM doped clusters [52,53]. Throughout the calculations, the augmented
correlation consistent triple-zeta (aug-cc-PVTZ) basis set was adopted for the oxygen
atom [54,55], while the vanadium atomic orbital was described by the SDD
(Stuttgart-Dresden effective core potential) with the Stuttgart-type small core (10 core
electrons) and relativistic effective core potential (ECP) [56]. Moreover, vibration
analyses were performed at the same level of theory to make sure that the optimized
geometries are real minimum points and to take into account the zero-point energy
correction. The theoretical ADE was defined as the energy difference between the
optimized anionic and neutral structures, and the VDE was calculated by considering the
energy difference between the ground-state of the anion and the neutral cluster with the

equilibrium geometry of the anion.

IV. RESULTS AND DISCUSSION
Figure 1 depicts the photoelectron image and the corresponding PES of the VO cluster
obtained at a photon energy of 2.33 eV (532 nm). In the present experiment, the laser
polarization, which is represented by a double yellow arrow, is vertical in the image
plane. The collected PES of VO reveals three major transition bands, which are labeled
as X, A, and A'. The band X represents the EA defined transition, arising from the

electronic transition between the ground state of VO and its corresponding neutral



electronic ground state. A VDE of 1.244 + 0.025 eV is determined from the band
maximum. In addition, obvious vibrational structure can be observed for the band X,
which yields a vibrational frequency of 964 + 60 cm™ for the neutral VO cluster. Thus, in
view of the vibrationally-resolved PES, the ADE of the VO cluster is measured to be
1.244 + 0.025 eV, which is also the EA of VO. Another band (A) appears in higher
binding energy region with respect to the transition X, and the VDE for this transition is
measured to be 1.939 + 0.025 eV, which is consistent with the previously reported value
1.927 eV [28]. This band comes from the transition between the ground state of the anion
and the doublet excited state (¢ “X") of the neutral [28]. Similarly, there also exists
discernible vibrational structure in this band, yielding a vibrational frequency of 1000 +
40 cm™ for the a *L” excited state of VO. The energy spacing between the peaks X and A,
which represents the splitting between the ground state (X *X7) and the doublet excited
state (¢ °X") of the neutral VO, is 0.695 ¢V. Besides these two bands (X and A), the PES
also discloses another peak (A') located at around 2.156 eV. This peak most likely comes
from the transition between the ground state of the anion and the lowest quartet excited
state (4' *@3p,) of the neutral VO cluster since the energy difference between the peaks X

and A' (0.912 eV) agrees with the term value of the A' s, state of VO (0.868 eV) [24].
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FIG. 1. (Color online) Photoelectron image and the corresponding electron binding

energy (BE) spectrum of the negatively charged VO cluster collected at 532 nm.

As mentioned above, significant discrepancy exists in previous experiment and
theory regarding the electron configuration of the ground state of the anionic VO cluster
[28,34-37]. Wu et al. assigned the X °II state as the ground state of VO™ [28], while the
theoretical studies argued that the ground state should be the X > state [34-37]. One of
the main motivations of the present study is to resolve such contradiction by employing
the photoelectron imaging spectroscopy. As shown in Fig. 1, our photoelectron imaging
experiment defines the electronic transition from the anionic ground state to the ground
state of VO (peak X). Analysis of the anisotropy parameter () of this peak provides
valuable information as to the nature of the photodetached electron. It is well-known that

the Cooper-Zare formula [57] provides a quantitative description of the f parameter for
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partial wave emission from bound electronic states of definite orbital angular momentum
as:

S = [[(I-D)or*+(H1)(142)0112-61(1+1)011161.1€08(841-811)]/3 21+ D[ lop *HI+ 1o ™], (1)

where / is the orbital angular momentum quantum number, o5, are the relative cross
sections of the partial waves, and (8+1-011) is the phase shift between these waves. Based
on Eq. (1), detachment of an s-electron leads to an outgoing p-wave ([ = 1) with
maximum intensity parallel to the laser polarization and f = +2. In molecular systems, it
is well-accepted that detachment from the ¢ molecular orbital composed predominantly
of atomic s-type character will produce anisotropy parameter of f ~ 1.5 — 2 [58,59]. Thus,
one could expect to obtain a f value close to 2 for the peak X (Fig. 1) if it is indeed the
case that the extra electron enters into the 9¢ molecular orbital of VO to form the ground
state (X ") of VO . The experimentally measured f value associated with the X peak is
1.59 £+ 0.02, demonstrating that the detachment process should occur from the 9¢
molecular orbital and the ground state of VO™ is X °X” state. Moreover, as shown in Fig.
1, the photoelectron angular distribution (PAD) of the peak X is preferably oriented
parallel to the laser polarization, which is also consistent with the character of the o
orbital detachment process. All these experimental findings, therefore, provide direct
evidence that the ground state of VO is X °X” with a (37)* (80¢)* (90)” (15)* electron

configuration, resolving the previous significant discrepancy.
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To better understand the electronic structure and bonding of the anionic VO cluster, we
performed high-level theoretical calculations to obtain the lowest-energy geometries of
the studied clusters. Different spin states of the clusters were calculated, and the
theoretical results are listed in Table I. As shown in Table I, the present calculations
predict a quartet state as the global minimum of VO, while that of VO has a triplet spin
multiplicity, which also supports the experimentally assigned ground-state electronic
configuration of VO discussed above. It is necessary to note that the equilibrium bond
length of *VO is calculated to be about 1.583 A, which is in excellent agreement with the
experimental value of 1.589 A [60], indicating that the theoretical method used here can
provide accurate information about the properties of the vanadium oxide clusters.
Additionally, the calculated vibrational frequency of *VO is 947.9 cm™ (Table I), which
agrees well with the measured value (964 + 60 cm™) obtained in the present experiment.
As for the ground state of VO, its bond length is calculated to be 1.615 A. In addition, as
shown in Table I, the low-lying quintet and singlet states of VO are less stable than the

triplet state by 0.85 and 1.04 eV, respectively.
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TABLE I. Theoretical equilibrium bond lengths ., vibrational frequencies w, and relative
energies AE for different spin multiplicities of the neutral and anionic VO clusters

calculated at the CCSD(T) level of theory.

species spin multiplicity re (A) o (cm™) AE (eV)
2 1.560 1278.6 0.89
VO 4 1.583 947.9 0.00
6 1.850 627.2 3.43
8 2.638 115.7 6.44
1 1.617 1003.4 1.04
_ 3 1.615 1046.4 0.00
VO
5 1.630 780.2 0.85
7 1.985 471.2 3.75

With the aid of optimized ground-state geometries of the neutral and anionic VO
clusters, we can theoretically predict the ADE and VDE values of the VO cluster, which
can be used to compare with the experimentally determined data. Such a comparison is of
great value to test the accuracy of the chosen theoretical method and the optimized
geometries. Additionally, as mentioned earlier, it is a challenge to precisely predict the
EA of VO since there are relatively large differences between previous experiment and
theory [34-36]. It has been demonstrated and emphasized that the energy levels of TM
doped clusters are very sensitive to the choice of the level of theory and basis set [61].
Therefore, apart from determining the ground state of VO , another motivation of the

present study is to explore an accurate theoretical method and level that can better
13



describe the electronic properties of vanadium oxide clusters. According to the present
calculations, the theoretical ADE and VDE of the VO cluster are 1.215 and 1.230 eV,
respectively, which are summarized in Table II. It is worth noting that the calculated
ADE and VDE values are in good agreement with the experimentally measured data
deviating by just 2% and 1% for those of VO , respectively. The theoretical results from
previous studies are also included in Table II for comparison [30,34-37]. As evidenced in
Table II, the present theoretical results are much closer to the experimental data than
previous ones. This demonstrates that the level of theory and basis set used here is more
appropriate to predict the electronic properties of VO than prior ones. We recommend
that the theoretical level used here may also be an accurate method to predict the

physicochemical properties of other TM doped clusters.
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TABLE II. Experimental and theoretical ADE and VDE of the VO cluster. Previous

theoretical results are also included for comparison.

ADE (eV) VDE (eV)

theor. theor.

species exptl. exptl.

this work® previous® °

this work® previous

1.031/1.091¢
0.81/0.98/1.09° 1.039/1.100°
VOO 1.244(25)° 1.215 1.244(25)° 1.230
0.85/0.83" 0.86/0.83"

1.05/1.09/1.03/0.72/0.69¢

* Current theoretical ADE and VDE values of the VO cluster calculated at the
CCSD(T) level of theory.

® Previous theoretical results for the ADE and VDE of VO . The values divided by
slash represent the results calculated at different levels of theory and basis sets.

“Numbers in the parentheses represent experimental uncertainties in the last two digits,
which are obtained by calculating the standard deviation of multi-measurements.

dReference [30].

“Reference [34].

"Reference [35].

£ Reference [36].

To get more insights in the molecular orbitals (MOs) and bonding of the anionic VO
cluster, we have calculated the occupied valence Kohn—Sham MOs of the VO* ! clusters,
which are displayed in Fig. 2. As shown in Fig. 2, the extra electron occupies the HOMO
(90) of the neutral VO to form the anion, supporting the experimentally observed f value
(1.59 + 0.02) and the triplet character of the ground state of VO . Based on the present

calculations (Fig. 2), HOMO-1 and HOMO-2 of VO are occupied 37 MOs with the
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electron clouds mainly locate on the 2p, and 2p, atomic orbitals (AOs) of the oxygen
atom, respectively. Another two MOs in VO , which are HOMO-3 and HOMO-4, are
singly occupied, the origins giving rise to the magnetic characteristics of the VO cluster.
These two J-type MOs are predominantly composed of the 3dy, and 3d,*,> AOs of V,
respectively. Additionally, HOMO-5 of VO has 8¢ orbital symmetry resulting from the
overlap between the 3d,” AO on V and the 2p, AO on O. As for the 9o orbital in VO, it
mainly comprises the 4s AO of V and the 2s AO of O. As can be seen from Fig. 2, this o
MO features antibonding character, which is similar to valence ¢ orbitals in ZrSi (20
orbital of the “X" state) and TiSi (1lo orbital of the *A ground state) [62,63]. The
attachment of the extra electron in this ¢ orbital leading to the formation of the ground

state of VO may explain the elongation of the V-O bond length in VO .

HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4 HOMO-5

v @ @ @ B @

(9a)! (1d)! (Ld)! (3m)* (3m)? (80)?
vo @0 B @ $ & ood
(9a)? (3m)? (3m)? (1d)! (1d)! (80)*

FIG. 2. (Color online) 3-D plots of select occupied valence Kohn—Sham molecular
orbitals (MOs) describing the bonding in the neutral and anionic VO species. The MOs’

1sosurface value is 0.03 au.
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V. CONCLUSIONS

In conclusion, we reported the first photoelectron imaging spectrum of the anionic VO
cluster at a photon energy of 2.33 eV (532 nm). The observed PES possesses obvious
vibrational structures, from which the EA of VO was measured to be 1.244 + 0.025 eV.
The PAD for the EA defined peak and high-level theoretical calculations were employed
to determine the ground state of the VO anion. The present experimental and theoretical
findings provide direct evidence that the ground state of VO is X 3% with a (37)* (80)*
(90)* (15)* electron configuration rather than the X °IT state, resolving the significant
contradiction in previous experiment and theory. Additionally, the theoretical ADE and
VDE values of VO were calculated at the CCSD(T) level of theory, yielding more
accurate results than all theoretical predictions in previous literatures. This implies that
the level of theory and basis set used here can better describe the electronic properties of
vanadium oxide clusters, which may be also suitable for predicting accurate properties of

other TM oxide clusters.
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