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toelectron-imaging spectroscopic
and theoretical investigation on the electronic
structure of the VO2H anion

Yongtian Wang,a Changcai Han,ab Jing Hong,ab Zejie Fei,a Changwu Dong, *a

Hongtao Liu*a and Xiaogen Xiongc

The electronic structure and vibrational spectrum of the VO2H anion are explored by combining

photoelectron imaging spectroscopy and density functional theoretical (DFT) calculations. The electron

affinity (EA) of VO2H is determined to be 1.304 � 0.030 eV from the vibrationally resolved photoelectron

spectrum acquired at 1.52 eV (814 nm). The anisotropy parameter (b) for the EA defined peak is

measured to be 1.63 � 0.10, indicating that it is the 17a0 (4s orbital of the vanadium atom) electron

attachment leading to the formation of the ground state of the VO2H anion. The vibrational

fundamentals n1, n3, n4 and n5 are obtained for the neutral ground state. Experimental assignments are

confirmed by energies from electronic structure calculations and Franck–Condon (FC) spectral

simulations. These simulations support assigning the anion ground state as the results obtained from the

B3LYP method. In addition, the molecular orbitals and bonding involved in the anionic VO2H cluster are

also examined based on the present theoretical calculations.
1. Introduction

Vanadium oxides play a tremendous role in heterogeneous
catalysis. Bulk or supported vanadium oxides are employed as
catalysts in a number of industrial catalytic reactions aimed at
energy sustainability, such as the oxidation of SO2 to SO3 in the
production of sulfuric acid, oxidation of butene to phthalic
anhydride and selective reduction of NOx with NH3.1–6 Exploring
the structure and active sites of vanadium oxide catalysts is the
key to understanding the catalytic mechanisms and designing
catalysts. However, the investigations of detailed catalytic
mechanisms in solid state and aqueous media are oen
hampered due to the complicated surface properties and envi-
ronments, such as the inhomogeneity and surface defects of the
catalyst, rapid aggregation, solvent effects and others. Gas-
phase studies of isolated vanadium oxides can reveal
molecular-insights into electronic structures of catalysts and
reaction mechanisms in precisely controlled conditions. In
addition, the discovery of new catalytic models in the gas phase
can feed back to the design of bulk catalysts.

The oxidation of the alcohols is important for more valuable
industrial products such as formaldehyde, dimethylether,
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methyl-t-butylether and even biodiesel.1,7,8 Vanadium oxides
catalysts are employed in a variety of catalytic oxidation
processes of signicant importance to these chemical indus-
tries. Therefore, the studies on reactivity of a range of vanadium
oxides with the alcohols are the focus of sustained research
efforts.3–5 Besides, alcohols and alkoxides have been proposed
as intermediates in other oxidation reactions mediated by
vanadium oxides.9,10 Both theoretical calculations11–15 and
experimental methods16–25 are employed to study the dehydro-
genation of alcohols by vanadium oxides in the gas phase. Most
of these studies have focused on the reactivity of neutral and
cationic vanadium oxides with alcohols, but few on anionic
vanadium oxides as catalysts. Tom Waters and co-workers
described the gas-phase catalytic oxidation of methanol to
formaldehyde with the anion VO3

� as catalyst and found that
a key step in the process was the reaction of VO3

� with meth-
anol to eliminate water.19 An experimental investigation of the
gas-phase ion/molecule reactions of VO2

+ with a variety of
alcohols shows that VO2

+ induce an oxidative dehydrogenation
of alcohols.16 The neutral VO2 clusters can abstract more than
one hydrogen atom from CH3 and/or OH moiety of CH3OH to
form VO2H1,2 products.20 Althoughmany studies on reactivity of
vanadium oxides with the alcohols in the gas-phase have been
done, there are few acknowledgements on electronic structure
and spectrum information of these reaction products.

In the present work, we characterize gas-phase VO2H
� using

photoelectron spectroscopy (PES) and density functional theory
(DFT) approaches. Over the last few decades, the molecular
structure and several low-lying electronic states of neutral and
RSC Adv., 2021, 11, 18729–18736 | 18729

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra03173b&domain=pdf&date_stamp=2021-05-24
http://orcid.org/0000-0002-5642-5310
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03173b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011031


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 9
:1

7:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
anion VO2
� had been clearly determined by other groups using

anion photoelectron spectroscopy experiments and advanced
theoretical calculations.26–30 Here, we obtain the vibrationally
resolved photoelectron imaging spectroscopy of VO2H

�
rstly,

which is the product of the dehydrogenation of ethanol medi-
ated by VO2

�. The assignments of electronic conguration and
vibration are all performed with the aid of electronic structure
calculation and frequency analysis. The electronic congura-
tion similarity between VO2H

� and VO2
� were also described.
2. Experimental and computational
methods
Experimental methods

The experiment was performed using a home-built instrument
with a laser vaporization source, a time-of-ight mass spec-
trometer coupled with velocity-map imaging (VMI) spectrom-
eter. The apparatus have been described in detail elsewhere,31

and only a brief outline is given below. The VO2
� and VO2H

�

anions were produced from the laser vaporization process in
a supersonic expansion of the Ar/He (5%/95%) carrier gas
carrying traces of ethanol at 6 atm. The second harmonic
generation of Nd:YAG laser (Continuum, Minilite II) at 532 nm
was used to vaporize the vanadium metal target. The anions
were cooled and expanded into the McLaren–Wiley time-of-
ight mass spectrometer.32 Aer assignment of anions, the
anionic clusters of interest were mass selected into the photo-
detachment region and crossed with a dye laser beam, which
(Spectra-Physics, 400–920 nm, linewidth 0.06 cm�1 at 625 nm)
was pumped by a Nd:YAG laser (Quanta-Ray Pro 190, 10 Hz).
The detached photoelectrons were extracted by a velocity-map
imaging photoelectron spectrometer and recorded by
a charge-coupled device camera. Each image was obtained by
5000–50 000 laser shots at 10 Hz repetition rate. The raw
imaging stands for the projection of the photoelectron density
in the 3D laboratory frame on the 2D imaging detector. The
original 3D distribution was reconstructed using the Maximum
Entropy Velocity Legendre Reconstruction (MEVELER) tech-
nique.33 The known transitions from the detachment of the Au�

are used to calibrate all images.34 The energy resolution was 30
meV at an electron kinetic energy (eKE) of 1 eV. Spectra are
plotted as a function of the electron binding energy (eBE) given
by eBE ¼ hn � eKE.
Fig. 1 The mass spectrum of laser vaporizing the vanadium metal at
532 nm. (a) Displays the anionic cluster distribution generated by Ar/He
(5%/95%) expansion gas, (b) displays the new cluster distribution after
Ar/He (5%/95%) expansion gas carrying trace of ethanol.
Computational methods

Calculations of the optimized geometries and electronic struc-
tures of the anionic and neutral VO2H clusters were accom-
plished using the Gaussian 09 program.35 Different spin
multiplicity states of the clusters were attempted to determine
the ground-state geometries. The structures were fully opti-
mized without symmetry constraints. In this study, the BP86
(ref. 36 and 37) and B3LYP38 density functionals methods were
employed to optimize the lowest-energy geometries and to
estimate the electronic affinity (EA) energy, that is adiabatic
detachment energy (ADE), of the anionic VO2H cluster.
Throughout the calculations, the augmented correlation
18730 | RSC Adv., 2021, 11, 18729–18736
consistent triple-zeta (aug-cc-pVTZ) basis set was adopted for
the oxygen and hydrogen atoms,39 while the vanadium atomic
orbital was described by the triple-zeta LANL2TZ basis set
combined with the Hay and Wadt effective core potentials.40,41

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
(ZPE) correction. The theoretical EA value was dened as the
energy difference between the optimized anionic and neutral
structures under considering the ZPE correction, and the VDE
was calculated by considering the energy difference between the
ground-state of the anion and neutral cluster with the equilib-
rium geometry of the anion.
3. Results and discussion
Mass spectrum and PES

As shown in Fig. 1(a), the m/z of predominate anionic species is
83 corresponding to VO2

�, which probably was generated from
the oxide on the surface of vanadium metal rod. The m/z of 67,
68, 69, 84 and 85 corresponding to VO�, VOH1,2

� and VO2H1,2
�

were also observed, but these peaks are much weaker than that
of VO2

�. The observed weak signal of VO2H
� should arise from

the reaction between VO2 and H2Omolecules that remain in the
source chamber, since the carrier gas is only Ar/He (5%/95%).
When trace ethanol was added in the carrier gas Ar/He, some
new characters were observed in the mass spectrum. As shown
in Fig. 1(b), the mass signal of VO2H

� noticeably enhanced, was
almost equal strength as that of VO2

�. It is obvious that the
VO2

� combines very easily with the hydrogen atoms in the
ethanol to form VO2H

�. Some new weak mass peaks were also
produced, the m/z of 76, 77 and 78 corresponding to VC2Hx

� (x
¼ 1–3). The m/z of 81 and 82 was assigned to peaks of V(CH3)2/
VOCH2 and VOCH3 anions. However, these mass peaks were too
weak to obtain their photoelectron spectra.

Fig. 2 depicts the photoelectron image and corresponding
PES of VO2H

� cluster obtained at a photon energy of 1.52 eV
(814 nm). In the present experiment, the laser polarization,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Photoelectron image and the corresponding electron binding
energy (eBE) spectrum of the negatively charged VO2H cluster
collected at 814 nm.
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which is represented by a double black arrow, is parallel to the
photoelectron angular distribution (PAD) of the peak X. The
collected PES of VO2H

� shows a series of broad peaks, which
corresponding to the excited vibrational transition, arising from
the transition between the ground state of VO2H

� and its cor-
responding neutral electronic ground state. The EA of 1.304 �
0.030 eV is deduced from the right shoulder of the strongest
peak, and labeled as X. The VDE of 1.317 � 0.030 eV is obtained
from the position of strongest peak and labeled as X1. In
addition, four vibrational progressions can be observed in this
spectrum. The rst progression is comprised from the equally
spaced peaks X1–X3, equally spacing is about 100 cm�1, and
offset by 104 cm�1. The peaks X4 and X5 comprise the second
progression, and this progression is offset by about 460 cm�1.
The third progression is offset by 734 cm�1, and comprised by
peaks X6–X8, and these peaks are spacing by �60 cm�1. The
peaks X9–X11 comprise the forth progression, which is offset by
1065 cm�1, the equally peaks spacing is also around 60 cm�1.
Table 1 Peak positions (eV), shifts from respective origins (eV), and
vibration assignments for the VO2H

� PES spectra

Peak eBE Offset Assignment

X0 1.287 0.017 101
X 1.304 0 000
X1 1.317 0.013 110
X2 1.330 0.026 120
X3 1.343 0.039 130
X4 1.361 0.057 310
X5 1.367 0.063 1103

1
0

X6 1.395 0.091 410
X7 1.404 0.100 1104

1
0

X8 1.411 0.107 1204
1
0

X9 1.436 0.132 510
X10 1.441 0.137 1105

1
0

X11 1.449 0.145 1205
1
0

© 2021 The Author(s). Published by the Royal Society of Chemistry
The peak X0 is assigned to the hot band, arising from themode 1
vibration in the ground state of VO2H

� excited to its corre-
sponding neutral electronic ground state, this frequency is
about 137 cm�1. Peak positions (eBE) and assignments are
summarized in Table 1. The peaks are wider than the instru-
mental resolution owing to unresolved rotational structure and
the hot band broadening in the cluster source beam.

One of the advantages of the photoelectron imaging tech-
nique is to obtain the PAD of the detached electron. For one-
photon detachment, the PAD is given by the form,

ds

dU
¼ stot

4p

�
1þ b

�
3

2
cos2q� 1

2

��
(1)

where q is the angle of the ejected electron relative to the
polarization of the photodetachment laser. The anisotropy
parameter b varies from �1 to 2, corresponding to the limit
where the electron distribution is aligned perpendicular and
parallel to the laser polarization.42,43 In molecular systems, it is
well-accepted that detachment from the s molecular orbital
composed predominantly of atomic s-type character will
produce anisotropy parameter of b � 1.5–2.44 The experimen-
tally measured b value associated with the X peak is 1.63� 0.10,
demonstrating that the detachment process should occur from
the s molecular orbital and the ground state of VO2H

� is X 4A00

state.
Cluster geometry and electronic structure calculations

The metal oxide systems are oen formally considered ionic,
however covalent molecular orbital theory has proven to be
a useful framework for understanding the electronic structure
of the 3d transition metal monoxides,45,55 and is used here for
elucidating the relevant electronic states of the neutral and
anionic VO2H cluster. The ground state electronic conguration
of atomic V is 4s23d3. In the VO2H and VO2H

�, the formal
oxidation state of the vanadium atom is +3 and +2, leaving two
and three metal-centered valence electrons in the neutral and
anion, respectively.

Earlier theoretical studies of vanadium oxides clusters have
used the B3LYP and BP86 density functionals to obtain
Fig. 3 The structures scheme of A and B isomers of VO2H cluster in
the anionic and neutral states.

RSC Adv., 2021, 11, 18729–18736 | 18731
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Table 2 Theoretical relative energies DE, EA and VDE for different spin
multiplicities of the neutral and anionic VO2H clusters calculated at the
DFT level of theory

Species Isomer Spin multiplicity DE (eV) EA (eV) VDE (eV)

B3LYP/LANL2TZ
VO2H

� A 2 1.14 1.75 2.08
4 0.85 1.39 1.49

B 2 0.00 2.74 3.22
4 2.55 2.10 2.43

VO2H A 1 0.94
3 0.00

B 1 0.15
3 2.21

BP86/LANL2TZ
VO2H

� A 2 1.14 1.99 2.13
4 0.85 1.33 1.49

B 2 0.00 2.33 2.62
4 2.55 1.84 2.18

VO2H A 1 0.94
3 0.00

B 1 0.15
3 2.21
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geometries, electronic states, and vibrational frequencies.
B3LYP was successfully used in comparison with experimental
IRPD results of various vanadium oxide clusters.46 BP86 was
used to predict the electronic and structural properties of VO2

clusters.47 Many different density functional methods,
including BPW91, has been made on the relative merits of
different functionals, although it is believed that pure density
functionals like BP86 and BPW91 are more reliable for multi-
reference systems than B3LYP, which includes some Hartree–
Fock exchange.

To improve condence in the theoretical results, both the
B3LYP and BP86 functionals are used to calculate the anion and
neutral VO2H

� energies, geometries, and vibrational frequen-
cies. The geometries optimization gives two stable conforma-
tion in neutral and anionic ground state, as shown in Fig. 3. In
isomer A, hydrogen atom combined with O atom form a planar
Cs symmetry, and in isomer B, the hydrogen atom coordinated
with center vanadium atom. Previous calculations and
Table 3 Theoretical equilibrium bond lengths R, bond angle q and dih
calculated at the DFT level of theory

Species Spin multiplicity RV–Oa

a (�A)

B3LYP/LANL2TZ
VO2H

� 4 1.905
VO2H 3 1.841

BP86/LANL2TZ
VO2H

� 4 1.895
VO2H 3 1.801

a The Oa is the oxygen atom which is adjacent to hydrogen atom. The Ob

18732 | RSC Adv., 2021, 11, 18729–18736
experiments found that neutral VO2 was doublet in ground
state,48 meanwhile the anion VO2

� has been assigned to be
triplet in ground state. In VO2H cluster, the additional hydrogen
1s electron will change the spin multiplicity to singlet or triplet
in neutral ground state, and to doublet or quartet in anionic
ground state. Different spin states of the clusters were calcu-
lated, and the theoretical results are listed in Table 2. As shown
in Table 2, the present calculations predict a triplet state as the
global minimum of VO2H isomer A, while that of VO2H

� isomer
B has a doublet spin multiplicity, however only the EA predicted
from a triplet state of neutral and a quartet state of anionic
VO2H cluster for isomer A supports the experimentally assigned
that of VO2H

� discussed above.
The theoretical equilibrium geometries parameters of

isomer A are listed in Table 3. It is necessary to note that the
bond length of V–Oa, in which the oxygen atom is bonded to the
hydrogen atom, is longer than that of V–Ob, in which the oxygen
atom is on the other side of the cluster, by 0.2–0.3 �A for both
anionic and neutral VO2H cluster. That means the interaction
between O and H atommuchmore weakens the strength of V–O
bond. When electron was detached, H–O bond length is not
changed obviously, but bond angle q of OVO is changed in
different trend for B3LYP and BP86methods. In B3LYPmethod,
the q value is enlarged from 144.1� to 155.9�, while that is
decreased from 137.5� to 122.9� under BP86 theory. This should
be due to the different methods giving the different ground-
state electronic conguration.

With the aid of optimized ground-state geometries of the
neutral and anionic V2OH clusters, we can theoretically predict
the EA values of the V2OH

� 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 optimized geometries. Additionally, as
other investigations earlier, it is a challenge to precisely predict
the EA of VO2H since there are relatively large differences
between previous experiment and theory on VO and VO2 clus-
ters.47–50 It has been demonstrated and emphasized that the
energy levels of transition metal doped clusters are very sensi-
tive to the choice of the level of theory and basis set.51 Therefore,
apart from determining the ground state of VO2H

�, another
motivation of the present study is to explore the appropriate
edral angle 4 for isomer A of the neutral and anionic VO2H clusters

RV–Ob

a (�A) RH–Oa
(�A) qb (deg)

4

(deg)

1.657 0.956 144.1 0
1.611 0.955 155.9 0

1.654 0.968 137.5 0
1.605 0.968 122.9 0

is the oxygen atom on the other side. b Bond angle of OVO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The calculated vibrational frequencies of VO2H cluster in the
neutral ground electronic state

Method

Vibrational frequencies (cm�1)

n1 n2 n3 n4 n5 n6

B3LYP 80 417 440 690 1043 3940
BP86 183 270 496 717 1022 3771
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method and level that can better describe the electronic prop-
erties of hydride vanadium dioxide clusters. According to the
present calculations, the theoretical EA of VO2H

� cluster are
1.390 and 1.332 eV for B3LYP and BP86 methods, respectively,
which are listed in Table 3. The calculated EA values under two
methods are in good agreement with experimentally measure
data deviating by just 5% and 1% for that of VO2H

�, respec-
tively. This demonstrates that the level of theory and basis set
used here is appropriate to predict the electronic properties of
hydride vanadium dioxide clusters.

To get more insights in the molecular orbitals (MOs) and
bonding of the anionic VO2H

� cluster, we have calculated the
occupied valence Kohn–Sham MOs of the VO2H

0/�1 clusters. As
shown in Fig. 4, for both theoretical methods, there are 9
valence electronic MOs formed in the VO2H

� cluster, including
3 singly occupied MOs (HOMO–HOMO-2) on vanadium atom, 5
bonding orbitals (HOMO-3–HOMO-7) on V–O bond and one
bonding orbital (HOMO-8) of O–H bond. The only difference
between B3LYP and BP86 method is the energy order of 17a0

and 16a0. For B3LYP method, the single electron occupied
HOMO (17a0) is mainly 4s character on vanadium atom, this
orbital symmetry is very similar with the 10a1 orbital of the
VO2

�. Under BP86 method, the HOMO (16a0) is mainly 3dz2
character on vanadium atom, this orbital symmetry is similar
with the 4b1 orbital of the VO2

�.48,52 It means the singly occu-
pied orbital symmetries of anionic VO2H is very similar with
that of VO2

�. From the shapes of bonding orbitals on V–O, it
induces that the V–O bond is more ionic character since the
charge density is mainly distributed on the oxygen atoms. As
shown in B3LYP method, the extra electron was detached from
single occupied HOMO (17a0) of the anionic VO2H to form the
neutral cluster, supporting the experimentally observed b value
(1.63 � 0.10) and the triplet character of the ground state of
VO2H.
Fig. 4 The plots of select occupied valence Kohn–Sham molecular o
describing the bonding in the anionic and neutral VO2H species.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Vibration assignments

Assignments are made based on the measured peak position
and the calculated frequencies. The vibrational progressions in
Fig. 2 are characteristic of the electronically distinct photo-
detachment transition, with four active vibrational modes in
the neutral ground state of the cluster. As above calculation
results, the anionic and neutral VO2H clusters are planner and
bent asymmetrical structure, respectively. For neutral VO2H
cluster, there are six active vibrational modes: n1 OVO in-plane
molecular bending vibration, n2 OH out of plane bending
vibration, n3 OH in-plane bending vibration, n4 V–OH stretching
vibration, n5 V–O stretching vibration and n6 OH stretching
vibration. The n2 mode is inactive because both geometries of
anionic and neutral cluster in the ground electronic state are
planar. And the frequency of n6 is out of the photoelectron
detachment laser energy region. The calculated vibrational
frequencies of the neutral ground electronic state by B3LYP and
BP86 methods are listed in Table 4, respectively.

Peak X is assigned the vibrational origin of neutral ground
state. Furthermore, the EAs are calculated to be 1.33 and 1.39 eV
by the BP86 and B3LYP functional, respectively, in good agree-
ment with the eBE of peak X at 1.304 eV. The rst progression of
�100 cm�1 consist of peaks X1–X3. The calculated frequency of
the n1 bending mode in the neutral ground state is 80 cm�1, lies
within 20 cm�1 of this spacing (Table 1), so this set of peaks is
rbitals (MOs) calculated by B3LYP (top) and BP86 (bottom) methods,

RSC Adv., 2021, 11, 18729–18736 | 18733
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assigned to 10
n (n ¼ 1–3) progression. Offset by 460 cm�1 from

the peak X is the series of peaks X4 and X5. The calculated n3 OH
in-plane bending vibration frequency is 440 cm�1 for the
neutral ground state, so this second series of peaks is assigned
to the 10

n310 (n ¼ 0–1) progression. The third progression, which
is offset by 734 cm�1 from the vibrational origin, consist of
peaks X6–X8. The peaks spacing is about 60 cm�1. The calcu-
lated n4 V–OH stretching vibration frequency is 690 cm�1, so
this series of peaks is assigned to the 10

n410 (n ¼ 0–2) progres-
sion. The fourth progression, which consists of peaks X9–X11, is
offset by 1065 cm�1 from the vibrational origin band. This value
is in close agreement with the calculated frequency for n5 V–O
stretching vibration, which is 1043 cm�1, so this series of peaks
is assigned to the 10

n510 (n¼ 0–2) progression. The assigned EAs,
adiabatic term energies, and vibrational frequencies are
summarized in Table 1.
Fig. 5 Calculated FC intensities for the transitions from the anion groun
about 200 K, the dark yellow line is the simulated spectra curves. Panel
B3LYP method. Panel (b) is the simulated spectra using vibrational frequ

18734 | RSC Adv., 2021, 11, 18729–18736
Franck–Condon simulations

According to the B3LYP method the singly occupied HOMO
orbital is mainly 4s character on vanadium atom. Under BP86
method, the HOMO orbital is mainly 3dz2 character on vana-
dium atom. It means that the two methods give the different
electronic conguration for the VO2H

� ground state. It is diffi-
cult to conrm the electronic conguration by calculated EA
values, because those values obtained from two methods are all
close to the experimental value. Although the experimental
b value support the results of B3LYP, it is still not a sufficient
condition.

To aid in the assignment of the photodetachment transi-
tions, particularly the identication of the anion ground state,
FC simulations are calculated from the two quartet anion states
to the triplet neutral states. B3LYP and BP86 give different
geometry changes upon electron detachment, thus the calcu-
lated FC spectra should be discriminatory with the results from
either method. Both B3LYP and BP86 geometries, normal
d electronic states to the neutral ground electronic states of VO2H at
(a) is the simulated spectra using vibrational frequencies calculated by
encies calculated by BP86 method.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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modes, and vibrational frequencies are used for an internally
consistent set of FC simulations. FC simulations are generated
using the ezSpectrum program,53 which calculates FC intensi-
ties in the harmonic oscillator approximation but with full
Duschinsky mixing of the normal modes.54

The temperature in our molecular beam was estimated at
about 200 K by FC simulation. The spectra curves of calculated
FC intensities are displayed in Fig. 5, showing simulated
detachment spectra from the quartet anion state to the triplet
neutral state. All geometries, vibrational frequencies, and
normal mode coordinates are those calculated at both B3LYP/
LANL2TZ and BP86/LANL2TZ levels to make comparison. The
horizontal scale is internal energy within a given electronic
state, thus all vibrational origins are set to zero energy.

The FC proles support the choice of the electronic state
calculated by B3LYP method as the anion ground state. As
shown in the experimental spectrum, there are four series
vibrational progressions. The offsets from the original band are
105 cm�1, 460 cm�1, 734 cm�1 and 1065 cm�1, respectively.
Under the B3LYP level, the FC proles are in good agreement
with the characters in the experimental bands, and the
frequency lies within 30 cm�1 of the offset. The simulated four
vibrational progressions are offset by 81 cm�1, 440 cm�1,
690 cm�1 and 1043 cm�1, corresponding to the n1, n2, n3 and n4

active modes, respectively. In the spectrum, the experimental
10

n (n ¼ 1–3) progression peak in intensity n ¼ 1. The most
intense transition in the simulated band by B3LYP level is also
the 110 transition, while under BP86 method, this simulated
band is assigned at 130 transition, which is offset by 550 cm�1. In
the experimental result, the frequency of hot band X0 is less than
original band X by 137 cm�1, which is the frequency of n1 mode
in the anionic ground state. Thus, frequency of n1 mode in the
VO2H

� ground state is larger than in its corresponding neutral
ground state. The simulated frequencies of 101 and 110 are
135 cm�1 and 81 cm�1 under B3LYP level, respectively.
However, under BP86 level, these two values are 149 cm�1 and
183 cm�1, respectively. Obviously, the results given by B3LYP
method is agreement with that in experiment.

According to the FC simulated proles, we assigned the
electronic conguration of anion ground state by B3LYP
method. Henceforth refer to the single electron occupied
HOMO orbital of VO2H

� is mainly 4s character on vanadium
atom, which is similar with the 10a1 orbital of the VO2

�.

4. Conclusion

In conclusion, from the changes in mass spectrum when trace
ethanol was carried, we induced that the VO2

� combined very
easily with the hydrogen atom in the ethanol to form VO2H

�.
The photoelectron imaging spectrum of anionic VO2H cluster
was rstly reported at a photon energy of 1.52 eV (815 nm). The
observed PES possesses obvious vibrational structures, from
which the EA of VO2H was measured to be 1.304 � 0.030 eV and
VDE was 1.317 � 0.030 eV. The n1, n3, n4 and n5 vibrational
frequencies are also obtained for the ground state of neutral
VO2H. The calculated energetics, FC proles and observed PADs
(b value), vibrational peaks all suggest that the ground state of
© 2021 The Author(s). Published by the Royal Society of Chemistry
VO2H
� is X 4A00 with the highest single occupiedMO ismainly 4s

components rather than 3d component on vanadium atom.
Even relatively simple transition metal systems, such as neutral
and anion VO2H, can have several uncertain electronic cong-
urations, and disentangling them requires careful analysis by
different theoretical methods, FC simulation and combining
with the high-resolution experimental technique. Comparing
with the accomplished level for main group chemistry, the
theoretical methods of transition metal computational chem-
istry are still being developed. The electron VIM technique is
still useful to explore the HOMO shape and is aided to assign
the electronic conguration in this cluster system.
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