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a b s t r a c t

V+(C2H4)n were produced in a supersonic molecular beam by laser vaporization and were mass-analyzed
with a reflectron time-of-flight mass spectrometer. V+(C2H4)n (n = 1–3) are predominant mass peaks in
the mass spectrum. These species were mass-selected and photodissociated with 1064, 532 and 355 nm
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photons. Dissociation occurs by elimination of neutral ethene molecules. The fragment ion yields were
studied as a function of photon fluxes in order to give insight into the dissociation mechanisms. The
geometric structures, bond dissociation energies and ground electronic state of V+(C2H4)n (n = 1–4) were
investigated using density functional theory (DFT). It has been confirmed that the most stable structures
of V+(C2H4)n are all in quintet states.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Reactions of transition-metal cations with small hydrocar-
on molecules in the gas phase have attracted extensive interest
rom the past decades. The studies of metal ion–hydrocarbon
omplexes have important applications in heterogeneous and
omogeneous catalysis, microelectronics, organometallic chem-

stry, and biochemistry [1]. Consequently, great effort has been
ade to investigate reaction mechanisms of metal ions with hydro-

arbon and the structures of metal–hydrocarbon complexes. A
arge number of experimental investigations had been reported
2–13]. Metz group reported photodissociation spectroscopy of
u+(C2H4) and Pt+(C2H4) using a dual time-of-flight photofrag-
ent spectrometer, and the upper limits to metal–ligand bond

trengths of 28,800 cm−1 (3.57 eV) and 19,200 cm−1 (2.38 eV) were
btained [7]. Armentrout and coworkers measured the first and
econd adiabatic metal ion ethene bond energies of M+(C2H4)n

M = Ti–Cu, n = 1–2) by guided ion beam mass spectrometry [8].
he structures and bond dissociation energies of Al+(C2H4) were
etermined by Schwarz and coworkers using Fourier-transform

on cyclotron resonance mass spectrometry and ab initio calcu-

ations [9]. Kleiber and coworkers conducted photodissociation
pectroscopy of Mg+(C2H4), Ca+(C2H4), Al+(C2H4) and Zn+(C2H4)
n a reflectron time-of-flight mass spectrometer [10–13].

∗ Corresponding author. Tel.: +86 10 62635054; fax: +86 10 62563167.
E-mail address: zhengwj@iccas.ac.cn (W. Zheng).

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.06.018
Theoretical results were also reported to explain the exper-
iments. Bauschlicher and coworkers studied the bonding of the
first-row transition-metal positive ions and Nb2+ cation to ethene
molecule early in 1990s [14,15]. They found that V+ bounds
to ethene molecule electrostatically. Castleman group proposed
the mechanisms of the reactions between (V2O5)n

+ (n = 1–2) and
ethene based on density functional theory calculations [16]. Sicilia
and coworkers studied the adsorption properties of ethene, vinyl,
acetic acid, and acetate species on the PdAu alloys surface by the
density functional cluster model approach in 2009 [17]. In the same
year, by means of density functional theory, Honkala group inves-
tigated the reaction pathways for different processes involving the
hydrogenation–dehydrogenation, decomposition and isomeriza-
tion of organic moieties derived from ethene on Pd (1 1 1) and (2 1 1)
surfaces [18]. Although many studies of reactions of metal cations
with ethene have been performed [7–14,19–25], to our knowledge,
there is no report on laser-induced dissociation of V+(C2H4)n com-
plexes.

Ethene is an important intermediate in many industrially rel-
evant processes such as in acetylene hydrogenation and the
synthesis of vinyl acetate [26]. The interaction of ethene with
metal can lead to different reactions like ethene hydrogena-
tion, decomposition, and polymerization [18]. The selectivity
for each of these reactions depends on the nature of the

metals and the experimental conditions [26–31]. Photodisso-
ciation experiments studies of gas-phase complex ions can
provide information on stability, possible structures, interaction
bonding and dissociation mechanisms [32]. In this work, we
combine laser photodissociation experiments with DFT calcula-

dx.doi.org/10.1016/j.ijms.2010.06.018
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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J. Yuan et al. / International Journal of Ma

t
V

2

2

t
d
i
d
o
a
m
o
v
p
T
f
w

Fig. 1. Mass spectrum distribution of vanadium–ethene cationic complexes.

ions to investigate the metal–ligand bonding and structures of
+(C2H4)n.

. Experimental and computational methods

.1. Experimental

The experiments were conducted on a home-built reflectron
ime-of-flight mass spectrometer (RTOF-MS), which has been
escribed elsewhere [33]. Briefly, the V+ cations were produced

n the source chamber by ablating a rotating, translating vana-
ium disc target (13 mm diameter) using the second harmonic
utput (532 nm, 10 mJ/pulse, 5 pulse/s) of a Nd:YAG laser, while
rgon gas with 3–5 atm backing pressure seeded with ethene
olecules (∼4%) was allowed to expand through a pulsed valve

ver the vanadium target (General Valve Series 9). The produced

anadium–ethene complexes were then extracted in the direction
erpendicular to the cluster beam, and accelerated to about 1.2 keV.
wo sets of deflectors and einzel electrostatic lenses were used to
ocus the ion beam on the first space focus point, and then the ions
ere reflected by a reflector and detected by a dual microchannel

Fig. 2. Photodissociation mass spectra of V+(C2H4)n (n = 1–3) at 1064, 532, an
ss Spectrometry 295 (2010) 36–42 37

plate (MCP) detector installed at the second space focus region. The
output signals were amplified and digitized with a 100 MHz digi-
tal oscilloscope card, and were collected in a laboratory computer
with the home-made software. The timing of the laser vaporiza-
tion, electric pulse acceleration and recording were adjusted with
a digital delay pulse generator (DG645, Stanford Research System,
Inc.).

For the photodissociation experiments, a deceleration–
dissociation–reacceleration method was used. The cluster ions to
be photodissociated were mass-selected with a mass gate installed
at the first space focus region of RTOF-MS and were decelerated
with deceleration plates located right after the mass gate, then they
were photodissociated with another Nd:YAG laser (Continuum
Surelite II-10) at 1064, 532, and 355 nm, respectively. The fragment
ions and surviving parent ions were all reaccelerated toward the
reflectron plates, and then reflected to the dual MCP (microchannel
plate) detector. It should be noticed that the photodissociation
region selected is near the first space focus region, different from
the photodissociation region at the turning point of RTOF-MS which
has been used extensively by some experimental groups [34–37].
Our experimental results show that it is more convenient to cross
the laser beam with the ion beam near the first space focus region,
and the mass peaks of the fragment ions and parent ion were
well separated with this deceleration–dissociation–reacceleration
method.

2.2. Computational methods

All calculations were performed with the density functional the-
ory (DFT) using the hybrid B3LYP [38–41] exchange-correlation
functional as implemented in the software package Gaussian03
[42]. 6-311 + G (d, p) basis set was employed for all calculations.
As we know that DFT has been widely utilized and is an efficient
tool for studying molecular properties, especially compounds of
transition metal [43]. It has also been shown that DFT calculations
can provide a relatively precise description of the metal–ligand
interactions [44]. In this work, configurations of V+(C2H4)n (n = 1–4)
and their corresponding neutral complexes were fully optimized.
Vibration frequencies were calculated for all the optimized geo-

metric structures in order to verify that they were real local
minima on the potential surfaces. The calculations confirmed that
those optimized geometry structures all have no imaginary fre-
quency. The zero-point vibrational energy corrections and basis
set superposition error are included for the total energies. The

d 355 nm with laser fluences of 152, 84 and 27 mJ/pulse, respectively.
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ig. 3. Intensities of fragment ions from V+(C2H4)n (n = 1–3) as a function of photon
uxes (1064, 532 and 355 nm, respectively).

ond dissociation energies of V+(C2H4)n (n = 1–4) were also calcu-
ated.

. Results and discussion

.1. Experimental

Fig. 1 shows a typical mass spectrum of vanadium–ethene
omplexes obtained in our experiments. The predominant mass
eaks on the spectrum are V+(C2H4)n (n = 1–3). The mass peaks of
+(C2H4)nAr (n = 1–2) can be also observed. In addition, the appear-
nce of the mass peaks of V+(H2O)m and V+(C2H4)n(H2O)m are due
o the existence of the trace amounts of water molecules in the car-
ier gas. Interestingly, although the mass peaks of V+(C2H4)1–3 are
uite intense, very little signal is observed at m/z = 163, indicating
hat V+(C2H4)4, if it was produced at all, was produced much less
fficiently than V+(C2H4)1–3.

In order to understand the interaction of vanadium cation with
thene and the relative stabilities of the V+(C2H4)n (n = 1–3), the
hotodissociation experiments were performed using 1064, 532
nd 355 nm photons. The photofragment mass spectra of V+(C2H4)n

n = 1–3) are shown in Fig. 2. The unique dissociation channel is
oss of intact ethene molecules. The intensities of fragment ions

ere studied as a function of photon fluxes at the wavelengths of
064, 532 and 355 nm. Fig. 3 illustrates the relationship between
he intensities of fragment ions and photon fluxes at the three
avelengths.

.1.1. Photodissociation of V+(C2H4)

From Fig. 2, we can know that the unique photodissociation

hannel of V+(C2H4) is losing one neutral ethene molecule leaving
+ for three wavelengths, 1064, 532 and 355 nm. Fig. 3(A) indi-
ates that the relationship between photon fluxes and the intensity
f fragment ion yields is nearly linear for the three wavelengths.
ss Spectrometry 295 (2010) 36–42

Therefore, it is likely that single photon absorption occurs for
V+(C2H4) photodissociation at 1064, 532 and 355 nm wavelengths.
From Fig. 3(A), it can be seen that the photodissociation efficiency
is the highest at 532 nm and the lowest at 1064 nm.

3.1.2. Photodissociation of V+(C2H4)2
No fragment was observed for V+(C2H4)2 photodissociation

at the wavelength 1064 nm (Fig. 2(A)). For the dissociation of
V+(C2H4)2 with 532 nm photons, Fig. 2(B) indicates that the inten-
sity of fragment ion V+(C2H4) is higher than that of fragment ion V+,
and also Fig. 3(B) shows that the efficiency of generating V+(C2H4)
is higher than that of generating V+ at all different photon fluxes
of 532 nm. The above facts mean that generating V+(C2H4) is the
main dissociation path of V+(C2H4)2, and the fragment V+ might
be generated by losing one ethene molecules from the fragment
V+(C2H4) or losing two ethene molecules from parent V+(C2H4)2
with low photodissociation efficiencies. Fig. 3(B) also depicts that
the curve of fragment V+(C2H4) first goes up and then goes down,
indicating the survival of fragment ion V+(C2H4) decreases. This fea-
ture of the curve of fragment V+(C2H4) is perhaps due to secondary
dissociation of fragment V+(C2H4) at 532 nm. Fig. 2(C) shows the
photodissociation spectra of V+(C2H4)n (n = 1–3) at 355 nm. For the
parent V+(C2H4)2, the fragment ion V+ peak is much higher than the
fragment V+(C2H4), and Fig. 3(C) shows that the efficiency of gen-
erating V+ is higher than that of generating V+(C2H4) at all different
photon fluxes of 355 nm. So we can confirm that the dissociations
of V+(C2H4)2 at 355 nm is mainly losing two ethene molecules from
parent V+(C2H4)2.

3.1.3. Photodissociation of V+(C2H4)3
For the photodissociation of V+(C2H4)3, only a very weak

V+(C2H4)2 fragment ion peak is observed at 1064 nm (Fig. 2(A)).
For 532 and 355 nm wavelengths, Fig. 2(B) and (C) shows that
the three fragments, V+(C2H4)2, V+(C2H4) and V+ from parent
V+(C2H4)3 were observed. Figs. 2(B) and 3(C) show that V+ is the
main photofragment of V+(C2H4)3 dissociated at high 532 nm pho-
ton flux. With 355 nm photons (Fig. 2(C)), it is obvious that the
parent V+(C2H4)3 has the tendency losing two ethene molecules to
produce fragment V+(C2H4).

3.2. Theoretical results and discussion

3.2.1. Structures of V+(C2H4)n(n = 1–4)
Vanadium–ethene complexes V+(C2H4)n (n = 1–4) of singlet,

triplet and quintet states were calculated using DFT method. The
neutral species of V(C2H4)n (n = 1–4) of doublet, quartet and sex-
tet states were also calculated. The atomic spectra data of NIST
Database [45] show that the 3F and 1G states of V+ are 1.10 and
2.22 eV above the ground state (5D). Our calculation found that the
triplet (3F) and singlet (1G) states of V+ are 1.04 and 2.53 eV higher
than the quintet (5D) in energy, in agreement with the experimen-
tal data. The atomic spectra data [45] also show that the sextet (6D)
and doublet (2G) states of V atom are 0.28 and 1.36 eV higher than
the ground state (4F). Our calculations found the doublet state of V
atom is 1.73 eV above the ground state (4F), which is also consistent
with the experimental data. Our calculations found the sextet state
is 0.18 eV lower than the quartet state, which is off from the exper-
imental data by 0.46 eV. Over all, the theoretical calculations are
consistent with the atomic spectra data except the relative energy
of V atom sextet state to the ground state has been underestimated
by 0.46 eV. The calculated ionization energy of vanadium atom and

ethene molecule are 6.53 and 10.50 eV, respectively, in agreement
with the experimental values (6.75 and 10.51 eV) in the literature
[46,47], indicating that the theoretical method used here is appro-
priate for vanadium–ethene systems. Many initial structures for
both neutral and cationic V+(C2H4)n (n = 1–4) were considered, and
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Fig. 4. Structures of stable isomers and their relative ener

he optimized structures for V+(C2H4)n ions (n = 1–4) at the sta-
ionary points with the multiplicities of singlet, triplet and quintet
tates are depicted in Fig. 4. From the relative energy, it is clear
hat all the most stable structures of V+(C2H4)n (n = 1–4) have mul-
iplicity of 5. Our calculations also found that the neutral V(C2H4)n

n = 1–4) in quartet state are generally more stable than those in
oublet and sextet states except that the sextet state of V(C2H4)2

s 0.09 eV lower than the quartet state.
Our calculations demonstrate that the most stable structure of

+(C2H4) is a 5A1 �-complex with C2v symmetry (Fig. 4) in agree-
ent with the calculations of Bauschlicher and coworkers [15]. In

ddition, we also found that V+(C2H4) has a 5A2 state, almost iden-
ical in energy and structure to the 5A1 state. In both states, the
anadium cation approaches to the �-bond along the line per-
endicular to the C C bond. The C C bond (1.36 Å) in V+(C2H4) is
longated by 0.03 Å relative to the free ethene molecule (1.33 Å)
alculated at the same level. The V–C distance (2.37 Å) is much
onger than V–C bond distance (1.85 Å) in VC2

+ cluster calculated
t the same level by Redondo et al. [48]. Consequently, we infer

hat V+ and ethene forms complexes by electrostatic interaction as
uggested by Bauschlicher and coworkers [15], and V+(C2H4) has
T-shaped structure as defined by Stringer et al. [7], in which the
atom interacts with the C C bond but does not form bonds with

he carbon atoms. The dihedral angle of HCCH changes from 180◦ to
f V+(C2H4)n (n = 1–4) in quintet, triplet and singlet states.

167.6◦, which implies that the hydrogen atoms bend away from the
ethene molecule plane to reduce the repulsion from the vanadium
cation. Different from the structures of quintet state, the singlet and
triplet states of V+(C2H4) have metallocyclopropane type structure
[7], in which V–C bonds are formed. The C-C distances in singlet
and triplet states of V+(C2H4) are 1.43 and 1.41 Å, longer than the
C C bond. The structure of neutral V(C2H4) also has C2v symmetry,
however, its C C bond (1.46 Å) is much longer than that of the free
ethene molecule (1.33 Å) and the V–C bond (2.06 Å) is shorter than
that (2.37 Å) of cationic V+(C2H4). It indicates that the �-bond of
ethene is considerably weakened in the neutral V(C2H4) structure
[7]. The configuration of neutral V(C2H4) is a metallocyclopropane
type structure in which the V atom form V–C bonds with the two
carbon atoms to make a three-membered ring. The hydrogen atoms
deviate much from the ethene molecule plane, so carbon atom is
nearly sp3 hybridization in neutral V(C2H4).

There are two isomers (2A and 2B) for V+(C2H4)2 cation in
quintet state. Isomer 2A has D2d symmetry with the two ethene
molecules positioned on opposite sides of V+ and aligned perpen-

dicular to one another (Fig. 4). The two C C bond lengths of isomer
2A are both 1.35 Å and its four V–C bonds are all 2.40 Å. Isomer
2B has C2v symmetry and is only 0.02 eV higher than isomer 2A
in energy. The two C C bond lengths of isomer 2B are both 1.36 Å
and its four V–C bond are all 2.38 Å. Similarly, the neutral V(C2H4)2
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Fig. 5. Frontier molecular orbitals of the most stable isomers

as two isomers corresponding to those of the cation. One has two
thene molecules positioned on opposite sides of V atom and the
wo C C bonds are perpendicular. The point group of the structure
s C2v with 4B1 ground electronic state, different from its cationic
tructure with D2d point group. In this neutral structure, the two

C bond lengths are different in which one is 1.46 Å, the other is
.37 Å. The distances between the two ethene molecules and V atom
re also different. The V–C distances for the first ethene molecule
re 2.08 Å, and those for the second ethene molecule are 2.33 Å.
he second isomer of neutral V(C2H4)2 has C2v symmetry with 4B2
tate. Its energy is 0.25 eV higher than the first isomer. In this neu-
ral isomer, the V-ethene distances for the two ethene molecules
re the same and the two C C bonds are both 1.42 Å. The V–C dis-
ances for the two carbon atoms in the same ethene molecule are
ot even, one is 2.18 Å while the other is 2.22 Å. From structural
nalysis above, we confirm that the C C bonds of ethene molecule
n V(C2H4)2 neutral are longer than those in V+(C2H4)2 cation. The
–C bonds in V(C2H4)2 neutral are shorter than those in the cationic
+(C2H4)2.

V+(C2H4)3 has two isomers (3A and 3B) in quintet state in which
he three ethene molecules are all �-bonded to the vanadium
ation. The most stable isomer 3A has Cs symmetry with two equiv-
lent ethene molecules and one different ethene molecule. Isomer
B has C1 symmetry and is only 0.02 eV higher than isomer 3A in
nergy. For the neutral V(C2H4)3, it also has two isomers. Similarly,
he C C bonds in V+(C2H4)3 are shorter than those in V(C2H4)3
eutral, and the V–C bonds in V+(C2H4)3 are longer than those in
eutral V(C2H4)3.

V+(C2H4)4 also has two isomers (4A and 4C) in quintet state
ith all four ethene molecules �-bonded to the V+. Isomer 4A has

1 symmetry with 5A electronic ground state. In this isomer, three
thene molecules surround V+ and the last one is on the top of V+.
somer 4C has C2 symmetry with 0.11 eV higher in energy than that
f isomer 4A. We also calculated the structures of V(C2H4)4 neutral
n quartet state, and the results show that the C C bonds in the
eutral are slightly longer than those in V+(C2H4)4, and the V–C
onds in the neutral are shorter than those in V+(C2H4)4 cation,
hich is in agreement with the results of V(C2H4)1–3.

.2.2. The Frontier molecular orbital analysis of vanadium cation

ith ethene molecules

The bonding in V+(C2H4)n can be described by the
ewar–Chatt–Duncanson model [49,50]. The model presents

hat the ligand donates electrons from its HOMO (the � orbital
f C2H4) to the �-type metal orbital, and then the metal back-
(C2H4)n (n = 1–2) (the structures in the left column in Fig. 4).

donates electrons from d orbital into anti-bonding ligand orbital
(the �* orbital of C2H4). Fig. 5 depicts the frontier molecular
orbitals of the most stable isomers of V+(C2H4)n (n = 1–2), in which
HOMO, HOMO-1, HOMO-2 and HOMO-3 are singly occupied while
HOMO-4 and HOMO-5 are fully occupied. To aid the discussion
conveniently, we define that the origin of the coordinate is at
the position of V atom, the x axis is parallel to one of the C C
bond, and the z axis aligns with V atom and the center of C C
bond. For V+(C2H4), HOMO is associated with the hybridization
of 3dx2−y2 , 4s and 3dz2 orbitals of vanadium atom. HOMO-1 is
from the interaction between �* anti-bonding orbital of ethene
molecule and 3dxz orbital of vanadium cation. The electron shifts
from the 3d orbital of vanadium to the �* orbital of ethene
molecule, thus, weakens the C C bond slightly. HOMO-2 is mainly
contributed by the 3dxy orbital of vanadium cation. HOMO-3 is
mainly contributed by 3dyz orbital of vanadium cation. HOMO-4
is mainly composed by the �-orbital of ethene molecule with
small amount of contribution from the 4 s, 3pz and 3dz2 orbitals of
vanadium cation. For V+(C2H4)2, HOMO is due to the hybridization
of 4s and 3dz

2 orbitals of vanadium atom. HOMO-1 is from the
interaction between �* anti-orbital of ethene molecule and the
3dyz orbital of vanadium cation. HOMO-2 is from the interaction
between �* anti-orbital of ethene molecule and 3dxz orbital of
vanadium cation. HOMO-3 is mainly contributed by 3dx2−y2 orbital
of vanadium cation. HOMO-4 is mainly composed by the �-orbital
of ethene molecule with small amount of contribution from the
3pz and 3dx2−y2 orbitals of vanadium cation. For both V+(C2H4) and
V+(C2H4)2, HOMO-5 is mainly localized on the ethene molecules.
The �-bond of ethene is only slightly perturbed by the V cation.

3.2.3. Bond dissociation energies
In order to investigate the relative stability and photodissoci-

ation mechanisms of V+(C2H4)n (n = 1–3), we calculated the Bond
Dissociation Energies (BDEs) of V+(C2H4)n based on the energies of
the most stable structures in quintet state. The results are summa-
rized in Table 1. The BDEs are defined by Eq. (1).

BDE = −(EV+(C2H4)n
− EV+(C2H4)n−1

− EC2H4 ) (1)

3.2.3.1. V+(C2H4). The BDE of V+(C2H4) was calculated to be

1.09 eV by Bauschlicher and coworkers [15]. The theoretical BDE
of V+(C2H4) in this work is 1.34 eV, which is 0.25 eV higher than
Bauschlicher’s value and 0.05 eV higher than the experimental
value (1.29 ± 0.08 eV) measured by Armentrout and coworkers
with guided ion beam mass spectrometry [8], indicating reasonable
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Table 1
Bond dissociation energies (BDEs) and electronic states for the most stable structures
of V+(C2H4)n (n = 1–4).

State Theoretical BDE (eV) Experimental BDEa (eV)

V+(C2H4) 5A1 1.34 (−0.06)b 1.29 ± 0.08
V+(C2H4)2

5B2 1.12 (−0.08) 1.32 ± 0.14
V+(C2H4)3

5A′ 0.76 (−0.08)
V+(C2H4)4

5A 0.51 (−0.08)
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a Ref. [8].
b The theoretical BDEs shown here are after ZPE and BSSE corrections. The num-

ers in parentheses show the differences between corrected and uncorrected values.

greement between them. Based on the value measured by Armen-
rout et al., a single photon (1.16 eV) of 1064 nm should not be able
o induce the dissociation of V+(C2H4), which is inconsistent with
ur experimental results (Figs. 2(A) and 3(A)). The possible expla-
ation for the above contradiction is that the experimental value
easured by Armentrout et al. is only 0.13 eV higher than the pho-

on energy of 1064 nm, the dissociation of V+(C2H4) with 1064 nm
ould be happened by the help of the internal energies of V+(C2H4)
eft due to V+(C2H4) being not cooled enough in the experiments.

e estimated the average internal energy of V+(C2H4) at 298 K to
e ∼0.19 eV, which is large enough to contribute to the dissocia-
ion of V+(C2H4) at 1064 nm. On the other hand, absorption of two
064 nm photons might also cause dissociation of V+(C2H4). That
ossibility cannot be completely ruled out. The energies of 532 nm
nd 355 nm photons are 2.33 and 3.50 eV, respectively, much higher
han the BDE of V+(C2H4), therefore, the single photon of 532 nm or
55 nm is able to peel off an intact ethene molecule from V+(C2H4)
omplex, as shown in Fig. 3(A).

.2.3.2. V+(C2H4)2. The calculated BDE for V+(C2H4)2 is 1.12 eV,
ower than the photon energy 1.16 eV of 1064 nm. But our
xperimental results (Fig. 2(A)) show that V+(C2H4)2 cannot be
issociated by 1064 nm photon. Armentrout and coworkers [8]
ound that the BDE of V+(C2H4)2 is higher than that of V+(C2H4).
ur experimental results are somewhat in agreement with their
xperimental results. It seems the bond dissociation energy of
+(C2H4)2 from our theoretical calculations is inconsistent with
rmentrout’s guided ion beam experiments and our own dissoci-
tion experiments at 1064 nm. The non-dissociation of V+(C2H4)2
y 1064 nm photon might be explained by the following. Firstly,
ultiple-photon dissociation of V+(C2H4)2 at 1064 nm did not hap-

en. Secondly, it might be possible that V+(C2H4)2 cannot absorb
064 nm photons. Thirdly, it is possible that the BDE of V+(C2H4)2

s actually higher than the photon energy 1064 nm photons as sug-
ested by reference [8]. Based on our experiments (Fig. 2(B)), a
32 nm photon (2.33 eV) is able to eliminate one or two ethene
olecules from V+(C2H4)2. The theoretical results show that the

hoton energy of 355 nm is enough for eliminating two ethene
olecules from V+(C2H4)2. It is in agreement with the experiments

Fig. 2(C)).

.2.3.3. V+(C2H4)3. The calculated BDE of V+(C2H4)3 is about

.76 eV. The single photon energy of 1064 nm is only enough to
liminate one ethene molecule from V+(C2H4)3, which is compat-
ble with the experiments. The single photon energy of 532 nm
2.33 eV) is enough to eliminate one or two ethene molecules from
+(C2H4)3. Fig. 3(C) shows when the photon flux is lower than
× 1017 photons/cm2, V+(C2H4)2 is the main product. As the pho-

on flux increases, V+(C2H4) becomes the main product and the

mount of fragment V+ also increases. This feature of the curve
ndicates that some of the V+(C2H4) fragments are secondary prod-
ct from fragment V+(C2H4)2. The single 532 nm photon is not
ble to eliminate three ethene molecules from V+(C2H4)3. Thus,
he fragment V+ might be resulted from two photon absorption of

[

[

[

ss Spectrometry 295 (2010) 36–42 41

V+(C2H4)3 in two steps: (1) V+(C2H4)3 absorbs the first photon to
produce V+(C2H4) (major) or V+(C2H4)2 (minor); (2) V+(C2H4) or
V+(C2H4)2 absorbs the second photon to generated V+ cation. With
the energy of 355 nm photon (3.50 eV), the fragments V+(C2H4)2,
V+(C2H4) and V+ are all possible to be generated from parent
V+(C2H4)3 by single photon absorption, in good agreement with
the experiment results (Fig. 2(C)).

3.2.3.4. V+(C2H4)4. Our calculations show that the BDE of
V+(C2H4)4 is about 0.51 eV, which means V+(C2H4)4 is stable.
However, our calculations also demonstrate that the �G at 298 K
for the reaction V+(C2H4)3 + C2H4 → V+(C2H4)4 is only −0.01 eV.
More likely, the temperature in our source is over 298 K due to the
imperfect cooling by molecule beam expansion. That can probably
explain the low production or non-observation of V+(C2H4)4 in our
experiments.

4. Conclusions

The complexes obtained from the reactions of vanadium cation
with ethene molecules were studied in the gas phase using mass
spectrometry, laser photodissociation experiments and DFT calcu-
lations. V+(C2H4)n (n = 1–3) are the predominant ion peaks in the
mass spectrum. The photodissociation of parent V+(C2H4) at 1064,
532 and 355 nm wavelengths produced only V+ fragment. For the
photodissociation of V+(C2H4)2, two fragments V+ and V+(C2H4)
were generated at 532 and 355 nm; yet, no fragment is observed
at 1064 nm. The single 1064 nm photon is able to remove one
ethene molecule from parent ion V+(C2H4)3. The main dissocia-
tion channel of parent V+(C2H4)3 at 532 nm is eliminating two
ethene molecules by the first photon followed by desorption of the
last ethene molecule by the second photon. For the dissociation of
V+(C2H4)3 at 355 nm, eliminating two ethene molecules is the main
channel. Our calculations show that V+(C2H4)n (n = 1–4) are more
stable in quintet state than in singlet and triplet states. Analysis of
frontier molecular orbital and BDEs shows that vanadium cation
can interact with ethene molecules through electrostatic interac-
tion, and the �-bonds of the ethene molecules are only slightly
perturbed.
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