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a  b  s  t  r  a  c  t

Al+(C2H4)n clusters  were  produced  by  reaction  of  laser  ablated  Al+ ions  with  ethene molecules  seeded
in  a  pulsed  molecular  beam,  and  detected  with  a reflectron  time-of-flight  mass  spectrometer.  The  mass
spectrum  shows  that  an  Al+ ion  can combine  with  at least  eight  ethene  molecules  to form  Al+(C2H4)n

clusters.  Based  on the photodissociation  experiments  and ab  initio  calculations,  we suggest  that  an  Al+
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ion  can  strongly  interact  with  one  or  two  C atoms  to  form  Al–C  �-bonds  and  trigger  addition  reaction  of
ethene  molecules  to develop  chain  or ring  structures.  The  interaction  of  Al+ ion  with  ethene  is  different
from  the  interaction  between  V+ ion and  ethene  molecules  reported  previously  (Int.  J. Mass.  Spectrom.
295 (2010)  36),  wherein  a V+ ion  can only  combine  with  no more  than  four  ethene  molecules  at  similar
experimental  conditions  and  causes  little  change  in  the  structures  of  the  ethene  molecules.
luminum-ethene

. Introduction

Investigations of metal ion-hydrocarbon molecular interactions
ave received extensive interests because such interactions play

mportant roles in various chemical fields, such as catalysis, lubri-
ation, hydrogen storage, oxidation and reduction reactions [1–3].
n catalysis processes, bond-formation and bond-breaking usually
ccur at unsaturated metal centers. Electron-deficient aluminum
omplexes are important for the study of homogeneous and hetero-
eneous catalysis [4,5], for example, the zeolites doped by Al have
een widely used as heterogeneous catalysts due to its high activ-

ty, good selectivity and chemical stability [6–8]. Since aluminum
nd its compounds are important in heterogeneous catalysts, the
nteraction between aluminum ion and organic molecules received
pecial attention. Kasai and McLeod examined the electron spin
esonance (ESR) spectra of aluminum–ethene complex in rare-gas
neon and argon) matrices. They found that the Al(C2H4) complex
ad a �-coordinated structure with a dative bond of donation from

 half-full p orbital of Al into the antibonding � orbital of ethene
9,10]. Mitchell et al. determined the binding energy between Al
tom and ethene to be greater than 0.69 eV by observation of
he temperature dependence of the equilibrium constant of the
l–ethene reaction in the range of 288–333 K [11]. Manceron and

ndrews investigated the infrared spectrum of Al(C2H4) in solid
rgon and ethene. They showed that Al atom formed a symmet-
ic �-complex with ethene by interacting with equivalent CH2

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

387-3806/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2011.08.026
© 2011 Elsevier B.V. All rights reserved.

groups [12]. Chenier et al. [13] detected the formation of alumio-
cyclopentane in the reaction of Al atom with ethene molecules at
low temperature by ESR method. Schwarz and co-workers deter-
mined the structure and bond dissociation energy of Al–ethene
using FTICR mass spectroscopy and ab initio calculations [14].
Kleiber and co-workers studied photodissociation spectroscopy of
Mg+(C2H4) and Al+(C2H4) [1,15].  They also reported photodissocia-
tion spectroscopy studies of weakly bound Al+–alkene bimolecular
complexes (ethene, propene, and 1-butene) in the 216–320 nm
range [16]. The geometric structure and electronic property of
Al(C2H4) were also investigated using different theoretical meth-
ods by several theoreticians [17–20].

In the past, the investigations of aluminum with ethene
molecules were mainly focused on Al–C2H4 complex with a sin-
gle ethene molecule except that Al(C2H4)2 was studied by Chenier
et al. [13]. To our knowledge, there is no investigation on the
cationic Al+(C2H4)2–6 clusters. In this work, we studied the inter-
action between Al+ ion and ethene molecules using mass-selected
photodissociation of Al+(C2H4)n clusters combining with ab initio
calculations.

2. Experimental and computational methods

2.1. Experimental method

The experiments were conducted on a home-built reflectron

time-of-flight mass spectrometer, which has been described in
detail elsewhere [21]. Aluminum–ethene clusters were generated
in a laser vaporization source, where a rotating and translating alu-
minum disc target was ablated by the second harmonic of a Nd:YAG

dx.doi.org/10.1016/j.ijms.2011.08.026
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:zhengwj@iccas.ac.cn
dx.doi.org/10.1016/j.ijms.2011.08.026
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aser (532 nm,  2.331 eV/pulse, Continuum Surelite II-10) to pro-
uce Al+ ions, then the Al+ ions reacted with the ethene molecules
eeded in argon carrier gas (∼4% ethene) expanding into the laser
aporization source through a pulsed valve (General Valve Series 9)
t 3–5 atm backing pressure. The formed aluminum–ethene clus-
ers were then mass-analyzed with the reflectron time-of-flight

ass spectrometer. The Al+(C2H4)n (n = 1–6) cluster ions were each
ass-selected, decelerated and then photodissociated with a sec-

nd Nd:YAG laser at 1064, 532, 355 and 266 nm wavelengths,
espectively. The fragment and parent ions were detected by the
CP (microchannel plate) detector of the mass spectrometer. The

on signals were amplified with a broadband amplifier and recorded
ith a 100 MHz  digital oscilloscope card, then collected in a labo-

atory computer with a home-made software.

.2. Computational method

The theoretical calculations of Al+(C2H4)n (n = 1–3) clusters were
erformed with MP2  method [22] and using 6-311+G(d,p) basis sets

mplemented in the Gaussian03 software package [23]. The vibra-
ional frequency calculations were performed at the optimized
eometric structures of each isomer and transition state. It has been
onfirmed that all isomers have no imaginary frequencies, and each
ransition state has the unique imaginary frequency. The internal
eaction coordinate (IRC) calculations were performed to ensure
hat each transition state indeed corresponds to the two expected
somers. The zero-point vibrational energy corrections and basis
et superposition error were considered for all the energies. The
alculations were performed for the temperature of 298 K.

. Results and discussion

.1. Experimental

.1.1. Mass spectrum
A typical mass spectrum of Al+(C2H4)n clusters is presented in

ig. 1. The prominent mass peaks are Al+(C2H4)n (n = 0–8) clus-
ers. The mass signals of Al+(C2H4)9 and Al+(C2H4)10 clusters can
lso be detected although they are not shown in the spectrum.
rom Fig. 1, we can see that the ion intensities decrease gradu-
lly from Al+(C2H4) to Al+(C2H4)3, then increase from Al+(C2H4)3 to
l+(C2H4)4, after that the ion intensities decrease from Al+(C2H4)4

o Al+(C2H4)8 again. In addition to the Al+(C2H4)n series, the low
ntensity mass peaks of Al+(H2O)(C2H4)n (n = 0–8) clusters were
lso detected due to the existence of trace amounts of water
olecules in the carrier gas.

.1.2. Photodissociation mass spectra
To explore the structures and relative stabilities of these clus-

ers, each of the Al+(C2H4)n (n = 1–6) clusters was  mass-selected
nd photodissociated using 1064, 532, 355 and 266 nm photons.
e detected different fragment ions from the dissociations of

l+(C2H4)n (n = 1–6) clusters at 266 nm wavelength. Fig. 2 depicts
he photodissociation mass spectra of Al+(C2H4)n (n = 1–6) at
66 nm wavelength. At 355 nm,  we detected the fragment ions
rom the dissociation of Al+(C2H4)2 and Al+(C2H4)3 clusters only,
o fragment ion was detected for Al+(C2H4) and Al+(C2H4)4–6. The
issociation mass spectra of Al+(C2H4)2 and Al+(C2H4)3 clusters at
55 nm wavelength are similar to those at 266 nm. Therefore, they
re not shown here (see the Supplementary data). At 1064 and
32 nm wavelengths, no fragment ion was detected for any of the

l+(C2H4)n (n = 1–6) clusters.

As shown in Fig. 2, for the dissociation of Al+(C2H4), the Al+

ragment ion is produced through elimination of one neutral
thene molecule. The Al+ ion is the only fragment ion from the
ss Spectrometry 309 (2012) 49– 55

dissociation of Al+(C2H4)2, indicating two  ethene molecules are
eliminated together.

Dissociation of Al+(C2H4)3 produces Al+(C2H4) and Al+ fragment
ions. It is possible that the Al+(C2H4) fragment ion is generated via
loss of two neutral ethene molecules from parent ion Al+(C2H4)3
since no Al+(C2H4)2 fragment ion appears. It is possible that the
Al+ fragment ion is mainly produced directly from parent ion
Al+(C2H4)3 by eliminating three ethene molecules instead of from
the secondary dissociation of the Al+(C2H4) fragment ion since the
dissociation efficiency of Al+(C2H4) fragment ion is very low.

Al+(C2H4)2, Al+(C2H4) and Al+ fragment ions were detected
from dissociation of parent Al+(C2H4)4 cluster. Among them, the
Al+(C2H4)2 is generated via loss of two  ethene molecules from the
parent Al+(C2H4)4 cluster. Al+(C2H4) fragment ion is probably pro-
duced through the loss of three ethene molecules from the parent
Al+(C2H4)4 cluster, rather than from the secondary dissociation of
Al+(C2H4)2 since dissociation of parent Al+(C2H4)2 cluster does not
produce Al+(C2H4) fragment ion as shown in the previous para-
graph. The Al+ fragment ion is mainly from the loss of four ethene
molecules from parent Al+(C2H4)4 cluster or from the secondary
dissociation of Al+(C2H4)2 or Al+(C2H4) fragment ions.

Regarding the photodissociation of Al+(C2H4)5 cluster,
Al+(C2H4)3, Al+(C2H4)2, Al+(C2H4) and Al+ fragment ions were
detected. The Al+(C2H4)3 fragment ion is generated through loss
of two  ethene molecules from parent Al+(C2H4)5 cluster. The
Al+(C2H4)2 fragment ion is probably produced through eliminating
three ethene molecules from parent Al+(C2H4)5 rather than from
the secondary dissociation of Al+(C2H4)3 fragment since dissocia-
tion of Al+(C2H4)3 can not produce Al+(C2H4)2 fragment ion. It is
likely that the Al+(C2H4) is generated from parent Al+(C2H4)5 or
the secondary dissociation of Al+(C2H4)3. Similarly, Al+ is gener-
ated through dissociation of parent Al+(C2H4)5 or the secondary
dissociation from Al+(C2H4)3, Al+(C2H4)2 or Al+(C2H4) fragment
ions.

For the dissociation of Al+(C2H4)6 at 266 nm, four fragments
ions, Al+(C2H4)3, Al+(C2H4)2, Al+(C2H4) and Al+ were observed.
The Al+(C2H4)3 fragment ion is produced through loss of three
ethene molecules from parent Al+(C2H4)6. Since photodissocia-
tion of Al+(C2H4)3 can not produce Al+(C2H4)2 fragment ion, the
Al+(C2H4)2 fragment ion here is probably generated via loss of four
ethene molecules from parent Al+(C2H4)6. The Al+(C2H4) fragment
ion may be generated via loss of five ethene molecules from the par-
ent Al+(C2H4)6 or the secondary dissociation of the Al+(C2H4)3. And
the Al+ fragment ion is from dissociation of parent Al+(C2H4)6 or
the secondary dissociation of the fragment Al+(C2H4)3, Al+(C2H4)2
or Al+(C2H4).

3.2. Calculation section

It has been known that an aluminum atom or cation can inter-
act with an ethene molecule to form a �-bonded complex. Alikhani
et al. found that Al–C2H4 is a �-bonded complex with C2v symme-
try and 2B2 ground state [19]. Krylov and Cristian also investigated
the 2B2 ground state and 11 lowest vertical excited states of the
Al–C2H4 �-bonded complex with CCSD method [20]. Bowers and
co-workers determined Al+–C2H4 to be a C2v symmetry structure
with the Al+ bonded side-on to C2H4 [24]. In this work, we  calcu-
lated various structures of Al+(C2H4)n (n = 1–3) clusters in order to
understand the interaction of Al+ ion with ethene molecules. The
optimized structures of Al+(C2H4)n (n = 1–3) clusters are shown in
Fig. 3.
3.2.1. Al+(C2H4)
We  found three stable isomers for Al+(C2H4) cluster (Fig. 3).

Isomer 1A is the most stable structure for Al+(C2H4). It has C2v sym-
metry with 1A1 ground electronic state. In isomer 1A, the Al+ ion
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Fig. 2. Photodissociation mass spectra

ttaches to the slightly disturbed ethene molecule. According to the
P2  calculation, isomer 1A has a T-shaped [25] equilibrium con-

guration with the dihedral angle ∠HCCH of 175◦. The T-shaped
tructure here is defined as that Al+ ion interacts with ethene in
he perpendicular direction of the ethene molecular plane and the

nteraction between them is weak and the ethene molecule is only
isturbed slightly. The C C bond of isomer 1A is 1.35 Å, elongated
y only 0.01 Å in comparison with that of free ethene molecule from
xperiment measurement [2] and the same theoretical calculation
+(C2H4)n (n = 1–6) clusters at 266 nm.

(1.34 Å) level. The Al–C distance is about 2.92 Å, considerably larger
than the Al–C distance of 1.96 Å in trimethylaluminum in the gas
phase [26], indicating that no Al–C covalent bond is formed in iso-
mer  1A. Our calculations of isomer 1A are in agreement with those
conducted by Kemper et al. [24]. The second isomer (1B) is a Cs
structure in 1A′ electronic state. Isomer 1B is less stable than isomer
1A by about 0.75 eV. The most interesting thing is that isomer 1B is
an inserted [H–Al–CH CH2]+ species with the Al+ ion inserted into
the C–H bond of the ethene molecule. The Al–C and Al–H distances
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Fig. 3. Optimized structures of Al+(C2H4)

re 1.89 and 1.55 Å respectively. The calculations (Fig. 4) show that
he energy barrier from isomer 1A to isomer 1B is about 3.61 eV,
ndicating that it is difficult to form isomer 1B. The third isomer
1C) of Al+(C2H4) has C2v symmetry with 1A1 electronic state. It
s 2.66 eV higher than isomer 1A in energy. The two  Al–C bonds
n isomer 1C are both 1.89 Å. The C–C bond (1.76 Å) is longer than
onventional C–C single bond (1.54 Å), indicating the C C bond of
he ethene molecule is broken due to the interaction with Al+ ion.

In our experiment, the dissociation of Al+(C2H4) produces Al+

ragment ion by loss of an ethene molecule. Thus, the existence of
somer 1B and 1C in our experiments can be ruled out. Isomer 1A is

he most probable isomer detected in our experiments. The bond
issociation energy (BDE) of isomer 1A is calculated to be 0.49 eV,
hich is defined as BDE = −(EAl

+
(C2H4) − EAl

+ − EC2H4). It is close to
he value (0.59 eV) obtained by Schwarz and co-workers using ab
 1–3) clusters and their relative energies.

initio methods [14] and is 0.17 eV lower than the experiment value
of 0.66 eV measured by Bowers and co-workers [24]. Although the
BDE of Al+(C2H4) (1A) is much lower than the photon energies
of 1064, 532 and 355 nm,  interestingly, no fragment of Al+(C2H4)
was detected in the photodissociation experiments at these wave-
lengths. This can probably be explained by the low absorption
cross-section at these wavelengths. As it has been shown by atomic
spectral data, the first electronic excited state of Al+ is 4.64 eV
higher than its ground state [27]. It is expected that the first elec-
tronic excited state of Al+(C2H4) is similar to that of Al+ since ethene
can be consider as an unpolarized solvent molecule with little effect

on the electronic state of Al+ ion. In addition, ethene also has very
high excited electronic state since it is a closed-shell molecule.
Therefore, the Al+(C2H4) cluster probably does not absorb 1064,
532, and 355 nm photons. Al+(C2H4) is able to be dissociated at
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Fig. 4. The energy profile of isomer 1A, 1B

66 nm because the photon energy of 266 nm is very close to the
ransition energy from the ground state of Al+ ion to its first excited
tate.

.2.2. Al+(C2H4)2
From relative energies in Fig. 3, we can see that isomer 2A and

B are the most stable structures of Al+(C2H4)2. They are nearly
egenerate in energy with isomer 2B higher than isomer 2A by
nly 0.01 eV. In isomers 2A and 2B, the two ethene molecules form

 methyl cyclopropane which has weak interaction with the Al+ ion.
somer 2C is calculated to be 0.19 eV higher in energy than isomer
A. It is an inserted structure with two ethene molecules bound
ogether and the Al+ ion inserted into one C–H bond, in which one
f the two C C bonds has become a C–C single bond. Isomer 2D
s a non-planar five-member ring containing two Al–C �-bonds,
imilar to the neutral aluminocyclopentane found by Chenier and
o-workers using electron spin resonance at 77 K [13]. The Al–C
ond length of isomer 2D is ∼1.93 Å, which is also similar to the
l–C bond of trimethylaluminum (∼1.96 Å) in the gas phase [26].

n isomer 2E, the two ethene molecules form a cyclobutane and
he Al+ ion interacts with the cyclobutane through one edge of the
yclobutane ring. Isomer 2E is 0.32 eV higher in energy than the
ost stable isomer of Al+(C2H4)2. In isomer 2F and isomer 2G, the
l+ and three C atoms form a aluminocyclobutane and a methyl
ttaches to one of the C atoms of the aluminocyclobutane, locating
t the para- or ortho-positions of the Al+. Isomer 2H is a structure
ith two intact ethene molecules adsorbed by the Al+ ion to form

 weakly bound five-member ring. The initial structures that Al+

on binds to the C C bonds of two ethene molecules in a � fashion
ith double bond parallel or perpendicular to each other were also

onsidered, but they were optimized to isomer 2H. In isomer 2D and
H, the two ethene molecules attach to the same side of Al+ ion,
wing to steric constraints imposed by electrons of the outmost
s orbital of Al+ ion. A similar effect happened in Mg+(ligands)n

nd Si+(CO2)n clusters was also observed by other groups [28–33].
somer 2I is an inserted structure, in which the Al+ ion inserts into
ne ethene molecule and the other ethene molecule is bound to the
l+ ion of the [H–Al–CH CH2]+ subunit. In isomer 2J, the Al+ ion
nteracts with the first ethene molecule, and this ethene molecule
nteracts with the other ethene molecule.

Although the ten isomers of Al+(C2H4)2 mentioned above are
ll stable, which of them were produced in our experiments?
heir transition state for Al+(C2H4) cluster.

Fig. 5 depicts the energy profile of the reactants (Al+ and two
ethene molecules), eight isomers of Al+(C2H4)2 and their transition
states. It shows that there might be three possible reaction
pathways for the formation of Al+(C2H4)2 isomers. Pathway (1):
Al+(C2H4) + C2H4 → 2H → 2D; Pathway (2): Al+(C2H4) + C2H4 →
2J → 2E; Pathway (3): Al+(C2H4) + C2H4 → 2H → 2I → 2C → 2B → 2G.
Isomer 2J is less stable than isomer 2H by 0.31 eV, which means
the formation of isomer 2J is less possible. In addition, the energy
barrier from isomer 2J to isomer 2E is quite large (1.36 eV), higher
than the energy barrier of 0.15 eV from isomer 2H to 2D.  That
means the formation of isomer 2E is not possible. The energy bar-
rier from isomer 2H to 2D is only 0.15 eV while that from isomer
2H to 2I is about 2.61 eV, which is much higher. Thus, Pathway (3)
is also prohibited. Moreover, isomer 2D is more stable than isomer
2I by 0.59 eV. Overall, we found that Pathway (1), the pathway
for the formation of isomer 2D, is the most probable pathway.
Although isomer 2A, 2B, and 2C are lower in energy than isomer
2D, the energy barriers for their formation are much higher as can
be seen in Pathway (3). The existence of isomer 2A, 2B, and 2C can
be excluded from the experiment. Therefore, isomer 2D probably
is the species generated in our source. This is consistent with the
experimental results that two ethene molecules are eliminated for
dissociation of Al+(C2H4)2 cluster.

3.2.3. Al+(C2H4)3
In Fig. 3, the lowest-energy structure is isomer 3A with the

Al+ ion interacting with a chair-like cyclohexane. The second sta-
ble structure is isomer 3B, a seven-member ring including an Al+

ion and three ethene molecules coupled together, which is 0.29 eV
higher in energy than 3A. The Al–C and C–C bond distances of
isomer 3B are 1.94 Å, 1.55–1.56 Å. Isomer 3C has the Al+ ion inter-
acting with a boat-like cyclohexane. It is less stable than isomer
3A by 0.34 eV. Again, isomer 3A, 3B and 3C follows the binding
pattern as same as isomers 2D and 2H of Al+(C2H4)2 where all lig-
ands are located on the same side of the Al+ ion. Isomer 3E, 3F
and 3G are methyl aluminohexane in which there are two Al–C
covalent bonds. Isomers 3D and 3H have chain structures with the
Al+ ion inserting into the carbon chains. Isomer 3I may  originate

from isomer 2D adsorbing one more ethene molecule. It is 0.9 eV
higher in energy than isomer 3A. Isomer 3K is a structure with the
Al+ ion inserting into one C–H bond of propylene and adsorbing a
cyclopropane. Isomer 3J, 3L, 3M,  3N, 3O, 3P, 3Q and 3R may  evolve
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Fig. 5. The energy profile of eight isomers 

rom isomer 2C, 2F, 2A, 2G, 2B, 2E, 2H and 2I, respectively, by
dsorbing an additional ethene molecule. Since isomer 2C, 2F, 2A,
G, 2B, 2E, 2H and 2I do not exist in our experiment, we  suggest
hat isomers 3J and 3L–R of Al+(C2H4)3 probably do not exist in our
xperiment either. Based on the dissociation patterns of Al+(C2H4)3,
.e., two or three ethene molecules eliminated from Al+(C2H4)3
Fig. 2), we suggest that isomers 3A, 3B and 3C are present in
ur experiments. However, the existence of isomer 3D–3I in the
xperiment cannot be ruled out.

Based on the isomers of Al+(C2H4)2–3 (2D, 3B) found in our
xperiments, we suggest that Al+ and ethene molecules can form
lumino-cycloalkane compounds. Regarding the Al-inserted struc-
ures [H–Al–C2H3(C2H4)n]+ (1B, 2C, 2I, 3J and 3R), our calculations
how that the large barrier from isomer 1A to 1B (Fig. 4) prevents
he formation of the inserted isomer 1B, the inserted [H–Al–C2H3]+

ore. Thus, the formation of inserted structures such as 1B, 2C, 2I,
J and 3R in the experiment is not possible, although those isomers
re found to be stationary points in the potential energy surfaces.
he difficulties for the formation of inserted structures found by
heoretical calculations are consistent with our experiments since
he photodissociation mass spectra of Al+(C2H4)n (n = 1–6) clusters

rovide no evidences for the existence of the [H–Al–C2H3]+(C2H4)n

n = 1–5) isomers. The non-detection of inserted structure for
l+(C2H4)n clusters is somewhat similar to the case of Al+(CH4)n

hat the inserted structures of [H–Al–CH3]+(CH4)n (n = 1–5)
eir transition states for Al+(C2H4)2 cluster.

are not detectable as shown by Bieske and co-workers using
infrared photodissociation experiments and ab initio calculations
[29].

It would be interesting to compare the Al+(C2H4)n clusters with
the V+(C2H4)n clusters that we investigated before [34]. By com-
paring the mass spectra of Al+(C2H4)n with that of V+(C2H4)n,
we found that an Al+ ion can form Al+(C2H4)n clusters with
more than eight ethene molecules while a V+ ion can form
V+(C2H4)n clusters with no more than four ethene molecules
[34]. Considering the photodissociation channels of Al+(C2H4)n

(n = 1–3) and V+(C2H4)n (n = 1–3), we  found that the dissocia-
tion channels of Al+(C2H4)n (n = 2–3) are different from those
of V+(C2H4)n (n = 2–3), although the dissociation channels of
Al+(C2H4) and V+(C2H4) are similar. For V+(C2H4)2, there are
two dissociation channels: (1) V+(C2H4)2 → V+(C2H4) + C2H4, (2)
V+(C2H4)2 → V+ + 2C2H4; while for Al+(C2H4)2, only one dissoci-
ation channel: Al+(C2H4)2 → Al+ + 2C2H4, was observed. For the
dissociation of V+(C2H4)3, we observed three fragment ions,
V+(C2H4)2, V+(C2H4) and V+; while only two  fragment ions,
Al+(C2H4) and Al+, were observed for the dissociation of Al+(C2H4)3.
The facts indicate that the interaction between Al+ and ethene

is different from that between V+ and ethene. As is shown by
our calculations, in the structures of Al+(C2H4)2–3, the Al+ can
strongly interact with one or two C atoms to form Al–C �-
bonds and cause addition reaction between the ethene molecules.
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hus, the ethene molecules can form chain or ring structures.
he chain and ring structures can be extended with addition of
ther ethene molecules. These are very similar to the uncatalyzed
ationic cyclization reaction of (C2H4)2–5

+ clusters reported by Lyk-
ey et al. [35]. In V+(C2H4)2–3, the interaction between V+ and the
thene molecules is quite weak, the interaction between the ethene
olecules is also weak, and the C C bond in the ethene molecules

emain almost intact. The addition of more ethene molecules to
+(C2H4)3 is inhibited by the steric effects.

. Conclusions

Al+(C2H4)n clusters were produced in a supersonic molecular
eam by laser vaporization and studied with laser photodissocia-
ion and ab initio calculations. For the dissociation of Al+(C2H4)2–5,
he largest fragment ions were generated by loss of two ethene

olecules. For the dissociation of Al+(C2H4)6, the largest fragment
on was generated by loss of three ethene molecules. The disso-
iation of Al+(C2H4)n (n = 1–6) clusters can eliminate all ethene
olecules to generate Al+ fragment ion. Based on the photodis-

ociation experiments and ab initio calculations, we would like
o propose that: (1) Al–C �-bonds can be formed in Al+(C2H4)n

n > 1) clusters; (2) the strong interaction between Al+ and ethene
olecules can weaken the C C bond significantly, thus, trigger

ddition reaction of ethene molecules to form chain or ring struc-
ures, such as aluminocyclopentane and aluminocycloheptane. In
ddition, formation of Al–C �-bonds may  explain why an Al+ ion
an combine with at least eight ethene molecules. However, these
onclusions still need to be proved by further experimental and
heoretical work.
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