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Abstract

In this work, we have investigated the photoionisation of ethylene clusters in the energy range between 17 and 50 eV by
following the yield of C3H5

+, C4H7
+, and C4H8

+ product ions. The formation of these stable molecular ions, by conversion
into molecular bonds of the weak van der Waals bonds between the ethylene molecules, demonstrates that photoionisation
can provide a mechanism for the synthesis of complex molecules from simpler units. The possible role of the ionisation of
van der Waals clusters evaporated from dust grains as a complementary mechanism for the synthesis of complex organic
molecules in the interstellar medium is discussed. (Int J Mass Spectrom 220 (2002) 281–288)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The ionisation of ethylene clusters has been exten-
sively studied in the past. One motivation for such
studies concerns the possibility to form the loosely
bound intermediate complex C2H4

+·C2H4 of the ethy-
lene ion–molecule reaction[1]. The collision com-
plex cannot be stabilised in bimolecular reactions but
might be produced by photoionisation of the ethy-
lene dimer, thus, allowing a complementary way to
investigate the reactive process starting from the in-
termediate [C4H8

+]∗ instead of the initial reactants
C2H4

+ + C2H4.
Lee and co-workers[1] carried out the first in-

vestigation by using a hydrogen discharge lamp
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to photoionise ethylene clusters in the photon
energy range between 9 and 12 eV. Threshold mea-
surements allowed them to estimate the stabil-
ity of the ion–molecule collision complex to be
18.2 ± 0.5 kcal/mol. In addition to the (C2H4)2+

intermediate, the dissociation products C3H5
+ and

C4H7
+ were also observed and it was concluded

that the corresponding fragmentation processes occur
via prior isomerisation into the C4H8

+ butene ion.
The photoionisation of neutral ethylene dimers was
reinvestigated by Ng and co-workers[2,3]. They es-
timated the dissociation energy of (C2H4)2+ to be
15.8±1 kcal/mol. Baer and co-workers carried out the
most recent investigation, in a narrow photon energy
range around 10 eV, coupling a H2 discharge lamp to
a TOF mass spectrometer[4]. They concluded that
the photoionisation of the dimer produces a stable
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C4H8
+ species, though its structure is not known.

Above the dissociation limit, the dimer ion dissoci-
ates by first rearranging to the butene ion structure.
Finally, neutral trimers are ionised purely dissocia-
tively contributing to the C4H8

+ signal.
A common feature of all the experiments described

above is the attempt to infer the composition of the
neutral cluster beam by the analysis of mass spectra.
There is no doubt that this procedure introduces some
ambiguity, since significant fragmentation following
the ionisation process is the general rule. At present,
the only size-selected investigation of the ionisation
of the ethylene dimer has been performed by Buck
et al.[5]. Unfortunately, this experiment makes use of
electron beam ionisation and thus, the results are not
equivalent to those obtained in photoionisation mea-
surements.

The overall picture that emerges from previous work
indicates that as soon as the photon energy increases
above the dissociation limit (C2H4)2+ begins to dis-
sociate. This is consistent with recent calculations[6]
of the C4H8

+ potential energy surface. No data are
available for photon energies higher than 20 eV.

In this work, photoionisation efficiency (PIE) curves
for C2H4

+, C3H5
+, C4H7

+, and C4H8
+ ions have

been measured in the 17–50 eV range by using syn-
chrotron radiation from the Gas Phase Photoemission
Beam-line at Elettra, Trieste. Our experimental data
extend PIE spectra already available in the literature
to higher photon energies[2] and show the presence
of a significant and unexpected amount of C4H8

+ at
photon energies well above the ground state dissocia-
tion limit.

2. Experimental

The supersonic molecular beam apparatus for the
Gas Phase Beam-line at Elettra was specifically de-
signed for photoionisation experiments on atomic and
molecular clusters.

For the series of experiments presented in this paper
only a moderate resolving power was used (E/�E <

3000) and therefore, the monochromator was run in

the “energy scan” mode, scanning simultaneously
both the mirror and grating of the monochromator[7].
Photoionisation spectra were recorded by means of a
quadrupole mass spectrometer. The use of quadrupole
mass spectrometry for ionisation experiments on
supersonic molecular beams is well documented[8].

The original set up of the Gas Phase branch-line[9]
was modified to add differential pumping in order to
decouple the UHV environment of the beam-line from
the high vacuum of the experimental chamber. A brief
description of the modified Gas Phase branch-line and
of the Molecular Beam apparatus will is given below.

Clusters were produced by means of supersonic ex-
pansion of a 10% mixture of ethylene in argon through
a 50�m diameter nozzle. The molecular beam source
operated at room temperature and at a stagnation pres-
sure of about 1.5 bar. Under these conditions, pho-
toionisation of the cluster beams does not yield ion
products with masses higher than 56 amu (C4H8

+).

2.1. The molecular beam machine

The molecular beam machine consists of a single
vacuum chamber, which is divided into two indepen-
dently pumped sections, seeFig. 1. The source section
is pumped by a 2000 L/s turbomolecular pump, while
a 750 L/s turbomolecular pump evacuates the beam
section. Both are backed by two separate 50 m3/h
oil-free pumps. The skimmed-supersonic molecular
beam emerging from the source section proceeds
into the beam section, where it is crossed at 90◦ by
the synchrotron light beam for photoionisation. Ionic
products are collected inline with the molecular beam
direction by a set of optics, focused by an Einzel
lens and injected along the axis of a quadrupole mass
spectrometer for mass analysis and detection.

The supersonic expansion takes place in the source
section, which contains a continuous molecular beam
source mounted on an xyz translator in order to op-
timise the nozzle-skimmer distance (down to a min-
imum of ∼1 mm) and alignment. The source can be
cooled down to∼170 K using a liquid nitrogen cryo-
stat mounted on one side of the vacuum chamber and
connected to the nozzle by means of a copper cold
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Fig. 1. Schematic view of the supersonic molecular beam apparatus.

finger. The temperature may be increased using a con-
stantan heating wire wound around the nozzle. A ther-
mocouple is mounted on the nozzle tip for an accurate
monitor of the nozzle temperature.

A fixed skimmer (Beam Dynamics Inc. model 2,
∅ = 0.42 mm) for collimation of the supersonic ex-
pansion separates the source section from the beam
section. A mechanical chopper is mounted in the
beam path, a few centimetres away from the skimmer,
to modulate the molecular beam in order to allow
for subtraction of the background signal from that
of the molecular beam. The chopper is driven by a
high-vacuum compatible stepper motor (Model B14.1
with SMD1 driver from Arun Microelectronics Ltd.).
The interaction region between the molecular beam

and the synchrotron radiation is about 10 cm from the
skimmer and its size is determined by the dimensions
of the molecular and light beams (the latter being
3 mm× 1 mm). The ion optics for extraction of the
products are mounted on-axis along the molecular
flight direction. An electrostatic Einzel lens focuses
the ion beam into the quadrupole. An additional elec-
tron impact ion source is used to check the system
efficiency when synchrotron radiation is not avail-
able. After mass selection, ions are deflected at 90◦

by an electrostatic system, and are then detected by a
Channeltron electron multiplier. The data acquisition
is fully managed by a personal computer running a
LabVIEW (National Instruments©) control program,
which also drives the stepper motor motion.
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2.2. The modified Gas Phase branch-line

The original optical design of the Gas Phase
branch-line was intended for experiments with a full
field imaging microscope[9] and it consisted of two
optical elements.

A toroidal mirror could be inserted into a vacuum
chamber placed after the exit slit of the monochroma-
tor and was used to deflect the light 12◦ to the left of
the Gas Phase main line light path. The deflection mir-
ror manipulator provides linear movements in a hori-
zontal direction to insert or remove the mirror, as well
as pitch, roll and yaw movements for alignment of the
light onto a second toroidal mirror that was attached
to the microscope vacuum chamber and was used to
steer the light onto the sample. Between the two mir-
rors, at the focus of the deflection mirror, a diagnostic
chamber was equipped with a fluorescent screen and a
calibrated photodiode type AXUV-100, which could
be inserted to measure the photon flux.

In the current set-up for gas phase experiments only
the first toroidal deflection mirror has been retained,
providing a horizontal magnification of 3.4 and a ver-
tical magnification of 4.4. At the diagnostic chamber,
3 m away from the toroidal mirror, we obtain an el-
liptical spot of approximately 0.4 and 1.5 mm FWHM
in the vertical and horizontal directions, respectively.
Experimental chambers can be placed after the diag-
nostic chamber that has also been provided with a
280 L/s turbomolecular pump in order to constitute the
first of four differential pumping sections between the
end-station and the deflection mirror chamber. The re-
maining sections are obtained by a sequence of three
diaphragms plus ion pump units, mounted on a single
frame having the light path at its centre and approxi-
mately 50 cm in length along the beam path. The di-
aphragms are rectangular, 2 mm× 4 mm (vertical×
horizontal) and are 6 mm thick, and the ion pumps are
40 L/s Varian Starcell pumps. The complete differen-
tial pumping system can maintain a pressure ratio up
to 20,000 between the experimental chamber and the
deflection chamber. The highest pressure allowed in
the beam diagnostic chamber is set at 1× 10−4 mbar
by the beam-line vacuum control system. If higher

pressure drops are needed between the experimental
end station and the deflection chamber additional di-
aphragms can be mounted at the CF-35 exit port of
the diagnostic chamber.

A windowless photoionisation gas cell can be
placed after the experimental station. It is equipped
with a photodiode and allows calibration of the photon
energy scale and measurement of the incident flux.

3. Results and discussion

All the photoionisation efficiency curves have been
normalised to the incident photon flux. Higher order
contributions to the signal have also been taken into
account as these are a notorious problem in the low
energy range (17–40 eV) for grazing incidence wide
energy range beam-lines. For the normalisation of the
data we used the first order light photocurrent yield of
the photodiode. In the 17–22 eV photon energy range,
it was obtained by filtering through He at 10 mbar to
remove higher order photons. Solid states transmis-
sion filters (Mg and Al) were used for more energetic
photons.

The C2H4
+ PIE spectrum shown inFig. 2 extends

previous results[2,10] to higher energies. Thanks
to the higher spectral resolution, our spectra show a
richer structure. The precise assignment of the new
peaks would require the scan in energy to be made
using smaller steps, and has been postponed to future
investigations.

In addition to the monomer signal, we detect many
different ion clusters. As already discussed, a general
difficulty arises when trying to relate the observed ion
distribution to the neutral cluster composition of the
molecular beam. A common approach to the problem
is to control the neutral cluster population by varying
the expansion conditions. As an example, the expan-
sion setting that maximises the production of ethylene
dimers is established by searching for those conditions
for which ions containing more than four carbon atoms
are not observed[1,2]. Unfortunately this procedure
does not exclude the possibility that these ions may
result from fragmentation of large neutral clusters.
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Fig. 2. Photoionisation efficiency (PIE) curve for C2H4
+ in the 17–50 eV energy range.

In a different approach, Baer and co-workers[4]
studied the shape of TOF peaks as a function of ex-
pansion conditions. The underlying idea is that ions
resulting from a fragmentation process should have
broader TOF peaks due to the kinetic energy release
following the fragmentation. In fact, they observed that
the C4H8

+ peak is composed of two contributions: a
narrow peak attributed to the direct ionisation of the
dimer, and a broader peak that results from the disso-
ciative ionisation of larger clusters. Thus, the partial
suppression of the last contribution is supposed to co-
incide with an increase of the relative population of
dimers in the neutral beam.

As already mentioned, the only mass selected
ethylene cluster experiment to have been reported
was performed by Buck et al.[5]. They used a He
beam to scatter specific cluster sizes at different an-
gles. Mass spectra obtained using 100 eV electrons
were collected for different (C2H4)n neutral clusters
(2 < n < 7). A striking difference from photoionisa-
tion experiments is the lack of the dimer ion signal,
since the latter results only from the ionisation of
larger clusters. In addition, the dissociative ionisation
of trimers by electrons does not produce ions larger
than C4H8

+. It is worth pointing out that results from

electron bombardment ionisation are not directly
comparable with photoionisation data, however, we
tentatively argue that the fragmentation observed
when using electrons establishes the upper limit for
the photoionisation process at the same energy. Fol-
lowing this hypothesis, the absence of ionic products
heavier than C4H8

+ implies that our cluster beam is
mainly composed of neutral dimers, possibly some
trimers, and a much lower amount of heavier clusters.

The photoionisation efficiency curves for C3H5
+,

C4H7
+, and C4H8

+ are shown inFig. 3. In agreement
with previous investigations, the most abundant frag-
ment is C3H5

+. This fact has been rationalised on the
basis of a statistical model that predicts the relative
abundance of the products as a function of both energy
and angular momentum in the dissociating C4H8

+

ion [11]. The main difference between our results
and those of previous experiments is that we detect
a relatively large amount of C4H8

+ ions, although at
different photon energies. Baer and co-workers[4]
in a threshold photoelectron–photoion coincidence
(TPEPICO) experiment have clearly shown that for
photon energies above the first dissociation limit
(about 10.30 eV), ions produced by ionisation of neu-
tral dimers rearrange into the butene ion structure and
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Fig. 3. Photoionisation efficiency (PIE) curves for C3H5
+, C4H7

+, and C4H8
+ in the 17–50 eV energy range.

then dissociate. The PIE study reported here is not
an energy-selected experiment, and therefore C4H8

+

ions could be formed at high photon energies because
of the photoelectron can carry kinetic energy. How-
ever, previous non-energy-selected works[2] have
shown that by increasing the photon energies above
the dissociation limit of C4H8

+ ion, the production of
this specie decreases dramatically with respect to that
of the fragments. Thus, our observation of C4H8

+ at
much higher photon energies (between 17 and 50 eV)
may be explained by assuming that either (a) C4H8

+

originates by dissociative photoionisation of trimers
and heavier clusters, or (b) in our energy range C4H8

+

ions are produced in excited states, not accessible at
lower photon energies, whose lifetimes are longer
than the time scale of our experiment. Hypothesis (a)
seems to be contrary to the observation that mass 56,
i.e. C4H8

+, is the largest mass detected in our ex-
periment. If the neutral beam were to contain a large
fraction of trimers and higher order clusters, then
additional peaks corresponding to mass 69 (C5H9

+)
and larger ones should also be detected[3,4]. On the

other hand, we have no independent measurements to
support hypothesis (b). Further experiments, making
use of the Buck’s method for mass selecting neutral
clusters, would be necessary to clarify this possibility.

Concerning the energy dependence of the PIE spec-
tra, it is interesting to note the overall resemblance be-
tween the C4H8

+, C4H7
+, C3H5

+ PIE curves and that
for C2H4

+. Deeper understanding of the possible cor-
respondences needs better energy resolution and the
complete assignment of the structures observed in the
monomer spectrum.

The photoionisation of dimers has often been inter-
preted in terms of ionisation of a single ethylene unit
within the cluster. In this picture, C3H5

+ and C4H7
+

are formed in the intra-cluster ion–molecule reaction
C2H4

+ + C2H4 [1,5], while C4H8
+ should not be ob-

served[5]. However, the above mechanism is legiti-
mate only if the interaction in the ionic dimer does
not differ too much from that in the neutral dimer.
This assumption is generally dubious because of the
bond stabilisation due to the charge transfer coupling
[12], which causes the mixing of the electronic states
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of the separate reactants. Furthermore, the notion that
the ionisation of a van der Waals dimer involves only
one unit is true only for a direct process, but not for
autoionisation of excited states, since in this case the
ejected electron experiences the whole dimer field. A
more realistic picture should consider the formation of
an excited [C4H8

+]∗ species, whose later fate depends
on the details of the potential energy surface[4,6]: the
nascent [C4H8

+]∗ ion may either be stabilised into a
bound state or dissociate into the observed fragments
[13].

The formation of C4H8
+ following the photoion-

isation of (C2H4)2 is particularly interesting as it is
a further demonstration of the possibility to synthe-
sise complex molecules starting from simple building
blocks within van der Waals clusters. This process
has been previously explained in terms of intraclus-
ter reactions[13–16]. Whatever the explanation, van
der Waals clusters can be transformed into stable
molecules either via intracluster reactions initiated
by ionisation or by the ionisation process itself. This
should be true whenever the ion is a chemically bound
species: beside the system discussed in the present
work, another clear example is the production of N4

+

starting from (N2)2, in which the neutral dimer is
weakly bonded but the bonding in the ion is about
1 eV [17]. In contrast to any naive expectations, ener-
getic radiation instead of breaking the weak van der
Waals bond may convert it into a strong one, a point
whose practical importance might have been under-
estimated. This process is possibly relevant to the
synthesis of complex organic molecules detected in
interstellar space. Mechanisms based on gas-phase re-
actions explain the production of simple compounds,
but cannot describe how complex chemicals are
formed in significant amounts. It is now believed that
molecules could form on dust grains in the interstellar
clouds. Recently, Bernstein et al.[18] have demon-
strated that the UV photolysis of polycyclic aromatic
hydrocarbons (PAHs) in water ice produces complex
molecules, such as alcohols, quinones and ethers.
Thus, they suggested that the photochemistry of PAHs
in the condensed phase might be an important source
of interstellar organic molecules. One problem is that

the newly formed molecules would remain trapped
on the ice, and the energy necessary to desorb the
molecules would also be strong enough to break them.
We tentatively suggest here a complementary mech-
anism that overcomes the problem. Solid materials
irradiated by energetic radiation or particles liberate
molecules and atoms, either ionised or neutral, and
also large amounts of droplets and clusters[19,20].
Thus, it is imaginable that clusters desorbed from the
grain surface might be present in the gas phase and
that their successive ionisation results in the produc-
tion of complex molecules as discussed in this paper.
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