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Abstract. We have investigated photon stimulated ion desorption from C2H4 physisorbed on
highly oriented pyrolytic graphite using VUV synchrotron radiation in the energy range 13–
40 eV. In contrast with gas phase photodissociation measurements, only H+ ions are detected.
This result is attributed to the image potential barrier to desorption from the surface and the
unequal distribution of kinetic energy amongst the molecular photofragments. The yield of
desorbed H+ ions shows a threshold at 20.5 eV and a resonance at 24 eV and appears to be
enhanced in the monolayer regime. This behaviour differs significantly from that of the gas
phase, and is attributed to selective quenching of excited molecular electronic states on the
surface and to chemical reactions between specific molecular dissociated fragments and the
substrate.

The study of ethylene adsorption on solid surfaces is of particular interest because of
the importance of hydrocarbon adsorption in various heterogeneously catalysed chemical
processes [1–3].

In the last few years an increasing number of studies aimed at understanding the
photochemistry of adsorbed molecules have been reported, most recently in the VUV region
of the spectrum where completely new behaviour has been observed [4–8]. These studies
have set out to investigate the mechanisms occurring when small, e.g. diatomic, molecules
are adsorbed on surfaces. The work presented in this letter is the first investigation of VUV
photodissociation of a polyatomic molecule, ethylene physisorbed on graphite.

The mechanisms that can occur in surface photochemical processes can be divided
into ‘direct’ and ‘indirect’ processes. In the former, the photon reacts directly with the
molecule. In an indirect process, typically driven by photoelectrons, the photons can either
be absorbed by the substrate or in the molecular film itself. In both cases electrons are
produced, which can react with the adsorbed molecules. The specific mechanisms leading
to ion desorption are threefold: dipolar dissociation, dissociative ionization and dissociative
attachment [4, 9, 10]. In the case of the C2H4 molecule, the probability of direct dipolar
dissociation and consequent production of negative ions is quite small in comparison with
the other mechanisms [11]. As such, the direct photoion yield is dominated by dissociative
ionization which only produces positively charged photofragments.
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Figure 1. The normalized H+ ion yield
recorded as a function of the photon energy
for different coverages of C2H4–graphite: 2,
4, 6, 8 and 15 L.
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In the gas phase, several different positive ion photofragments are observed from C2H4

[11–13]. The predominant ions are C2H+
4 , C2H+

3 and C2H+
2 . The threshold energies for the

production of these ions are 10, 13.3 and 13.1 eV, respectively. The other ions observed,
in order of decreasing intensity, are C2H+, CH+

2 , H+, CH+, CH+
3 , C+

2 , C+ and H+
2 [12].

Figure 2. The photodissociation yield of H+ ions from gas phase C2H4 measured as a function
of the photon energy.

Figure 3. The coverage dependence of the C2H4–graphite H+ signal, taken at a photon energy
of 24 eV.

Neither photon nor electron stimulated studies of physisorbed C2H4 have previously
been reported.

In this paper, we will describe a PSD study of C2H4 physisorbed on graphite. During
these experiments, the only photofragment observed was H+. This selectivity is interpreted
in terms of the image potential barrier to ion desorption and the distribution of kinetic energy
amongst the molecular photofragments. The formation of this ion occurs via dissociative
ionization. The cross-section differs significantly from that of the free molecule, and appears
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to be enhanced in the monolayer regime: this is attributed to selective quenching of excited
molecular electronic states on the surface and to chemical reactions between molecular
photofragments and the substrate.

The measurements were performed at beam line 3.1 of the Daresbury Synchrotron
Radiation Source. The experimental details are described elsewhere [14]. The incident
photon beam impinged on the surface at an angle of 45◦ to the normal. The highly oriented
pyrolytic graphite (HOPG) sample was cleaved in air prior to insertion in the vacuum system
and was cleanedin situ by electron bombardment heating to 820 K. The sample was cooled
to ∼40 K using a liquid helium cryostat. The ions emitted from the sample were detected
using a pulse counting quadrupole mass spectrometer (Hiden Analytical Ltd). Corrections
for the background signal due to stray electrons was made by subtracting the signal detected
at mass 2. During the measurements the temperature was held constant and the pressure
was about 10−10 Torr.

The experiments measured the photon induced ion yield as a function of photon energy
after different exposures of ethylene to the surface. The exposures studied were in the
range 2–30 L. On the basis of comparison with detailed studies of physisorbed O2 [7], and
after correcting for the appropriate ion gauge sensitivity, we estimate that one monolayer
corresponds to an exposure of approximately 8 L.

The only ion (positive or negative) detected in our desorption studies was H+. Figure 1
shows the H+ signal as a function of photon energy obtained when the graphite sample was
exposed to various doses of C2H4; figure 2 shows the yield of H+ from gas phase C2H4

[12]. In all the experimental spectra, the measured ion yield shows no appreciable intensity
before an initial threshold at 20.5 eV. After this energy, the signal displays a sharp increase
showing a maximum at around 24 eV. At higher energy, a decrease in the signal is observed
which ceases for some coverages at∼28 eV. Above this energy, a non-resonant increase is
observed. The ratio of intensity between the 24 eV resonance and the non-resonant feature
is significantly altered as a function of coverage. Moreover, the H+ signal at all energies
grows with increasing coverage and then falls away again, as shown in figure 3.

Of particular interest in connection with these studies of a polyatomic adsorbate is the
dramatic difference in the relative yields of different photofragments compared with the gas
phase. We believe that kinetic energy considerations can explain the fact that only the H+

ion is observed. Consider, by way of illustration, the thermodynamic energy thresholds for
the formation of H+ and C2H+

3 (the principal molecular photofragment in the gas phase),
which are determined by the following fragmentation schemes:

hν + C2H4 → (
C2H+

4

)∗ + e− → H2 + C2H + H+ + e− (1)

hν + C2H4 → (
C2H+

4

)∗ + e− → H + C2H+
3 + e−. (2)

The thermodynamic threshold energy in the gas phase for H+ is ∼20.5 eV and that
for C2H+

3 ∼13 eV [12]. These thermodynamic thresholds correspond, by definition, to
the production of ions with zero kinetic energy. In practice, of course, the observation of
photofragmentation from a photon energy corresponding to the thermodynamic threshold
energy depends upon the existence of an appropriate photoabsorption transition in the
molecule. For H+ and C2H+

3 , the observed thresholds are in good agreement with the
thermodynamic thresholds.

We believe that H+ but not C2H+
3 is observed in the photon energy range studied from

C2H4–graphite because the kinetic energy of the C2H+
3 ion is not sufficient to overcome the

image/polarization potential barrier, due to the substrate–condensed film, which is of the
order of 1 eV [17]. With this barrier, and assuming the conservation of momentum between
the fragments produced in the photodissociation process, the thermodynamic threshold
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energy for H+ desorption should be about 21.5 eV (since the H+ particle is light). The case
of the heavier C2H+

3 fragment, produced according to (2), is different: here the ratio of the
kinetic energies between the two fragments (H/C2H+

3 ) is 27 (their mass ratio). As such the
thermodynamic threshold energy for C2H+

3 desorption should be approximately 41 eV, a
dramatic increase with respect to the gas phase threshold and outside the range of photon
energy in the present experiment.

Figure 2 shows the yield of H+ as a function of photon energy from gas phase C2H4

and allows comparison with the surface data. As can be seen, the experimental threshold
energies for H+ production in the gas phase and on the surface are similar although the
overall shapes of the spectra are quite different, at least until around 28 eV. In particular, a
resonance is observed at 24 eV for the C2H4 adsorbed on graphite.

In summary, the main features of the experimental surface spectra (for all dosages)
are a threshold energy at 20.5 eV, a resonance at 24 eV and a non-resonant increase at
energies higher than 28 eV. The appearance of a resonance at 24 eV is indicative of a
direct photodissociation process (photoelectron driven processes tend to show threshold
behaviour), yet this feature is not observed for gas phase C2H4. We believe the appearance
of this resonance may arise from the selective quenching of some of the electronic states
of the molecule (at higher energy) when it is adsorbed. Such behaviour has been observed
for NO adsorbed on different rare gas surfaces [15], where the quenching of some states
was accompanied by a relative enhancement in the intensity of other peaks. Indeed, matrix
studies suggest several effects can occur when a molecule is adsorbed (even in the case of
physisorption) at the surface, leading, for example, to energy shifts in Rydberg, ionic and
valence states and also to the formation of new intermolecular ionic states or to a change
in character of an electronic state, e.g. from predominantly Rydberg to primarily valence in
character [16]. The types of effect that can be observed in a system are extremely dependent
both on the type of surface and also on the molecule which is adsorbed. In the present
case, selective quenching of higher-lying excited states of the C2H4 molecule (above about
25 eV) would account for the resonance observed at around 24 eV.

The enhancement of the H+ yield in the monolayer regime, compared with the multilayer
(figure 3), is intriguing. As already indicated, the resonance at 24 eV suggests a direct
photodissociation mechanism, which would rule out light absorption in the substrate in the
cause of the enhanced yield in the monolayer.

Experiments by Dixon-Warrenet al [18] on the photodesorption of Cl− ions from R–Cl
species (R= CCl3, CHCl2 and CH2Cl) adsorbed on Ag(111) observed an enhancement
in the yield of Cl− ions at the monolayer coverage which they attributed to the chemical
reaction between the remaining R photofragments and the surface. In this scheme, some
of the energy released by the surface reaction appears as kinetic energy of the desorbed
Cl− fragment. We suggest that a similar mechanism may lie behind the enhanced H+

yield from a monolayer C2H4–graphite; this would require a chemical reaction between one
of the remaining C2H4 fragments and the graphite surface. The radicals produced by the
photodissociation event seem likely candidates, e.g., in equation (1), the C2H radical.

In the photon energy range of interest, there a number of different thermodynamic
thresholds for the (direct) photodissociation of C2H4 leading to the production of H+, and
these different pathways correspond to the generation of different sets of photofragments, of
which equation (1) is only one example. The existence of these different photodissociation
channels may also contribute to the perturbation of the gas phase photodissociation cross-
section, because different chemical fragments are produced at different photon energies.
Indeed, it is clear from figure 1 that the resonance at 24 eV becomes less apparent in the
multilayer regime, and that at higher coverage the H+ yield as a function of photon energy
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becomes more similar to that of the gas phase.
In summary, we have reported studies concerning the mechanism of photodissociation

of C2H4 physisorbed on graphite, using synchrotron radiation in the energy range 13–
40 eV. Only H+ ion desorption was observed because conservation of momentum in the
photofragmentation of this polyatomic molecule means that no other ion has enough kinetic
energy to overcome the image potential barrier to desorption.

The features observed in the H+ yield are assigned to direct molecular photoexcitation.
The appearance of a resonance at 24 eV, which is not observed for gas phase C2H4 itself, is
attributed to the selective quenching of higher-lying excited electronic states of the molecule
in the condensed film.

The yield of H+ ions is found to be enhanced in the low-coverage regime. We believe
that this behaviour may arise from a chemical reaction between the neutral fragments
of molecular fragmentation and the substrate. This effect may also contribute to the
enhancement of the resonance at 24 eV with respect to other direct photodissociation
channels (producing different chemical fragments).

Finally, we note that the results show how theexcitedelectronic states of a physisorbed
molecule can be modified in the condensed phase. Although the ground state electronic
structure of physisorbed molecules is not significantly perturbed by adsorption [19], our
work adds to recent studies [10, 15, 16] which suggests this concept does not hold for all
excited states. Further investigations of the dissociation dynamics of adsorbed polyatomic
molecules are planned.
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