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Abstract

In this Letter, we compare the effects of 500 eV electron bombardment on the thermal desorption of benzene (C6H6) and cyclo-

hexane (C6H12) from Zr(0 0 0 1) surfaces. In both cases, unexpectedly high desorption temperatures above 600 K indicate strong

adsorbate-substrate interaction. Two desorption states are observed for each molecule, presumably due to tilted and flat molecular

orientations. Electron fluence does not significantly alter the amount of desorbing species, but for C6H12/Zr(0 0 0 1) results in small

amounts of H2 desorption near 310 K. Electron bombardment seems to affect the tilted species more than the flat-lying species.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

This report considers the use of electron bombard-

ment to modify the thermal desorption behavior of ben-

zene and cyclohexane adsorbed on Zr(0 0 0 1). Our
previous studies of electron bombardment effects on

the NH3/Zr(0 0 0 1) [1] and D2O/Zr(0 0 0 1) [2] systems

at low temperatures reveal molecular hydrogen desorp-

tion just above room temperature as a result of elec-

tronic excitation. This electron-induced thermal

desorption of hydrogen is interesting since previous

studies reported desorption of hydrogen, but only at

much higher temperatures [3,4]. Zirconium surface
chemistry is often influenced by surface–subsurface ex-

change, especially in cases involving O, N and H species.

The fact that we observe molecular hydrogen desorption

at low temperatures following electron bombardment of

adsorbed water and ammonia is indicative of a surface-

stabilized form of hydrogen that does not undergo sub-

surface diffusion.
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We have also shown that carbon-containing mole-

cules [5,6] exhibit drastically different desorption kinetics

than carbon-free species [7] on Zr(0 0 0 1), possibly due

to differences in the surface–subsurface exchange proc-

ess. An exceptionally strong interaction of benzene with
Zr(0 0 0 1), reflected in benzene desorption above 700 K,

also results from the unique surface chemistry of zirco-

nium [6]. Low-energy electron diffraction (LEED) data

did not reveal any superstructure patterns in these previ-

ous experiments, consistent with the fact that carbon

only forms 1 · 1 patterns on Zr(0 0 0 1) [8]. In the pre-

sent study, we investigate the C6H6/Zr(0 0 0 1) and

C6H12/Zr(0 0 0 1) systems, specifically with regard to
electron bombardment effects. Since we did not observe

electron bombardment effects in Auger electron spectr-

oscopy (AES) and LEED experiments this Letter will fo-

cus on temperature programmed desorption (TPD)

results only.
2. Experimental details

The zirconium single crystal used in this study has a

cylindrical shape with a radius of 3.0 mm and a thickness
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of 1.0 mm. The crystal was polished on one side with the

uncertainty in orientation of the (0 0 0 1) plane less than

1�. Experiments were conducted at pressures of

2.0 · 10�10 Torr or below. Benzene (Fisher, purity

>99.0%) and cyclohexane (B&J, purity >99.9%) were fur-

ther purified from atmospheric gases by several freeze-
pump-thaw cycles. The gas-handling system was pumped

by a turbo-molecular pump prior to each experiment.

The sample temperature was increased at the rate of

1.8 K/s by resistive heating. For TPD experiments the

sample was facing the mass spectrometer in a line-of-

sight geometry. Exposing the sample to hydrocarbon

gases via a line-of-sight molecular beam doser raised

the background pressure by a factor of approximately
10. Before each zirconium exposure to benzene or cyclo-

hexane, the surface was cleaned by several sputtering

and annealing cycles. Surface cleanliness was verified

by AES, as discussed in a previous report [9]. The elec-

tron gun (VG Scientific, LEG 41) for electron bombard-

ment studies was operated in Mode 2 with a fixed beam

energy of 500 eV. The spot size, determined with a phos-

phor screen mounted on the back side of the sample
manipulator, was larger than the Zr(0 0 0 1) crystal to

ensure uniform electron flux.
3. Results and discussion

Fig. 1a shows TPD spectra of benzene following

benzene adsorption on Zr(0 0 0 1) at 150 K. For expo-
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Fig. 1. (a) Desorption of benzene following benzene adsorption on Zr(0 0 0 1

Zr(0 0 0 1) at 150 K and electron bombardment (500 eV, 2.0 · 1017 electron
sures below 15.0 · 1014 molecules/cm2, the high-temper-

ature desorption state, b, is more pronounced. As

exposure is increased further the low-temperature

desorption state, a, starts to dominate. The presence

of two desorption states is most likely a result of two

geometries of adsorbed benzene molecules, similar to
what was reported for Ru(0 0 1) [10]. We propose that

the orientation of adsorbed benzene molecules on

Zr(0 0 0 1) is coverage dependent, which would explain

the change in TPD profiles. We would assign the high

temperature b state to flat-lying benzene, which is ther-

mally more stable than the tilted a state. Following

benzene desorption the zirconium surface retains car-

bon, as confirmed by AES experiments. This indicates
that some irreversible dissociation occurs. Saturation

coverage does not appear to be reached with exposures

up to 35.0 · 1014 molecules/cm2.

Fig. 1b presents benzene TPD spectra following elec-

tron bombardment of adsorbed benzene. The electron

fluence was constant at 2.0 · 1017 electrons/cm2, with a

500 eV electron beam energy. With respect to Fig. 1a,

we observe changes in the peak profiles as a consequence
of electronic excitation. We emphasize here the overall

trends in our data throughout the exposure range, and

have not attempted to use exactly the same molecular

exposures for direct, detailed comparisons. The b state

dominates throughout all exposures studied here when

electron bombardment is used, and does not shift very

much in temperature. It is evident that electronic

excitation alters the orientation of adsorbed benzene
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molecules, pushing the desorption of the more weakly-

bound a state to higher temperatures.

It is interesting to note that calculation of the area be-

low the desorption features indicates that electron bom-

bardment does not influence the amount of desorbing

benzene significantly. Possibly, electron bombardment re-
sults in the production ofmore flat-lying (b state) benzene,
and the dissociation of C–H bonds in the tilted a state.

Most likely during heating, hydrogen recombines with

phenyl fragments and desorbs as benzene, as was reported

for C6H6/Au(1 1 1) subjected to electron bombardment

[11]. The shift in the a state desorption temperature is con-

sistent with electron-induced dissociation of C–H bonds

and subsequent recombination in TPD, which delays
desorption of the parent molecules. However, such a shift

was not observed for the Au(1 1 1) system. It should be

noted that we did not observe biphenyl in TPD, however

we detect C2H2 and C4H4 at low exposures even without

electron bombardment. This system is discussed in more

detail elsewhere [12].

Fig. 2a shows C3H
þ
5 TPD spectra following adsorp-

tion of C6H12 at 150 K. The C3H
þ
5 signal is shown since

it has a higher intensity than C6H
þ
12. Similar to benzene,

cyclohexane desorbs via two desorption states. The

desorption features are relatively broad and the desorp-

tion peak maxima above 600 K indicate strong interac-

tions of the adsorbed molecules with the Zr(0 0 0 1)

surface. The a state is more pronounced for all expo-

sures. Saturation is reached by exposures of about

20 · 1014 molecules/cm2.
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Fig. 2. (a) Desorption of cyclohexane following cyclohexane adsorption

cyclohexane adsorption on Zr(0 0 0 1) at 150 K and electron bombardment
Following C6H12 desorption the surface retains some

carbon, similar to what was observed in experiments

with C6H6. Fig. 2b shows how electron bombardment

of C6H12/Zr(0 0 0 1) changes subsequent TPD spectra.

Note that only one broad peak is detected, and it is

shifted toward higher temperatures. Integrated TPD
peak areas indicate that electron bombardment only

slightly reduces the amount of desorbing species.

Unlike the benzene case, Fig. 3 shows H2 desorption

from C6H12/Zr(0 0 0 1) near 310 K, induced by elec-

tronic excitation. For a constant cyclohexane exposure

of � 3.8 · 1014 molecules/cm2, varying the electron flu-

ence changes the amount of desorbing hydrogen. No in-

crease in hydrogen desorption is observed above a
fluence of 3.0 · 1017 electrons/cm2. It is interesting that

similar desorption of hydrogen near room temperature

has been seen from Zr(0 0 0 1) following adsorption of

ammonia [1] and isotopic water [2]. However, electron

bombardment of C6H6/Zr(0 0 0 1) does not induce

hydrogen desorption. Note that above 800 K rapid

hydrogen desorption takes place, consistent with earlier

studies of zirconium surface chemistry [3,4].
It is the comparison of these two cyclic hydrocarbon

systems, and the effects of electron bombardment, that is

the main purpose of this Letter. Both benzene and cyclo-

hexane desorb at unexpectedly high temperatures indi-

cating strong interactions with the zirconium surface.

In both experiments zirconium retains some carbon fol-

lowing desorption, indicating partial irreversible dissoci-

ation. In the absence of electron bombardment, two
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Fig. 3. Desorption of molecular hydrogen following 150 K adsorption

of C6H12 and electron bombardment. The figure indicates how H2

desorption near room temperature depends on electron fluence. For

the spectra presented here the C6H12 exposure was �3.8 · 1014

molecules/cm2.
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desorption features are identified in both cases, presum-

ably due to different adsorption geometries (e.g., flat vs.

tilted). Presumably, our adsorption temperature of

150 K is too high to allow for the condensation of multi-
layers of benzene and cyclohexane. We can not conven-

iently cool our sample below 150 K, so that the

formation of multilayers is not part of our study.

Electron bombardment of benzene does not seem to

affect the b state, but changes the a state significantly.

For the case of cyclohexane, electron bombardment sig-

nificantly alters the TPD profiles, eliminating the dis-

tinction of the two molecular desorption states. This
possibly indicates molecular reorientation induced by

electronic excitation. These differences may be attrib-

uted to the different bonding of the flat vs. tilted geom-

etries of these two ring systems to the surface. The

flat-lying b states may allow for dissipation of the energy

provided to their electronic manifold by electron impact.

Inferring that the higher temperature b states of both

species indicate stronger binding and back-donation
from the zirconium surface, these ring/Zr complexes

are presumably stabilized more than the tilted a states

with respect to electron-induced dissociation.

Finally, cyclohexane has twice as many H-atoms as

benzene. This increases the probability that more
protons will be liberated by electron impact, and also

the likelihood that they will encounter one another to

form H2 during heating. Recall that we observe H2 in

TPD from cyclohexane, but not from benzene. This is

consistent with the fact that hydrogen atoms are bound

to aromatic rings more strongly than to alkane rings.
4. Summary

Both C6H6 and C6H12 exhibit strong interactions

with Zr(0 0 0 1) surfaces as indicated by unexpectedly

high desorption temperatures. Electron bombardment

of both C6H6/Zr(0 0 0 1) and C6H12/Zr(0 0 0 1) alters
TPD profiles, with the more stable (flat-lying) rings

desorbing near the same temperature but with the tilted

species shifting to higher temperatures. This is presuma-

bly due to the time it takes for C–H recombination to

occur during TPD ramping, and needs further investiga-

tion. Electronic excitation of the alkane system results in

desorption of molecular hydrogen near 310 K. On the

other hand, electron-bombardment-induced hydrogen
desorption is not observed from C6H6/Zr(0 0 0 1). This

comparison of aromatic vs. alkane molecules adsorbed

on Zr(0 0 0 1) points to the role of energy dissipation

mechanisms of electronically-excited species interacting

strongly with a reactive metal system.
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