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High-resolution electron energy-loss measurements of ethylene on Ni(111) and cyclo-
hexane on Ni(111) and Pt(111) show an extra CH stretching vibration—not found in free
molecules or organometallic compounds—which is strongly broadened and shifted to low-
er frequencies relative to another, more typical CH stretching vibration, This softened
and broadened CH frequency is attributed to a new electronic interaction with the surface
which we relate to the mechanism of hydrocarbon dehydrogenation,

Despite many recent advances in understanding
the bonding of atoms and molecules to surfaces'™
and experimentally determining reaction products
on surfaces,?® little information exists regarding
the physical mechanisms for surface reactions.
Of the only detailed studies to investigate mole-
cular reaction mechanisms, namely the dissocia-
tive adsorption of methane on W* and Rh,’ the
mechanism is disputed.

Here, we report new results which provide evi-
dence that vibrational spectroscopy permits the
detection of changes in vibrational potentials
which are important to the chemical transforma-
tion of molecules on surfaces, and that suggest
a specific interaction mechanism for dehydro-
genation reactions. Namely, using high-resolu-
tion electron energy-loss spectroscopy, we ob-
serve that adsorbed ethylene on Ni(111) and cyclo-
hexane on either Ni(111) or Pt(111) show two sets
of CH stretching frequencies. One frequency
(2900-3000 cm™) is reasonable for CH stretch-
ing vibrations as found in free molecules,® ad-
sorbed hydrocarbons,*” or organometallic com-
pounds,® while the second CH frequency (2590~
2720 cm™) is unusually low and broadened by 200~
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300 cm™. This latter CH stretching frequency
and frequency broadening have not been observed
previously**®"® and appear to be directly related
to the ability of these particular molecules to de-
hydrogenate on the surface at higher temperature
tures.

We present evidence that this CH vibration sof-
tening and broadening arise from an electronic
interaction between some of the molecule’s hydro-
gen atoms and the surface, similar to that occur-
ring in hydrogen bonding. We postulate that this
interaction not only modifies the shape of the CH
vibrational potential but also lowers the activation
barrier to CH bond rupture so as to make dehy-
drogenation the preferred reaction path at higher
temperatures. Such a surface interaction has
not been detected by other techniques and may
provide a physical basis for understanding other
chemical reactions on surfaces.

Electron energy-loss spectroscopy (ELS) was
performed with a two-stage analyzer/monochro-
mator which typically allows 65—-80-cm™ (8-10
meV) energy resolution and provides a low, uni-
form background as described elsewhere.®* The
choice of primary beam energy and (total) scat-
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tering angles did not affect these results and typi-
cal values, 5 eV/140° and 4.2 eV/160° for Pt and
Ni, were chosen to optimize the loss signal. The o o
Ni(111) and Pt(111) samples were prepared in a x2500 g

i

similar fashion, separately mounted on a liquid-
nitrogen-cooled manipulator (T ,;,=140 K), and
cleaned using standard methods.*'?> The systems
pressures were typically 1X10™° Torr during
measurements; however, after cooling the sam-
ple to low temperatures some traces of residual
contaminants were occasionally observed on the
surfaces. Surface cleanliness and ordering were
monitored by Auger electron spectroscopy and
LEED (low-energy electron diffraction), respec-
tively. The vapors of reagent-grade cyclohexane
and high-purity ethylene (99.95%) and their deu-
terated counterparts were used and examined for
impurities by mass spectroscopy.

Typical vibrational loss spectra for submono-
layer adsorption of cyclohexane on both Ni(111)
and Pt(111) surfaces for temperatures between
140 and 170 K are shown in Fig. 1. The same
spectral features were obtained over a range of
temperatures and coverages before multilayer
condensation. We thus attribute this spectra to
one adsorbed phase. This same phase of adsorbed
cyclohexane has been studied on both Ni(111) and
Pt(111) by uv photoemission®® and shows valence
ionization levels characteristic of cyclohexane
which are distinct from those of other related
cyclics (cyclohexene, cyclohexadiene, or ben-
zene). With the exception of the unusually broad
losses at 2720 and 2590 cm™ on Ni and Pt, re-
spectively, and the loss near 1260 cm™, the loss-
es can be directly related to the @,; and a,, vibra-
tional modes of gaseous cyclohexane.® Given the
electron-loss surface selection rule that only
modes with dipole moments normal to the sur-
face can be excited,'® these particular modes cor-
respond to the ELS-active modes for a cyclohex-
ane molecule oriented parallel to the surface.

In this geometry, the 1260-cm™ loss could be
assigned to a corresponding set of perturbed CH,
scission modes. If the molecule is not parallel
to the surface but still has one symmetry plane
perpendicular to the surface then the e, modes
would be ELS active in addition. The 1260-cm™
loss in this case could then be assigned to the e,
CH, twisting mode. The [}l LEED pattern which
we observed on Ni(111) and which has been ob-
served'! on Pt(111) is consistent with a geometry
where the molecule lies parallel to the surface
or its slightly inclined to the surface. In either
of these geometries three or one of the hydrogen
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FIG. 1. Vibrational loss spectra for submonolayer
adsorption of cyclohexane on Ni(111) (top) and on Pt(111)
(bottom) at T~ 140 K (5- and 2-Torr - sec exposures,
respectively). The losses below 2000 cm™! are assigned
to the frequencies of the various a, and a,, modes,

[We also indicate between the two spectra these modes
for the free molecule (Ref. 6).] The loss features of
trace contaminants are indicated (coverage smaller
than 0.02 of a monolayer).

atoms, respectively, would vibrate directly into
the surface—a situation to which we can attribute
the strong broadening and shifts of some of the
CH vibrations.

On warming the sample, we find that cyclohex-
ane reversibly desorbs from Ni for T2 170 K
but dehydrogenates on Pt for T = 200 K to leave
benzene. Both results are consistent with similar
photoemission studies on Ni(111) 2 and Pt(111).°
The unusual CH frequency softening and broaden-

_ing is largest for the case in which the molecules

undergo dehydrogenation at higher temperatures.
The unusual softening and broadening of some
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of the CH vibrational loss features is also ob-
served for ethylene chemisorbed on Ni(111) but
not for ethylene on Pt(111), as shown in Fig. 2.
A discussion of the vibrational losses of ethylene
on Pt(111) is given elsewhere® and at these (low)
coverages is consistent with a chemisorbed mole-
cule having C,, symmetry. For all exposures of
ethylene to Ni at T ~ 140 K, we find a single phase
of chemisorbed ethylene which must have a lower
point-group symmetry, C, or C,. Such a sym-
metry is deduced not only from the two groups of
CH stretching vibrations but from the number of
other losses observed, as well as from our stud-
ies of deuterated ethylene and the assignment of
the observed vibrations. Such differences in sym-
metry suggest differences in the chemisorption
bonding geometry which again may be associated
with the occurrence of this CH vibration softening
on Ni and not on Pt(111).

Upon warming the samples, we find that ethy-
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FIG. 2. Vibrational loss spectra for chemisorbed
ethylene on Ni(111) (top) and on Pt(111) (bottom) for
T~ 140 K (3- and 1-Torr- sec exposures, respectively).
The corresponding CD stretching region for the deu-
terated species on Ni shows broadening of both typical
and atypical CD modes—a result which arises from the
coupling of these two CD vibrations in the deuterated
species.
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lene on Ni(111) converts to chemisorbed acetylene
for T 2 200 K as found in photoemission studies,?
but on Pt(111) converts to a different species,
ethylidene (CH,-CH<), for T =280 K.* Again, we
observe softened CH vibrational losses only for
the chemisorbed species that dehydrogenate at
higher temperatures.

The examples which we have presented show
extra vibrational losses in the CH, stretching re-
gion which have not been observed for other ad-
sorbed hydrocarbons (C,H, and C;Hy) on Ni and
Pt nor which have been observed in other infrared
or Raman vibrational studies of adsorbed hydro-
carbons or organometallic compounds.®™® Asa
result of the unusual nature of these losses one
could argue that they may not reflect the true
CH stretching vibration. To resolve this ques-
tion, we have made additional measurements of
of the angular dependence of these unusual loss
features. As with any typical loss arising from
an optical excitation, we find no dispersion in
the width or frequency of this unusual loss arising
from an optical excitation, we find no dispersion
in the width or frequency of this unusual loss fea-
ture for cyclohexane for ¢<0.1 A, Further-
more, the angular dependence of the intensity of
this unusual loss feature agrees with other nor-
mal loss features (e.g., the CO stretching mode)
and is well described by dielectric theory.'®
Thus, we correlate this unusual loss to the local
CH potential and the forces experienced by the
hydrogen atoms within the adsorbed molecule.

The spectral features we observe for these un-
usual CH stretching vibrations—the softening,
broadening, and, for cyclohexane, the large in-
tegrated intensity—are characteristic of the spec-
tral features observed for A-H stretching vibra-
tions in hydrogen-bonded liquids.’? For a mole-
cule on a surface, we can associate the observed
CH vibration softening and broadening to an at-
tractive interaction between the surface atoms
and certain hydrogen atoms of the molecule, sim-
ilar to hydrogen bonding in liquids. An attractive
interaction would also seek to bond some of the
molecule’s hydrogen atoms to the surface as sup-
ported by thermal desorption studies indicating
the formation of chemisorbed hydrogen during
dehydrogenation.’ This additional attractive force
on certain hydrogen atoms in the adsorbed mole-
cule, along with the screening of the CH bond via
the surface electron gas, can not only change the
shape of the CH potential energy curve so as to
lower the vibrational frequency, but can also re-
duce the activation energy needed to remove a
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hydrogen atom(s). This initial removal of a hydro-
gen atom(s) is believed to be the slow step in the
dehydrogenation process, followed by more rapid
conversion of partially dehydrogenated intermedi-
ates.'®* Whether quantiative information about re-
action activation barriers can be obtained from
changes in vibrational frequencies, as suggested
by Anderson,'* remains to be determined.

The broadening of the softened CH vibrational
features cannot be attributed to a vibrational tun-
neling mechanism suggested in one case as the
dehydrogenation reaction mechanism.* Such fre-
quency broadening can arise from lifetime effects
associated with electronic damping by the sur-
face electron gas. Here, large substrate charge-
density fluctuations may accompany CH vibra-
tions which then decay by electron-hole excita-
tions. Alternatively, as discussed for hydrogen
bonding systems,'? this broadening can be at-
tributed to the strong coupling between these CH
stretching vibrations and low-frequency mole-
cule-surface vibrations. Clearly, further theo-
retical and experimental work is needed to fully
understand the nature of this new electronic in-
teraction, and its relation to hydrogen bonding.

We note that the inability to dehydrogenate cy-
clohexane on Ni(111) despite the observed CH vi-
bration softening can be the result of a combina-
tion of the thermodynamic conditions used here
(i.e., low pressures) and a higher activation bar-
rier on Ni than on Pt. Namely, the temperatures
needed to overcome the activation barrier on Ni
may preclude the adsorbed species from remain-
ing on the surface. However, our observation of
CH vibration softening on Ni is consistent with
the fact that dehydrogenation of cyclohexane does
occur on Ni at higher pressures.'”® Thus, the
study of vibrations may provide insight to reac-
tion mechanisms or the presence of the interac-
tions which drive the reaction even for thermo-
dynamic conditions under which the reaction may
not occur!

In summary, we observe unusual softening and
broadening of some of the CH stretching vibra-
tions of ethylene and cyclohexane adsorbed on
Ni(111) and Pt(111) surfaces. This softening and
and broadening appear to be directly related to
dehydrogenation at higher temperatures, and can
be attributed to an additional electronic interac-
tion between some of the molecule’s hydrogen
atoms and the surface—possibly facilitated by

the molecule’s geometry on the surface. We post-
ulate that this interaction reduces the activation
barrier for CH bond scission so as to make de-
hydrogenation a preferred reaction path for these
adsorbed species.

Finally, we note that the presence of such in-
teractions on surfaces may also alter the vibra-_
tional frequencies of quasistable species or re-
action intermediates which occur in synthesis or
decomposition reactions. Although such frequency
changes can introduce errors in deducing the
chemical identity or nature of such species, these
changes can also provide new and important in-
formation about surface reaction mechanisms.
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