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The thermal chemistry of Cg cyclic hydrocarbons (cyclohexane,
cyclohexene, benzene, 1,3- and 1,4-cyclohexadienes, 1-methyl-1-
cyclohexene, and toluene) and halo hydrocarbons (iodo cyclohex-
ane, iodo benzene, and 3-bromo cyclohexene) on Ni(100) surfaces
has been studied under ultrahigh vacuum conditions by using
temperature-programmed desorption (TPD). Cyclohexane was
found to only desorb molecularly from the surface, but this is be-
cause of the dynamic nature of TPD experiments, and is therefore
not an indication of the inability of nickel to activate the adsorbed
molecules. Indeed, cyclohexyl groups, which are the first expected
intermediates after the initial C—H bond scission and which were
prepared via the thermal treatment of adsorbed iodo cyclohexane,
were shown to undergo a facile g-hydride elimination step to yield
first cyclohexene and ultimately benzene, and to concurrently fol-
low a reductive elimination path with surface hydrogen to produce
cyclohexane. Cyclohexene was found to dehydrogenate easily to
benzene and to not hydrogenate to any significant extent even if
atomic hydrogen is present on the surface (again, because the dy-
namic nature of TPD favors molecular desorption instead). The al-
lylic intermediate expected to form during the dehydrogenation of
cyclohexene to cyclohexadiene was prepared by thermal decompo-
sition of 3-bromo cyclohexene and studied by TPD as well, and the
remaining hydrogenation and dehydrogenation steps were probed
by characterizing the thermal chemistry of the other compounds
listed above. (© 1996 Academic Press, Inc.

1. INTRODUCTION

The adsorption and thermal chemistry of cyclic com-
pounds such as cyclohexane, cyclohexene, cyclohexadiene,
and benzene on transition metal surfaces have been studied
extensively in the past by using surface-sensitive techniques
such as LEED, HREELS, TPD, ARUPS, and XPS (1-23).
In particular, the molecular adsorption of different cyclic
compounds has been reported on Ni(111) (1-11), Ni(100)
(2-6, 12), Pt(111) (13-18), Ru(001) (19, 20), Pd(110)
(21-23), and Cu(100) (24). Cyclohexane has been found
to adsorb molecularly at low temperatures in most in-
stances (<200 K), probably by keeping its chair configu-
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ration. Molecular desorption of this cyclohexane is seen
in some cases upon heating of the surface, but its dehy-
drogenation to benzene is preferred in others; the resulting
benzene then either desorbs or decomposes further to yield
hydrogen and adsorbed carbon. Both cyclohexene and al-
lylic CgHg species have been proposed as intermediates in
the conversion of cyclohexane to benzene on some surfaces.
In general, cyclohexene adsorption below 100 K is also as-
sociative, but the molecule almost always dehydrogenates
at higher temperatures to form benzene, some of which des-
orbs if it is produced at high enough converages while the
rest decomposes to dehydrogenated surface carbon species.
Similarly, both 1,3- and 1,4-cyclohexadienes convert read-
ily to benzene on all metal surfaces studied so far. Benzene
chemisorbs molecularly at low temperatures with amolecu-
lar geometry that changes, from parallel to the surface at low
coverages (in a predominantly 7 -bonded configuration that
involves minimal or no rehybridization) to a tilted arrange-
ment as the packing density on the surface is increased.
Again, molecular desorption and/or decomposition occurs
upon heating in this case depending on the initial coverage.

The use of alkyl halides as precursors for the preparation
of alkyl groups on transition metal surfaces under vacuum
has also become a common procedure to generate many
hydrocarbon fragments relevant to catalytic processes
(25-28). Most alkyl groups have shown to undergo two spe-
cific pathways preferentially, a 8-hydride elimination step
to yield the corresponding olefin (unless no g-hydrogens
are available in the molecule) and a reductive recombina-
tion with surface hydrogen atoms (if available) to produce
alkanes.

As part of our continuing studies on the chemistry of
hydrocarbons on metal surfaces (25, 29-41), in this paper
we report temperature-programmed desorption (TPD) re-
sults from experiments with various cyclic compounds on
Ni(100). It was found here that cyclohexane adsorbs molec-
ularly on that surface, and that multilayer and monolayer
cyclohexane desorption occur at about 140 and 180 K, re-
spectively. In addition to molecular desorption, the thermal
activation of adsorbed cyclohexene leads to the formation
of both benzene and a small amount of cyclohexane, and in
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the presence of coadsorbed deuterium some H-D exchange
leading to the formation of monodeutero-cyclohexene and
cyclohexane is detected as well. Interestingly, though, the
dehydrogenation of 1-methyl-1-cyclohexene does not lead
to the desorption of any toluene. For low converages of
1,3- or 1,4-cyclohexadiene only total decomposition to hy-
drogen and surface carbon occurs, but at higher coverages
dehydrogenation to benzene is also seen. In terms of the
halo compounds, the fact that the thermal activation of iodo
cyclohexane leads to the formation of cyclohexane, cyclo-
hexene, and benzene suggests that a cyclohexyl species is
a likely intermediate in the conversion of cyclohexane to
cyclohexene. Analogous desorption of benzene and cyclo-
hexene (in addition to hydrogen) are observed in the case
of 3-bromo cyclohexene, indicating that cyclohexenyl moi-
eties are also expected to form during the conversion of
cyclohexene to cyclohexadiene. Finally, only hydrogen and
benzene desorption is seen from Ni(100) surfaces dosed
with various amounts of iodo benzene.

2. EXPERIMENTAL

The ultrahigh vacuum chamber used in these studies has
been described in detail previously (29, 33, 39). Briefly, it has
a base pressure below 1 x 1071° Torr and is equipped with
instrumentation for temperature-programmed desorption
(TPD), X-ray photoelectron (XPS), static secondary-ion
mass (SSIMS), Auger electron (AES), and ion scattering
(I1SS) spectroscopies. All the TPD experiments were per-
formed by using a mass quadrupole with an electron im-
pact ionizer located inside an enclosed compartment with
two small apertures at the front and back for gas sampling
and exit to the quadrupole rods, respectively. The nickel is
positioned at about 1 mm from the front aperture to allow
for the selective detection of the gases that desorb from the
front surface. Desorption of up to 15 different masses could
be followed simultaneously with this setup by using an inter-

faced computer. The partial pressures from the TPD experi-
ments are reported in arbitrary units, but they are all related
to a common scale given by the bar included in each of the
figures. A heating rate of about 10 K/s was used in all runs.

The nickel single crystal was cut and polished in the
(100) direction by using standard procedures, mounted in
a manipulator capable of both resistively heating to about
1300 K and cooling to liquid nitrogen temperatures, and
cleaned before each experiment by cycles of argon ion sput-
tering and annealing until no impurities were detected by
either AES or XPS. The temperature was measured by a
chromel-alumel thermocouple spot-welded to the side of
the crystal, and continuously regulated using a commercial
precision temperature controller. The organic compounds
were all purchased from Aldrich (>99% purity), and were
distilled by freeze—pump-thaw cycles and checked by mass
spectrometry before use. Both ultrahigh purity hydrogen
and deuterium were obtained from Matheson Gas Products
and used as supplied. The gas dosing was done in all cases
by backfilling of the vacuum chamber using leak valves,
and the pressures were measured by using a nude ioniza-
tion gauge. Gas exposures are reported in langmuirs (1 L =
1 x 1078 Torr - s), uncorrected for differences in ion gauge
sensitivities.

3. RESULTS

Temperature-programmed desorption (TPD) data were
obtained for the various cyclic Cg hydrocarbons listed
above, which were initially adsorbed on the Ni(100) sur-
face at temperatures below 100 K. The TPD from stable
compounds will be described first. The left panel of Fig. 1
summarizes the spectra from 3.0 L of cyclohexane adsorbed
on clean Ni(100) at 90 K, an exposure that leads to a cov-
erage well below saturation. Only molecular cyclohexane
and a small amount of hydrogen desorb in that case. The
main hydrogen signal in the TPD seen at 375 K originates
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FIG. 1.
(center), and 2.0 L of benzene (right) at 90 K.

H,, cyclohexane, cyclohexene, and benzene TPD spectra from Ni(100) surfaces dosed with 3.0 L of cyclohexane (left), 5.0 L of cyclohexene
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from adsorption from the background, and the small peak
at 200 K corresponds to cracking of the cyclohexane in the
ionizer; no decomposition was seen for this molecule in
these TPD experiments (neither cyclohexene nor benzene
were detected). Monolayer cyclohexane desorption is seen
at 200 K, but additional cyclohexane desorption from phys-
ically adsorbed multilayers is also observed at 140 K after
higher doses (not shown). Assuming a preexponential fac-
tor of 1013571 (42), the activation energies for the multilayer
and monolayer molecular desorption are estimated to be
about 8.5 and 12.5 kcal/mole, respectively.

The center panel of Fig. 1 shows TPD spectra from a
surface dosed with 5.0 L of cyclohexene at 90 K. In addi-
tion to the desorption of molecular cyclohexene and hy-
drogen, benzene was also detected in this case. Multilayer
and monolayer cyclohexene desorption occurs at 145 and
180 K, respectively, and hydrogen desorption takes place
in a broad temperature range between 230 to 600 K. The
large amount of hydrogen that is produced in this case (the
signal went out of range in these experiments) mainly orig-
inates from the dehydrogenation of cyclohexene to ben-
zene, which desorbs in two stages at about 250 and 435 K
(the signals at 145 and 180 K in that trace are most likely
the product of cyclohexene cracking in the ionizer). The
peak at 435 K accounts for about 90% of the total benzene
yield, but since the spectra from cyclohexene are similar
to those from direct adsorption of benzene, the detection
of this product is most likely desorption-limited; benzene
formation from cyclohexene probably occurs below 200 K.

The TPD spectra for adsorbed benzene shown in the right
panel of Fig. 1 are in good agreement with those reported
in literature [5]. Most of the molecular benzene desorbs
in two peaks, about 165 and 480 K which, according to the
previous reports, correspond to tilted and flat-lying benzene
adsorption states, respectively. The latter peak develops an
additional small shoulder around 340 K at high coverages,
and some benzene decomposition is also detected by the
formation of hydrogen, which desorbs mainly about 475 K
(asmall shoulder also appears around 385 K). No cyclohex-
ene nor cyclohexane were detected from thermal activation
of this molecule.

In order to study the effect of surface hydrogen on the
chemistry of adsorbed cyclohexene, experiments were done
on surfaces where either hydrogen or deuterium was dosed
before cyclohexene adsorption. The left panel of Fig. 2,
which shows the TPD spectra obtained after the sequen-
tial dosing of 2.0 L H, and 5.0 L cyclohexene, indicates that
hydrogen, cyclohexene, and a small amount of cyclohex-
ane are the only desorbing products detectable from this
system. Dehydrogenation to benzene is almost completely
inhibited by the coadsorbed hydrogen, but hydrogenation
to cyclohexane does not occur to any significant extent (a
little is seen around 220 K), and molecular desorption about
180 K and decomposition to carbon and hydrogen (which
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FIG. 2. Left: Hy, cyclohexene, benzene, and cyclohexane TPD spec-
tra from a Ni(100) surface dosed sequentially with 2.0 L of hydrogen and
5.0 L of cyclohexane. Right: H,, HD, D,, normal- and monodeutero-
cyclohexene, and normal- and monodeutero-cyclohexane TPD from a
Ni(100) surface dosed sequentially with 2.0 L of deuterium and 5.0 L of
cyclohexene. All dosings were done at 90 K.

desorbs mostly around 300 K) dominates the chemistry in
this case. The TPD spectra obtained from the case of 2.0 L
of deuterium coadsorbed with 5.0 L of cyclohexene (right
panel of Fig. 2) supports that conclusion, and, in addition,
indicates that some H-D exchange occurs within the cyclo-
hexene itself, because monodeutero-cyclohexene desorp-
tion is also observed at 185 K. The H,, HD, and D, TPD
displays three peaks, the two features seen before around
350 and 500 K, and an additional peak about 250 K that
was unresolved in the hydrogen coadsorption case and that
originates from the preadsorbed deuterium. The similar rel-
ative intensities of these peaks in the three traces and the
significant desorption of deuterium at high temperatures
corroborate that some H-D scrambling does take place in
this system. Finally, as in the case of hydrogen coadsorption,
only asmallamount of cyclohexane (some H-D exchanged)
is detected.

Figure 3 shows a series of benzene (a, left) and H; (b,
right) thermal desorption spectra obtained after dosing dif-
ferent amounts of 1,3-cyclohexadiene on Ni(100) at 90 K.
No cyclohexane, cyclohexene, or cyclohexadiene were de-
tected as significant desorption products from the nickel
surface in these experiments. In fact, only total decomposi-
tion to hydrogen is seen at coverages below 1.0 L, where no
benzene is produced. As the exposure increases to 2.0 L,
however, the dehydrogenation reaction that generates ben-
zene is turned on, and this product begins to appear in the
spectra as a large peak about 210 K and a small feature
at 420 K. As the initial dose is increased further to 3.0 L,
the low temperature benzene peak shifts to about 170 K,
whereas the high temperature feature grows and moves
to 485 K. These changes parallel those seen for adsorbed
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FIG. 3. Benzene (a, left) and hydrogen (b, right) TPD spectra from

1,3-cyclohexadiene adsorbed on Ni(100) as a function of initial exposure.
The dosing was done at 90 K in all cases, and a heating rate of 10 K/s was
used.

benzene on clean Ni(100), indicating that the dehydrogena-
tion of 1,3-cyclohexadiene most likely occurs below 170 K,
and thus the benzene desorption below 200 K and above
400 K are in this case tentatively assigned to tilted and flat-
lying benzene, respectively, all produced at low tempera-
tures. In addition, a small amount of molecular cyclohexa-
diene also desorbs after the high exposures about 165 K (not
shown). With respect to the hydrogen TPD, the spectrum
from 1.0 L 1,3-cyclohexadiene shows two main peaks at 365
and 475 K and a shoulder around 320 K. The low temper-
ature desorption feature appears in the same range as for
H, desorption from hydrogen dosed on clean Ni(100) and
is limited by the rate of atomic hydrogen recombination on
the surface, but the higher temperature peaks must be con-
trolled by surface decomposition reactions. After a 2.0 L
exposure the total hydrogen yield decreases at the expense
of benzene formation, and the temperature of the desorp-
tion maxima changes so the first peak shifts to 305 K and be-
comes dominant and the second shoulder moves to higher
temperatures (495 K) and becomes quite small. At higher
coverages, where benzene desorption about 485 K becomes
significant, the yield of H, production increases, and the
desorption splits into two significant peaks around 315 and
475 K (the third at 175 K comes from cracking of benzene
in the ionizer); it is quite likely that at this stage the low
temperature H; peak is mostly the result of the initial cyclo-
hexadiene dehydrogenation while that at higher tempera-
tures originates from decomposition of the benzene formed
(compare this trace to the data in the right panel of Fig. 1).

The effect of the presence of coadsorbed hydrogen on the
surface chemistry of 1,3-cyclohexadiene is illustrated by the
spectrain Fig. 4. There it can be seen that the dehydrogena-
tion process that yields benzene is still active, even though it
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FIG. 4. Hy, benzene, cyclohexadiene, cyclohexene, and cyclohexane
TPD spectra from a Ni(100) surface dosed sequentially with 2.0 L of hy-
drogen and 2.0 L of 1,3-cyclohexadiene at 90 K.

no longer dominates the overall chemistry, and that a small
amount of cyclohexene (but not cyclohexane) is also pro-
duced. Cyclohexene desorbs in this case at 185 K, about the
same temperature as when cyclohexene is dosed directly on
clean Ni(100), so this process could be desorption limited.
Some hydrogen from hydrocarbon decomposition desorbs
in broad peaks centered about 280, 340, and 485 K.

Like 1,3-cyclohexadiene, 1,4-cyclohexadiene decompos-
es completely at low coverages on Ni(100). Indeed, the
data in Fig. 5 indicate that total decomposition occurs
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FIG.5. Benzene (a, left) and hydrogen (b, right) TPD spectra from
1,4-cyclohexadiene adsorbed on Ni(100) at 90 K as a function of initial
exposure.



86

TJANDRA AND ZAERA

5.0L 1-Methyl-1- 5.0L Toluene/Ni(100)
Cyclohexene/Ni(100) TPD
(] TPD
‘c
=]
]
S
°
5
(7]
&
& " .
8
5 /\ OcHs OcHs
o __W_MOCHa @-CHs
©rcHs OecHs
0 200 400 600 800 0O 200 400 600 800

Temperature / K

FIG.6. Hj methyl cyclohexane, methyl cyclohexene, and toluene
TPD spectra from Ni(100) surfaces dosed with either 5.0 L of 1-methyl-1-
cyclohexene (left) or 5.0 L of toluene (right) at 90 K.

after a 0.5 L dose (where only hydrogen desorbs), but some
benzene is also detected about 340 and 500 K at higher
coverages (>1.0 L exposures). The benzene TPD features
become larger and broader and appear at higher tempera-
tures than those seen for either 1,3-cyclohexadiene or ben-
zene (Fig. 5a), indicating that the dehydrogenation of 1,4-
cyclohexadiene is more difficult than in the cyclohexene
or 1,3-cyclohexadiene cases. Hydrogen desorption occurs
at 360 and 490 K for the 1.0 L exposure, and the lower
temperature peak increases in intensity and shifts slightly
to lower temperature with increasing exposure while the
high temperature feature remains at about the same tem-
perature for the different exposures (Fig. 5b). The overall
hydrogen yield increases by about a factor of two as the
exposure is increased from 0.5 to 3.0 L.

Unlike in the case of cyclohexene, the TPD of 1-methyl-
1-cyclohexene displayed in the left panel of Fig. 6 shows
no significant desorption of the aromatic (toluene) product.

Below saturation only a small amount of molecular desorp-
tion is seen about 200 K, a temperature that corresponds to
an activation energy of about 12.5 kcal/mol, but at higher
coverages the multilayer desorbs around 165 K, and de-
composition of 1-methyl-1-cyclohexene generates hydro-
gen, which desorbs at about 350 and 505 K. The fact that
no toluene is detected in this case suggests that the initial
decomposition step involves the methyl group and there-
fore follows a different route than cyclohexene. It should
be pointed out, however, that if a small amount of toluene
were to form in this case, it would most likely decompose
completely to surface carbon and hydrogen [5]; molecular
desorption from 5.0 L of toluene adsorbed on the nickel
surface is seen as a sharp peak about 180 K, but some de-
composition to hydrogen, which desorbs at 340 and 490 K,
is also observed (right panel of Fig. 6). No hydrogenation
to methyl cyclohexene (in the case of toluene) or methyl
cyclohexane was detected in these experiments.

In an attempt to identify possible surface intermedi-
ates during the dehydrogenation reactions discussed above,
TPD experiments were also performed with iodo cyclohex-
ane, iodo benzene, and 3-bromo cyclohexene. The carbon-
halogen bond in alkyl halides has been shown to cleave
preferentially and at temperatures below 200 K, so alkyl
groups can be easily generated this way (25-28, 35-37).
As an example of this, the thermal chemistry of cyclohexyl
groups as a function of exposure is illustrated by the TPD
of iodo cyclohexane shown in Fig. 7. Unlike cyclohexane
or cyclohexene, the thermal activation of iodo cyclohexane
leads to the formation of all cyclohexane, cyclohexene, and
benzene. The desorption of H; is examined in Fig. 7a. A
complex trace is seen after a 2.0 L iodo cyclohexane dose,
with major hydrogen peaks at 360 and 490 K which shift to
about 430 and 510 K at higher coverages, and an additional
peak at about 330 K also develops at 5.0 L and above; the
overall hydrogen yield decreases by about 20% as the expo-
sure changes from 2.0 to 10.0 L. The TPD spectra for ben-
zene (Fig. 7b) shows the initial development of a small peak
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H; (a), benzene (b), cyclohexene (c), and cyclohexane (d) TPD spectra from iodo cyclohexane adsorbed on Ni(100) at 90 K as a function



A SURFACE SCIENCE STUDY 87

2.0L H, + 5.0L lodo
Cyclohexane/Ni(100)
TPD

2.0L D, + 5.0L lodo
Cyclohexane/Ni(100)
TPD

\_/L\k_o
H, OD
J—=38
2O

©

LA B e e e s e e LI B B S S e B w e

0 200 400 600 800 O 200 400 600 800
Temperature / K

Partial Pressure / arb. units
NI

FIG. 8. Left: H,, cyclohexane, cyclohexene, and benzene TPD spec-
tra from a Ni(100) surface dosed sequentially with 2.0 L of hydrogen
and 5.0 L of iodo cyclohexane. Right: H,, HD, D,, cyclohexene, normal-,
monodeutero-, and dideutero-cyclohexane, and benzene TPD spectra
from a Ni(100) surface dosed sequentially with 2.0 L of deuterium and
5.0 L of iodo cyclohexane. All dosings were done at 90 K.

about 500 K starting at 2.0 L that increases in intensity and
shiftstoabout450 K at5.0 L. Ateven higher coverages (10.0
L) the benzene yield decreases, but the temperature of des-
orption continues to shift down to about 420 K, and a second
low temperature peak appears around 150 K (which may
be associated with cracking of either cyclohexane or cyclo-
hexene in the mass spectrometer ionizer). The cyclohexene
TPD (Fig. 7c) shows no detectable signal at iodo cyclohex-
ane doses below 2.0 L, but a small amount of cyclohexene
is seen at 175 K after a 5.0 L exposure, and more is pro-
duced at lower temperatures at higher coverages. Finally,
some cyclohexane desorption was also detected (Fig. 7d),
only a small amount around 190 K at low iodo cyclohexane
doses, but significantly more as the doses increases from
2.0to 5.0 or 7.0 L, in which case the TPD peak grows and
shifts to 160 K. The use of even larger exposures induces
the growth of an additional low temperature sharp peak at
140 K, probably related to either alkyl direct displacement
or radical formation from the iodo cyclohexane molecule,
as reported in order cases [39]. The overall yield for cyclo-
hexane formation is about two times that of cyclohexene
at either 5.0 or 7.0 L, and no molecular desorption is seen
after exposures below 10.0 L.

In order to pin down the mechanism for the hydrogena-
tion of cyclohexyl groups to cyclohexane, experiments were
also performed on surfaces where either hydrogen or deu-
terium was dosed before the chemisorption of iodo cyclo-
hexane. When 2.0 L of H; is adsorbed on the nickel sur-
face prior to iodo cyclohexane dosing (left panel of Fig. 8),
the formation of benzene is almost entirely suppressed at
the expense of cyclohexene formation, which desorbs at
about 185 K. Interestingly, though, the cyclohexane yield

stays about the same as when there is no coadsorbed hy-
drogen on the surface, so the ratio of cyclohexane to cy-
clohexene reaches a value of about 0.5 in the hydrogen
coadsorption case. This suggests that both the hydrogena-
tion and the dehydrogenation of cyclohexyl moieties are
facile reactions, and that what coadsorbed hydrogen does
is inhibit the further dehydrogenation of the resulting cy-
clohexene to benzene; this effect was indeed already ob-
served in the experiments illustrated in Fig. 2. In the case
of deuterium coadsorption with iodo cyclohexane (right
panel of Fig. 8b), the hydrogenation products and normal,
monodeutero-, and dideutero-cyclohexane, which desorbs
at 170, 180, and 185 and 220 K, respectively, whereas the
dehydrogenation reaction produce only normal cyclohex-
ene around 185 K (no significant benzene desorption is ob-
served here either). It is important to note that the for-
mation of dideutero-cyclohexane, which requires the H-D
exchange of at least one hydrogen in the original cyclohexyl
ring, is seen at a higher temperatures (185 and 220 K) than
the rest.

The desorption of hydrogen and benzene from Ni(100)
surfaces dosed with various exposures of iodo benzene are
shown in Fig. 9. After a 3.0 L iodo benzene dose, H; des-
orption is seen at about 300 and 510 K (Fig. 9a). The inten-
sity of the low temperature peak decreases only slightly as
the exposure changes from 3.0 to 5.0 L, but it goes down
to about half the original size at 7.0 L, and the peak maxi-
mum shifts to lower temperatures at higher coverages, from
300 to about 285 K. The high temperature H, peak, on the
other hand, decreases in size, and two additional features
grow about 540 and 610 K. Benzene desorption (Fig. 9b)
is seen initially only at about 445 K (for 3.0 L of iodo ben-
zene), but a second peak appears at 225 K after a4.0 L dose.
As the initial dose increases to 7.0 L, the high temperature
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FIG.9. Hydrogen (a, left) and benzene (b, right) TPD spectra from
iodo benzene adsorbed on Ni(100) at 90 K as a function of initial exposure.
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benzene peak decreases to about half of its initial size and
a large amount of benzene desorbs at 190 and 245 K, and at
even higher exposures (10.0 L) the sharp peak at 185 K be-
comes dominant. The overall yield for benzene formation
increases by about four times in going from 3.0 L to 10.0 L
of initial iodo benzene.

The presence of hydrogen on the surface before iodo
benzene dosing leads to the desorption of benzene in one
single sharp peak about 190 K (Fig. 10, left). No other reac-
tions were observed in this case, only the direct hydrogena-
tion of the phenyl groups with the coadsorbed hydrogen
to form benzene, and, furthermore, none of the high tem-
perature benzene features were seen here at all. Hydrogen
desorption is seen in two main peaks at 255 and 355 K and
a third smaller feature around 480 K which could be asso-
ciated with hydrocarbon decomposition. Coadsorption of
deuterium, instead of hydrogen, generates monodeutero-
benzene, as expected (Fig. 10, right), but about 40% of
normal benzene is produced as well, most likely via the
recombination of the phenyl groups with hydrogen from
background adsorption. Also, a small kinetic isotope effect
is manifested in this case by the fact that C¢HsD desorbs
at about 5 K higher temperature than CgHg. No evidence
for extensive H-D exchange between benzene and surface
deuterium was seen here, since no appreciable dideutero-
benzene was detected (small features are nevertheless seen
around 280 and 480 K), and no significant deuterium de-
sorption was seen at high temperatures.

Finally, in order to emulate the surface chemistry of the
allylic cyclic intermediate expected to form during the dehy-
drogenation of cyclohexene, a few TPD experiments were
also done with 3-bromo cyclohexene. The left panel of
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FIG. 10. Left: Hy, benzene, cyclohexene, and cyclohexane TPD spec-
tra from a Ni(100) surface dosed sequentially with 2.0 L of hydrogen and
5.0 L of iodo benzene. Right: H,, HD, D,, and benzene (CsHsD, CsHs, and
CsH4D,) TPD spectra from a Ni(100) surface dosed sequentially with 2.0 L
of deuterium and 5.0 L of iodo benzene. All dosings were done at 90 K.
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FIG.11. H, benzene, cyclohexene, and cyclohexane TPD spectra

from Ni(100) surfaces dosed with 5.0 L of 3-bromo cyclohexene (CsHgBr)
(left) and 2.0 L H; + 5.0 L C¢Hg¢Br (center); and H;, HD, D, cyclohexene
(CgH10, CsHgD, and C¢HgD,), and benzene TPD spectra from a Ni(100)
surface dosed with 2.0 L D, + 5.0 L CgHgBr (right). All dosings were done
at 90 K.

Fig. 11 shows that a 5.0 L dose of 3-bromo cyclohexene
generates both benzene and cyclohexene (in addition to
hydrogen), but no cyclohexane. Benzene desorbs in two
stages around 165 and 480 K, while cyclohexene comes
off only at 165 K. This behavior resembles somewhat that
of cyclohexene, but differs significantly from the one ob-
served for the cyclohexadienes. The desorption of H, is
seen in a broad and complex feature that covers a tem-
perature range from 300 to 500 K. The effect of coad-
sorbed hydrogen and deuterium are shown in the center
and right panels of Fig. 11, respectively. The preadsorption
of 2.0 L H; causes the benzene to disappear almost com-
pletely, so only cyclohexene (180 K) and hydrogen (260
and 320 K) desorb with any significant yield. The presence
of coadsorbed deuterium also generates some deuterium-
containing cyclic products, specifically monodeutero- and
dideutero-cyclohexene, around 175 K; the former clearly
comes from recombination of cyclohexenyl species with sur-
face deuterium, but the latter is quite probably produced
by previous H-D exchange on the allylic species via the
sequential formation of cyclohexene and allyl intermedi-
ates. Exchange on monodeutero-cyclohexene is expected
at higher temperatures (see Fig. 2).

4. DISCUSSION

In order to develop acomplete picture of the chemistry of
cyclichydrocarbons on Ni(100) surfaces, TPD studies on the
thermal reactions of cyclohexane, cyclohexene, benzene,
1,3- and 1,4-cyclohexadienes, 1-methyl-1-cyclohexene, and
toluene were combined with those on iodo cyclohexane,
iodo benzene, and 3-bromo cyclohexene. Our previous
work with C;—Cg straight and branched alkyl iodides has
shown that the adsorption of alkyl iodides below 100 K
is molecular but that the cleavage of the C—-1 bond, which
requires an activation energy of only 2—-4 kcal/mol, occurs
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readily below 200 K (33, 35, 37, 43), and the main product
resulting from this C—I bond dissociation is the correspond-
ing surface alkyl species. We believe that the same process
also occurs with cyclic halo hydrocarbons. The TPD experi-
ments with both iodo cyclohexane and iodo benzene coad-
sorbed with deuterium, for example, lead to the formation
of the corresponding monodeutero-cyclohexane and ben-
zene molecules, respectively, and this presumably occurs
via the direct reductive elimination of the cyclohexyl or
phenyl groups with surface deuterium. The use of halides
of cyclic compounds in this work allowed for the prepara-
tion of the most likely intermediates in the hydrogenation-
dehydrogenation reactions of cyclic compounds in Ni(100)
surfaces.

By combining studies using stable Cg cyclic compounds
(cyclohexane, cyclohexene, 1,3- and 1,4-cyclohexadiene,
and benzene) with work with the halo compounds precur-
sors for the preparation of the key intermediates (iodo cy-
clohexane, 3-bromo-1-cyclohexene, and iodo benzene), it
was therefore possible to probe almost all the elementary
surface steps involved in the interconversion of these hydro-
carbon moieties on the Ni(100) surface. The final analysis
of the data obtained here for Ni(100) is however somewhat
complicated by three factors, namely: (1) most of the reac-
tions of interest occur readily at low temperatures, and that
makes the separation of each individual step in complex
reactions quite difficult; (2) the detection of some of the
compounds in TPD is limited by their desorption, not by
the surface reactions that produce them; and (3) the desorp-
tion temperatures measured in TPD are in many instances
severely affected by changes in surface coverages. Never-
theless, some clear conclusions could be derived from the
results of this work. Scheme | summarizes the main obser-
vations from the experiments reported above, and will be
used to guide our subsequent discussion.

We begin by looking at the chemistry of cyclohexane
on Ni(100). The TPD results from that compound indi-
cate that molecular desorption is preferred over surface
decomposition. Cyclohexane has in fact already been re-
ported to adsorb weakly on nickel via a van der Waals-type
interaction [6] and to lie flat on Ni(111) (7). This is not
surprising given the high stability of saturated hydrocar-
bons, even though some decomposition has been reported
for cyclohexane on platinum surfaces (44-46). Specifically,
the formation of a dehydrogenated intermediate, proposed
to be a CgHg allylic moiety, has been reported on Pt(111)
around 180 K (45, 46). This pathway seems to not be op-
erational on Ni(100). It is important to note, however, that
cyclohexane can be clearly activated by nickel under cata-
lytic conditions (47, 48), and that our inability to detect
any dissociative adsorption here is most likely due to the
dynamic nature of the TPD technique, which makes all cy-
clohexane desorb molecularly before reaching the tempera-
tures needed for C—H bond activation. Since the most likely

first intermediate from this activation is a cyclohexyl moi-
ety, we have therefore performed independent experiments
with that species, which was prepared by thermal treat-
ment of adsorbed iodo cyclohexane. The cyclohexyl species
generated after the C—I bond dissociation in these exper-
iments mainly undergo dehydrogenation via a g-hydride
elimination step to form cyclohexene, which either des-
orbs or remains on the surface and dehydrogenates fur-
ther to benzene. Concurrently, cyclohexyl moieties can also
be hydrogenated via recombination with hydrogen atoms
generated either from background adsorption or from the
decomposition of some of the cyclohexyl species to cyclo-
hexane. The occurrence of this latter reductive elimination
reaction was corroborated by experiments with coadsorbed
deuterium, where it was seen that a significant amount
of monodeutero-cyclohexane is indeed produced. A small
amount of dideutero-cyclohexane is also made in those ex-
periments, but that product desorbs at somewhat higher
temperatures and is the result of a H-D exchange reaction
that will be discussed in more detail later.

The next logical intermediate in the sequential dehydro-
genation of cyclohexane is cyclohexene. When thermally
activating cyclohexene adsorbed directly on Ni(100), only
benzene and hydrogen are produced in large quantities. Al-
most no cyclohexane can be detected in this case, even if
hydrogen is preadsorbed on the surface. This means that
the energy barrier for going from cyclohexene to cyclohex-
ane (in fact, to cyclohexyl, because hydrogenation of cy-
clohexyl to cyclohexane occurs readily) is somewhat higher
than those for dehydrogenation and molecular desorption.
Nevertheless, that difference cannot be too large, because
the small amount of H-D exchange observed in cyclohexyl
species most likely occurs via its reversible conversion to
cyclohexene. Small signals for exchanged cyclohexane are
indeed detected around or above 200 K in TPD experiments
with either cyclohexene or iodo cyclohexane on deuterium-
predosed surfaces.

The dehydrogenation of cyclohexene always gives ben-
zene in high yields. This reaction has been proposed to pro-
ceed via the formation of cyclohexadiene (6), but quite
likely involves the previous formation of a CgHg allylic
species. Indeed, this latter reaction is facile in organometal-
lic compounds, because the allylic C—H bond is quite weak,
about 20 kcal/mol weaker than the vinylic C—H bond (27).
Both laser-induced desorption and bismuth postdosing ex-
periments with cyclohexane and cyclohexene on Pt(111)
have provided convincing proof for the formation of this
allylic species on that surface (18, 45, 46). Evidence for
allyl formation on nickel comes from the observation of
some desorption of H-D-exchanged cyclohexene at 185 K
from a surface dosed with deuterium and normal cyclo-
hexane, since this exchange most likely takes place via
the reversible dehydrogenation to a cyclohexenyl surface
species (if it were to involve a cyclohexyl, that moiety would
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hydrogenate readily to cyclohexane). The CgHg intermedi-
ate was also prepared directly by thermally decomposing
3-bromo cyclohexene on the nickel substrate. Further ther-
mal activation of that species produces both cyclohexene
and benzene, but no cyclohexane. In fact, the conversion of
the allyl intermediate to cyclohexene must be fast, because
the TPD results from 3-bromo cyclohexene resemble quite
closely those from the olefin. Last, it is interesting to point
outthat, in contrast with the case of cyclohexene, no toluene
desorption is seen from 1-methyl-1-cyclohexene. This may
be due to the fact that the C—H bonds in the methyl group
are the weakest and most accessible in that case, so dehy-
drogenation may occur via the formation of either an allyl
or a carbene intermediate involving the methyl carbon.

Allyl compounds, once formed, are expected to dehy-
drogenate readily via the formation of cyclohexadiene.
The chemistry of both 1,3- and 1,4-cyclohexadienes was
therefore studied here as well. It was found that 1,3-cyclo-
hexadiene is more reactive than 1,4-cyclohexadiene, as
expected; while the former dehydrogenates to benzene
below 170 K, the latter requires about 25 K higher tem-
perature to follow the same reaction. Since the forma-
tion of benzene from the allylic intermediate (in fact, from
3-bromo cyclohexene) starts below 165 K, it is therefore
reasonable to assume that such a reaction does not in-
volve 1,4-cyclohexadiene. We propose the formation of
1,3-cyclohexadiene as an intermediate between the allylic
moiety and benzene. Unfortunately, this hypothesis could
not be tested directly here, because under no circumstances
could the desorption of cyclohexadiene be detected by TPD
in any of the experiments described above.

Cyclohexadienes can be hydrogenated in the presence of
surface hydrogen (or deuterium) as well. In organometallic
compounds the migratory insertion of conjugated dienes
into metal-hydrogen bonds (the reaction responsible for
hydrogenation) is normally much easier than with simple
olefins because of the formation of stable z-allylic com-
plexes (27). In this work it was seen that the hydrogenation
of 1,3-cyclohexadiene on Ni(100) occurs below 185 K and
yields a small amount of cyclohexene. Given that cyclohex-
ene formation from the allylic intermediate occurs at lower
temperatures, however, it is concluded that the conversion
of cyclohexadiene to cyclohexene is most likely limited by
the incorporation of the first hydrogen; this indicates that
the allyl may not be very stable. An additional complica-
tion arises from the fact that there are two possible isomers
for the allylic species, namely, a o (cyclohex-2-en-1-yl) and
a m (n°-cyclohexenyl) coordinated species. These two iso-
mers usually exist in equilibrium, but the w-bonded com-
plex is often the most stable. No direct information can be
extracted from our experiments about this, but, based on
previous work, we propose the adsorbed allyl species in the
Cs cyclic hydrocarbon case to be in a = configuration, and
to be about as stable as the cyclohexyl moiety.

Next, cyclohexadienes dehydrogenate easily to benzene,
as mentioned above. Even though this happens with both
1,3- and 1,4-intermediates, according to the TPD experi-
ments reported here the reaction is significantly easier with
the 1,3 conjugated compound. The dehydrogenation of 1,3-
cyclohexadiene to benzene is in fact very efficient, as evi-
denced not only by the low temperature of the reaction
(<170 K), but also by the high yields obtained. No interme-
diate was detected for this reaction, even though it involves
the removal of two hydrogen atoms.

The chemistry of benzene on transition metal surfaces has
been studied in great detail in the past (27, 49). On Ni(100)
and at low coverages, benzene adsorbs with the ring paral-
lel to the surface plane, with the benzene n orbitals lying
above the nickel atoms, but at higher coverages the addi-
tional benzene rings force all molecules to reorient into a
tilted geometry (2). As a consequence, two very separate
features are seen for the molecular desorption of benzene:
one around 165 K, associated with the “compressed” high-
coverage layer, and another about 480 K, associated with
the flat-lying benzene that results after desorption of about
half of the initial amount of adsorbate molecules. This be-
havior has been seen on other surfaces as well, and has been
nicely simulated with a Monte Carlo algorithm [50]. The fact
that benzene desorbs in two temperature regimes allows
for a qualitative determination of the amount of benzene
that is produced by dehydrogenation of the other Cg cyclic
compounds studied here: the more benzene produced, the
more intense the signal in the low temperature peak of the
benzene trace of the TPD. Based on this idea it is easy to
see that the dehydrogenation of cyclohexadienes and cyclo-
hexenyl moieties are particularly facile reactions, while that
of cyclohexene and cyclohexyl species competes somewhat
unfavorably with hydrogenation and molecular desorption
steps.

Finally, some chemisorbed benzene dehydrogenates on
the surface to ultimately yield surface carbon and hydro-
gen. This is a high temperature reaction, because the result-
ing hydrogen is observed in TPD experiments only above
300 K. Furthermore, the H, TPD traces from cyclohexyl,
cyclohexene, cyclohexenyl, and both cyclohexadienes, all
display two main regions, one below 400 K, associated with
the early dehydrogenation steps, and another around 470—
500 K, due to benzene decomposition. This latter reaction
presumably starts via the scission of one of the C-H aro-
matic bonds, which is about 110 kcal/mol strong, and leads
to the formation of a phenyl intermediate. The chemistry of
phenyl groups was probed here by using iodo benzene. Two
main desorbing products were detected from TPD experi-
ments with C¢Hsl, namely, benzene and hydrogen. The ease
with which phenyl groups are hydrogenated to benzene (a
reaction enhanced by the presence of coadsorbed hydrogen
on the surface) points to a low activation barrier for that
step, and the small but detectable amount of dideutero-
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benzene seen in experiments with coadsorbed deuterium
indicates that some (little) H-D exchange is possible in this
case. On the other hand, the low temperature (<300 K) peak
seen in the H, TPD shows that the dehydrogenation of the
phenyl groups is fast. In fact, the low temperature H, TPD
peak is desorption limited, so decomposition may occur at
much lower temperatures; surface hydrogen is indeed avail-
able below 200 K for the formation of benzene. Finally, the
thermal chemistry of toluene is somewhat different than
that of benzene, because its decomposition probably starts
at the methyl group; this is why hydrogen desorption is seen
at low temperatures in this case (5, 27).

The TPD data discussed above can be used to get a semi-
guantitative picture of the energetics of the Cg cyclic hy-
drocarbon conversion reactions on Ni(100) by using Hess-
cycle arguments like those employed in the past for similar
systems (33, 35, 51-53). Scheme Il summarizes that infor-
mation. There are significant error bars associated with the
barriers shown in the energy diagram because of the uncer-
tainty in the values used for the activation energies in these
calculations, but these data can nevertheless be used to esti-
mate general trends in reactivity for the surface species. For
one, it is seen here that both cyclohexyl and cyclohexenyl
surface species are less stable on Ni(100) than adsorbed
cyclohexane, cyclohexene, or cyclohexadiene. It is interest-
ing to note in particular that no special stability was seen
here for cyclohexenyl on Ni(100), in contrast to what has
been reported on Pt(111) (18, 45, 46). Furthermore, the
estimated heat of formation for the cyclohexyl intermedi-
ate calculated here corresponds to a metal-carbon bond

oY
200 K*

175 K
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energy of about D(Ni-cyclohexyl) ~38 kcal/mol, a value in
approximate agreement with the numbers reported pre-
viously for the bond energy of other chemisorbed alkyl
groups: the metal-carbon bond for methyl and ethyl groups
on nickel, platinum, copper, and iron are all on the order
of 30 kcal/mol (27, 35, 34).

5. CONCLUSIONS

In the present work we have obtained results from
temperature-programmed desorption experiments aimed
at the characterization of the thermal chemistry of Cg
cyclic hydrocarbons (cyclohexane, cyclohexene, benzene,
cyclohexadienes, 1-methyl-1-cyclohexene, and toluene)
and halo hydrocarbons (iodo cyclohexane, iodo ben-
zene, and 3-methyl-cyclohexene) on Ni(100) surfaces. The
hydrogenation—-dehydrogenation steps in Cg cyclic hydro-
carbon species on Ni(100) are summarized in Scheme 1.

lodo cyclohexane, which is believed to generate cyclo-
hexyl species below 140 K, reacts much more readily on
the Ni(100) surface than cyclohexane; while cyclohexane
desorbs molecularly, cyclohexyl groups undergo g-hydride
elimination to form cyclohexene (some of which dehydro-
genates further to benzene) and reductive elimination with
surface hydrogen to give cyclohexane. All this indicates that
the cyclohexane is somewhat hard to activate on Ni(100)
because of the ease with which it desorbs from the surface,
but that it reacts easily via a sequence of hydrogenation
and dehydrogenation steps once the first C—H bond is bro-
ken. Cyclohexene, which can be either produced by thermal
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activation of iodo cyclohexane or directly adsorbed on the
surface, dehydrogenates preferentially to benzene, even
though in the presence of surface deuterium it also ex-
changes at least one hydrogen atom from the ring. 3-Bromo
cyclohexene also dehydrogenates readily to benzene, indi-
cating that an allylic species may be involved in the first step
of the cyclohexene dehydrogenation. 1,3-Cyclohexadiene is
the most likely species to form next in that path. Benzene
adsorption is partially reversible, especially at high cover-
ages, where a compressed layer of rings in a tilted geometry
is formed, but some of the flat-lying benzene does decom-
pose at high temperatures. The thermal decomposition of
both benzene and iodo benzene produce a surface phenyl
intermediate which can be hydrogenated in the presence of
coadsorbed hydrogen, but this reaction occurs at different
temperatures in each case: the benzene formed by hydro-
genation of a phenyl group created by iodo benzene decom-
position desorbs at lower temperatures than when starting
from adsorbed benzene on clean Ni(100), most likely be-
cause the phenyl moieties are produced at higher tempera-
tures in the latter case. 1-methyl-1-cyclohexene reacts dis-
sociatively to yield hydrogen but no toluene, presumably
because of a change in reaction selectivity, as compared to
the case of cyclohexene. Finally, hydrogen (or deuterium)
coadsorption was found to enhance hydrogenation and
H-D exchange reactions in some cases, but not in others.
For instance, the presence of coadsorbed hydrogen (or deu-
terium) inhibits the formation of benzene from iodo cy-
clohexane but not H-D exchange, and when deuterium is
coadsorbed with cyclohexene and 3-bromo cyclohexene the
desorption of monodeutero- and dideutero-cyclohexene is
observed, respectively, indicating that H-D exchange oc-

curs in those cases as well. The energetics of all these reac-
tions is summarized in Scheme I1I.
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