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- DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
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necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. -
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ABSTRACT

Carbon-hydrogen and carbon-carﬁon bond breaking processes have been
mechanistically examined for cyclic olefins and poiYenes chemisorbed on
specific crystal faces of nickel and platinum. Conversion of S—CnHm
unsaturated hydrocarbons to chemisorbed S-Can species appears to be
a common reaction path. For example, S—C8H8 was thermally formed respec-
tively from 1,5~cyclooctadiene or .cyclooctene on Pt(lli). Most interesting
was the reversible (partially) desorption of the isomeric cycloheptatriene
and norbornadiene molecules. In addition, these two molecules respectively

undérgo nonselective and regioselective bond breaking processes to yield

- benzene. Using specifically deuterium labeled molecules, it was established

that the norbornadiene to benzene process on Pt (111l) proceeds by scission
of the bridging CHZ carbon atom and that the cycloheptatriene to benzene
process on Ni(100) probably proceeds by initial formation.of a C7H7

chemisorption state.
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Acyclic olefins and alkynes chemisorb on clean metél surfaces in a largely
irreversible fashion because of the facility with which C-H bond breaking occurs
from thermally excited states derived from the initial, m-bound chemisorption
states. In contrast, cyclohexene and the cyclohexadiene isomers undergo dehydro-
genation on clean Ni and Pt surfaces at 0-130°C to form chemisotbéd benzene.1
Facile dehydrogenation of chemisorbed cyclic olefins is expected because some
of thg hydrogen atoms bonded to saturated carbon centers will closely approach
the metal surface.2 - Accordingly, we projected a dehydrogenation process

general to cyclic olefins on clean, atomically flat metal surfaces (l)vwhereby

M-(e-CH) ~ ——> = M-(c-C_H) + M-H &)

a delocalized E'Can state might be generated at moderate temperatures. We

3,4

describe here an ultra high vacuum study of C, through C, cyclic olefin

4 8
and polyene chemisorption on Ni and Pt surfaces. A mechanistic definition for
the novel surface mediated conversions éf cycloheptatriene and norbornadiene
to benzene 1s also presented.

If the postulated (1) dehydrogenation process prevails, then even-membered
rings would produce species potentially displaceable as Can molecules. In fact,.
cyclobutene chemisorbed irreversibly on Ni and Pt; no hydrocarbon species could

either be desorbed thermally or displaced by P(CH As noted above, cyclo-

¥3
hexene and cyclohexadiene are converted to benzene on all Ni and Pt surfaces.
Cyclooctene and 1,5-cyclooctadiene were partially converted to chemisorbed

cyclooctatetraene on Pt(1l1ll) as established by P(CH displacement reactiomns.

33
Thus, sequence (1) appears to be a common but not necessarily dominant one
for cyclic olefins with n(Cn) an even number on these3 surfaces. Only for

n(Cn) = 6 1is sequence (1) the dominant one establishedl’5 for the surfaces3

investigated.



For the odd-membered cyclic olefiné, sequence (1) would produce a bouﬁd
C H, "radical" which would not be thermally desorbable or chemically displace-
able as a Can radical. Cyclopentene chemisorption was irreversible on Pt(111l)
as expected (Eq. 1)6 and, the surface behavior of cycloheptatriene suggested a
C7H7 intermediate state on Ni(100). Cycloheptatriene chemisorption on Ni(110), N1(100), ~
Pt (111) and Pt(100) is partially thermally reversible only at high coverages y
as shown by the respective C7H8 desorption maxima at 100,120, 115 and 115°C.

Cochemisorption of D, and cycloheptatriene on these surfaces followed by

2
thermal desorption yielded cycloheptatriene free of deuterium. Hence, the
states preceding desorption are molecular. One plausible stereochemistry for

molecularly bound cycloheptatriene is, 1, which also can explain

1
a competing C-C bond breaking process on Ni(100) as discussed below.

Heating of Ni(100)-cycloheptatriene led to three competing processes:
reversible desorption, benzene desorption and gross decomposition (Fig. l)ﬂ
Benzene formation was a fast reaction only at V100° as shown by P(CH3)3
displacement of benzene from Ni(lOO)—C7H8 if the crystal was first heated to
100°C (none was displaced with a 70°C pretreatment). Consistently, there was a

small H, desorption maximum at “90°C (Fig. 1) characteristic of Ni(100)-H.

2
For Ni(100)—cycloheptatriene-7-d1 desorption, the cycloheptatriene desorbed
was C7H7D and the benzene molecules desorbed at 230°C consisted of C6H5D and

C6H6 in a 6:8 molar ratio. We suggest that a significant fraction of chemisorbed R
cycloheptatriene can be represented as in } and that subsequent processes can
be represented as in sequence (1). Formation of a Pt:(lOO)-C7H7 and Pt(100)-H
state below V100°C as the precursor state to chemisorbed benzene is consistent

with key observations: (1) displacement by P(CH3)3 of benzene from a Ni(lOO)-C7H8

state heated to 100°C, (ii) hydrogen desorption at 90°C consistent with the






formation of Ni(lOO)-C7H

7 and Ni(100)-H from 1 below 100°C,

and (i1ii) the ratio of C_H.D to C_H formed in the conversion of C_H.D to

65 6 6 77
benzene.7 Conversion of chemisorbed C7H8-d1, 1, to a delocalized C7H7 or
C7H6D surface species would yield a statistical ratio of C6H5D to C6H6 of

6 to 8 as observed. No cycloheptatriene was converted to benzene on Ni(110),
Pt(111) and Pt(100); why benzene formation from cycloheptratriene is unique

to the Ni(100) surface is not understood-

Norbornadiene chemisorption on Pt(111) aﬁd Pt:(lOO)8 was partially
reversible with a desorption maximum at V115°C. Competitive with desorption
of the diene9 were gross decomposition and benzene formation at high
temperatures (Fig. 2). Reversible norbornadiene chemisorption on these Pt
surfaces only occurs at high coverages. Benzene formation from the chemisorbed
norbornadiene on Pt(11l) is a high temperature process occurring at 225-250°C as
established by the thermal desorption spectra in which benzene desorbed at V250°C,
by the absence of hydrogen desorption below V180°C, and by P(CH:-;)3 displacement
of benzene but only at temperatures above 220°C.

Adsorption of norbornadiene-7-d, on Pt(11ll) followed by thermal desorptiom

1
showed that the thermally generated benzene molecules contained no deuterium.
Thus, the bridging carbon atom in norbornadiene is regioselectively removed in
the benzene formation process;ll The yield of benzene was low, 10-20%Z. For
Pt (100), the norbornadiene chemistry was analogous to that for Pt(1lll) with
benzene desorbing at 250°C (maximum rate); the only substantive difference was
the ﬁz desorption maxima at V160, 260 and 400°C. The benzene produced from

Pt(100)—norbornadiene--7—d1 contained about 15-20% C6H5D. Benzene appears not
to be formed regioselectively from the diene on this surface, but this system
is more complicated because of H-D exchange between chemisorbed C6H6 and D

atoms on Pt(100). We have established that such an exchange process is



operative on Pt(lOO)12 but not on Pt(lll).l.0
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by desorption or displacement studies is that the binding of a C H,
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thermal desorption. In the decomposition of cyclobutene on the Pt(111) and
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Presumably, cyclopentene generates m-C states but our spectroscopic
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No conversion of cycloheptatriene to toluene was detected for the Ni(100)

surface.

The norbornadiene chemisorption state formed at 20°C showed that the
meﬁal substrate had Pt(100)-(1x1) crystallography-an analogous surface
crystallography prevails for the benzene chemisorption state formed at
20°C on this surface plane.
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;his temperature does not distinguish between three plausible C7H8

;somers, however, this is not toluene for the species desorbing from

ét(lll) based on established chemiétry.lo We cannot make this

distingtion for Pt(100). If cycloheptatriene wére formed from the norborna-
diene on these surfaces, the resultant chemistry would be different and

no benzene would be produced.
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Regioselective scission of CH, from norbornadiene to give benzene cannot
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proceed directly from an n“-norbornadiene surface chemisorption state

on a flat surface because the CH2 group would project away from the
surface plane in such a state. Possibly, that fraction of the diene
molecules converted to benzene molecules is chemisorbed initially through

a single olefinic bond with the CH, bridging group projected towards the

2

surface plane.
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Figure 1.

Iﬁ the rapid heating, 20° sec-l, of Ni(100)-cycloheptatriene, v
three different species desorbed from this surface: cycloheptatriene,

hydrogen and benzene; these competing thermal processes of reversible
cycloheptatriene desorption, decomposition, and benzene formation
respectively, are illustrated above with the intensities of the

major ions of 91, 2 and 78 plotted as a function of temperature.

For normalization of intensities, the pérenthetical numbers should

be used. The (0.1) value simply indicates that the intensities

relative to the (1.0) set should be decreased by a tenth for

direct comparisons of intensities of all three molecular species.

The low temperature H2 desorption maximum observed for Ni(JIKD-cycloheptatriene
coincides with that for Ni(100)-H at comparable H atom coverages—

presumably this hydrogen is formed from hydrogen atoms generated in

the C7H8-—-)'C7H7 process. Thé two high temperature H2 desorption maxima
observed for this sytem and also for Pt(lll)-norbornadiene (Fig. 2)

show that the gross decomposition of the major hydrocarbon fragments

is a multistepped process; however, no mechanistic interpretation is

warranted based on available data.
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Figure 2.

" Pt(11l) -norbornadiene,formed at 20°C,when heated at ":20°sec‘-1 .
undergoes three competing thermal processes of molecular desorption
%

of norbornadiene (mass 91), decomposition to give hydrogen (mass 2),

and conversion to benzene (mass 78). For normalization of

intensities, the parenthetical numbers should be used. The (0.1)
value simply indicates that the intensities relative to the (1.0)
set should be deéreased by a tenth for direct comparisons of |
intensities of all three molecular species. Note that at low

coverages, Pt(111)-H yields in the thermal desorption experiment

an H2 maximum at ~130°C.
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