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Abstract: Carbon-carbon bond activation in adsorbed cyclopropane is observed following exposure to gas phase
atomic hydrogen on the Ni(100) surface for temperatures as low as 100 K. Exposure to either gas phase atomic
hydrogen or deuterium results in formation of adsorbed propyl. In both cases subsequent reaction between adsorbed
propyl and coadsorbed hydrogen/deuterium produces propane at 121 K. The activation of a si@gboi@l in

adsorbed cyclopropane dominates as indicated by the fact that propane is the only product observed. No multiple
C—C bond activation which would result in methane or ethane formation was ever observed. These reactions and
their mechanisms have been investigated using temperature-programmed reaction (TPR) and vibrational spectroscopy
using high-resolution electron energy loss spectroscopy (HREELS). The reactivities of hydrogen and deuterium
were indistinguishable during these experiments so we have used the generic term hydrogen or gas phase atomic
hydrogen to describe the reactions of both hydrogen and deuterium. The vibrational spectrum of adsorbed cyclopropane
indicates weak interaction with the Ni(100) surface at 100 K. This weak interaction results in molecular cyclopropane
desorption at 123 K with only a small amount of dehydrogenation. After atomic hydrogen exposure, a new loss
feature appears at 383 ctnin the vibrational spectrum. This new mode corresponds to theONdond stretching

mode of adsorbed propyl, the primary reaction intermediate. Cartembon bond activation in adsorbed cyclopropane

also causes substantial reduction in the intensities of cyclopropane’s ring deformation modes at 821 and 1006 cm
These results clearly indicate that-C bond activation occurs during exposure to gas phase atomic hydrogen. Isotopic
labeling studies reveal that the adsorbed propyl intermediate is hydrogenated by labelled surface hydroger. Carbon
carbon bond activation in adsorbed cyclopropane has never been observed during adsorption on a surface with
preadsorbed hydrogen nor during exposure to nascent hydrogen formed by dissociating molecular hydrogen. A
detailed potential energy diagram for the reactions of adsorbed cyclopropane on the Ni(100) surface is developed
based on results from these experiments and the literature.

Introduction for cyclobutane. The activation energy of Ni atom insertion to

Skeletal rearrangement in alkanes is an important catalytic the C-C bond of cyclobutane is 32.6 kcal/nfol.

process which requires carbecarbon bond activation. Despite Model calculations have also been used recently to character-
the fact that C-C bonds are weaker than eithe~H or C—H ize the unusual reactivity of cyclopropane compared to normal

bonds, G-C bond activation is less frequently observed in @lkanes and other cycloalkanes. Wong et al. have summarized
catalytic reactions by transition metals. This disparity in the literature relating the special reactivity of cyclopropane to
reactivity is thought to result from inefficient binding of-@ its thermodynamic and bonding propertfe€yclopropane has
bonds to transition metals during the initial approach, due either Significant angular and torsional strain due to the cyclic
to the directional character of carbon p orbitals or steric @rangement of the-€C—C bond and the coplanar arrangement
hindrance caused by tetrahedral bonding of cadgon. of the carbon atoms which mandates the-HC bonds be

Recently, quantum chemical model calculations have been €clipsed. The relief of strain associated with ring opening is
used to estimate the energetics for intermoleculaiCbond often invoked to rationalize the high reactivity of the cyclopropyl
activation by transition metals. Model calculations have been 9roup. However, ring strain alone is not sufficient to explain
performed for G-C bond activation by second-row transition the large differences in reactivity observed between cyclo-
metal atoms in ethane, cyclopropane, and cyclobt’aRer a propane anql cyclobu_tane since th_e amo_unt_of ring strain relieved
given transition metal atom, the calculated activation energy during the ring opening process is similar in both césée
for metal atom insertion into €C bonds is always the lowest ¢ @romaticity of cyclopropane has also been proposed to explain
for cyclopropane because of the ring strain present in both the the large difference in reactivity between cyclopropane and
metallacyclobutane product and the cyclopropane reaztant. €yclobutane. Theo aromaticity of cyclopropane has been
These calculations also suggest that palladium has the |owes{eV|ewed by Dewdrand Creme?. Aromatic stabilization results

barrier for G-C bond activation among the second-row transi- N 17 kcal/mol of stabilization in cyclopropafie.For the
tion metal atoms. The calculated activation energies for réactions of cyclopropane with electrophiles, aromaticity is

palladium atom insertion into the-€C bond are 31.8 kcal/mol ~ thought to be maintained in the transition state and therefore
for ethane—1.9 kcal/mol for cyclopropane, and 15.6 kcal/mol ~ the activation barrier is low. Thus, in addition to the relieving

® Abstract published irAdvance ACS AbstractSeptember 15, 1996. (3) Wong, H. N. C.; Hon, M.-Y.; Tse, C.-W.; Yip, Y.-C.; Tanko, J.;
(1) Crabtree, R. HChem Rev. 1985 85, 245. Hudlicky, T. Chem Rev. 1989 89, 165.
(2) Siegbahn, P. E. M.; Blomberg, M. R. A&. Am Chem Soc 1992 (4) Dewar, M. J. SJ. Am Chem Soc 1984 106, 669.

114, 10548. (5) Cremer, D.; Gauss, J. Am Chem Soc 1986 108 7467.
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ring strain during ring opening, the fact the cyclopropyl remains

Son and Gland

No hydrogenation or hydrogenolysis has been observed for

essentially intact in the ring-opening transition states accountscyclopropane adsorbed on transition metal surfaces in the

for its high reactivity.
Recent experimental studies have shown that th€ ®ond

absence of gas-phase cyclopropane and hydrogen. Dehydro-
genation is observed during cyclopropane adsorption on the

in cyclopropane can be activated by transition metal complexes Ir(110)—(1x2) surface at 100 K for exposures of 1.7 L or |&%s.

of nickel(0)¢ palladium(0)? palladium(ll)8 platinum(0)? plati-
num(ll),°and iridium(l)1* Co-condensation of atomic Ni vapor
and cyclopropane in an Ar matrix results in spontaneous Ni
atom insertion into the €C bond of cyclopropane at 12 K
forming nickelacyclobutan® However, photoactivation is
required for insertion of atomic iron into the—C bond of
cyclopropane at 1815 K in an argon matri¥3 The high re-

For larger exposures, cyclopropane adsorbs molecularly with
an adsorption probability of unity. Preadsorbed hydrogen
inhibits dehydrogenation of cyclopropane on the Ir(3(@)x 2)
surface but does not induce ring opening or hydrogenafion.
Cyclopropane adsorbs molecularly on the Ir(111) surface at 100
K and no significant dehydrogenation occurs during subsequent
heating!® On the Ru(001) surface, cyclopropane interacts very

activity of cyclopropane has also been demonstrated in the gasweakly with the surface and desorbs intact at 150 K without
phase. Reactions with atomic hydrogen in a gas-phase flowdehydrogenatio®® On this surface, cyclopropane adsorbs with

discharge system result in both hydrogen abstraction an@ C
bond activation producing methatfe Hydrogen abstraction to
form cyclopropyl and its subsequent hydrogenation to form pro-
pylene is suggested as the initial step of this gas-phase reéttion.
The reaction of cyclopropane (1 Torr) with hydrogen (100
Torr) on the Ni(111) and Ni(100) surfaces results in both single
C—C bond activation (propane formation) and multiple-C
bond activation (methane and ethane formatidn)he esti-
mated thermal activation barrier for cyclopropane ring opening
on the Ni(100) surface is 15 kcal/m®l. The Ni(100) surface
has higher reactivities than the Ni(111) surface for both single
and multiple C-C bond activation. For the Ni(100) surface,
single C-C bond activation is dominant below 465 K while
multiple C—C bond activation dominates at higher temperatures.
Similar reactivity patterns have been observed in thelQ-
Torr range with excess hydrogen for the Ir(111) and the
Ir(110)—(1x2) surfaces since single<€C activation is dominant
below 500 K and the more open Ir(11Q)Lx 2) is more activeé®

Similar patterns were also observed for the Ru(0001) and

Ru(11D) surfaces in the 1-Torr range with excess hydrogen
since the more open Ru(1Qp surface is more active and
increasing temperature favors multiple bond activation.

Cs symmetry which corresponds to a slight ring deformation or
an inclination of the ring with respect to the surface.

In our work, reactions of adsorbed cyclopropane with gas-
phase atomic hydrogen have been investigated on the Ni(100)
surface. Gas-phase atomic hydrogen induces a wide range of
surface reactions, which do not occur with adsorbed surface
hydrogen. Gas-phase atomic hydrogen induces low-temperature
cyclohexene hydrogenation on Ni surfadésgthylene and
benzene hydrogenation on the Cu(111) surfdckydrogen
addition to ethylene on the Cu(100) surf&édyydrogenation
of carbon monoxide on the Ru(001) surf&¢eand hydrogen
abstraction from cyclohexane on the Cu(111) surfac&lost
surface reactions caused by gas-phase atomic hydrogen occur
via Eley—Rideal (ER) mechanisi#: 2> The ER mechanism is
characterized by the direct reaction of incoming reagent from
the gas phase with adsorbed species on impact.

Experimental Section

The experiments were performed in the UHV chamber equipped
with instruments for Temperature Programmed Reaction Spectroscopy
(TPRS), Auger Electron Spectroscopy (AES), Low Energy Electron
Diffraction spectroscopy (LEED), High Resolution Electron Energy

The reactions of cyclopropane on supported transition metal Loss Spectroscopy (HREELS), and X-ray Photoelectron Spectroscopy

catalysts lead to €C bond activation above room temperature (XPS). All surface analysis instruments were located on the same level
in hydrogen atmospheres_ On Supported Ni Cata|ysts a mixtureso that a simple rotation about the manipulator was sufficient to position
of methane, ethane, and propane was formed for hydrogenthe sample in front of each spectrometer or source. The background

pressures in the 70 to 700 Torr range and temperatures in th
290 to 410 K rangé® The activation energy of cyclopropane

hydrogenolysis on the supported Ni catalysts was reported to

be 13 kcal/mof8

(6) (@) Noyori, T.; Odagi, T.; Takaya, H. Am Chem Soc 197Q 92,
5780. (b) Noyori, R.; Yamakawa, M.; Takaya, Fetrahedron Lett197§
4283.
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23, 2871. (b) Chiusoli, G. P.; Costa, M.; Pallini, L.; Terenghi, Bans
Met Chem 1982 7, 304. (c) Binger, P.; Schuchardt, Bngew Chem,
Int. Ed. Engl. 1977, 16, 249.

(8) Albelo, G.; Wiger, G.; Rettig, M. FJ. Am Chem Soc 1975 97,
4510.

(9) Rajaram, J.; Ibers, J. A. Am Chem Soc 1978 100, 829.
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101, 364. (c) Al-Essa, R. J.; Puddephatt, R. J.; Thompson, P. J.; Tipper,
C. F. H.J. Am Chem Soc 198Q 102 7546. (d) Adams, D. M.; Chatt, J.;
Guy, R.; Sheppard, Nl. Chem Soc 1961, 738.

(11) Tulip, T. H.; Ibers, J. AJ. Am Chem Soc 1979 101, 4201.

(12) Kline, E. S.; Hauge, R. H.; Kafafi, Z. H.; Margrave J. L.
Organometallics1988 7, 1512.

(13) Kafafi, Z. H.; Hauge, R. H.; Fredin, L.; Margrave J. L.Chem
Soc, Chem Commun 1983 1230.

(14) (a) Marshall, R. M.; Purnell, H.; Sheppard, A. Chem Soc,
Faraday Trans2 1986 82, 929. (b) Marshall, R. M.; Purnell, H.; Satchell,
P. W.J. Chem Soc, Faraday Trans1 1984 80, 2395.

(15) Goodman, D. WJ. Vac Sci Technol A 1984 2, 873.

(16) Engstrom, J. R.; Goodman, D. W.; Weinberg, WJHhys Chem
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goressure of the system during the experiments was< 107! Torr.

TPR spectra were taken using a Quadrupole Mass Spectrometer
(QMS) and a linear heating rate of 3 K/s. The ionizer of the QMS
was shielded by a gold plated cylinder with coaxial entrance tube. A
low ionization energy (30 eV) was used for TPR experiments since
the relative ion yields of hydrogen and deuterium are decreased
significantly relative to hydrocarbons. With this decreased sensitivity
to hydrogen, investigations of the reaction could be made with a smaller
range of Mass Spectrometer (MS) sensitivities. This change signifi-
cantly decreased the settling time required for each mass scan and
improved our signal to noise. The sample was positioned 1 mm in
front of this tube for TPR, so that only molecules desorbing from the
flat center region of the sample could enter the ionizer through the
coaxial tube. The desorption spectra were collected with Hunt Scientific
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H. J. Chem Phys 1984 80, 508.

(20) Hoffmann, F. M.; Felter, T. E.; Weinberg, W. H. Chem Phys
1982 76, 3799.

(21) Son, K.-A.; Mavrikakis, M.; Gland, J. L1. Phys Chem 1995 99,
6270.

(22) Xi, M.; Bent, B. E.J. Vac Sci Technol B 1992 10(6), 2440.

(23) Yang, M. X.; Bent, B. EJ. Phys Chem 1996 100 822.

(24) Mitchell, W. J.; Xie, J.; Wang, Y.; Jachimowski, T. A.; Weinberg,
W. H. J. Am Chem Soc 1995 117, 2606.
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Temperature Programmed Analysis software which programs the o
sample temperature and multiplexes the QMS to monitor a range of cyclopropane/Ni(100)
masses or up to 26 specific mas3esn these experiments, a range of
masses was monitored during initial experiments and then selected 4, |
discrete masses were monitored to provide more detailed information.
HREELS spectra have been taken using an HREELS spectrometer
with a 127 cylindrical deflection monochromator and an identical
analyzer. The count rate for the elastic peak was-10° counts/s 7
with a ~10-meV resolution. The incident beam energy wak5 eV
at a pass energy of 0.29 eV. All the spectra were collected in the J
specular direction at 80from the surface normal. Spectra were 400 K/L%
collected with a PC interfaced to the HREELS electronics. The signal
was averaged over 25 scans of the chosen energy region, using 1.5- propane (m/e=44) x |
meV steps and a 0.5-s dwell time at each step. 200
The Ni(100) crystal was attached to an L-shaped manipulator that
allows the 3-coordinate displacements and a full°3@Qation about
the manipulator axis. The sample was cooled to 98 K with an internal ,
liquid nitrogen reservoir. The sample could be heated up to 1100 K o 20 P o 00
by passing a DC current through two 0.5-mm Ta support wires that Temperature (K)
were spot welded to the edge of the 1.5 cm diameter Ni crystal disk. Figure 1. TPR spectra of Ni(100) taken after exposure to 0.024 L of
A 0.01 mm diameter chromeklumel (K type) thermocouple spot  cyclopropane. Most adsorbed cyclopropane desorbs at 123 K without
welded to the back of the crystal was used for temperature measurementreaction.

The Ni(100) crystal was cleaned by ‘Arsputtering followed by . . e ) e
annealing to 1000 K, oxygen treatment, and hydrogen treatment. Theisotopes used are also clearly identified in all figures. Specific

cleanliness of the surface was verified by AES. isotopes are clearly identified for the isotope labeling experi-
Micro-channel array-directed beam dosers and leak valves were usedNents. Gene_rally, TPRS experiments Performed with gas-phase
for reagent dosing. All exposures were performed in front of directed atomic deuterium are presented to clarify the results. Gas-phase
doser assembly which minimizes system contamination. Cyclopropane atomic hydrogen has been used for the vibrational experiments
(Matheson, 99%) was used as received. Hydrogen (Matheson 99.9999%}0 simplify the spectra and avoid spectral compression caused
and deuterium (Matheson 99.5%) were used without further purification by the isotope effect.
both for molecular hydrogen adsorption and for the production of atomic  ~ cyclopropane on the Ni(100) Surface.The interaction of
thydro?enl;_l Gas-tpgastﬁ aépmlc_h%/drogfen vlvas Icreﬁtzd on a ;580 Keyclopropane with the surface is weak and most cyclopropane
ungsten flament by the dissociation of molecurar yarogen abe. desorbs intact when heated. The TPR spectra in Figure 1 were

1077 Torr. Gas-phase atomic deuterium was produced in the same way. .
The theoretical limit for the dissociation efficiency is approximately taken from the Ni(100) surface after exposure to 0.024 L of

0.3 per H collision under the experiment conditions ugéé® Thus cyclopropane at 100 K. Molecular desorption of cyclopropane
the hydrogen flux from the W filament was a mixture of molecular at 123 K clearly dominates during heating. With increasing
hydrogen and atomic hydrogen. In this paper, the term “atomic €xposure, the cyclopropane desorption peak increases without
hydrogen” is used for convenience to indicate this mixture of hydrogen saturation within the range of experiments performed. No
atoms and molecular hydrogen. Gas-phase atomic hydrogen andadditional desorption feature has been observed with exposures
deuterium showed identical reactivities in the experiments we per- yp to 0.16 L, the highest exposure used. Similar low-
formed. Therefore all vibrational studies were performed with gas- temperature molecular desorption of cyclopropane has been
phase atomic hydrogen to avoid compression of the vibrational spectrum previously observed below 160 K on the Ru(C8nd Ir(110°

due to the isotope effect. TPR experiments were conducted with 93S- ¢ rfaces. A very small amount of adsorbed cyclopropane is

phase atomic deuterium to differentiate product peaks from'ibe . - -
isotope peaks of the reactants. The Ni surface was exposed to the beargehydrogenated on the Ni(100) surface during the TPR experi-

of atomic hydrogen in a line of sight geometry. The Ni crystal was Ments producing the hydrogen peak at 362 K. Hydrogen
positioned~5 cm away from the endfa 9 cmlong W coil during produced by the dehydrogenation is estimated to be less than

atomic hydrogen dosing. Heating by the radiation from the hot W 0.04 monolayer based on the comparison with the TPRS of
filament was minimized by housing the W filament in a liquid nitrogen  saturated monolayer hydrogen. The uncertainty of this coverage
filled Cu cooling block. In this way, the temperature of the Ni crystal estimate is=2% relative to the saturation hydrogen coverage.

in front of the hot W filament could be kept below 110 K. Since an Nqo self-hydrogenation or hydrogenolysis has been observed as
accurate dissociation coefficient is not available from this experiment, evidenced by the absence of propane peaks at 44 and 29 amu.
exposures of atomic hydrogen are given in terms of exposures of The small 29-amu peak at 123 K<0.05% of desorbing
molecular hydrogen to the W filament as measured by an ion gauge. cyclopropane) is caused by fragmentation of cyclopropane. The

In this work, exposure units are arbitrary and included primarily as a .
basis for internal comparisons. Exposures are presented in LangmuirsSmaII 44-amu peak{0.01% of desorbing cyclopropane) at 123

(1L =1 x 10 Torr s) based on the background pressure reading K i caused by the natural abundance'# isotope in the
from the ion gauge and have not been corrected for large preferentialdesorbing cyclopropane. The 2-amu peak around 123 K is

123K

362K

hydrogen (m/e=2) x 0.1

MS signal (arb. units)

propane (m/e=29) x |

cyclopropane (m/e=42) x 0.01

dosing fluxes and ion gauge sensitivity factors. caused by the fragmentation of cyclopropane in the ionizer since
the intensity decreases dramatically as the ionization energy is
Results decreased. A careful analysis of cyclopropane peak shape

indicated that the desorption order is dfeThe peak temper-
ature for cyclopropane does not shift with the increased exposure
also indicating that cyclopropane desorption from the Ni(100)
surface is first order. The activation energy for cyclopropane
desorption is approximately 7 kcal/mol based on the Redhead
(26) Temperature Programmed Analysis Package; Hunt Scientific, Box method! assuming first-order desorption and a'4e10'3

The reactivities of hydrogen and deuterium were indistin-
guishable during these experiments. We have indicated the
isotope being used, but have generally performed similar
experiments with both isotopes to confirm the results. The

4272, Camp Connell, CA 95223. preexponential factor.
(27) Hickmott, T. W.J. Chem Phys 196Q 32, 810.
(28) Smith, J. N., Jr.; Fite, W. LJ. Chem Phys 1962 37, 898. (30) Chan, C. M.; Aris, R.; Weinberg, W. Hppl. Surf Sci 1978 1,

(29) Madey, T. E.; Yates, J. T., JBurf Sci 1978 76, 397. 360.
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T T T — T Table 1. Vibrational Modes of Gas-Phase Cycloprop&rend
3000 B b o100 g1 100 at 100K Cyclopropane Adsorbed on the Ni(100) Surface at 180 K
mode number  gas phase  adphase descritién
2500 Via 741 CH rock
V7 854 (w) CH rock
_ Vi1 866 (vs) 821 ring deform.
z Vs (975) CH wag
e V1o 1028 (vs) 1006 ring deform.
S o Vi3 (1050) CH twist
H V4 (1125) CH twist
E V3 1188 1117 ring breathing (stretch)
1000 Vo 1442 (m) 1401 CH; scissor
2 1475 CH scissor
Vg 3025 (s) CH sym stretch
500 21 3027 3019 CH, sym stretch
V12 3075 CH asym stretch
Ve 3101(s) CH asym stretch
0 L
’ Erere Lo (eng aFor the gas phase modes, IR, Raman, and inactive modes (in
nergy Loss (em ) parentheses) are listed. Approximate transition cross sections for the
IR active modes are indicated (¥svery strong, m= medium, w=
T T T T
6000 o | l Weak).
I h .
:‘ l (gzleg?;g:!?rs‘z ?éolm;oc]}zl + cyclopropane/Ni(100) 2000
5000 — fv | cyclopropane + D /Ni(100)
\; 1
i
4000 — i |
) o 1500 |
5 Ly
£ I \ _ 315K
. 3000 | | }, £
| £
E ; i ‘_3 1000
2000 - “ ‘1 %\\ g" B 7K D, (m/e=4) x 0.1
‘ k\ ﬁ hydrogen (m/e=2) x 0.1
1000 - I I \\ J\,
f ‘l \ 500 propane-d, (m/e=46) x 10
| VA x20 .
ol A .\\M l\’“»-w./'\/ \"\“W'W’\ T’“’“ ’“’\"\-WMT-\WNJ:LV ' propane-d, (m/e=30) x |
1000 2000 3000 4000 5000
Energy Loss (cm ) ] cyclopropane (m/e=42) x 0.01
Figure 2. HREELS spectra of cyclopropane taken (a) at 100 K, (b) at T o .o P s
100 K after exposure to gas phase atomic hydrogen, and (c) after heating Temperature (K)

to 130 K after atomic hydrogen exposure. Spectrum a corresponds toFigure 3. TPR spectra taken from a Ni(100) surface preexposed to
weak adsorption of molecular cyclopropane. The new loss features at0.5 L of deuterium and then exposed to 0.020 L of cyclopropane at
383 cntt and around 2800 cm in spectrum b indicate formation of 100 K. Cyclopropane desorbs at 117 K without significant reaction.
adsorbed propyl at 100 K.

softening has been reported for cyclopropane on other metal
The HREELS spectrum of adsorbed cyclopropane also offers g rface$3-35

a strong indication of weak molecular adsorption of cyclo-
propane on the Ni(100) surface at 100 K. Spectrum a in Figure
2 was taken at the specular angle following a 0.01 L cyclopro-
pane exposure at 100 K. Mode assignments for the peaks
observed (Table 1) are based on comparisons with the vibra-
tional spectrum of gas-phase cycloprop&rend comparisons

Cyclopropane Coadsorbed with Surface Hydrogen.Co-
adsorbed surface hydrogen does not induce any significant
reaction in adsorbed cyclopropane during TPR experiments.
Figure 3 is the thermal desorption spectrum of cyclopropane
on the Ni(100) surface preexposed to 1.1 L of molecular
X deuterium. In the presence of coadsorbed surface deuterium,
with H§4EELS spectra of cyclopropane on the Ru(0B1), the desorption temperature of cyclopropane decreases by 6 deg
P(111)}* and Cu(110¥ surfaces. The HREELS spectrum of to 117 K. No C-C bond activation by surface deuterium has

cyclopropane shown in Figure 2a paraliels the vibrational spectra(geen observed. Coadsorbed surface deuterium clearly inhibits
igtohe? 3::1 F;Z?rseescﬁlgﬂgoﬁine d?f?)lfrﬁglf?énTr:f;(f::kST?\teSz:ain ehydrogenation of adsorbed cyclopropane and results in a
at 1117 cmlis caEsed by a r%g-stretching mode .The peF;k at substantial dec_rease in the amount of hydrogen formed during
3019 cnTlis the G-H stretching mode. No indicaiion of-CH the TPR experiment. Isotope exchange between surface deu-
mode softening was observed as exp.ected since-rid @ode terium and adsorbed cyclopropane is not significant. The
intensity of the 43-amu peak observed was approximately 4%
(31) Redhead, P. AVacuum1962 12, 203. of that for the 42-amu peak, which corresponds to the natural
(32) (a) Sverdlov, L. M.; Kovner, M. A.; Krainov, E. P¢ibrational abundance of thé&C isotope of cyclopropane. A very weak

Spectra of Polyatomic Molecule@/iley: New York, 1974. (b) Herzberg, broad 2-amu peak appears between 220 and 380 K. Considering
G. Infrared and Raman Spectra of Polyatomic Molecul€s. Van

Nostrand: Princeton. 1960. peak size and peak position, we believe this small hydrogen
(33) Felter, T. E.; Hoffmann, F. M.; Thiel, P. A.; Weinberg, W. Surf peak is due to the fragmentation of deuterium. A similar 2-amu
Sci 1983 130 163. kh n rved for th rption of surf rium
(34) Skokins, T.; White, J. M. Personal communication. pea as' been observed fo t.e desorptio .O surface deuteriu
(35) Martel, R.; Rochefort, A.; MaBreen, P. B.Am Chem Soc 1994 on the Ni(100) surface. As discussed earlier, the 2-amu peak

116, 5965. at 117 K is caused by the fragmentation of cyclopropane in the
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T T T T T
600 800

2000
D, + cyclopropane/Ni(100) 3000 108 L atomic D + cyclopropane/Ni(100)
2500 —
1500 |
32K
2 D, (m/e=4) x 0.1 @ 20004
g E
o £
£ 340K B
= 1000 4 hydrogen (m/e=2) x 0.1 =
5 S 1500 |
& R D, (m/e=4) x 0.1
propane-d, (m/e=46) x 10 = hydrogen (m/e=2) x 0.1
1000 | j """
propane-d, (m/e=46) x 10
500 | . ﬂ 2
122K o
propane-d, (m/e=30) x 1
500 |
m propane-d, (m/e=30) x |
cyclopropane (m/e=42) x 0.01 A cyclopropane (m/e=42) x 0.01
0 . o
200

600 800 0 200

0 400 i 400
Temperature (K) Temperature (K)

Figure 4. TPR spectra taken from the Ni(100) surface preexposed to Figure 6. TPR spectra taken from the Ni(100) surface preexposed to
0.024 L of cyclopropane then exposed to 81 L ef Mo hydrogenation 0.023 L of cyclopropane then exposed to 108 L of gas-phase atomic
by gas-phase molecular deuterium or nascent surface deuterium isdeuterium. The yield of proparg-observed at 121 K increases with

observed. the increased deuterium atom exposure.
81 L atomic D + cyclopropane/Ni(100) propane (46 amu) is formed and desorbs at 121 K. The amount
200 180k of propane product increases with the increased deuterium atom

exposure (Figure 6). Unreacted cyclopropane desorbs from the
surface at 121 K. No methane or ethane (or their deuterated
counterparts) was ever observed during exposures to gas-phase
atomic hydrogen (deuterium). No significant amount of deu-
terated cyclopropane is produced from the reaction with atomic
deuterium. The intensity of the 43-amu peak after atomic
1090 hydrogen (mle=2) x 0. deuterium exposure was basically identical in size to the 43-
amu peak from th&C isotope of cyclopropane. Auger analysis
propanc-d; (m/e=46) x 10 after these experiments indicates that no residual carbon remains
L on the surface. During the exposure to atomic deuterium, the

m
1500 21K

D, (m/e=4) x 0.1

MS signal (arb. units)
=~

50(7J
surface is saturated with adsorbed deuterium and bulk deuterium
is also formed. The broad deuterated propane desorption feature
cyclopropane (m/e=42) x 0.01 at 128-194 K is caused by the reaction of cyclopropane with
T AN PR - A desorbing bulk deuterium formed during atomic deuterium
Temperature (K) exposure. For comparison, the reactivity of bulk deuterium
Figure 5. TPR spectra taken from the Ni(100) surface preexposed to alone is shown in Figure 8. The deuterium peak at 180 K in
0.024 L of cyclopropane then exposed to 81 L of gas-phase atomic Figure 5 corresponds to the desorption of approximately 0.5
deuterium. Propané; is formed at 121 K by €C bond activation. monolayer equivalents of bulk deuterium, which has been
o ) ) formed during atomic deuterium exposure. The deuterium peaks
ionizer. Increasmg the amount of Fieuterlum preexposure to 3.65t 270 and 320 K are caused by the desorption of a full
and 6.3 L did not make any significant change in the reaction. monolayer of adsorbed deuterium also formed during the atomic
Cyclopropane Exposed to Gas-Phase Molecular Hydro-  geyterium exposure. A sharp decrease in intensity of the
gen. Dissociative adsorption of molecular hydrogen on the geyterium desorption peak at 121 K is observed. The area of

Ni(100) surface is an exothermic process which liberates 23 ipig dip is proportional to the amount of propaseformed at
kcal/mol3¢ Dissociating gas-phase molecular hydrogen on 121 K as shown in Figure 7.

surfaces partially covered with cyclopropane might result in
reaction prior to thermal accommodation of the adsorbed H de
atoms formed. Figure 4 shows the TPRS of cyclopropane de
postexposed to 81 L of molecular deuterium. No indication of
C—C bond activation is shown. No peak corresponding to either
propaned; (45 amu) or propane; (46 amu) was observed.
Molecular cyclopropane desorption at 122 K is the dominant
thermal process. Dehydrogenation of a small amount of
cyclopropane still occurs resulting in hydrogen desorption at
340 K from the surface.

Cyclopropane Exposed to Gas-Phase Atomic Hydrogen.
Incoming hydrogen atoms from the gas phase indue€ ®ond

propane-d, (m/e=30) x 1

[ G Y

0

Propane formation at 121 K is not caused by desorbing bulk
uterium since €C bond activation by desorbing bulk
uterium occurs at a higher temperature-Chond activation
in the 128 to 194 K temperature range has been previously
observed in the reaction with desorbing bulk deuterium aféne.
Figure 8 shows the TPR spectra of cyclopropane reacting with
bulk deuterium in the absence of gas-phase atomic deuterium.
Due to the desorption temperature difference between cyclo-
propane and bulk hydrogen, only a small amount of cyclopro-
pane reacts with bulk deuterium.

Hydrogen abstraction is not significant during atomic hydro-
activation in cyclopropane on the Ni(100) surface at 100 K. gen (or deuterium) exposures to cyclopropane adsorbed on the

Figure 5 shows the TPR spectra of adsorbed cyclopropaneN'(loo) surface. The vibrational results show no indication of

i - . ydrogen abstracted products. The HREELS spectrum taken
exposed to gas-phase atomic deuterium. Doubly deuteratea{;1t 130 K after desorption of the propane product shows no

(36) Christmann, K.; Schober, O.; Ertl, G.; Neumann JMChem Phys
1974 60, 4528. (37) Son, K.-A.; Gland, J. LJ. Am Chem Soc 1995 117, 5415.
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Figure 7. Propane yield at 121 K vs the integrated area of the negative
D, dip at the same temperature. The decrease in the amoun of D
desorbed is proportional to the propane yield at 121 K.
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Figure 8. TPR spectra following a 0.032-L exposure of cyclopropane
to the Ni(100) crystal containing 1 monolayer equivalent of bulk

800

hydrogen and 1 monolayer of surface hydrogen in the absence of gas

phase atomic hydrogen exposure. A small amount of propare-
formed over the 128194 K temperature range, well above the 121 K

Son and Gland

on the Ni(100) surface, methane formation has never been
observed. Taken together these observations indicate that
hydrogen abstraction during atomic hydrogen exposure of
cyclopropane is not significant. Hydrogen abstraction has been
observed in reactions with larger cycloalkanes adsorbed on this
surface, and the dehydrogenation of the hydrogen-abstracted
species was observed in follow-up TPR experiméhtszor
cyclopentane adsorbed on the Ni(100) surface, bet®ond
activation and hydrogen abstraction occur during atomic hy-
drogen exposur. In the reaction with adsorbed cyclohexane,
hydrogen abstraction has also been observed using TPRS.
HREELS spectra taken from a monolayer of cyclopropane
after atomic H exposure clearly show that gas-phase atomic
hydrogen is directly activating the adsorbed cyclopropane at
100 K (Figure 2). Spectrum b in Figure 2 was taken at 100 K
right after hydrogen atom exposure of adsorbed cyclopropane.
A new peak appears around 383drdue primarily to the Ni-C
stretching mod®—43 of adsorbed propyl. A €H soft mode is
also observed around 2800 cthwhich is consistent with propyl
formation. The C-H soft modes of adsorbed alkyls have been
previously observed on several Cu surfdte¥ and explained
by the softening ob.-CH bonds. The intensities of cyclopro-
pane’s ring-deformation modes at 821 and 1006amd ring-
stretching mode at 1117 crhare reduced after exposure to
atomic hydrogen suggesting a decrease in the concentration of
adsorbed cyclopropane. The small intensity of methyl's sym-
metric deformation mode around 1385 tTm(Figure 2b)
suggests that the terminal methyl group of propyl is likely to
have a tilted orientation with respect to the surface nofdl.
The peak at 1434 cnt may be caused by the antisymmetric
deformation mode of the methyl group as well as the,CH
scissoring mode. Spectrum c in Figure 2 was obtained after
heating the sample used for spectrum b to 130 K to desorb
cyclopropane and propane. Most loss features disappear after
heating to 130 K, as expected. Small peaks corresponding to
background CO adsorption appear during spectral acquisition.
The increased background intensities below 1200 care
caused by the vibrational modes of surface hydrogen and bulk
hydrogen. Surface hydrogen modes appear in the ranges of

530-630 and 11081200 cnt1.48-51 The vibrational peak for

bulk hydrogen in a Ni crystal appears around 800 &f§4°
As seen in Figure 5, the desorption temperature of both surface

propane peak temperature observed following reaction with gas-phasehydrogen and bulk hydrogen is higher than 130 K.

atomic hydrogen.

Atomic Deuterium Exposure of Cyclopropane Coadsorbed
with Surface Hydrogen. In order to characterize the reaction

indication of strongly adsorbed hydrogen-abstracted organic mechanism, a series of isotope-labeling experiments have been
products (Figure 2c). The formation of deuterated cyclopropane performed which focus on the role of adsorbed surface hydrogen
is not significant during atomic deuterium exposure indicating in the reaction. When cyclopropane coadsorbed with hydrogen
that abstraction followed by rehydrogenation of the reactant is is exposed to gas-phase atomic deuterium, singly deuterated
not significant. Hydrogenation of hydrogen-abstracted products propane is the primary reaction product (Figure 9a). The

after C-C bond activation could lead to the formation of

propylene. Adsorbed propylene desorbs at a higher tempera-
ture®® than weakly adsorbed cyclopropane so we can easily

(40) Son, K.-A,; Gland, J. LJ. Phys. ChemSubmitted for publication.

(41) Ibach, H.; Mills, D. L.Electron Energy Loss Spectroscopy and
Surface VibrationsAcademic: New York, 1982.

(42) Yang, Q. Y.; Maynard, K. J.; Johnson, A. D.; Ceyer, S TChem

distinguish gas-phase cyclopropane and propylene despite thepys 1995 102 7734,

similarity in their MS fragmentation patterd%. In these

(43) Zaera, F.; Hall, R. BJ. Phys Chem 1987 91, 4318.

experiments, no hydrocarbon desorption has been observed at (44)Lin, J;; Bent, B. EChem Phys Lett 1992 194, 208.

a higher temperature than the desorption temperature of cyclo-

(45) Jenks, C. J.; Bent, B. E.; Bernstein, N.; ZaeraJ.FAm Chem
Soc 1993 115 308.

propane. Inthe gas-phase reactions of cyclopropane with atomic  (46) Lin, J.; Bent, B. EJ. Phys Chem 1992 96, 8529.

hydrogen, hydrogen abstraction followed by hydrogen addition
and isomerization are believed to domin&tend methane is

the dominant hydrocarbon product observed. In these studies

(38) Tjandra, S.; Zaera, Eangmuir1994 10, 2640.

(39) (a) McLafferty, F. W.; Stauffer, D. BThe Wiley/NBS Registry of
Mass Spectral DataWiley: New York, 1989; Vol. 1. (b) The mass
spectrometry data centreight Peak Index of Mass Spectr&nwin
Brothers: Old Woking, 1983; Vol. 1.

(47) Forbes, J. G.; Gellman, A. J. Am Chem Soc 1993 115 6277.

(48) Johnson, A. D.; Maynard, K. J.; Daley, S. P.; Yang, Q. Y.; Ceyer,
S. T.Phys Rev. Lett 199, 67, 927.

(49) (a) Johnson, A. D.; Daley, S. P.; Utz, A. L.; Ceyer, SSTience
1992 257, 223. (b) Daley, S. P.; Utz, A. L.; Trautman, T. R.; Ceyer, S. T.
J. Am Chem. Soc1994 116, 6001.

(50) Karlsson, P.-A.; Martensson, A.-S.; AnderssonS&f Sci 1986
176, L759.

(51) Nishijima, M.; Masuda, S.; Jo, M.; Onchi, M. Electron Spectrosc
Relat Phenom 1983 29, 273.
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a s when propanel, is the primary product. The 45-amu peak at
121 K has 87% of the intensity of the 46-amu peak, and
corresponds to the M- 1 ion of propaned,. The intensity of

D, (m/e=4) x0.1 the 44-amu peak is consistent with contributions primarily from
hydrogen (mie=2) x 0.1 the M — 2 ion of propaned, and the natural abundance of the
13C isotope in the desorbing cyclopropane. In the reference
mass spectrum of propane, the intensity of the-M2 ion is
propane-d, (m/e=46) x 10 0.23 relative to the intensity of the molecular #hThe TPRS
spectrum of cyclopropane adsorbed alone shows that the peak
size of 44 amu, the doubl¥C isotope of cyclopropane, is
0.1% of the 42-amu peak of cyclopropane (Figure 1).

81 L atomic D + (cyclopropane + H,,,,/Ni(100))

4000 —

N

cyclopropane (m/e=43) x 0.1

g
o

——

propane-d, (m/e=45) x 10

MS signal (arb. units)
S w
8
L
gL—,_

Discussion

1000 H

propane (m/e=44) x 10 Adsorbed Cyclopropane. Molecular cyclopropane adsorbs
Cyclopropane (m/e=42) x 0.01 weakly as indicated by both TPRS and vibrational spectroscopy.
! ™ PR - R TPRS of cyclopropane adsorbed alone indicates that most
Temperature (K) cyclopropane desorbs without dissociation at 123 K. Only a
very small amount of surface hydrogern@.04 monolayer) is
81 L atomic D to cyclopropane/Ni(100) produced by dehydrogenation. No dehydrogenation is observed
000 when cyclopropane is adsorbed on a hydrogen precovered

- - surface. Since similar total amounts of cyclopropane desorb
when cyclopropane is adsorbed alone and adsorbed on a
D, (m/e=4) x 0.1 hydrogen precovered surface, dehydrogenation is not a signifi-

hhogen (me2) x 0.1 cant reaction. The similarity observed between the vibratio_nal
12K - spectrum of gas-phase molecular cyclopropane and the vibra-
tional spectrum of adsorbed cyclopropane also indicates that

propanc-d, (m/e=46) x 10 the adsorbed cyclopropane interacts weakly with the surface.

No C—H soft modes are observed in the vibrational spectrum

of adsorbed cyclopropane indicating that no specifie N{—
C) interactions are occurring. The similarity of the vibrational

I

?

3

8

8
L

MS signal (arb. units)

propane-d, (m/e=45) x 10
1000 -

data for cyclopropane on Ni(100) to a more detailed vibrational
J e propane (me=44) x 10 study of cyclopropane adsorbed on the Ru(001) sufface
A cyclopropane (mle=42) x 0,01 suggests that cyclopropane’s ring is adsorbed in a tilted
T > - X 1 configuration on the Ni(100) surface with no detectable specific
Temperature (K) chemical interactions. Cyclobutane desorbs from this surface

Figure 9. TPR spectra taken (a) after 81-L exposure of gas-phase at 140 K indicating that the interaction between cyclobutane
atomic deuterium to cyclopropane coadsorbed with surface hydrogenand the Ni(100) surface is slightly larger than the interaction
on the Ni(100) surface. Propaudg-not propane, is the main reaction  petween cyclopropane and the surface. This small increase in
product indicating that adsorbed propyl is hydrogenated by surface jhteraction energy observed for cyclobutane suggests that the
gi/c?r:]c:gednéutg:r)i}: r:ace;cgaetill?(elno(()t)))sif:fe;ci ilr;;;ggjgrfooé %ZZ‘FI’_hi?eweak interactions are quite similar. By inference this result
o e suggests that the aromaticity of cyclopropane does not pla
cyclopropane. :;I; te the relatlvg SlzebOf the dpropane fragments in the an%?nportant role in the bond)i/ng Wi)t/h thpe sﬂrface In both F():asyes
rmar ropan reaction product observed. )
P y prop P no specific chemical interaction with the surface is occurring.

decrease of the deuterium desorption rate at the propaneThe large C-H bond energy of cyclopropane limits dehydro-

formation temperature (121 K) is not significant in this case. genation ensqring weak adsorption.des.pite the fact that Niis
Singly deuterated propane rather than doubly deuterated propanz’e:"Xtremely a(':t.lve for €H bond act|v§1t|on. Among single

is the main reaction product as evidenced by the fact that the ¢'YStal transition metal surfaces studied, only the very open
propaned; (45 amu) peak is three times as large as the 46-amu reconstructed Ir(116)(1x2) induces C-H bond activation in
(propaned,) peak. This intensity ratio indicates that ap- adsorbed cyclopropane at 100°K.

proximately 2.1 times as much propadeas propaneh is No significant Ni insertion or thermally induced ring opening
formed after correcting for fragmentation. In the reference IS OPserved on the clean Ni(100) surface. As indicated above,

spectrum of propane, the intensity of the-ML ion of propane cyclopropane is Wegkly adsorbed and qlesorbs from }he surfgce
is 0.87 relative to the intensity of the parent molecular3on, &t 123 K, therefore in these TPRS studies only reactions which
The large intensity of the 44-amu peak is also consistent with 0Ccur below 123 K can be observed. However, Ni insertion is
the fact that singly deuterated propane is the primary product. ©PServed at 12 K'in Ar matrix studies with Ni gas. Ni vapor
In Figure 9a, the 44-amu peak has an intensity 0.84 of the 45-has 102 kcal/mol of potential energy relative to Ni sefithich

amu (propaneh) peak resulting from the M- 1 fragment of may facilitate Ni atom insertion to the-&C bond of cyclo-
propaned;, the M— 2 fragment of propanes, and the M+ 2 propane. Ni atom insertion is also observed after 48 h at 333
ion of naturally occurring doublé®C cyclopropane. When K for the reaction of methylenecyclopropane with methyl
adsorbed cyclopropane is exposed to gas-phase atomic deutercrylate in the presence of the Ni(0) complex (bis(acrylonitrile)-
rium in the absence of preadsorbed hydrogen, propariéé nickel(0))¢ To the best of our knowledge, no insertion reactions
amu) is the primary reaction product and the ’decrease of thenave been reported for Ni multinuclear clusters. Taken together
deuterium desorption rate at 121 K is clearly observable (Figure theS€ results suggest that steric accessibility as well as the

9b). The fragmentation patterns observed in this case areé™ (52)CRC Handbook of Chemistry and PhysiéSth ed.; Weast, R. C.,
consistent in detail with the fragmentation patterns observed Ed; CRC Press: Boca Raton, FL, 1989; p F-182.
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potential energy of Ni atom may play an important role in C-C Bond Activation in Cyclopropane by

controlling the reactions of cyclopropane with Ni. Gas Phase Atomic Hydrogen on the Ni(100) Surface
Coadsorbed Hydrogen and Cyclopropane. Coadsorbed ®

hydrogen does not activate the-C bond in cyclopropane on ® Ty

the Ni(100) surface during TPR experiments. A comparison ® U@ /{

between the activation energies of hydrogenation and desorptionU U ® propane (CaHy)

presented in the next section clearly indicates that molecular <] U /\ 3

[ i [ 7 T G’//4 iy 7
condaotbod Sutate nydragen. Tro small ameuntof denycrs i —— 0~ @

genation observed in the absence of preadsorbed hydrogen is %K _ 100K 121K

largely inhibited by preadsorbed hydrogen. In contrast, post- Figure 10. The reaction mechanism for the cyclopropane hydrogena-

adsorbed hydrogen does not inhibit dehydrogenation. These!ion observed during these experiments. Gas-phase atomic hydrogen

results suggest that preadsorbed hydrogen occupies surfacgddm?n rt]o adsorbed cyclopropane a(;:.t'vates ;heogaong tg form »

defect sites and blocks dehydrogenation. Coadsorption with b oF the primary reaction intermediate. This adsorbed propyl is

hydrogen decreases Cycloproi)amg’s desorbtion tempeF:ature frorrFg/drogenated by surface hydrogen in a subsequent heating process to
A ! : ; ! rm propane which desorbs from the surface.

123 to 117 K indicating that the interaction with the surface is

decreased slightly. Preadsorbed cyclopropane was exposed tQface since the propyl being formed is hydrogenated primarily
adsorbing molecular hydrogen to search for potential reactions by preadsorbed hydrogen.

which might be induced by the “hot” nascent hydrogen produced “ga5eq on the disparity between the temperatures for bulk

during .dlssomatlon. No detectable—C bond activation by hydrogen desorption and propane desorption, we feel that
adsorbing molecular hydrogen was observed. , hydrogenation of propyl by desorbing bulk hydrogen is not
C—C Bond Activation Induced by Gas-Phase Atomic  gjgnificant. During TPRS experiments, propane desorbs first at
Hydrogen. The appearance of adsorbed propyl formed by 131 k and bulk hydrogen desorbs at 180 K suggesting that most
reaction of gas-phase atomic hydrogen with adsorbed cyclo- 4gorhed propyl is hydrogenated and desorbs as propane below
propane indicates that gas-phase atomic hydrogen indu€€s C e temperature where bulk hydrogen diffuses out of the bulk
bond activation in adsorbed cyclopropane to form propyl at 100 54 hecomes available for reaction. Previously, hydrogenation
K.  The adsorbed propyl has been identified based on the st cyclohexene on the Ni(100) surfééand methyi and ethylene
appearance of a NiC stretching mode and the-¢1 soft mode 4, the Ni(111) surfad® by desorbing bulk hydrogen have been

after atomic hydrogen exposure. The results of isotopic ;pserved at-180 K, the peak temperature of bulk hydrogen
experiments clearly indicate that the adsorbed propyl, the desorption.

intermediate, is hydrogenated primarily by surface hydrogen to

. . Ethane and methane formation are not observed in the
form propane. Formation of propaneas the primary product

reaction of cyclopropane with gas-phase atomic hydrogen

ofth de rezctclion (t):] ?‘az-phase alltorn||c.d((eigte:|un:r¥v ';[h cyfcloprr(])pgne indicating that the propyl intermediate does not undergo further
coadsorbed with hydrogen clearly indicates that surface Nyaro- -_ - yonq activation steps despite favorable reaction energetics.

gen is involve_d_ i_n the reactio_n, although adsqrbed hydrogen The absence of €C bond activation in the adsorbed propyl
alone cannot initiate the reaction. Hydrogepanon of adsorbed suggests that the relief of ring strain is an important factor in
propyl by surface hydrogen has been previously observed by jos"yhage atomic hydrogen induceet@ bond activation in
Zaera et al. during the reactions of propyl iodide on clean and adsorbed cyclopropane.

deuterium precovered Ni(100) surfacésThis hydrogenation As indicated in the Results section, no significant hydrogen

reaction occurs at 160 K since the hydrogenation is rate limited abstraction from adsorbed cyclopropane has been observed

by C—I bond activation in the propyl iodide. In fact, hydro- during hvd deuteri t This lack of
enation of alkyl adsorbates by surface hydrogen is a common urning hydrogen or deuterium aftom exposure. IS lack o
9 hydrogen abstraction seems reasonable when the strength of

reaction for alkyl halides and has been demonstrated for theC_H bonding in cyclopropane is considered. The & bond

1 i i i Y4 55
reactions of several alkyl iodides on Ni(106};*Pt(111)*and in cyclopropane has a 106 kcal/mol bond dissociation energy,

6
C“T(rl]l?f dsurfacef. f adsorbed lint diate by surf which is similar to that of methane and 11 kcal/mol higher than
€ nydrogenation of adsorbed propyl intermediate by surtace ; secondary €H bond in n-propaneé’® This observation is

hydrogen also causes the ab_rupt dip” or depletion pgak in the consistent with the high activation energy (11.7 kcal/mol) for
deuterium TPR spectrum during cyclqpropane for.matlon at 1.21 hydrogen abstraction in the gas-phase reaction of cyclopropane
K. The abrupt decrease of the deuterium desorption rate dunngWith hydrogen atoms?

propaned; desorption suggests that propyl hydrogenation by The results of this éxperimental study lead us to propose the
surface deuterium produces empty surface sites. Desorbing bulkreaction mechanism illustrated in Figure 10. Gas-phase atomic
hydrogen refills the empty surface sites generated by the propyl hydrogen initiates the ring opening in adsc)rbed cyclopropane
hydrogenation resulting in abrupt decrease in the deuterium by an Eley-Rideal mechanism and propyl is formed as the
d_es%rpt(ijon ra;(_a. 'It')htl-:-krr(]epéenishmhent Sf the Eurfacedadso_rptiolnprimary reaction intermediate. Propyl is then hydrogenated
site by desorbing bulk hydrogen has been observed previously . : . ;

on the Ni(111%8 and Ni(100y” surfaces. This intensity decrease pr%ferennaltlyhbyt_surface hydrogen producing propane during
of deuterium during deuterated propane formation is not subsequent heating.

observed for the reaction performed on the hydrogen-pretreated Energe_tics of the Cyclopropane Reactions.A_ potential
energy diagram for cyclopropané@lydrogen reactions on the

(53) Zaera, F.; Tjandra, S. Phys Chem 1994 98, 3044. Ni(100) surface in vacuum is shown in Figure 11. Most of the

(54) (a) Zhou, X.-L.; White, J. MSurt Sci 1988 194 438. (b) Tjandra,  adsorption and activation energies used have been determined
S.; Zaera, FJ. Am Chem Soc 1992 114, 10645. (c) Tjandra, S.; Zaera, P 9

F.'Surf Sci 1995 322 140. experimentally on the Ni(100) surface. Specific sources for the
(55) Zhou, X.-L.; Liu, Z.-M.; Kiss, J.; Slown, D. W.; White, J. M. experimental values are indicated later in this section. For
Am Chem Soc 1995 117, 3565.
(56) Jenks, C. J.; Bent, B.; Berstein, N.; ZaeraJFAm Chem Soc (58) (a) McMillen, D. F.; Golden, D. MAnnu Rev. Phys Chem 1982
1993 115 308. 33, 493. (b) Baghal-Vayjooee, M. H.; Benson, S. WAm Chem Soc

(57) Kammler, T.; Wehner, S.; Kuppers, Surf Sci 1995 339, 125. 1979 101, 2838. (c) Tsang, WJ. Am Chem Soc 1985 107, 2872.
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Potential Energy Diagram of Cyclopropane Reactions

during TPRS experiments with coadsorbed surface hydrogen
and molecular cyclopropane.

In the presence of gas-phase atomic hydrogen the situation
changes substantially since formation of adsorbed propyl from
adsorbed cyclopropane and gas-phase atomic hydrogen is
energetically favored. Based on these experimental results, no
significant thermal activation energy (less than 6 kcal/mol) is
required to activate a-€C bond in cyclopropane by gas-phase
atomic hydrogen since the reaction occurs at 100 K. The
experimental observation that adsorbed propyl is formed during
exposure of adsorbed cyclopropane to gas-phase atomic hydro-
gen indicates that this reaction is also kinetically accessible on
the Ni(100) surface. As far as we know, no information is
currently available regarding the kinetic accessibility 6fC
bond activation on other surfaces.

The middle part of Figure 11 shows the experimentally
determined formation enthalpy of the surface reaction interme-
diates, an adsorbed propyl and an adsorbed hydrogen atom (solid
Figure 11. The standard formation enthalpy diagram for cyclopropane |ine). The dashed line and the dotted line show the theroetical
ar)d primary reaction interr.n‘ediates interacting with hydrogen on th_e estimates based on the method of Carter and Koel as discussed
Ni(100) surface. The specific sources for these experimental energies;pove. The mechanistic data discussed in this paper clearly

are indicated in the text. The left side illustrates that cyclopropane . .
desorption is expected to dominate over hydrogenation by coadsorbedIndlcate that adsorbed surface hydrogen adds to adsorbed propyl

hydrogen. The standard formation enthalpy of the primary reaction to form gas-phase propane at 121 K. This detailed mechanistic

intermediates, adsorbed propyl and an adsorbed hydrogen atom, ignformation allows us to analyze the formation enthalpy of the
—28.4 kcallmol as illustrated in the right side. intermediate state (solid line) by matching the transition states

for the two opposing thermally activated processes: (1)
adsorption and reactions where energies have not or cannot bdydrogenation of adsorbed propyl by adsorbed hydrogen to form
directly measured, the energetics have been estimated bydas-phase propane and (2) gas-phase propane dissociation to
combining theoretical estimates and measured standard formaform adsorbed propyl and adsorbed hydrogen. The activation
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47.3 keal/mol
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tion enthalpies for gas-phase species. For instance, the standar@n€rgy of propyl hydrogenation from this work and the
formation enthalpy of the adsorbed species has been estimate@ctivation energy of propane dissociation from literafttihave

by subtracting the binding energy of the gas-phase species fromP€en used for our estimate.

the formation enthalpy of this same gas-phase species (often The estimated activation energy of propyl hydrogenation from
radicals). Carter and Koel have demonstrated that this methodthis work is 7 kcal/mol based on the Redhead method with a
produces a good estimate for standard formation enthalpies ofpreexponential factor ®and first-order kinetics. First-order

a wide range of adsorbed species on metal surfécés.the
following discussion, the term “formation enthalpy” is used to
mean “standard formation enthalpsxKi;°)”.

The left part of Figure 11 shows the formation enthalpy of

cyclopropane coadsorbed with two surface hydrogen atoms on

the Ni(100) surface and the pathways for desorption and the
high-pressure thermal path for—C bond activation. The
estimated formation enthalpy of adsorbed cyclopropane is 5.7
kcal/mol, based on a binding energy of 7 kcal/mol from this
work and a formation enthalpy of 12.7 kcal/mol of gas-phase
cyclopropané® Gas-phase atomic hydrogen has a formation
enthalpy of 52.1 kcal/md? The binding energy of atomic
hydrogen on the Ni(100) surface is 62.4 kcal/mol relative to
gas-phase atomic hydrogéh.Based on these estimates, the
formation enthalpy of adsorbed hydrogen atom-iH0.3 kcal/
mol. This value is consistent with the 11.5 kcal/mol desorption
energy observed for hydrogéh.The thermal activation energy
measured for cyclopropane ring opening on the Ni(100) surface

in an atmosphere containing both cyclopropane and hydrogen

has been measured to be 15 kcal/#oHowever, the activation

barrier for molecular cyclopropane desorption from the Ni(100)
surface is only 7 kcal/mol. Therefore, cyclopropane desorption
is clearly energetically favored and should dominate in these

TPRS experiments. These expectations are consistent with theOin

experimental result that no-&C bond activation is observed

(59) Carter, E. A.; Koel, B. ESurf Sci 199Q 226, 339.

(60) Cox, J. D.; Pilcher, GThermochemistry of Organic and Organo-
metallic CompoundsAcademic: London, 1970.

(61) Truong, T. N.; Truhhlar, D. GJ. Phys Chem 199Q 94, 8262 and
references therein.

kinetics are reasonable since the mobility of adsorbed hydrogen
with a diffusion activation energy of 3.5 kcal/nfkhould be
much larger than the mobility of adsorbed propyl at these low
temperatures. The thermal bath experiments performed at 0.01
Torr of propane on the Ni(100) surface indicate that the
activation energy of propane dissociation to adsorbed propyl
and adsorbed hydrogen is 3t71.0 kcal/mol®? Based on these
estimates the standard formation enthalpy of the intermediate
state is—28 kcal/mol (solid line).

Quantum mechanical estimates of the binding energy of alkyl
groups on metal surfaces predict a formation enthalpy 86
kcal/mol for the intermediate state (dashed line). The binding
energy of methyl on a Ni cluster with a (100)-like site is
theoretically estimated to be 46 kcal/mol referenced to gas-phase
methyl radicaf* If the binding energy of propyl is not much
different from this value, the formation enthalpy of adsorbed
propyl on the Ni(100) surface is estimated to-b25 kcal/mol
based on the 21 kcal/mol formation enthalpy of a gas-phase
propyl radicalf® The formation enthalpy of the intermediate
state becomes therefore35 kcal/mol using the formation
enthalpy of an adsorbed hydrogen atom-df0.3 kcal/mol.

Estimation based on experimental studies of alkyl halide
reactions results in a formation enthalpy-620 kcal/mol (dotted
line) for the intermediate state as shown in Figure 11. The
ding energy estimated for ethyl coadsorbed with iodide on

(62) (a) Sault, A. G.; Goodman, D. W. Chem Phys 1988 88, 7232.
(b) Jiang, X.; Goodman, D. WAppl. Phys A 199Q 51, 99.

(63) Mullins, D. R.; Roop, B.; Costello, S. A.; White, J. Murf Sci
1987, 186, 67.

(64) Siegbahn, P. E. M.; PanasSurf Sci 199Q 240, 37.

(65) Benson, S. Wrhermochemical Kinetic®Viley: New York, 1976.
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the Ni(100) surface is 3% 3 kcal/mol referenced to gas-phase without inducing any reaction in propyl. In the reaction of gas-
ethyl radicalf® Using this experimental estimate for binding phase atomic hydrogen with a saturated alkyl species on the
energy of propyl results in the formation enthalpy-ef0 kcal/ surface, abstraction rather than addition generally domifétes.
mol for an adsorbed propyl and20 kcal/mol for an adsorbed  The calculated reaction enthalpy for propane formation from
propyl and a hydrogen atom on the clean Ni(100) surface.  adsorbed propyl and gas-phase atomic hydrogerbk.9 kcal/

We believe that our experimental estimate presented here ismol; however, addition of atomic hydrogen to the metal surface
more representative of the energy of adsorbed propyl on theis even more favorable with an enthalpy €62.4 kcal/mol.
hydrogen covered Ni(100) surface than either of the previous Kinetically, addition of gas-phase atomic hydrogen to the metal
estimates discussed. The intermediate value-28 kcal/mol surface is favored relative to hydrogen abstraction from adsorbed
obtained from this work for adsorbed propyl plus adsorbed propyl since addition to the metal surface is basically not
hydrogen is however clearly consistent with the previous activated, while hydrogen abstraction from adsorbed propyl has
estimates. We expect the quantum mechanical estimate reporte@ 10-11 kcal/mol activation enerdif. Based on this discussion,
here to provide a lower bound for the standard formation hydrogen addition to the metal surface should dominate relative
enthalpy of adsorbed propyl since the binding energy for propyl to both hydrogen addition and abstraction from propyl. In our
is expected to be somewhat smaller than the binding energy ofexperiments, no indication of hydrogen abstraction from propyl
methyl used for this estimate. In addition, propyl formed at was ever observed.

100 K may not be sufficiently mobile to find the minimum Desorbing bulk hydrogen is another possible hydrogen source
energy adsorption site used for this calculation. We also expectfor propyl hydrogenation. However, desorbing bulk hydrogen
that the experimental estimate based on alkyl halide reactionsdoes not seem to cause hydrogenation of adsorbed propyl since
here provides an upper bound for the standard formation cyclopropane desorption is essentially complete before signifi-
enthalpy of adsorbed propyl since coadsorbed halides maycant bulk hydrogen desorption occurs, as discussed in the
decrease the binding energy for propyl. previous section.

Molecular beam measurements have also been made regard-
ing translational activation of dissociative propane chemisorption
to form adsorbed propyl and hydrogen on the Ni(100) surface.
Translational activation has an activation barrier of 11.9 kcal/  Carbon-carbon bond activation has been observed at 100 K
mol " which is a much larger activation energy than the in adsorbed cyclopropane on the Ni(100) surface during gas-
thermally induced dissociation energy of 3:71.0 kcal/mol6? phase atomic hydrogen/deuterium exposure. After atomic
The agreement between the experimental and the estimatedhydrogen exposure, a new loss feature appears at 383iom
standard formation enthalpy of the intermediate state discussedthe vibrational spectrum. This new mode corresponds to the
above indicates that the transition state observed duringNi—C bond stretching mode of adsorbed propyl, the primary
translational activation in the reverse reaction is apparently not reaction intermediate. Carbeicarbon bond activation in
accessed during hydrogenation of adsorbed propyl by co-adsorbed cyclopropane also causes substantial reduction in the
adsorbed hydrogen. Instead, a transition state very similar tointensities of cyclopropane’s ring-deformation modes at 821 and
that for the thermally activated dissociation appears to dominate. 1006 cntl. Isotopic labeling experiments indicate that this
Translational activation may require pathways with large propyl intermediate is hydrogenated by coadsorbed hydrogen
prefactors which can occur within the short times characteristic to form propane at 121 K during TPRS experiments. The
of energetic collisions. On the other hand, reactions of vibrational spectrum of adsorbed cyclopropane indicates weak
coadsorbed species may access pathways with small prefactorinteraction with the Ni(100) surface at 100 K. This weak
and much smaller activation barriers characteristic of extended interaction results in molecular cyclopropane desorption at 123
reaction times which can be accessed by coadsorbed specie& without significant dehydrogenation. Carbeaarbon bond
which can collide many times before reaction. activation in adsorbed cyclopropane has never been observed

The experimental results of this work have clearly established in the reaction with preadsorbed hydrogen nor during exposure
that propyl hydrogenation occurs by reaction between adsorbedto nascent hydrogen formed by dissociating molecular hydrogen.
propyl and coadsorbed hydrogen. A review of thermodynamic A detailed potential energy diagram for the reactions of adsorbed
and kinetic considerations in the literature suggests that the cyclopropane on the Ni(100) surface is presented based on
addition of surface hydrogen to adsorbed propyl should dominate previous literature results and results from these experiments.
relative to addition of gas-phase atomic hydrogen to the adsorbed
propyl intermediate. The primary potential reactions between  Acknowledgment. This work is supported by the Chemistry
adsorbed propyl and gas-phase atomic hydrogen are as foldivision of BES-DOE under grant number DE-FG02-91 ER14190.
lows: (1) hydrogen addition to propyl, (2) hydrogen abstraction
from propyl, and (3) hydrogen addition to the metal surface

Summary and Conclusions
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