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Hydrocarbon Surface Chemistry of Platinum and Nickel 

Min-Chi Tsai 

ABSTRACT 

The hydrocarbon surface chemistry of Pt and Ni as related to 

heterogeneous catalysis was pursued in this thesis research. The key 

issue was to delineate the electronic, compositional and stereochemical 

features and reaction mechanisms of hydrocarbon adsorbates that faci-

litate the scission and formation of C-H and C-C bonds. These studies 

were performed under ultra high vacuum conditions, over a series of 

crys tallographic pl'anes of Pt and Ni. 

Reactions of acetylene and hydrogen on Pt(lU) and Pt(lOO) were 

investigated using primarily thermal desorption spectroscopy and 

isotopic labeling techniques. Distinguishing features of C-H bond 

breaking and forming between acetylene and hydrogen as a function of 

surface crystallography, temperature and pressure were established. 

The coordination chemistry of benzene, toluene and pyridine on 

flat and stepped Pt and Ni surfaces has been defined by chemical dis-

placement reactions, thermal desorption spectroscopy and isotopic 

labeling studies. Important electronic and stereochemical features of 

C-H bond breaking and making processes for arqmatic hydrocarbons were 

identified, and distinctive differences between Pt and Ni surfaces were 

established from this study. 

Reactions of cyclic hydrocarbons on flat and s,tepped Ni and Pt 

surfaces were investigated using the same approach as for the aromatic 

hydrocarbons. Dehydrogenation of cyclohexane, cyclohexene and 1,3-

and 1,4-cyclohexadiene to form benzene was studied as a function of 

metal surface, surface crystallography and composition. H-D exchange 



reactions during dehydrogenation, resulting in all possible mixed 

benzene species, were evident on all the Pt surfaces studied. Dehydro

genation of Ca cyclic olefins also led to the formation of delocalized 

ring species--cyclooctatetraene on a Pt surface. Using selectively 

labeled molecules, the reaction mechanism for cycloheptatriene con

version to benzene on Ni(lOO), and for norbornadiene conversion to 

benzene· on Pt(1ll) and Pt(100) have -been incisively studied. 
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I. INTRODUCTION 

The understanding of heterogeneous catalysis at the molecular 

level is of fundamental importance in surface science. 1 ,2 Despite 

the efforts made in the past years, the nature of heterogeneous 

catalysis is still not clearly defined yet. M~ch of this is due 

to the complexity of catalytic transformation under different 

conditions: temperature, pressure and gas phase composition. 

Furthermore, the metal catalysts are usually poorly characterized 

both compositionally and structurally. Therefore, it is both 

important and necessary to be able to deconvolute the complicated 

catalytic processes into separate components in order to define 

the elementary processes of catalytic reactions. 

To achieve this goal, a relatively "clean" environment and 

well-defined metal surface are minimum requirements to begin with. 

During the past decade, vacuum technology has been rapidly advanced 

such that an ultra high vacuum system with a typical base pressure 

of < 1 x 10-10 torr and main residual gases of H2 and CO can be 

obtained relatively easily. Along with the advancement of vacuum 

technology, numerous surface physical techniques that are both ultra

high-vacuum-compatible and surface-sensitive became available for 

chemisorption studies on single crystal metal surfaces, so that 

chemisorption processes can be examined on crystallographically and 

compositionally well-characterized metal surfaces. Important surface 

physical techniques that are applied routinely are Auger electron 

spectroscopy, low energy electron diffraction and mass spectrometry 

which are used for analyzing surface composition, symmetry of ordered 

surface structures and gas phase composition, respectively. Others 
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which usually require more sophisticated experimentation are: angle

resolved photoemission spectroscopy which yields information about 

electronic structure and orientation of chemisorbed species, and high 

resolution electron energy loss spectroscopy which probes vibrational 

properties of surface species. Although these techniques are widely 

utilized for surface characterization, none .. alone can unambiguously 

provide a complete structural description of chemisorption processes. 

Consequently, there is a need to apply chemical and physical tech

niques to surface studies. 

Metal surface chemistry, to a first approximation, should have 

its formal analog to the well-established coordination chemistry 

of molecular metal complexes, particularly molecular metal clusters. 3 

Discrete metal cluster compounds typically consist of three or 

more metal atoms to form triangular, or polyhedral arrays, which are 

surrounded by several ligands--atoms (group of atoms), and molecules. 

The common triangular facial structure of clusters is analogous to 

the close-packed metal surface structure, and chemisorption of 

atoms, or molecules on the metal surface resembles the bonding of 

ligands to the metal clusters. Therefore, the well-established 

stereochemistry of metal clusters can be a potential guideline to the 

understanding of the stereochemistry of chemisorbed species, and 

experimentally well-defined ligand migration on metal clusters can 

be a potential model for surface mobility of chemisorbed species. 

Furthermore, the cluster chemical reactions such as the scission of 

C-H and C-C bonds are commonly found in the interaction of hydrocarbon 

molecules with metal surfaces, and the cluster-catalyzed reactions 

such as hydrogenation, isomerization and cyclization, to name a few, 
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are all important catalytic reactions on metal catalysts. Hence 

molecular metal clusters should provide reasonable approximations 

of chemisorption processes on the metal surface. 

Chemical displacement reactions are structural and stereo

chemical probes that have been effectively utilized in the deli

neation of molecular metal complexes. Similar utilization of chemical 

displacement reactions on single crystal metal surfaces under ultra 

high vacuum conditions, guided by analogy to the established coor

dination chemistry, should provide a supplementary set of data. 4 

Such a combination of surface chemical and physical techniques will 

assist a better molecular understanding of chemisorption processes. 

A surface study ideally begins with a metal surface· with 

known surface composition and structure. Surface elemental analysis 

is established by Auger electron spectroscopy1 in which high energy 

electrons (1-3 keV) are directed at the metal surface at an angle 

of 15°, ane! the ejected, secondary "Auger" electrons, which have 

their characteristic energy distribution of each element, are analyzed 

subsequently. Auger electrons with energies of 50 to 100 eV have 

escape depths of approximately 5 A. Therefore, Auger electrons 

emit primarily from the top two layers, although the contribution 

from deeper layers cannot be totally ignored. The Auger analysis 

is sensitive to most elements, but is sometimes complicated by the 

overlapping Auger peaks from different elements. Also, some typical 

surface impurities., e.g. 0 and N, have relatively low Auger transition 

probabilities so that care must be taken in analyzing these elements. 

If other evidences indicate that the adsorbate does not penetrate 

into the metal substrate, the relative Auger peak height of the 

3 



adsorbate to that of the metal itself can serve as a relative measure

ment of adsorbate concentration. 

Low energy electron diffraction is a diagnostic tool for ordered 

surface s,tructures. l A collimated electron beam of 10 to 500 eV is 

directed at the surface and the diffracted electron beam is acce

lerated onto a phosphorescent screen for visual display. The diffr

action pattern can readily yield information about the symmetry and 

unit cell of the surface structure. However, the precise atomic 

positions can only be located by elaborate theoretical calculations 

using a complex electron scattering theory. Only the simplest 

chemisorption systems, e.g. sulfur on Ni(lOO),5 acetylene on Pt(ll1)6 

and CO on Ni(100),7 have been carefully examined up to now. There 

also is the potential problem in electron diffraction (and Auger) 

studies of electron initiated decomposition of adsorbates. 

A chemisorption experiment begins with a clean, oriented 

crystal surface as established by Auger electron spectroscopy and 

low energy electron diffraction. The adsorbate molecules are 

introduced by a leak valve which is equipped with a metal tubing 

directed at the crystal so that a directional flow of molecules 

from the manifold to the crystal face within the vacuum chamber 

can be produced. The chemisorption state(s) is examined by Auger 

analysis and ordered adsorbate structures can be detected by a low 

energy electron diffraction study. At this point, the thermal 

reversibility of the chemisorption processes can be explored by 

thermal desorption spectroscopy. Adsorption of gaseous molecules 

takes place at a pre-selected temperature that is well below the 

thermal desorption temperature. In thermal decomposition experi-
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ments, a linear heating of the crystal (typical heating rate is 

25°/sec) is effected after the dosing gas is well evacuated. A 

\ mass spectrometer is used for monitoring gas phase products from 

thermal desorption experiments. In a fully reversible desorption 

process, a clean metal surface is regenerated and the desorbed 

molecules can be identified by mass spectrometric analysis. If 

the thermal reactivity of the adsorbate species is high, competing 

processes such as thermal decomposition and surface reactions will 

lead to evolution of other gaseous products that can be monitored 

by mass spectrometric analysis. Residual elements on the crystal 

after this experiment can be measured by Auger electron spectroscopy. 

The identification of the volatile desorption products is based on 

the mass spectral fragmentation pattern. Uncertainty can arise 

when the product molecules can exist as more than one isomer and 

when several product molecules have similar fragmentation patterns. 

Complementary to thermal desorption spectroscopy is the chemical 

displacement reaction which can be effected with minimal surface 

temperature variation thereby minimizing the thermal reactivity 

problems. The molecule to be displaced is adsorbed onto the surface 

initially at a temperature well below any significant desorption 

or decomposition stage, and the displacing molecule is introduced 

through the doser while monitoring the gas phase by mass spectrometry. 

Ideally, the molecule to be displaced should contain at least one 

element not common to the other so that Auger analysis before and 

after displacement can give a qualitative measurement of the extent 

of the displacement reaction. In principle, a molecule that is 

associatively chemisorbed on the metal surface should be displaceable 



by a stronger field ligand molecule. A classic example is the facile 

displacement of acetonitrile on the Ni(lll) surface by CO.8 Normally, 

the effectiveness of the displacement reaction is dependent upon 

the activation energy of the displacement reaction. For example, 

in the case of dissociative chemisorption: oxygen on Ni(lll), 

displacement of oxygen molecules by another molecule requires recom

bination of chemisorbed oxygen atoms which is a thermodynamically 

unfavorable process at least at 25°C, and none has been observed yet. 

Negative displacement reactions essentially provide no definitive 

structural information about chemisorption states. The detection of 

isomeric transformation upon chemisorption can be accomplished provided 

that these isomers exhibit very different bond strength. The failure 

of displacement of methyl isocyanide8 was taken as an evidence Chat 

the molecule was not isomerized to acetonitrile because the latter 

is subject to facile displacement by CO at 25°C. The displacement 

reaction can be performed at any temperature to probe the course of 

surface reactions, but the maximum temperature range is limited by 

the temperature of molecular desorption or of irreversible molecular 

decomposition of the adsorbate. 

The isotopic labeling technique is combined with thermal de

sorption experiments and chemical displacement reactions in order 

to gain mechanistic insight into the chemisorption processes. For 

reversible desorption or a chemical displacement of chemisorbed 

molecules, it is possible that these molecules undergo reversible 

dissociative chemisorption state prior to the desorption process or 

displacement reaction. Using a mixture of isotopically-labeled 

adsorbate molecules, it is possible to discern whether there are 

6 



any measurably fast, reversible bond breaking processes. Isotopic 

labeling is also used for probing the completeness of displacement 

reactions. For example, one can use a perdeuterated molecule for 

initial chemisorption, and a non-deuterium containing molecule for 

displacement, a thermal desorption study following the displacement 

reaction probing for the presence of HD, D2 or other deuterium

containing species will provide a characterization of degree of 

completeness' of displacement. A selectively labeled hydrocarbon 

molecule with l3C or 2H isotopes can be used for characterization 

of a regioselective C-H bond breaking process of hydrocarbon 

adsorbate. For example, the low-temperature C-H bond breaking 

process for toluene chemisorbed on a Ni(lll) surface was established9 

to be selectively centered on the methyl group by monitoring thermal 

desorption profiles of H2 and D2 from a Ni(lll )-C6HSCD3 (or C6DSCH3) 

chemisorption state. In reversible desorption studies, when multiple 

thermal desorption maxima are observed and the population of each 

peak appears to be a function of surface coverage, sequential 

chemisorption of unlabeled and isotopically labeled molecules can 

infer whether a rapid migration between differentiable states occurs 

within the time scale of experiments (minutes). This is effected 

by sequential chemisorption of the two molecules with pre-selected 

exposures, according to the coverage dependence of thermal desorp

tion, and then monitoring the desorption maxima of both molecules. 

The absence of mixing is the positive evidence for the presence of 

differentiable states in which there is no rapid interchange between 

states on the surface. 

The focus of this thesis work lies in the delineation of 
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electronic, compositional and topographical features of hydrocarbon 

surface chemistry that facilitate the breaking and making of carbon

hydrogen and carbon-carbon bonds. A range of hydrocarbon molecules 

from C2 to Ca were studied over various crystallographic planes of 

single crystal platinum and nickel and under ultra high vacuum 

conditions. The surface physical and chemical techniques of low 

energy electron diffraction, Auger electron spectroscopy, mass 

spectrometry, thermal desorption spectroscopy, chemical displacement 

reactions and isotopic labeling were used as structural and stereo

chemical probes. The surfaces studied were the low Miller index 

planes: (Ill), (100) and (110) (Figure 1), which have metal surface 

atoms of coordination number 9, a and 7, respectively, as well as 

.. stepped" surfaces of (lll)-oriented terrace and step (Figure 2) 

(coordination number 9 and 7, respectively). The Pt(III), Ni(III), 

NiOIO), Ni(lOO), Pt 6(lll )x(lll) and Ni 9( lll)x(lll) surfaces all 

have (lxI) symmetry. The clean Pt(IOO) surface, however, underwent 

reconstruction to form probably a hexagonal-like over layer which 

exhibited a (5x20) low energy electron diffraction pattern. Experi

ments were performed on surfaces free of impurities unless surface 

compositional effects were the focus of study. 

In coordinately unsaturated molecular metal complexes, a possible 

reaction pathway between a hydrocarbon ligand and the metal center 

is the generation of a three-center two-electron carbon-hydrogen-metal 

(C-H-M) bond iO if stereochemistry allows. Such an interaction can 

lead to the scission of the C-H bond to form discrete M-H and M-C 

bonds (internal oxidative addition). This established coordination 

chemistry should have its formal analog in the metal surface chemistry. 
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Hg~e 1 

Shown in the figure are the three low Miller index planes of 

face-centered cubic metals such as 'platinum and nickel. The (111) 

surface, on the upper left hand side, is the close-packed, thermo

dynamically most stable with threefold symmetry and a surface metal 

atom coordination number of 9. The (100) surface on the upper right 

has fourfold symmetry and a surface metal atom coordination number 

of 8. The (110) or the so-called "super-stepped" surface on the 

bottom has a trough-like structure. The topmost atoms have a coor

dination number of 7 and the trough atoms, lying half a lattice 

constant below the plane, have a coordination number of 11. 

9 
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Figure 2 

Illustrated is a stepped surface of an fcc metal designated as 

M 9(111)x(111). The terrace atoms (open circles) are of (Ill) 

orientation, with a coordination number of 9, and the stepped 

atoms (shaded circles) are also of (Ill) orientation but have a 

coordination number of 7. The terrace of this surface is nine-atom 

wide and the step is of one-atom height. 

11 
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It is postulated that if the stereochemistry of hydrocarbon chemisorp

tion is such that some of the C-H hydrogen atoms are forced to closely 

approach the surface metal atoms, the C-H-M multicenter interaction 

will occur. It is noted that under ultra high vacuum conditions, 

the surface hydrogen atom activity and the concentration of surface 

hydrocarbon species are relatively low at least with respect to 

such states at atmospheric pressures. Therefore, C-H bond breaking 

will be favored relative to C-H bond making. In the chemisorption 

of unsaturated hydrocarbon molecules, initial interaction should 

be largely through the energetically more favorable nand 11* 

orbitals and metal surface orbitals. If some C-H hydrogen atoms 

on the saturated carbon centers come close to the metal surface 

because of the stereochemistry of chemisorption, C-H-M multicenter 

interaction will develop and C-H bond breaking may occur. For 

cyclic olefins and polyenes (c-CnHm) particularly, dehydrogenation 

to form a delocalized c-CnHn species should be an energetically 

favored process. For hydrocarbons with n an even number, c-CnHn 

species formed by dehydrogenation of parent molecules should be 

potentially displaceable by another molecule under ultra high vacuum 

conditions, whereas for hydrocarbons with n an odd number, the 

c-CnHn species cannot be displaced or desorbed, and can only be 

characterized by photoemission or high resolution electron energy 

loss spectroscopy. Conversion of olefinic c-CnHm (n equals an 

odd number) to an even-membered cyclic hydrocarbon species requires 

scission of carbon-carbon bonds which in principle requires 

relatively high temperatures~ 

Cyclohexane is thought to coordinate to the flat Ru(OOOI) sur-

13 



face through several C-H-Ru in~eractions initially:ll at 90 K, it 

exhibits a strong vibrational loss (the so-called C-H "soft" mode) 

at 2590-2720 cm-1 in addition to the normal C-H stretching at 2900-

3000 cm-1• Moreover, subsequent dehydrogenation of cyclohexane 

to benzene is observed at - 200 K. A systematic study of ethane, 

cyclopropane, cyclohexane and cyclooctane adsorption on a Ru(OOOl) 

surface 12 has shown that the activation energy of thermal desorption 

increases monotbnically with the number of carbon atoms. It suggests 

that the molecules are bound in such a way as to maximize the C-H-Ru 

multicenter interaction, and the bond strength of each multicenter 

is of the same order of magnitude. On Ir(llO), cyclopropane initially 

dissociatively adsorbs on the surface13 to give free hydrogen on 

the surface. 

The reactions of C-H bonds with metal surfaces seem to involve 

the initial development of C-H-M multicenter interaction. It is 

the purpose of this study to investigate this important postulate 

of hydrocarbon surface chemistry, and to explore the regions where 

this postulate breaks down. 

14 
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II. EXPERIMENTAL 

Experiments were conducted in an all-metal bakeable, ultra high 

vacuum chamber (Varian Assoc.) with a base pressure of < 2 x 10-10 torr. 

High pumping speeds were achieved by a ring of five 60 liter/sec Triode 

Ion Pumps (Varian Assoc.) and a titanium sublimation pump, and higher 

pressure evacuation of the chamber was accomplished by oil-free liquid 

nitrogen cooled sorption pumps. 

The work chamber was equipped with a four-grid, low energy 

electron diffraction (LEED) optics (Varian Assoc.), which also served 

as a retarding field analyzer for Auger electron spectroscopy (AES), 

and a multiplexed quardrupole mass spectrometer (Uthe Technology 

International, Model lOOC). Glancing incidence electron guns for 

Auger analysis and ion bombardment were used to increase surface 

sensitivity. 

The platinum crystals were spark cut from a single crystal rod 

(99.999% purity, Materials for Research Corp.) and oriented by Laue 

X-ray back reflection to within ± 0.5 0 of the desired crystallographic 

planes. A wafer of 0.25 inch in diameter and'" 0.10 inch in thick

ness was cut. into a circular ridge to leave the· exposed surface to 

become'" 0.19 inch in diameter so that it could be held in the 

tantalum sample holder (Varian Assoc.) by insertion of a tantalum ring 

in between them. The sample was then mechanically polished with four 

grades of alumina papers (the finest particle size of the alumina 

papers was'" 10 microns), followed by 1 micron diamond paste and 0.05 

micron alumina in water. The crystal surface was checked under the 

microscope to ensure the absence of pitting or scratches, and a Laue 

X-ray reflection photograph was taken to be sure that correct orien-

15 



tation was achieved. Before being placed into the chamber, the crystal 

was chemically etched with warm ( - 60°C) aqua regia for 10 seconds, 

and rinsed with distilled water and ethanol. This last step helped 

remove impurities such as Si and Ca. 

The crystal was mounted on a manipulator with 2.5 inch offset 

and 110° flip mechanism (Varian Assoc.) which could carry x-y-z motion 

and 360° rotation. A button heater (Spectra-Mat, Inc.), consisting of 

a tungsten filament imbedded in ceramic, was used to indirectly heat 

the crystal by mechanical contact. A linear heating rate of 25°/sec 

from 50 to 600°C was typically achieved. Crystal temperature could 

be varied from 25°C to 1200°C and was monitored by chromel-alumel 

thermocouple wires (0.005 inch in diameter) spot-welded onto the 

tantalum ring. A liquid nitrogen cooled, oxygen-free copper block 

was used to cool the sample from 400°C to 25°C (cooling rate is 

40 0 /min) by mechanically contacting the crystal mount. 

The Pt(111) and Pt 6(111)x(111) surfaces were cleaned mainly by 

02 treatment ( - 1 x 10-7 torr 02 at 900-950°C) and subsequent 

flashing to - 1100°C. The major impurities: P, Sand C were usually 

removed by repeating this cycle. Si and Ca, although present in 

smaller quantities, were more difficult to remove because of the 

formation of stable, subsurface oxides. High temperature (1100°C 

to 1200°C) annealing for prolonged period of time assisted removal of 

these impurities. If Ca was still present, the crystal was removed 

from the chamber and retreated with aqua regia. The cleaninf, procedure 

for the Pt(lOO) surface was different from the above two crystals: P, 

Ca, Si, and S were removed by argon ion bombardment (700 eV electron 

beam and - 3 x 10-5 torr of Ar) at room temperature followed by 

16 
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annealing at - 800°C. Carbon removal was effected in - 1 x 10-7 torr 

02 atmosphere at - 830°C, and the small amount of oxide was decomposed 

Auger electron spectroscopy was used to monitor course of clean-

inguntil none of the impurity peaks were visible. At. this point, 

low energy electron diffraction observation of the surface revealed 

the diffraction pattern characteristic of the particular crystallo-

graphic plane of interest. During the course of surface studies, LEED 

patterns of the surface were constantly taken, and no evidence of 

surface faceting was ever found. 

The cutting, polishing, cleaning and surface characterization 

procedures for the Ni single crystals were fully described in the· 

thesis work of Dr. C. M. Friend. 14 

Exposure of the crystal to potential adsorbates was done with 

dosing "needles" that were attached to the variable leak valves. The 

purpose was to produce a directional flow of adsorbate molecules onto 

the front face of the crystal which was brought to within 0.5 inch 

distance to the doser. During the course of exposure, the background 

k b I 1 10-9 torr while the ff i pressure was ept e ow - x e ect ve pressure 

of the adsorbate molecules on the crystal surface was approximately 10 

to 100 times larger than the background. Therefore, the signal of 

molecules of interest to background was greatly enhanced in the thermal 

desorption and chemical displacement experiments. 

The exposures were estimated using an uncalibrated nude ion gauge 
~ 

(Varian Assoc.). By backfilling the vacuum chamber with a given gas 

to a pressure of - 1 x 10-8 torr for a period of time, the exposure was 

recorded in terms of "Langmuirs" (1 Langmuir = 1L = 1 x 10-6 torr sec). 
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The integrated area in the thermal desorption of this exposure was 

then compared with a separate thermal desorption yield that was made 

by the usual exposure procedure: the front face of the crystal was 

directed to the doser while monitoring mass spectrometer parent (or 

the most intense fragment) ion current and integrating over the 

exposure time. Thus, a correlation between "Langmuir" exposure and 

the actual "doser" exposure could be established. 

The carbon coverage of the Pt(lll) surface throughout this thesis 

work was based on a plot of Pt(237eV)/C(273eV) Auger peak-to-peak 

intensity ratio versus absolute surface carbon coverage that was 

obtained by the radio tracer method. 15 The surface carbon coverage 

of all the other surfaces were based on Auger peak-to-peak ratio cali

brated by LEED structures. 

Gas composition of the vacuum chamber was monitored by a quar

drupole mass spectrometer ranged from 10-5 to 10-12 Amp. A pro

grammable peak selector (UTI, PPSD) was interfaced with the mass 

analyzer which allowed as many as nine mass units, with pre-selected 

amplifier gain and range, to be monitored in sequence. The data could 

later be retrieved and plotted as a function of intensity versus time. 

Thermal desorption experiments were conducted in such a way that the 

front face of the crystal was brought to within 0.5 inch distance and 

line-of-sight of the mass filament (ionizer). Therefore, only desorbed 

molecules with a vector of momentum normal to the front crystal face 

would most likely be detected, and consequently, desorption from the 

sides or supporting assembly of the crystal was greatly surpressed. 

A dosing needle was equipped on each side of the mass ionizer 

with 45° geometry. The purpose of using two dosers was to avoid cross 
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contamination of reactant molecules in chemical displacement reactions. 

Displacement reactions were performed by dosing A molecules onto the 

surface, followed by introducing B molecules, from the other doser, as 

a displacing agent while monitoring mass ion current of interest as a 

function of time. The detection sensitivity of the displaced molecules 

was unfortunately depressed with this dosing arrangement. However, 

with the absence of cross contamination, chemical displacement reactions 

could clearly be observed if they did occur. 

Blank experiments were performed in both thermal desorption and 

chemical displacement reactions to determine whether the chemistry 

observed was truly associated with the front face of the crystal. A 

wafer of Pt single crystal was cut from the rod as described earlier. 

Rubber mask was applied to the side and edge of the crystal so that 

only the front surface of ... 0.20 inch in diameter was exposed. The 

surface was then vapor deposited (in vacuum) first with copper, then 

with gold (each layer of ... 200 A thickness). The gold surface stayed 

homogeneous up to 400°C. The rubber mask was then removed by acetone 

to leave the Pt wafer with only the front surface covered by gold. 

Thermal desorption and displacement experiments were performed in the 

normal way on this "blank" crystal. It was established that contri

bution of the chemistry from the places other than the front crystal 

face was essentially non-detectable. Only three cases were chemi

sorption occurred on the otherwise "inert" gold surface: pyridine, 

acetonitrile, and methyl isocyanide were found to desorb at 90-100°C, 

which were distinguished from that of the respective molecules on the 

Pt(lll) surface and could only be associated with the gold surface. 

Acetylene, purchased from Matheson, was passed through a -78°C 
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cold trap before admission to the manifold. Perdeuteroacetylene, 

99 atom% C2D2, was purchased from Merck; mass spectrometric analysis 

indicated the C2D2 concentration was - 9S%, Hydrogen (99.9S%) and 

deuterium (99.7%) were purchased from Matheson and Liquid Carbonic, 

respectively. 

Reagent grade benzene and toluene were stored over CaH2 and used 

without further purification. The d6-benzene and d8-toluene (both 

from Aldrich Chemical Co., 99.+%) were handled similarly. C6HSCD3 

and C6DSCH3' obtained from Merck & Co., were used without treatment 

(traces of moisture did not affect the surface chemistry). Trimethyl

phosphine and perdeuterotrimethylphosphine were synthesized by a 

modification of a literature preparation. 16 ,17a 

Cyclohexane (Matheson Coleman & Bell) and d12-cyclohexane 

(prepared from C6D6 + D2) were dried over Na2S04 and used without 

further purification. The cyclohexane contained no detectable 

(permanganate test) amount of unsaturated hydrocarbons. Cyclohexene 

(Chem. Samples Co., 99.9% purity) and dlO-cyclohexene (Merck Isotopes, 

99%-dlO) were dried over CaH2. 1,3-cyclohexadiene and 1,4-cyclohexa

diene (Chem. Samples Co.) were stored in the vapor phase in high 

vacuum flasks at O°C. 

Cyclobutene was synthesized17a via Diels-Alder reactions of 

1,3,S-cyclooctatriene and dimethylacetylenedicarboxylate. 17b The 

purity of cyclobutene was checked by mass spectrometry and no trace 

of other olefins was detected. Cyclopentene, purchap,ed from Matheson 

Coleman & Bell ( - 98% purity) was stored in high vacuum flasks at O°C 

and used without further purification. Cyclobutane was obtained 

from Columbia Organic Chemicals, Co., Inc. and used without further 
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treatment. 

1,3,5-cycloheptatriene (Matheson Coleman & Bell, 95.+% purity), 

norbornadiene (Aldrich, 99% purity), 1,3,5,7-cyclooctatetraene, 

1,3- and 1,5-cyclooctadiene (Aldrich, all of 98% purity), and cis

cycloociene (Chem. Samples Co.) were used without further treatment. 

Preparation of 7-d 1-cycloheptatriene17a was via the intermediacy 

of tropylium tetrafluoroborate and was analogous to the cyclohepta

triene synthesis reported by Muller and Fricke 18 except that NaBD4 was 

substituted for NaBH4. This compound was checked by mass spectral 

analysis and 1H-NMR spectrum; there was no detectable benzene present, 

and the triene was judged to be )95% 7-d1-cycloheptatriene. 7-d1-

norbornadiene was synthesized 17a by Na/t-BuOD reduction of 7-chloro

norbornadiene in THF.19 This compound was purified by preparative gas 

chromatography using a 10' carbowax 20M on Chromosorb W-AW-DMCS 

column at 60°C. Mass spectral analysis indicated a purity of )95% 

7-d1-norbornadiene and no detectable amount of benzene was seen. 

Reagent grade pyridine and d5-pyridine (Merck Isotopes, 99%-d) 

were dried over CaH2 before being used. 2,6-d2-pyridine, 3,5-d2-

pyridine and 4-d1-pyridine were prepared by a slight modification 

of the method of Bak et al. 20 
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III. CHEMISTRY OF ACETYLENE ON PLATINUM (Ill) AND (100) SURFACES 

Acetylene is the simplest unsaturated hydrocarbon. Its geometric 

structure,21 electronic structure22 and interactions with organo-

metallic complexes 3 are relatively well defined. Chemisorption of 

acetylene on metal surfaces has also been a subject of wide interest, 

especially the chemisorption of acetylene on the crystallographically 

well-defined transition metal surfaces under ultra high vacuum 

conditions. 23 

Acetylene chemisorption has been studied by low energy electron 

diffraction,6,24-28 ultraviolet photoemission spectroscopy,29-33 

thermal desorption spectroscopy,32 and high resolution electron energy 

loss spectroscopy, 34-36 particularly on Pt (111). Low temperature 

(l00-300 K) adsorption of acetylene on the Pt(1ll) yields a 'II' -bonded 

chemisorption state with certain degree of rehybridization as suggested 

by both photoemission and vibrational spectroscopy. At T > 300 K, the 

associatively chemisorbed acetylene undergoes an irreversible trans-

formation to form a new, stable "state" based on an ordered (2x2) low 

energy electron diffraction pattern being generated after annealing 

the surface at 350-400 K for one hour, and on the detection of a new 

surface species in high resolution electron energy loss spectroscopy 

by either reacting the chemisorbed acetylene with 10-7 torr of atomic 

hydrogen at 350 K for 3 minutes, or annealing a Pt(111)-C2H2-H 

surface,at 400 K for one minute. The new acetylene surface species 

formed at temperatures greater than 300 K on Pt(lll) have been proposed 

as CH C 6,28 CH CH 35,36 and CH CH 33 
3 ' 3' 2 • Careful examination of acetylene 

chemisorbed on the Pt(lll) surface at - 300 K by ultraviolet photo

emission spectroscopy30-32 is reported to be in agreement with 
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a a -bonded HCCH or CCH2 species. Similar photoemission studies for 

acetylene chemisorbed on the Pt(100) surface37 at 150-330 K suggest 

that the major adsorbate is a comp1exed HCCH species. 

In this study, the reaction of acetylene and hydrogen on the 

Pt(lll) and Pt(100) surfaces was investigated as a function of surface 

temperature. The purpose was to establish the temperatures where 

carbon-hydrogen bond breaking and bond making processes were measurably 

fast under low hydrogen pressures of 10-6 to 10-11 torr. Isotopic 

labeling was the diagnostic tool for detecting surface exchange of 

hydrogen and deuterium from C-H bond breaking and making reactions. 

Therefore, this probe sensed only those surface C-H bond breaking 

processes where a C-H bond was converted to a surface-H bond and where 

the surface-H species had a finite lifetime, but not those processes 

that might proceed by a 1,2 shift of a hydrogen atom in the adsorbed 

HCCH species. The temperature range examined was -10°C to 135°C for 

the Pt(lll) and 20°C to 160°C for the Pt(100) surface in which the 

high temperature limit was set by the free hydrogen desorption maximum 

which will be described in details later. 

Results and Discussion 

The thermal desorption behavior of acetylene chemisorbed on 

Pt(lll) at 20°C was first studied as a function of surface coverage. 

Thermal decomposition of chemisorbed acetylene was the only process 

detected,at relatively low acetylene coverage « 0.5 C/Pt): hydrogen 

(H2) was the only gaseous product with maximal desorption rates 

occurring at ,.. 240°C and"" 380°C and relative intensities of 1:1,' 

consistent with earlier reports. 32 If perdeuteroacetylene was used, 
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D2 desorption maxima would be slightly higher: - 245°C and - 380°C. 

At high initial acetylene coverage (> 0.5 to 0.6 C/Pt), the thermal 

desorption study also showed a small « 25%) reversible acetylene 

desorption peak at 160°C. At comparable high coverages, heating of a 

Pt(1ll)-C2H2-C2D2 surface gave all three possible acetylene molecules 

with desorption maximum of - 160°C. Attempts to displace acetylene 

fromPt(III)-C2H2 at 20°C with strong field ligands such as trimethyl

phosphine and methyl isocyanide were not successful. However, thermal 

desorption from Pt(1l1)-C2H2-P(CH3)3 did yield far more acetylene 

than did acetylene on Pt(lll) alone at similar coverage. Trimerization 

of chemisorbed acetylene to benzene on the Pt(lll) surface was never 

observed for the entire range of surface coverage studied (up to 

0.7 C/Pt). 

Room temperature adsorption of hydrogen on the Pt(lll) surface 

is dissociative in nature, and desorption of molecular hydrogen is 

a sensitive function of heating rate and surface coverage. A typical 

range for hydrogen desorption maximum is - 50-150°C at a heating rate 

of 25°/sec; the temperature maxima for deuterium are slightly higher 

than those of hydrogen at comparable coverage. 

The behavior of a Pt(lll) surface co-adsorbed with H2 and C2D2 

was studied by thermal desorption. Pt(1l1)-H-C2D2 surfaces were 

generated at temperatures ranging from -10°C to 50°C and immediately 

studied by thermal desorption spectroscopy. The resultant spectra 

consisted of an H2 desorption maximum at - 120°C, characteristic of 

desorption from a Pt(lll)-H surface, two D2 desorption maxima at 

245°C and - 380°C, and very small HD desorption at - 245°C and 

380°C; no D2 or HD was detected at temperatures characteristic 
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of free hydrogen desorption. The appearance of HD is largely ascribed 

to the overlap of the broad desorption peaks at ~ 120°C and ~ 245°C 

for Pt(lll)-H and the low-temperature C2D2 decomposition process, 

respectively, and to a small amount ( ~ 5%) C2HD contamination in the 

C2D2 sample. Thus under these conditions, there was no significant 

reaction between chemisorbed acetylene and surface hydrogen atoms. 

In contrast to the above experiments, Pt(111)-H-C2D2 surfaces 

annealed at 50°C, 75°C, 100°C and 135°C, respectively, for periods 

of 1-5 minutes resulted in a significantly different thermal desorption 

pattern. A representative result was shown in Figure 3 for a 135°C 

reaction. As in the lower temperature experiments (without annealing 

processes), the hydrogen molecules that desorbed in the characteristic 

Pt(lll)-H(D) desorption region, 50-150°C, comprised only of H2, indi-

cating that no C-D bonds were broken to give Pt-D species, up to . 

135°C. All changes were found in the two higher temperature maxima 

characteristic of decomposition from chemisorbed acetylene. The 

desorption maxima at ~ 240°C and ~ 380°C contained not only D2, but 

substantial H2 and HD showing that C-H bonds were formed in the surface 

reaction of Hand C2D2 under annealing conditions. The integrated 

H2, HD and D2 intensities for the 240°C and the 380°C maximum were 

in the relative ratio of I240 0 C > I380 0 C with an apparent maximum 

ratio of 2:1. The observation of an ordered (2x2) low energy electron 

diffraction pattern, a diagnostic feature of the stable acetylene 

adsorbate species identified as CH3C by the previous report,6,28 

was directly correlated with an annealed Pt(111)-H-C2D2 surface that 

gave a thermal desorption spectrum with an intensity ratio of I240 0 C 

2 : 1. 
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Figure 3 

Shown in the figure are the thermal desorption (decomposition) 

spectra of Pt(111)-H-C2D2, formed at - 20°C, heated to - 135°C. for 

1 minute, and then cooled down to - 35°C prior to the experiment. 

Plotted are the mass ion current intensity of H2 (upper curve), HD 

(middle curve) and D2 (lower curve) as a function of temperature. 
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The higher temperature (50-135°C) experiments between acetylene 

and hydrogen also showed that the rate of formation of C-H bonds 

increased with increasing temperature. Hence the reaction of acetylene 

and hydrogen at 20°C could probably be expected, but with lower rates. 

A Pt(111)-C2D2 surface, formed and kept at 20°C, was thereby treated 

with an H2 atmosphere of 1 x 10-7 torr for a period of 20 minutes. 

A subsequent thermal desorption experiment established that C-H bonds 

had been formed under these conditions and that no C-D bonds were 

broken: The low-temperature region characteristic of Pt(lll)-H(D) 

consisted only of H2' the 240°C maximum contained a small H2' and 

larger HD and D2 peaks, and the 380°C maximum contained essentially 

only HD (small) and D2 peaks. These results establish that the only 

reaction between C2D2 and H on the Pt(lll) surface is hydrogenation. 

On the clean Pt(100) surface, chemisorption of acetylene at 25°C 

readily converted the reconstructed (5x20)-Pt(100) surface to a 

(lx1)-Pt(100)-C2H2 surface. Thermal desorption studies of a Pt(100)

C2H2 surface invariably yielded H2 as the only gaseous product from 

low ( - 0.15 C/Pt) to high ( - 0.8 C/Pt) acetylene coverages; there 

was no evidence of acetylene or benzene (or any other hydrocarbon) 

desorption at these surface coverages. The decomposition process of 

chemisorbed acetylene yielded a complex hydrogen desorption spectrum, 

which was a sensitive function of coverage as illustrated in Figure 4. 

At a surface coverage of - 0.4 C/Pt, two major hydrogen desorption 

peaks were observed at - 260°C and - 320°C with an approximate 

intensity ratio of 1:1. Corresponding temperatures for thermal 

decomposition of C2D2 on the Pt(100) surface were at slightly higher 

temperatures: - 270°C and - 330°C. There was an additional small peak 

28 



Figure 4 

The thermal desorption spectra of D2 from decomposition of 

Pt(100)-C2D2 as a function of surface coverage are shown in this 

figure. The relative intensities of these D2 peaks appear to be 

a sensitive function of coverage; below .... 0.4 C/Pt coverage, the 

270°C and the 330°C maximum are the major desorption peaks with an 

approximate 1:1 ratio. At high coverages ( > 0.6 C/Pt), the D2 

spectra resemble that from decomposition of Pt(100)-C6D6 at comparable 

coverage level. 
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observed at 150-170°C at the low coverage, and the hydrogen peak 

at - 400°C only occurred at higher (> 0.5 C/Pt) coverages. The 

complex, coverage-dependent hydrogen desorption spectrum could not be 

interpreted unequivocally because of the potential of more than one 

structurally, or stereochemically d1fferentiableadsorbates derived 

from Pt(100) and acetylene, as suggested by the photoemission study 

of Fischer and coworkers. 37 

The reaction of acetylene (at a surface coverage of - 0.4 C/Pt) 

and hydrogen on the Pt(100) surface was investigated from 20°C to 

160°C. A Pt(100)-H-C2D2 surface, formed from co-adsorption of H2 and 

C2D2 on Pt(100) at 20°C, was rapidly heated to high temperatures. 

The resultant thermal desorption spectrum consisted of D2 desorption 

mainly at - 270°C and - 330°C characteristic of decomposition of 

adsorbed C2D2 species, and H2 desorption at temperature maximum of 

- 150-170°C characteristic of Pt(100)-H. Only a small amount of HD 

was observed at those D2 desorption maxima which could largely be 

attributed to - 5% C2HD contamination in the C2D2 sample. Hence 

there was no detectable reaction between acetylene and hydrogen under 

these conditions. 

At - 20°C, exposure of a Pt(100)-C2D2 surface to an H2 pressure 

of 10-7 torr for a period of 5-15 minutes yielded acetylene adsorbate 

species that contained a substantial amount of C-H bonds as evidenced 

by much larger H2 and HD desorption peaks at 260°C and - 320°C in 

the subsequent thermal decomposition study. A slight modification 

of this experiment clearly showed that significant C-D bond cleavage 

occurred at 35°C. A Pt(100)-C2D2 state was treated with 10-6 torr of 

H2 pressure at 30-35°C for 10 minutes, and its thermal decomposition 
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behavior was subsequen'tly followed. The maj or desorption maxima at 

- 260°C and - 320°C were largely H2 and HD; only a small amount of 

D2 was detected at those temperature maxima. Therefore, carbon-

hydrogen bond breaking and making reactions of acetylene adsorbate 

species on the Pt(100) surface were evident at temperatures as low 

as 20°C, and hydrogen-deuterium exchange at the adsorbate carbon sites 

was measurably fast at 35°C and 10-6 torr of H2 pressure. All 

integration data indicated that the net reaction between acetylene 

and hydrogen on Pt(lOO) is H-D exchange. 

At higher temperatures of 70-160°C, reaction of a Pt(lOO)-C2D2 

surface with H2 pressures of 10-7 torr led to nearly complete H-D 

exchange. Exposure of Pt(100)-C2D2 to 1 x 10-7 torr of H2 at 

130-160°C for a period of 4 minutes resulted in a thermal desorption 

spectrum of H2 (Figure 5) at temperature maxima of - 260°C and - 320°C, 

as if it were derived from Pt(100)-C2H2 thermal decomposition; no D2 

and only trace amount of HD was observed at those H2 maxim, as shown 

in Figure 5, indicating complete exchange of deuterium (C-D bonds) 

with hydrogen. 

Study of acetylene-hydrogen reaction on the two crystallographic 

planes of platinum, (Ill) and (100), has established the temperatures 

at which carbon-hydrogen bond breaking and making processes proceed 

at moderate rates under low hydrogen pressures of 10-6 to 10-11 torr. 

The acetylene-hydrogen reaction on the Pt(lll) and Pt(lOO) surfaces 

exhibit qualitative and quantitative differences. On the Pt(lll) 

surface, no C-H bond breaking (to form surface-H species) up to 

temperatures of at least 135°C is detectable, and the only acetylene

hydrogen reaction at 20-135°C is hydrogenation, whereas ~n the Pt(100) 
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Figure 5 

A Pt(100)-C2D2 surface, formed at - 20°C, was exposed to an H2 

atmosphere of - 1 x 10-7 torr for 4 minutes at 130-160°C. The subsequent 

thermal decomposition spectra of H2, HD and D2 are shown in this figure. 

This pretreatment has led to an almost complete H-D exchange as no D2 

and only trace HD was observed, and the H2 spectrum is characteristic 

of decomposition of Pt(100)-C2H2. 
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surface, C-H bond breaking proceeds at temperatures as low as 20°C, 

and the net acetylene-hydrogen reaction is H-D exchange. 

In the initial chemisorption of acetylene on the Pt(lll) surface, 

an energetically favored interaction is probably through nand n* 

orbitals of acetylene and appropriate metal surface orbitals. Maximal 

overlap of these orbitals will result in a stereochemistry such that 

the C-C bond vector lies almost parallel to the atomically flat (111) 

surface plane. At some higher temperatures, possible reorganization 

of HCCH framework may lead to the tipping of the two C-H vectors 

within a plane normal to the surface and away from the surface. Such 

a stereochemistry has been found in the molecular metal chemistry,3 

and photoemission studies of Pt(111)-C2H2 at - 300 K30- 32 also 

concluded the rehybridization of acetylene to form a "distorted" 

molecular geometry. 

The thermal decomposition of Pt(111)-C2H2 does not occur until 

temperatures exceed 200°C (it was only measurably fast at - 240°C or 

higher) suggesting that the C-H hydrogen atoms are well-removed from 

the metal surface initially, a stereochemistry that will require 

relatively high temperatures for the scission of C-H bonds. In the 

annealing experiments, facile C-H bond breaking (to form surface-H 

species) for the Pt(111)-C2H2, or the Pt(111)-H-C2H2 was not observed 

up to 135°C within time intervals of minutes strongly indicates that 

the stable species formed from the hydrogenation of Pt(111)-C2H2 

also does not have any hydrogen atoms close to the metal surface. 

Of the three r:J.odels proposed for this species--C~3C, CH2CH, and CH3CH

the first, an ethylidyne species proposed by Kesmodel et al. 6 ,28 to 

have the C-C bond vector normal to the surfce plane and all three 

35 



hydrogen atoms far removed from the surface plane, is fully consistent 

with-the chemical data obtained in this study. Nevertheless, this 

consideration does not exclude the other two proposed models because 

either of these could have a stereochemistry such that all hydrogen 

atoms would be relatively far removed from the metal surface. 

In the hydrogenation of Pt (111 )-C2H2, initially formed at 20°C, 

the relative intensities of the - 240°C peak and - 380°C peak from 

thermal decomposition of the stable, higher-temperature species are 

approximately 2:1, indicative of a C2H3 stoichiometry; however, the 

broad characters of these hydrogen desorption peaks and the possibility 

of more than one differentiable species present at these higher tempe

ratures cannot allow an unequivocal conclusion about the decomposition 

process. 

Initial interaction of acetylene on the Pt(lOO) surf*ce should be 

analogous to that of the Pt(lll); maximal overlap of nand n* acetylene 

orbitals and metal surface orbitals should result in a stereochemistry 

in which the C-C axis lies flat on the (100) surface. However, in 

sharp contrast to the acetylene chemistry on the Pt(lll) surface, C-H 

bond breaking processes of the acetylene adsorbate species are evident 

at temperatures as low as 20°C. Hence, it appears that one, or both 

of the C-H hydrogen atoms can come close to the surface metal atoms at 

the room temperature chemisorption state (states). 

Casalone et al. 38 have studied Ni(100)-C 2H2 by low energy electron· 

diffraction and concluded that the most favored geometry of the chemi

sorption is a distorted acetylene molecule with the C-C axis tilted 

by - 40° with respect to the surface plane. Based on a hard sphere 

model, the maximal tipping of the C-C bond vector of an *cetylene 
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adsorbate on the two platinum surfaces, (111) and (100), is - 10° 

and - 45°, respectively, with respect to the surface plane (Figure 6). 

Perhaps, on the Pt(100) surface, it is more likely to generate a 

C-H-Pt multicenter bond because of the significant tipping of the 

C-C bond, or of some torsional deformation of the HCCH framework, 

as discussed by Felter and Weinberg,39 and thereby enhance the 

probability of facile C-H bond breaking and ultimately an exchange 

process. 

The substantial differences in the acetylene-hydrogen reaction 

on the two platinum surfaces may largely be associated with the 

topographical differences between (111) and (100) surface planes. 

In fact, ultraviolet photoemission studies of acetylene on the four

fold symmetry (100) surface planes of Pd, Pt and Ir, and hexagonal 

close packed surface planes of Pd, Pt and Ru at 120-330 K40 have 

shown the systematic differences of the bonding and rehybridization 

of acetylene adsorbates according to the metal substrate structure; 

transformation· of the initial adsorption state to a further rehybri

dized or deformed surface species is always found on the (111) planes 

of fcc metals, or the basal plane of hcp metals. 

It should be noted that in C-H bond making processes, the rates 

are a very sensitive function of hydrogen pressure. The low pressure 

conditions used in this study reflect the low thermodynamic activity 

of surface hydrogen atoms. In conventional catalysis experiments on 

platinum surfaces, hydrogenation of acetylene to form ethy~ene, and 

ethane occurs at ambient pressures and temperatures, although the 

rates are not exceptionally high under these conditions. On the 

Pt(100) surface at 20°C, reaction of C2H2 with a hydrogen pressure 
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Figure 6. 

Scale model of a three~atom and four-atom section of Pt(lll) 

and Pt(100), respectively, with the two C atoms '(shaded spheres) as 

an HCCHadsorbate are shown in this figure. With the constraint that 

both C atoms maintain a bonding interaction with surface Pt atoms, the 

maximal tipping of the C-C axis with respect to the surface plane is 

,... 13° and'" 45° for Pt(111) and Pt(100), respectively. The C-C bond 

distances are in the range of 1.30 - 1.40 A • 
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of 10-6 torr for a period of 25 minutes resulted in no such hydrogenated 

products, presumably ethane; as judged by Auger analyses and a final 

thermal desorption study. 

Conclusions 

The ultra high vacuum study of acetylene chemisorption on Pt(111) 

and Pt(100) and of the reaction of hydrogen with the acetylene 

adsorbate has established distinguishing features of carbon-hydrogen 

bond breaking and making processes as a function of temperature, 

pressure, and surface crystallography. The rates for both processes 

are substantially higher on the Pt(100) surface. Net acetylene

hydrogen reactions, in the temperature range of 20°C to - 135°C, are 

distinctly different on the two surfaces: on Pt(100) the net reaction 

is hydrogen exchange (H-D exchange) and on Pt(111) the only detectable 

reaction is hydrogenation. Stereochemical differences in the acetylene 

adsorbate structure are considered to be the contributing factor to the 

differences in acetylene chemistry on these two surfaces. 
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IV. THE COORDINATION CHEMISTRY OF BENZENE AND TOLUENE ON PLATINUM 

SURFACES 

platinum is an important catalyst for hydrogenation of aromatic 

hydrocarbon. In order to achieve the fundamental understanding of 

catalytic hydrogenation on this metal, it is necessary to characterize 

the chemisorption state of arene molecules on p.latinum surfaces. Chemi

sorption studies of benzene and toluene should provide fundamental 

knowledge about the structure, stereochemistry and surface reactivity 

of chemisorbed arene molecules. 

·The coordination chemistry of benzene and toluene on platinum 

surfaces were investigated under ultra high vacuum conditions. 

Three different crystallographic planes of platinum, ( 111), (100) 

and 6(l11)x(111), were employed in order to examine the effects of 

metal coordination number and substrate geometry upon chemisorption of 

benzene and toluene. Surface chemical techniques: thermal desorption 

spectroscopy, chemical displacement reactions and isotopic labeling 

were extensively used to delineate the stereochemistry as well as 

C-H bond breaking and making processes of arene chemisorption as a 

function of surface coverage and temperature. Chemical displacement 

reactions with trimethylphosphine were the diagnostic reactions 

for evidence of C-H bond breaking. Accordingly, a description of 

adsorption and thermal desorption behavior of trimethylphosphine 

chemisorbed on Pt(lll), Pt(lOO) and Pt 6(111)x(lll) is presented 

first. The qualitative and quantitative differences between 

platinum and nickel surfaces in arene surface chemistry are also 

discussed. The nickel surface chemistry was established by Dr. C. M. 

Friend .14 
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Results and Discussion 

1. Trimethylphosphine Chemistry 

Trimethylphosphine is a strong field ligand that has been effec

tively used as a displacement ligand in organometallic compounds. 

In the displacement reaction of hydrocarbon adsorbates over single 

crystal metal surfaces, ,trimethylphosphine is also an effective 

displacing agent: notable has been the chemical displacement of 

benzene from a series of nickel surfaces. 9 In this study, trimethyl

phosphine was also utilized in the chemical displacement of hydrocarbon 

adsorbates. Although a molecular characterization of the trimethyl

phosphine chemisorption states on single crystal platinum surfaces 

was not attempted, the thermal reactivity was carefully examined by 

isotopic labeling and thermal desorption spectroscopy. 

Trimethylphosphine is strongly chemisorbed on Pt(lll), 

Pt 6(111)x(111) and Pt(100) surfaces at 25°C. The thermal desorption 

behavior of trimethylphosphine on these three surfaces is qualitatively 

similar. A thermal desorption study of trimethylphosphine chemisorbed 

on any of the three platinum surfaces, (111), 6(111)x(111) and (100), 

gave reversible trimethylphosphine desorption as well as thermal 

decomposition products: methane and hydrogen. Table I summarizes 

the thermal desorption maxima for P(CH3)3, CH4 and H2 from Pt(111), 

Pt 6(111)x(111) and Pt(100) surfaces. When Pt-D-P(CH3)3 states, 

formed from co-adsorption of D2 and P(CH3)3 on the platinum surfaces 

at 25°C, were heated, the thermal desorption products contained CH3D, 

HD and a trace amount of CH2D2, in addition to C~4 and H2, in the 

characteristic trimethylphosphine decomposition temperature region. 

The reversibly desorbed trimethylphosphine contained no deuterium, 
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Table I 

Thermal Desorption of P(CH313 from Platinum Surfaces 

Surface 

Pt(11l) 

Pt 6(111 )x(111) .... 235°C* 190-205°C 240, 330°C 

Pt(100) 

*very broad desorption. 



indicating a desorption derived from an associative chemisorption 

state. 

In general, trimethylphosphine chemisorbed on the Pt(lll), 

Pt 6(lll)x(lll) and Pt(lOO) surfaces undergoes at least two competing 

processes in the thermal desorption experiment: a molecular (asso

ciative) desorption process that gives intact trimethylphosphine 

molecules, and an irreversible thermal decomposition process that 

yields methane and hydrogen, and a surface contaminated with P and C. 

The methane probably forms from a rapid surface reaction of the methyl 

group with chemisorbed hydrogen atoms since methane neither adsorbs 

nor reacts with the platinum surfaces in the temperature range where 

experiments were carried out (25-500°C). When surface D atoms are 

present, the methane product is largely CH3D and CH4. 

The initial chemisorption state of trimethylphosphine on the 

Pt(lll), Pt 6(111)x(lll), or Pt(lOO) is probably through the donar

acceptor interaction centered on the phosphorus atom. The methyl 

hydrogen atoms are probably relatively far removed from the metal 

surface at relatively low temperatures as suggested by the following 

observation: The first hydrogen or methane desorption maximum from 

the C-H bond breaking of chemisorbed trimethylphosphine usually was 

not detected until temperatures exceeded the free hydrogen desorption 

maximum at the comparable coverage (about 70-100° higher). At some 

moderate· temperatures, interaction of the methyl hydrogen atoms with 

Pt surface atoms to form multicenter C-H-Pt bonds is probably the 

intermediate stage for the formation of Pt-H bonds. This surface 

chemistry is qualitatively similar to that of trimethylphosphine 

in the coordinately unsaturated complex, Fe[P(CH3)3]4, which is 
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mechanisms of the methane formation cannot be defined from this 

surface study. A molecular characterization of trimethylphosphine 

chemisorption processes on the Pt surfaces will require further inves

tigation using high resolution electron energy loss and photoemission 

spectroscopies. 

Throughout this work, trimethylphosphine was used as an effective 

tool in the chemical displacement reactions. Although there was no 

attempt to investigate the mechanistic details of the chemical dis-

placement reaction, the combined usage of displacement reactions with 

thermal desorption, and isotopic labeling studies has yielded valuable 

information about the structure and stereochemistry of hydrocarbon 

adsorbates. 

2. Benzene Chemistry 

Benzene Chemisorption on Pt(lll). Benzene chemisorption on the 

Pt(lll) surface is qualitatively similar to that on the Ni(lll) surface 

although there are significant differences. Thermal desorption 

studies of a Pt(1l1)-C6H6 surface, formed at 25°C, showed both 

reversible desorption of benzene molecules and irreversible decompo-

sition to form H2 in the gas phase, and a carbon-contaminated surface. 

The Pt(lll) benzene chemistry, like the nickel benzene chemistry, 

showed no evidence of reversible C-H bond breaking • A Pt (111 )-C6H6-

C6D6 state, formed (i) at 25°C and (ii) at 25°C followed by annealing 

at BO°C for two minutes, or l30°C for one minute, showed only C6H6 

and C6D6 in the subsequent thermal desorption study. Additionally, 

thermal desorption studies of a Pt(1ll )-C6D6-H state, formed from 

co-adsorption of C6D6 and H2 at 25°C, showed no HD, onlyH2, in the 
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region characteristic, of hydrogen desorption from Pt(lll)-H(D) 

(Tmax .. SO-lSO°C). The H2 desorption from C-Hbond breaking of 

chemisorbed benzene did not occur at measureable rates until tempera

tures in excess of 200°C. 

The thermal desorption characteristics of benzene molecules from 

a Pt(111)-C6D6 were studied as a function of surface benzene coverage 

as shown in Figure 7. The benzene desorption was complex in nature 

in that there were at least two benzene desorption maxima resolved, 

and their relative intensities were coverage-dependent. At very 

low benzene coverages of less than O.OS of a monolayer (one 

monolayer - one carbon atom per platinum atom), no benzene could be 

thermally desorbed. At .... 0.1 of a monolayer, there was only one weak, 

broad desorption at .... 100-200°C. Above this coverage, two broad 

desorption maxima at .... 100-130°C and 200-220°C were resolved with 

the intensity of the higher temperature peak increased linearly 

with increasing surface benzene coverages while that of the lower 

tempera.ture one stayed almost constant. The benzene desorption 

maximum at 200-220°C saturated at surface coverage of .... 0.6S. Above 

0.6S of a monolayer, the low temperature maximum at 100-130°C grew 

rapidly in intensity as coverage was increased to 0.9 of a monolayer, 

the effective benzene saturation coverage at 2SoC and 10-10 torr· 

(assuming that benzene is bound in a plane parallel to the surface, 

and a 7.2 A benzene van der Waals radius and 2.76 A Pt-to-Pt distance, 

the saturation coverage would be about 0.9 carbon atoms per platinum 

atom) • 

The irreversible decomposition of chemisorbed benzene on Pt(lll), 

competitive with reversible benzene desorption, was also examined 
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Figure 7 

Shown in the figure are the thermal desorption spectra of 

benzene-d6 from the Pt(lll) surface as a function of surface coverage. 
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as a function of surface benzene coverage, as shown in Figure 8. 

Desorption maxima for H2 were at - 260 and - 380°C with relative 

intensities of approximately one-to-one. Desorption maxima for D2 

from thermal decomposition of a Pt(111)-C6D6 state were at - 270°C 

and - 380°C. 

The coverage dependence results for reversible benzene desorp

tion are not in themselves evidence for differentiable benzene 

chemisorption states for the Pt(lll) surface because cooperative 

effects (from interaction between benzene adsorbates) alone could 

be the cause for multiple desorption maxima. To pursue this issue 

of differentiable benzene chemisorption states, sequential chemi

sorption of C6liG and C6D6 was performed at various surface coverages, 

and the desorption behavior of both molecules was followed subse

quently: 

(i) C6D6 was adsorbed first to less than 0.1 of a monolayer 

coverage and then C6~ was co-adsorbed to a total coverage of 

about 0.5-0.65 at 25°C. In the thermal desorption experiment, no 

C6D6 desorption was detected--only C6H6 was desorbed at tempe

rature maxima of 100-130°C and 200-220°C. All the chemisorbed 

C6D6 decomposed to form D2 and HD molecules at - 270 and - 380°C. 

Thus there was a strongly and irreversibly chemisorbed benzene 

(C6D6) state and a reversibly chemisorbed benzene (C6H6) state(s) 

on the Pt(l1l) surface, and there was no detectable interchange 

between these states. 

(ii) C6D6 was adsorbed first with less than 0.5 of a monolayer 

at 25°C and then C6~ was co-adsorbed to a final coverage of 

0.75. In the thermal desorption experiment, the higher 
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Figure 8 

Thermal desorption spectra of D2 from decomposition of chemisorbed 

benzene-d6 on the Pt(lll) surface as a function of initial surface 

coverage. These spectra are complementary to the spectra presented 

in Figure 7 and for each coverage in the two figures, the spectra are 

derived from a single experiment. 
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temperature desorption maximum was dominated by C6D6 and the 

lower temperature maximum by C6H6. Thus the benzene (C6D6) 

that adsorbed first resided in the more tightly bound reversible 

state without significant exchange with the less tightly bound 

reversible state. 

(iii) C6D6 was adsorbed on the Pt(lll) surface to the satura

tion coverage, 0.9 of a monolayer, at 25°C. Then the surface 

was exposed to a C6H6 atmosphere of ,.. 10-8 torr for a period 

of three minutes at 25°C. Under these conditions, most of the 

chemisorbed C6D6 was displaced by C6H6 except the irreversibly 

bound benzene state: The subsequent thermal desorption experiment 

yielded C6% at 100-130°C and 200-220°C with their intensities 

comparable to those of reversible benzene desorption from a 

saturation coverage. Only a trace of C6D6 was detected at ,.. 100-

130°C as well as some HD and D2 at ,.. 270 and'" 380°C. 

These experiments establish that there is an initial, irrever

sibly chemisorbed benzene state on the Pt(lll) surface and that 

benzene exchange through surface migration does not occur between 

this state and state(s) formed at higher coverages. The reversibly 

chemisorbed benzene state(s) undergoes nearly complete exchange with 

benz~ne (labeled benzene) by a relatively facile displacement at 25°C, 

a feature consistent with phosphine displacement discussed below. The 

observation of two reversible benzene desorptiort maxima does not 

necessarily indicate two differentiable benzene chemisorption 

states, but the experiment (ii) cited above is suggestive of two 

differentiable reversible benzene state with a possibly slow surface 

migration of benzene between them. 
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Displacement of benzene by trimethylphosphine at 25°C was also 

performed as a function of surface coverage. At less than 0.1 of 

a monolayer of benzene (C6D6) coverage, only a small amount of benzene 

was displaced. The subsequent thermal desorption study showed a 

C6D6 desorption maximum at - 150°C and substantial amounts of CH3D and 

HD; the chemisorbed C6D6 molecules, presumably in the "irreversibly" 

bound state,could only be displaced to a small extent. At coverages 

of - 0.1-0.9 of a monolayer, substantial amounts of the adsorbed 

benzene were displaced (> 90% at the saturation coverage). Chemi

sorption of C6H6 to - 0.1 and - 0.65 of a monolayer were followed 

by C6D6 chemisorption to a final coverage of - 0.65 and - 0.9, 

respectively. In both cases, the displacement reaction by trimethyl

phosphine yielded both C6H6 and C6D6 molecules. Then, in the 

following thermal desorption study, only C6H6 (at peak maximum of 

N 150°C) and trace amounts of HD and CH3D were detected. Therefore, 

the reversible chemisorption state(s) of benzene (C6D6) undergoes 

facile displacement by trimethylphosphine at 25°C. 

Sequential adsorption of C6H6 and C6D6 established that there 

appear to be two differentiable, reversible benzene chemisorption 

states 'on Pt(lll) and that chemical displacement by either P(CH3)3 

or a benzene flux is nearly quantitative ( - 90%) at 25°C. The 

labeling experiment in which C6D6 was adsorbed first to < 0.1 of a 

monolayer and then C6H6 was adsorbed to - 0.5 of a monolayer estab

lished that no C6D6 could be thermally desorbed or chemically 

displaced by trimethylphosphine--all the C6D6 species thermally 

decomposed to form D2 and HD. This initially and irreversibly 

chemisorbed benzene state is clearly differentiated from the 
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(reversible) benzene states formed at higher coverages. Interchange 

between these differentiable states through surface migration or any 

other process was not evident within the time scale of the experiments 

(minutes). 

Benzene chemisorption on the Pt(lll) is largely molecular 

(nondissociative) in character, like the Ni(lll)-benzene chemistry. 

At least for the reversibly chemisorbed benzene states of Pt(lll), the 

initial benzene-metal surface interaction should be largely through 

the nand n* benzene orbitals with appropriate metal surface orbitals 

for maximal overlap. Such an interaction would have the C6 ring plane 

parallel to the metal surface plane. This proposed structure was 

also supported by Lehwald, Ibach and Demuth42 from a high resolution 

electron energy loss study in which two "phases" of benzene chemi

sorption states on Pt(111) were proposed (based on a different 

frequency shift): one with the benzene C6 centroid atop a single Pt 

atom, and the other with the C6 centroid atop a three-fold hollow site. 

The data presented in the above cannot define the translational 

orientation of the benzene chemisorption states. An electron energy 

loss study of Pt(111)-C6H6 by Netzer and Matthew43 was also reported 

to be consistent with a n -bonded benzene. At higher coverage, Stair 

and Somorjai concluded,44 from a low energy electron diffraction 

study, that the C6 rings were tilted with respect to the surface 

plane. 

Trimethylphosphine displaced > 90% of the chemisorbed benzene 

on Pt(lll) at 2SoC, a similar feature was also observed for Ni(lll)

C6H6 except the displacement was quantitative. However, C-H bond 

breaking for Ni(111)-C6H6 occurs at the temperature range of 100-11SoC 
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whereas on the Pt(lll) surface, significant dehydrogenation only occurs . 

at temperatures in excess of 200°C. 

The benzene state on Pt(lll) characterized by thermal and chemical 

displacement irreversibility cannot be structurally defined from this 

study. It could be either a molecular or a dissociative state. No 

D2 desorption peak in the region characteristic of Pt(lll)-D in the 

thermal desorption of Pt(111)-C6D6 at < 0.1 coverage was observed, 

which excludes the dissociative state. This strongly and irreversibly 

chemisorbed state may be associated with surface imperfection sites 

which are commonly found for the Pt metal ( ~ 5-10%). Since the 

typical imperfections are "steps" and "kinks", the benzene chemistry 

on the stepped platinum surface should yield valuable information 

about this point (vide infra). 

Benzene Chemisorption on Pt 6(111)x(111). Chemisorption of 

benzene on the Pt 6(111)x(111) surface was also complex in character. 

The thermal desorption behavior of benzene, initially chemisorbed on 

Pt 6(111)x(111) at 25°C, was studied as a function of surface coverage. 

as shown in Figures 9 and 10. Like the Pt(lll) benzene chemistry, 

both irreversible benzene decomposition to form H2 and reversible 

benzene desorption were observed, and relative extent of each process 

was highly coverage-dependent. 

At low benzene coverages, decomposition of benzene was the 

dominant process when the Pt 6(111)x(111)-C6H6 surface was rapidly 

heated: Hydrogen desorbed at temperature maxima of ~ 195°C and ~ 355°C 

with approximately equal intensities, and these maxima shifted 10-20° 

lower at higher coverages. Decomposition was the prevailing thermal 

process from low to high surface coverages. At saturation coverages 

55 



Figure 9 

Shown are the thermal desorption spectra for benzene-d6 from a 

stepped Pt 6(lll)x(lll) surface as a function of initial benzene 

coverage. 
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Figure 10 

Thermal desorption spectra of D2 from decomposition of chemisorbed 

benzene-d6 on a stepped Pt 6(111)x(111) surface as a function of initial 

benzene coverage. These spectra are complementary to the spectra 

presented in Figure 9 and for each coverage in the two figures, the 

spectra are derived from a single experiment. 
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of about 0.7 of a monolayer (at 25°C and 10-10 torr), the 

Pt 6(111)x(ll1) surface had about 0.25 to 0.30 monolayer of carbon 

left after thermal desorption experiments. From a thermal desorption 

study of Pt 6(ll1)x(ll1)-C6D6-H, it was concluded that there was no 

significant dehydrogenation of chemisorbed benzene at temperatures 

lower than 150°C: The thermal desorption result showed H2 desorption 

maximum of 130°C while no HD or D2 could be observed at T ( 150°C. 

Above surface coverages of 0.10-0.15, reversible benzene 

desorption was observed, competitive with the irreversible benzene 

decomposition process. From'" 0.15 to 0.45 of a monolayer coverages, 

only one benzene desorption maximum at 180-210°C was observed. Above 

,.. 0.45 benzene coverages, a lower-temperature, broad benzene desorp-

-tion maximum at 100-120°C grew rapidly in intensity at cover~ges up 

to 0.7 of a monolayer. 

When thermal desorption studies were carried out for 

Pt 6(111)x(111)-C6H6-C6D6 formed at a total coverage of ,.. 0.5-0.7, 

both C6H6 and C6D6 desorbed at ,.., 100-120°C and ,.. 180-210°C. In 

addition, all possible mixed benzene molecules, C6HxD6-x (x equals 

1 to 5), were detected at the high temperature maximum, 180-210°C. 

Approximate molar ratios of the various benzene molecules, C6RxD6-x, 

were 14, 11, 11, 13, 14, 16, and 20% for x equals 0 through 6, 

respectively (the initial molar gas phase mixture of C6H6 to C6D6 was 

3 : 4), as shown in Figure 11. Thus reversible C-H(D) bond breaking 

only resulted in one desorption maximum although both benzene desorption 

maxima were observed for C6H6 and C6D6 molecules. This suggests that 

reversible bond breaking probably does not occur until temperatures 

above'" 120°C within the time scale (seconds) of the experiment--This 
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Figure II 

Adsorption of a mixture of C6H6 and C6D6 with a gas phase molar 

ratio of 3:4 onto the Pt 6(III)x(lll) surface results in all possible 

benzene molecules, C6HxD6-x, in the thermal desorption as shown in 

this figure. The approximate molar ratios (without correcting the 

fragmentation of each benzene species in the mass spectral analysis) 

of C6RxD6-x molecules obtained from this experiment are 14, II, II, 

13, 14, 16, and 20%, respectively, with x equals 0 through 6. It 

is noted that although both C6H6 and C6D6 desorb at both temperature 

maxima: 100-120°C and 180-210°C, the mixed benzene molecules only 

desorb at the higher temperature maximum. 
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was confirmed by the phosphine displacement reactions as a function of 

surface temperature, as discussed below. 

Trimethylphosphine displaced no benzene (C6D6) from the stepped 

platinum surface unless the coverage was greater than'" 0.15, .con

sistent with the results from thermal desorption experiments. Above 

such coverages, the displacement of C6D6 at 25°C was essentially 

instantaneous but incomplete (70-80% at the saturation coverage 

of ... 0.7 of a monolayer). Thermal desorption studies after chemical 

displacement reactions showed a C6D6 desorption peak at 170-185°C, 

and CH3D, CH4' HD and H2 in the characteristic trimethylphosphine 

decomposition regions. This displacement reaction appeared to be 

temperature-dependent. When displacement with P(CH3)3 of 

Pt 6(1lI)x(IIl}-C6D6 was effected at 120-130°C, C6D6 seemed to be 

quantitatively displaced because in the subsequent thermal desorption, 

no C6D6 could be observed, and much smaller amounts of CH3D and HD 

were detected. When trimethylphosphine displacement was effected 

for Pt 6(lll)x(1l1)-C6H6-C6D6 (formed at 25°C) at various surface 

temperatures, the mixed C6HxD6-x molecules were only evident at 

temperatures higher than'" 140°C. Thus reversible bond breaking, 

to effect H-D exchange between chemisorbed benzene, required tempe

ratures of at least - 140°C, a feature consistent with the thermal 

desorption results where mixed benzene molecules only desorbed in 

the higher-temperature maximum of 180-210°C. 

The Pt 6(III)x(III)-benzene chemistry was further investigated 

by generating mixed C6H6-C6D6 states through sequential chemisorption 

of C6H6 and C6D60 C6D6 was first adsorbed to the stepped surface 

to a coverage of - 0.45, then C6H6 was adsorbed to the saturation 
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coverage, .... 0.7 of a monolayer. The following thermal desorption 

study·yielded C6D6 at 1BO-210°C and C6~ at 100-120°C. Clearly these 

two reversible benzene desorption maxima represent two differentiable 

benzene chemisorption states with negligible surface migration within 

the time scale of the experiments (minutes). This conclusion is 

further supported by the following experiment: A Pt 6(111)x(111)-C6D6 

state was formed at saturation coverage and 25°C, and then exposed 

to a C6% atmosphere of 10-8 torr for a period of two minutes. 

The subsequent thermal desorption gave C6~ at 100-120°C and C6D6 

at 1BO-210°C (Figure 12), and no evidence was found for C6HxD6-x 

molecules at 1BO-210°C. Had both C6H6 and C6D6 been present in 

the more strongly bound state, C6HxD6-x would have been produced 

in the heating. Thus the strongly bound benzene state (C6D6) 

characterized by a thermal desorption maximum at 180-210°C could not 

be displaced or exchanged by a high flux of C6H6 whereas the weakly 

bound benzene state could be displaced relatively easily. 

Additional evidence of there being more than one benzene chemi

sorption state on the stepped surface was provided by the displace

ment reaction after sequential chemisorption of C6H6 and C6D6: 

C6H6 was first adsorbed to - 0.45 coverage, then C6D6 was adsorbed 

to the saturation coverage. Trimethylphosphine displaced both C6H6 

and C6D6 molecules at 25°C, but only C6H6, no C6D6, was desorbed 

at 170-1B5°C, which was accompanied by large amounts of CH4 and H2' 

but only traces of CH3D and RD. Thus the initial, strongly bound 

C6H6 species did not exchange with the less strongly bound C6D6 

species. 

These experiments established that there are clearly three 
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Figure 12 

A Pt 6(III)x(III)-C6D6 state with a coverage of - 0.7 C/Pt atom 

ratio was formed at - 25°C. This surface was then exposed to C6H6 at 

a pressure of - 1 x 10-8 torr for 2 minutes at 25°C. Shown in this 

figure are the resultant thermal desorption spectra for C6D6 and C6H6; 

C6D6 desorbed at 180-210°C while C6H6 desorbed at 100-120°C,--facile 

exchange of C6D6 with C6H6 only occurred for the benzene state 

characterized by a desorption maximum of 100-120°C. No significant 

mixed benzene molecules, C6HxD6-x' were formed under these conditions. 
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differentiable benzene chemisorption states on the stepped platinum 

surface: (a) a state characterized by irreversible chemisorption 

(b) a strongly but reversibly chemisorbed state characterized by 

a benzene desorption maximum at 180-210°C and (c) a less strongly 

and reversibly chemisorbed benzene state chara~terized by a benzene 

desorption maximum at 100-120°C. 

Benzene chemisorption on the stepped Pt 6(lll)x(lll) surface 

bears qualitative similarities to that of the Pt(lll) surface. Both 

irreversible and reversible benzene chemisorption states were evident 

and a large proportion of the chemisorbed benzene was subject to 

facile displacement by P(CH3)3. However, this stepped surface is 

more reactive than the (111) surface in that there is a larger 

fraction of the chemisorbed benzene (up to N 0.15 coverage) that was 

thermally irreversible and not chemically displaceable. On the 

Ni 9(lll)x(lll) surface, less reversible benzene desorption and less 

than quantitative displacement (by P(CH3)3) for chemisorbed benzene 

was also observed,compared with the Ni(111)-C6H6 chemistry. Thus, 

there is a correlation between the fraction of benzene that irre

versibly chemisorbsand the density of the surface steps (or step 

imperfections). 

The reversibly chemisorbed benzene species on Pt' 6(111)x(111) 

comprise two differentiable benzene states, as established by 

the isotopic labeling experiments in both thermal desorption studies 

and chemical displacement experiments. There is a close corres

pondence between the (reversible) benzene desorption maxima derived 

from the Pt(lll) and Pt 6(lll)x(lll) surfaces (such a correspondence 

was also evident between NiO 11)- and Ni 9(111 )x(111)-benzene 
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chemistry). Thus, it is reasonable to assume that the reversibly 

chemisorbed benzene states on the stepped surface is largely associated 

with the terrace atoms of (Ill) crystallography where the benzene ring 

lies parallel to the terrace plane. 

Nevertheless, the presence of steps on the surface should affect 

the interaction between C-H hydrogen atoms and Pt metal surface atoms. 

Since some of the C-H hydrogen atoms can closely approach the step 

atoms of lower coordination number, there should be a generation 

of C-H-Pt multicenter bonding which can be either the intermediates 

or transition states in a C-H bond scission process. Extensive benzene 

dehydrogenation on the Pt 6(lU)x(lll) surface was occurring at 

temperatures greater than - 150°C while that for the Pt(lll) was not 

evident until temperatures in excess of - 220°C, consistent with the 

above arguments. 

H-D exchange between chemisorbed C6H6 and C6D6 was not evident 

on the Pt(lll) surface, but was a relatively fast process on the 

stepped Pt surface at temperatures greater than"" 140°C. This 

difference might be ascribed to the topographical differences 

between the two surfaces, rather than the electronic differences 

between terrace and step sites,but the above data do not provide 

the basis for such a distinction. None of the Ni surfaces inves

tigated exhibited reversible C-H bond breaking of chemisorbed 

benzene. This difference between Pt and Ni is to be ascribed to 

the electronic differences in the metal d-band structure that result 

in a greater thermodynamic reactivity of Pt-H than Ni-H. 

Benzene Chemisorption on Pt(100). Chemisorption of benzene on 

the other low Miller index plane of platinum, Pt(100), is also largely 

68 



molecular in character. At 25°C, adsorption of benzene on the 

Pt(100)-(5x20) surface readily converted the metal surface structure 

to Pt(100)-(lx1). The Pt(100) benzene chemistry is qualitatively 

similar to that of Pt(lll) and Pt 6(1l1)x(lll) in that two competing 

thermal processes, irreversible benzene decomposition to form H2 

and a carbon-contaminated surface, and reversible benzene desorption 

were observed in the thermal desorption experiments. 

Like the Pt(lll) and Pt 6(111)x(111) benzene chemistry, thermal 

decomposition of benzene to give H2 was the dominant process at very 

low coverages on Pt(100). Hydrogen desorption maxima observed in 

the heating of Pt(100)-C6D6 were at - 295, 360 and 460°C with the 

relative intensities a function of surface coverage (Figure 13). 

-A smaller HD peak was detected at Tmax - 170°C, the characteristic 

desorption maximum for Pt(100)-H(D), which indicated some small extent 

of benzene dehydrogenation at T (100°C. Even at - 0.05 L exposure 

«< 0.1 C/Pt), reversible benzene desorption could be detected 

as a broad peak from 100 to 200°C. From - 0.1 L to - 0.4 L benzene 

exposures ( - 0.1-0.15 to 0.4-0.5 of a monolayer), the main benzene 

desorption maximum was at 170-l80°C while a smaller benzene maximum 

at - 100-l10°C was detected also. Above - 0.4 L exposure, there was 

only one broad benzene desorption observed which maximum shifted from 
q 

- 170°C to - 150°C at - 1 L exposure ( - 0.9 of a monolayer). From 

low ( - 0.1 of a monolayer) to high ( 0.9 of a monolayer) surface 

coverages, the p~rcentage of the benzene reversibility varied from 20 

to 60-65%. Such coverage-dependence of benzene thermal desorption 

from Pt(lOO) .is shown in Figure 14. Qualitatively, the complex nature 

of benzene chemisorption on Pt(lOO) was analogous to that on Pt(lll) 
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Figure 13 

Thermal decomposition of benzene-d6 chemisorbed on the Pt(100) 

surface results in multiple D2 desorption peaks. Shown in this 

figure are the D2 desorption spectra as a function of initial benzene 

coverage. 
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Figure 14 

Depicted in the-figure are the C6D6 desorption spectra from a 

Pt(lOO) surface as a function of coverage. These benzene spectra are 

complementary to the D2 spectra presented in Figure 13 and for each 

coverage iri the two figures, the spectra are derived from a single 

experim~nt. 
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and Pt 6(111)x(111) except that the two benzene desorption maxima of 

the latter two surfaces were still distinguishable at high coverages. 

To establish whether the two benzene desorption maxima of 

Pt(100)-C6H6 at < 0.5 of a monolayer represented distinguishable 

chemisorption states--as established for Pt(lll) and Pt 6(111)x(111), 

sequential population of one state by C6H6 and the other by C6D6 

was attempted. In the subsequent thermal desorption experiment, 

both C6H6 and C6D6 desorbed in a relatively fixed molar ratio 

throughout the entire thermal desorption range for benzene rather 

than in sequence as was observed in the analogous experiments on 

Pt(lll) and Pt 6(111)x(111) described in previous sections. This 

experiment suggested that there was no detectable preferential 

chemisorption. Furthermore, there was no evidence of benzene 

displacement by benzene, i.e., C6D6 was not displaced by C6H6 at 

25°C and ~ 10-8 torr of C6H6 flux whereas benzene displacement was 

readily achieved on Pt(i11) and Pt 6(111)x(111) under similar 

conditions. 

Trimethylphosphine displaced benzene (C6D6) fromPt(lOO) at 25°C 

but was not quantitative. A subsequent thermal desorption experiment 

still contained significant amounts of C6D6 (Tmax ~ 170°C), CH3D 

and HD. The phosphine displacement was probably 60-70% complete 

at most (compared with> 90% for Pt(lll) and 70-80% for 

Pt 6(111)x(111». Since the displacement mechanism is unknown, the 

much less complete displacement of benzene on Pt(lOO) cannot be 

unambiguously interpreted. 

The most interesting feature of benzene chemisorption on Pt(lOO) 

is the observation of reversible C-H bond breaking, a feature that 
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has not been observed for Pt(Ill) or any other low Miller index 

planes of nickel. Adsorption of a 1:1 mixture of C6H6 and C6D6 on 

Pt(100) at 25°C showed, in thermal desorption, all possible mixed 

benzene molecules, CHxD6-x (x = 1 to 5), at 170-180°C irrespective 

of the initial coverages. The molar ratios of the CRxD6-x molecules 

were recorded as 33, 7, 7, 7, 7, 7, and 33% for x equals 0 to 6, 

respectively. The formation of mixed benzene molecules probably 

did not occur until relatively high temperatures, as demonstrated 

by the trimethylphosphine displacement experiment. At 25 to 70°C, 

P(CH3)3 displacement of Pt(100)-C6H6-C6D6 yielded only C6H6 and 

C6D6 molecules. Mixed benzene molecules were only detected in 

displacement reactions effected at 100°C or higher. Such thermally 

activated H-D exchange reactions were also observed for Pt 6(1l1)x(Ill)

C6H6-C6D6. More substantial amounts of mixed benzene molecules 

were detected on Pt 6(111)x(111) ( - 4 to 5 times higher) than on 

Pt(100). 

Since a large fraction (50-65%) of adsorbed benzene, at moderate 

coverages, can be thermally desorbed or chemically displaced, benzene 

chemisorption on Pt(lOO) is probably largely molecular. Fischer 

and Keleman have investigated benzene chemisorption on Pt(100) by 

ultraviolet photoemission spectroscopy,37 and concluded that chemi

sorption was through nand n* orbitals of benzene. Although adsorp

tion of benzene on the clean, reconstructed Pt(100)-(5x20) surface 

readily converts the surface to the Pt(100)-(lx1) structure, there 

are still ambiguities about the microscopic structure of Pt(100) at 

. room temperature or higher temperatures. It is possible that the 

(Ix1) LEED pattern does not represent an "atomically flat" Pt(IOO) 
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surface, but rather, a slightly "buckled" surface layer. If this 

were the case, some of the adsorbed benzene hydrogen atoms would be 

relatively close to the Pt metal surface atoms, at least at higher 

temperatures, to generate the C-H-Pt multicenter bonding. This 

interaction could be the cause for the high efficiency of reversible 

C-H bond breaking observed at T) 100°C. However, the intrinsic 

electronic structure of the Pt(lOO) surface could also be a contri

buting factor for H-D exchange, and it is not possible to fully 

characterize the electronic and topographical features that affect 

C-H bond breaking and making processes for benzene on Pt(lOO). 

3. Toluene Chemistry 

Toluene Chemisorption on Pt(lll). Chemisorption of toluene on 

Pt(lll) is mostly irreversible. At < O.S of a monolayer, no reversible 

toluene desorption was detected. Even at ~ O.S of a monolayer, only 

~ 10% of the adsorbed toluene could be reversibly desorbed at 

70-ll0°C with a poorly resolved double maximum. No H-D exchange 

between the adsorbed C7HS and C7DS molecules was evident in thermal 

desorption experiments. Chemical displacement of toluene chemisorbed 

on Pt(lll) (at high coverages) by P(CH3)3 was negative at 2SoC. 

Clearly, the chemisorption behavior of toluene on Pt(lll) is distinctly 

different from that of benzene. 

Thermal decomposition of toluene on Pt(lll) yielded hydrogen as 

the only gaseous product. Multiple hydrogen desorption peaks from 

Pt(lll)-C7DS were detected with temperature maxima of ~ 70 (small), 

2lS, 2S0 and 380°C with the intermediate overlapping desorption 

peaks having a combined intensity comparable to that of the 3S0°C 

peak. To test whether there was any regioselective C-Hbond breaking 
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of chemisorbed toluene on Pt(lll), thermal desorption experiments 

using selectively labeled toluene molecules, C6HSCD3 and C6DSCH3, 

were performed to monitor the desorption character of H2' HD and D2' 

These hydrogen desorption maxima together with the relative inten

sities are listed in Table II and compared with the data for C6DSCD3. 

The decomposition characteristics, based on the H2 , HD, and D2 

desorption peaks for Pt(111)-C6HSCD3 and Pt(111)-C6DSCH3, were 

complex and there was no clear identification of regioselective C-H 

bond breaking of toluene on Pt(lll). This is in sharp contrast to the 

toluene decomposition on Ni(lll), Ni(lOO), Ni 9(111)x(111) and 

Ni 7(111)x(310)9 where regioselective C-H bond breaking of the methyl 

group was incisively identified by the labeling experiments. However, 

for Pt(111)-C6HSCD3, all the H2 desorption appeared at high tempe

ratures and none at 70°C where D2 and HD were observed. Analogously, 

only H2 appeared at 70°C in the decomposition of Pt(111)-C6DSCH3. 

Therefore, there was probably some regioselectivityin the C-H bond 

breaking process on Pt(lll) with aliphatic C-H bond breaking being 

more facile than that of aromatic. 

Toluene Chemisorption on Pt 6(111)x(111). Consistent with benzene 

chemistry on Pt(lll) and Pt 6(111)x(111), toluene chemisorption on 

the stepped surface was less reversible,--in fact, all the adsorbed 

toluene decomposed in the thermal desorption experiment, to give 

hydrogen., from low to near monolayer coverages. Trimethylphosphine 

also did not displace any of the adsorbed toluene from the stepped Pt 

surface. 

Analogous thermal desorption experiments were performed on 

Pt 6(111)x(111) with C6HSCD3, C6DSCH3 as well as C6DSCD3, and these 
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Table II 

Decomposition of Toluene on Pt(lll) and Pt 6(III)x(lll) 

Molecule 

Pt( 111) 

C6D5CH3 

Pt 6( l11)x(111) 

C6D5CD3 

C6H5CD3 

C6D5CH3 

Temperature Maxima (OC) 
of Hydrogen Desorption (Intensity*) 

D2: 70(0.2), 215(0~7), 250(0.4), 380(1.0) 

D2: 70(0.3), 200(1.0), 420(0.8) 

HD: 70(0.25), 210(1.0), 380(1.0) 

H2: 225(1.0), 360(1.0) 

D2: 230(0.7), 380(1.0) 

HD: 150(1.5), 380(1.0) 

H2: 70(0.2), 185(1.0), 380(trace) 

D2: 100(trace), 180(1.0), 240(1.0), 380(2.0) 

D2: 90(0.3), 170(1.0), 415(0.7) 

HD: 90(trace), 192(3), 400(2) 

H2: 210(1), 345(1) 

D2: 235(1.0) , 385(1.5) 

HD: 200(1.5) , 345(1.0) 

H2: 100(trace), 165(1.0), 340(trace) 

* Relative intensities can be compared only at the given temperature 

and in the given experiment. 

78 



. -

data are summarized in Table II. The thermal decomposition behavior 

of chemisorbed toluene on Pt 6(111)x(111) appeared to be as complex 

as the Pt(lll) analogs. Four hydrogen (D2) desorption peaks were 

detected at temperature maxima of 100 (small), ISO, 240 and 3S0°C. 

The small hydrogen peak at ~ 100°C consisted of, on heating, D2 and 

HD for Pt 6(lI1)x(l1l)-C6H5CD3 and only H2 for Pt 6(I11)x(lI1)

C6D5CH3. As the analogous arguments presented for both Pt(lll)

C6H5CD3 and Pt(111)-C6D5CH3, these data suggest that there was 

probably some selective scission of the methyl C-H bonds, although 

the rates for scission of aliphatic and aromatic C-H bonds were 

probably very close. 

Toluene Chemisorption on Pt(lOO). The chemisorption of toluene 

on Pt(lOO) surface was also complex in character. Qualitative 

similarities of Pt(lOO)-toluerie chemistry to that of Pt(lll) and 

Pt 6(1111 )x( 111) were identified in this study, although important 

differences were also established. 

On the Pt(100)-(5x20) surface, chemisorption of toluene at 25°C 

immediately converted the surface to the Pt(lOO)-(lxl) structure. 

Two competing thermal processes were evident at coverages larger 

than 0.5 of a monolayer (Figure 15). The reversible toluene that 

desorbed at the temperature maximum of 100-120°C represented 

~ 20-30% of the initially adsorbed toluene at ~ O.S of a monolayer • 

These reversibly desorbed toluene molecules contained no detectable 

amount of mixed toluene molecules when Pt(lOO)-C7HS' formed at ~ 15°C 

then heated to 60-70°C in a D2 atmosphere of ~ 10-S torr for 1 min, 

was subject to the thermal desorption experiment. 

Displacement of the chemisorbed toluene, at high coverages, on 
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Figure: 15 

Thermal desorption of Pt(100)-C6DSCD3 results in molecular C7DS 

desorption as well as decomposition to give D2t as shown in this figure. 

The spectra were obtained from a Pt(100)-C6DSCD3 surface formed at - 15°C 

with an initial coverage of - O.S C/Pt. 

so 
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Pt(100), by P(CH3)3 from 20 to 60°C was not successful as was found 

on Pt(lll) and Pt 6(111)x(111). The following thermal desorption 

showed some toluene (C7D8) at Tmax - 150°C, and large amounts of 

CH3D and HD. The binding of molecular toluene to these Pt surfaces 

through nand n* orbitals of the ring should not be very different 

from that of benzene. The absence of any toluene displacement from 

Pt(lll), Pt(lOO) and Pt 6(III)x(lll) by P(CH3)3' a sharp contrast 

to the facile benzene displacement by P(CH3)3, suggests that the 

major chemisorption state generated from toluene and Pt(lll), Pt(100) 

or Pt 6(III)x(lll) at T = 20°C may not be analogous to that derived 

from benzene. 

Decompositon of toluene on Pt(100) is the major thermal process 

to give H2 and a C-contaminated surface afterwards. Hydrogen desorbed 

at three maximal rates: - 90, 230 and 460°C with respective relative 

intensities of 1:3:4 (Figure 15). The low temperature"H2 maximum 

at 90°C was in the characteristic desorption region of Pt(100)-H, 

indicating breaking of C-H bond at relatively low temperatures. In 

order to gain more mechanistic insight into toluene decomposition on 

Pt(100), thermal decomposition studies of selectively labeled toluene, . 

C6HSCD3 and C6DSCH3, were performed. As shown in Table III, the 

90°C peak consisted of mainly D2 and a smaller amount of HD for 

Pt(lOO)-C6HSCD3 (Figure 16), and only H2 for Pt(100)-C6DSCH3. The 

major fraction of the toluene initially chemisorbed at 15°C on 

Pt(lOO) may be selectively converted to Pt(100)-H-C6HSCH2 between 

- 15 and 90°C. Beyond this step, the rates of aliphatic and 

aromatic C-H bond breaking overlap substantially; there is no 

regioselectivity. 
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Table III 

Decomposition of Toluene on Pt(100) 

Molecule !roax(OC) of Hydrogen Desorption (Intensity)* 

D2: 90(1), 230(3), 460(4) 

" D2: 90(2), 230(2), 460(1) 

HD: 90(trace), 230(14), 460(6) 

H2: 230(26), 460(18) 

D2: 230(8), 460(18) 

HD: 230(18), 460(11) 

H2: 90(3), 230(23), 460(5) 

D2: none 

HD: 230(4), 460(2) 

H2: - lOOt, 230(20),460(26) 

* Relative intensities should be compared in the given toluene 

decomposition experiment only. 

-7 ** APt(100)-C6H5CD3 surface was treated with 1 x 10 torr H2 . 
at 75°C for 5 minutes before thermal desorption. 

t very large intensity. 



Figure 16 

D2, HD and H2 desorption spectra derived from thermal decomposition 

of Pt(100)-C6HSCD3 are illustrated in this figure. The lowest hydrogen 

desorption maximum, ~ 90°C, is characteristic of Pt(100)-H(D) and 

consisted of D2 and HD but n"ot H2 (presumably, the HD arose from 

the reaction between surface-D species derived from toluene and 

surface-H species derived from background H2). Clearly, the initial 

C-H(D) bond breaking is centered on the methyl group. 
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In the acetylene chemistry on thePt(100) surface, it was estab-

1ished- that H-D exchange between H2 and Pt(100)-D was a facile 

process. Thus, the postulated surface state generated from 

chemisorption of C6HSCD3 and Pt(100): Pt(100)-C6HSCD2 and Pt(100)-D 

species should undergo facile exchange with H2 to form Pt(100)-

C6HSCD2 and Pt(100)-H. In practise, treatment of Pt(100)-C6HSCD3, 

formed and kept at T < 20°C, with 1 x 10-7 torr H2 for 10 minutes 

yielded, in the following thermal desorption study, H2 but no HD 

or D2 in the characteristic desorption region of Pt(100)-H. The 

two higher temperature desorption maxima for H2' HD and D2 showed 

some slight indication of H-D exchange between H2 and Pt(100)-

C6HSCD2 (the relative intensity of H2 to HD or D2 was slightly 

higher than that derived simply from C6HSCD3 chemisorption on 

Pt(100)) • 

At higher temperatures, the postulated benzyl species formed 

from toluene adsorption on Pt(100) underwent extensive H-D exchange. 

Treatment of Pt(100)-C6HSCD3, formed at T < 20°C, at SO°C, 7SoC, 

100°C and 130°C, respectively, with 1 x 10-7 torr H2 for S minutes 

clearly showed a systematic trend in the extent of H-D exchange 

from the subsequent thermal desorption study. After the SO°C 

treatment, some H-D exchange was clearly established by examining 

• 
the re1ati:,e intensities of H2, HD and D2. After the 7S0Ctreatment, 

no D2 and only a small amount of HD was detected at the two higher 

temperature peaks, 230 and 460°C (Table III). Finally, after the 

130°C treatment, H-D exchange between the CD2 site and H2 was 

complete. H-D exchange at the aromatic C-H sites also occurred 

but more slowly than at the CH2 site. At 7SoC, treatment of 
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Pt(100)-C6D5CH3 with 1 x 10-7 torr H2 for 5 minutes showed a thermal 

desorption spectrum with slightly more H2 relative to HD or D2, 

whereas at 130°C, a similar H2 treatment of Pt(100)-C6D5CH3 

resulted in significantly more H2 relative to D2 and HD except that 

H-D exchange was never complete under these conditions. 

The stereochemistry of Pt(lOO)-benzyl is probably a nearly 

coplanar C7 delocalized framework lying parallel to the surface 

plane whereby the delocalized C} 1T and 1r* orbitals could have 

maximal overlaps with appropriate metal surface orbitals. Such 

benzyl species was also postulated for toluene chemisorbed on the 

(111), (100), 9(1ll)x(1ll) and 7(1l1)x(310) planes of nicke19 in 

which thermal decomposition of toluene proceeded in a regioselective 

fashion such that all aliphatic C-H bonds were cleaved prior to 

scission of any aromatic C-H bonds. The chemisorption of toluene 

on Pt(lOO) partially followed this regioselective course: the first 

C-H bond breaking occurs on an aliphatic C-H bond to give the benzyl 

species upon chemisorption at T ,.. 20°C. 

Conclusions 

In this study, the coordination chemistry of benzene and 

toluene on Pt(lll), Pt 6(111)x(111) and Pt(lOO) was investigated 
4 

by surface chemical techniques. Important electronic and stereo-

chemical features of benzene and toluene chemisorption that 

.. facilitate C-H bond breaking and making pro,cesses were established • 

Benzene chemisorption on these Pt surface planes is largely 

molecular (.associati ve) in character. On the Pt (111) and 

Pt 6(1ll)x(1ll) surfaces, chemisorption of benzene exhibits an 
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initially and irreversibly bound state as well as two differentiable, 

reversibly bound states. The, presence of surface steps (of the 

Pt 6(111)x(111) surface) led to a higher reactivity toward C-H bond 

breaking. Benezene chemistry on the two low Miller index planes of 

Pt, (Ill) and (100), is distinctly different in that reversible 

C-H bond breaking occurs on Pt(100). Even more substantial H-D 

exchange between chemisorbed benzene molecules occurs on the stepped 

platinum surface. The differences in the benzene chemistry on the 

three Pt surfaces investigated could be largely attributed to their 

topographical differences. 

In contrast to benzene, toluene chemisorption on the Pt 

surfaces is mostly irreversible. Thus, although the initial 

interaction of toluene with the Pt surfaces is probably largely 

through the aromatic ring, like that of benzene, the final toluene 

chemisorption state(s) may be very different from that of benzene 

stereochemically. The initial n -bound state of toluene necessarily 

brings the methyl hydrogen atoms into close proximity of the 

metal surface atoms. Consequently, facile C-H bond scission at 

some higher temperatures can occur to give a benzyl species. 

On the Pt(100) surface, experimental data for toluene 

chemisorption are consistent with formation of a benzyl species 
q 

at T '20°C. H-D exchange at the CH2 site of benzyl species wa~ 
". 

detected at temperatures as low as SO°C and was complete at 130°C. 

Exchange at the aromatic C-H sites occurs more slowly (was only ." 

dete~ted at T ) 7S0C) and was far from complete at 130°C. In 

general, the toluene chemistry on the Pt surfaces is much more 

complex than on the Ni analogs. Only partially regioselective 



C-H bond scission on the aliphatic group was evident on the Pt 

surfaces. 
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V. DEHYDROGENATION REACTIONS OF CYCLOHEXANE, CYCLOHEXENE, AND 

CYCLOHEXADIENE TO BENZENE ON PLATINUM AND NICKEL SURFACES 

The dehydrogenation of cyclohexane and its homologs to aromatics 

occurs on a large number of Group VIII metal catalysts. 45 In 

particular, dehydrogenation of cyclohexane to benzene on supported 

catalysts of Pt and Ni has been a much investigated area46- 49 with 

Pt being much more active than Ni. 50 Generally, benzene desorption 

is thought to be the rate-determining step of the catalytic dehydroge

nation of cyclohexane, and cyclohexene and cyclohexadiene are postulated 

to be the reaction intermediates. These catalytic cyclohexane dehydro

genation studies appear to be a "structure-insensitive" reaction,51_

the rate for dehydrogenation is not dependent upon the form of 

catalysts. In contrast, studies of cyclohexane dehydrogenation over 

single crystal Pt surfaces and low pressures ( ( 10-6 torr) by Somorjai 

and co-workers52 ,53 have shown a much higher reactivity for the stepped 

and stepped-kinked Pt surfaces in conducting C-H bond scission,--a 

"structure-sensitive" reaction. 

In order to gain a better understanding of catalytic cyclohexane 

dehydrogenation, the Pt and Ni surface chemistry of cyclohexane, 

cyclohexeneand cyclohexadiene was investigated in the context of 

surface crystallography and surface composition under ultra high vacuum 

conditions. The Pt and Ni surfaces studied were the low Miller index 

planes: Pt(lll), Pt(lOO), Ni(lll), Ni(lOO) and Ni(110), and the stepped 

Pt 6(111)x(111) and Ni 9(111)x(111) surfaces. Surface techniques 

employed were Auger electron spectroscopy, thermal desorption spec

troscopy, isotopic labeling and chemical displacement reactions. Both 

clean and carbon-contaminated surfaces were investigated in order to 
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pursue the carbon impurity effects on the dehydrogenation reactions 

of these cyclic hydrocarbons. Since the benzene chemistry on the 

corresponding surfaces has been characterized by the aforementioned 

surface techniques (described in the previous chapter for the Pt 

surfaces and in the thesis work of Dr. C. M. Friend 14 for Ni surfaces), 

the dehydrogenaton of cyclohexane, cyclohexene or cyclohexadiene to 

form benzene on the crystallographic planes of Ni and Pt was an ideal 

extension of this hydrocarbon surface chemistry study with the 

trimethylphosphine displacement reaction being the diagnostic technique 

for detecting benzene formation. 

Results and Discussion 

1. Cyclohexane Chemistry 

Adsorption of cyclohexane on the Ni (111), Ni (1 00), Ni( 110) and 

Ni 9(111)x(111) surfaces was attempted at 0-70°C,25-200°C, 25-90°C, 

and 20-70°C, respectively. The upper temperature limit was set by 

the characteristic benzene desorption temperature from the individual 

surface because the benzene formation was to be characterized by 

the subsequent thermal desorption or chemical displacement reactions. 

Under ultra high vacuum conditions'and within the temperature ranges 

studied, no evidence was found for cyclohexane adsorption on these 

Ni surfaces as judged by Auger analyses and thermal desorption studies. 

Probably, the residence time for cyclohexane on these Ni surfaces was 

too short to effect any significant dehydrogenation process under 

these conditions. 

Cyclohexane showed a relatively higher sticking coefficient on 

the Pt(III), Pt(100) and Pt 6(III)x(lll) surfaces, compared to the Ni 
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surfaces with comparable surface crystallographies. On the Pt(lll) 

surface, adsorption of cyclohexane at -35 to -15°C gave a small cyclo

hexane desorption peak at .... O°C in the thermal desorption experiment. 

Desorption of cyclohexane was nearly quantitative and was accompanied 

by a small amount of hydrogen evolution from 200 to 400°C. Adsorption 

of cyclohexane at .... 135°C on Pt (111 ) gave only H2' no hydrocarbons, 

at 200-400°C. The saturation coverage of cyclohexaneon Pt(111) from 

-35°C to +135°C was reached at .... 0.1-0.15 of a monolayer. No benzene 

was ever detected in the thermal desorption of Pt(111)-C6H12. However, 

even if the adsorbed cyclohexane had quantitatively converted to the 

chemisorbed benzene, no benzene would have been desorbed or displaced 

at coverages of < 0.1 of a monolayer (see the. previous chapter). 

Displacement ofPt(1l1)-C6D12 by P(CH3)3 failed to give any detectable 

hydrocarbon molecules. However, the subsequent heating of this surface 

did lead to benzene desorption at the temperature maximum of .... 150°C. 

A similar feature was observed in the heating of Pt(1l1)-C6D6-P(CH3)3 

in which the undisplaced C6D6' the strongly bound benzene state at 

< 0.1 of a monolayer, was desorbed at .... 150°C. Thus, conversion of 

cyclohexane to benzene probably occurred on the Pt(lll) surface, but 

the surface chemical methods used here could not fully probe such 

processes. 

On the,Pt(100) surface, cyclohexane also showed a very small 

sticking coefficient from 25 to 100°C. Thermal desorption of Pt(100)

C6D12 yielded D2 as the only gaseous product and a Pt(100) surface 

with ( 0.1 of a monolayer of carbon. Multiple D2 desorption peaks 

were observed at temperature maxima of .... 110, 175, 220 and 345°C. 

Trimethylphosphine failed to displace benzene (or any other hydrocarbon 
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speci~s) from Pt(100)-C6D12 at 2S-l00°C. However, as was observed 

for Pt(lll)-cyclohexane chemistry, heating of the surface immediately 

after the attempted P(CH3)3 displacem~nt gave benzene desorption 

at the temperature maximum of - l60°C,--a similar feature was also 

observed in the heating of Pt(100)-C6D6-P(CH3)3. Therefore, there 

was indirect evidence of benzene formation from cyclohexane dehydro

genation on the Pt(lOO) surface. 

Cyclohexane had the highest sticking coefficient on the stepped 

Pt 6(111)x(111) surface at 25°C among all the Ni and Pt surfaces 

studied, and appeared to be saturated at - 0.15-0.20 of a monolayer. 

At such saturation coverage, thermal desorption of Pt 6(111)x(111)

C6D12 showed D2 as the only gaseous product and a Pt 6(lll)x(1l1)":'C 

surface. As was established in the Pt 6(111)x(111)-benzene chemistry, 

no molecular benzene desorption could have been observed for surface 

coverages of (0.15. Three D2 desorption peaks were detected at 

temperature maxima of - 110, 195 and 350°C with the two higher tem

perature maxima being coincident with that of thermal decomposition 

for Pt 6(111)x(111)-C6D6, and the lowest desorption maximum character

istic of Pt 6(1l1)x(lll)-H(D). Although no benzene desorption could 

be observed from Pt 6(111)x(111)-C6D12' chemical displacement with 

P(CH3)3 at 25°C did yield a small quantity of C6D6, and the following 

heating showed a benzene desorption maximum at l70-l90°C, characteristic 

of thermal desorption of Pt 6(lll)x(lll)-C6D6-P(CH3)3 at comparable 

coverages. Thus the chemisorption state of C6D12 on the stepped Pt 

surface at 25°C could be best characterized as Pt 6(11l)x(111)~C6D6-D 

judged from these surface chemical studies. All the benzene that 

formed from cyclohexane dehydrogenation was probably residing in the 
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most strongly (irreversibly) bound state since all the thermal _ 

desorption characteristics'of Pt 6(111)x(111)-C6D12 are identical 

with those of Pt 6(111)x(111)-C6D6-D generated from C6D6 and D2 

at comparable coverages. 

When a mixture of C6H12 and C6D12 was adsorbed initially on 

Pt(lll),Pt(lOO) or Pt 6(111)x(111), heating of the surface after 

trimethylphosphine displacement yielded all possible C6HxD6-x 

molecules, indicating that H-D exchange was probably operative in the 

dehydrogenation process of cyclohexane on these Pt surfaces. 

These studies for the Pt surfaces establish a much higher 

reactivity of cyclohexane on the stepped Pt surface than that of the 

two low Miller index planes, pte lll) and Pt(100). If the surface step 

sites of the Pt 6(111 )x( ll1) surface were associated with the higher 

reactivity of C-H bond breaking of cyclohexane, the smaller reactivity 

observed on the Pt(111) and Pt(100) surfaces could be due to the 

intrinsic surface imperfection sites. Since cyclohexane did not react 

with the Ni surfaces, Pt appeared to be more reactive than Ni at the 

temperature ranges studied and under ultra high vacuum conditions. 

However, it cannot be hereby concluded that the relative rates for C-H 

bond breaking are higher for Pt than for Ni since the residence time 

of cyclohexane on the Ni surfaces at 20 GC or above is probably much 

shorter than that of the Pt surfaces. 

Low temperature adsorption (T = 140 K) of cyc10hexane54 has 

shown that cyc10hexane reversibly desorbs from Ni(lll) at T ) 170 K, 

but dehydrogenates to form benzene on Pt(lll) at T ) 200 K. From this 

earlier report, Pt(lll) shows a larger reactivity than Nt(lll) toward 

cyclohexane dehydrogenation, as was also suggested from this study. 
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The formation of benzene from cyc10hexane dehydrogenation could be 

a function of adsorption temperature and heating rate with lower 

temperature and lower heating rates favoring benzene formation. Since 

cyc10hexane dehydrogenation on Ni readily occurs at atmospheric 

pressures, the failure of these Ni surfaces in effecting cyc10hexane 

dehydrogenation under ultra high vacuum conditions could be simply 

thermodynamically unfavored. 

The initial interaction of cyc10hexane with the metal surfaces 

should be through some saturated C-H bonds, irrespective of its 

configuration, to form C-H-M multicenter bonding. A possible model 

is the formation of three C-H-M multicenter bonds with three of the 

axial hydrogen atoms on one side of the chair form of cyc10hexane. 

Such interaction, although relatively weak in character, could Decome 

strong enough for C-H bond breaking, at some elevated temperatures, 

to form M-H species and more strongly chemisorbedo1efinic species 

(or even benzene). In fact, high resolution electron energy loss 

studies of cyc10hexane on Pt(lll) and Ni(1l1)54 at T = 140 K have 

revealed a strong C-H stretching frequency at 2590 cm-1 and 2720 cm-1, 

respectively, in addition to the normal C-H stretching of saturated 

hydrocarbon at ~ 2900 cm-1• These previous observations appear to 

be a strong evidence for C-H bond interaction of cyc10hexane with the 

metal surfaces. From this study, the C-H-M multicenter interaction 

between cyc10hexane and the metal surface is the most prominent on the 

stepped Pt 6(111)x(111) surface under the ultra high vacuum conditions 

and temperature ranges investigated. 
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2.Cyclohexene Chemistry 

Cyclohexene had a sticking coefficient comparable to that of 

benzene on the Ni and Pt surfaces at 25°C. Dehydrogenation of cyclo

hexene to form benzene occurred on all the Ni and Pt surfaces 

investigated (Table I). 

On the Ni(lll) surface, adsorption of cyclohexene at 25°C led to 

no benzene desorption at - 0.3 of a monolayer coverage upon heating. 

Hydrogen (D2) was the only gaseous product detected in the thermal 

desorption of Ni(1l1)-C6D10, which desorbed from 140 to 200°C with 

an unresolved double maximum. The diagnostic experiment of benzene 

formation from Ni (111 )-C6D 10 was the trimethylphosphine displacement 

of a significant amount of C6D6 at 25°C. Since surface ° atoms were 

reaction products from C6D10 dehydrogenation on Ni(lll), the extent 

of dehydrogenation could not be precisely established by examining 

the amounts of the deuterium-containing products, CH3D and HO, in 

the subsequent thermal desorption study. However, cyclohexene dehydro

genation on Ni(lll) must have been a significant process since the 

amount of benzene displaced from Ni(lll)-cyclohexene was comparable to 

that from Ni(lll)-benzene at similar coverages. 

On the Ni(lOO) surface, the thermal desorption behavior of 

adsorbed cyclohexene (C60l0) appeared to be analogous to that of 

Ni(100)-C606-0: Heating of Ni(100)-C6DI0' formed at 25°C, resulted 

in C606 desorption at 200-220°C, characteristic of benzene desorption 

from Ni(100)-C6D6, as well as 02 desorption at - 130 and - 200°C 

with the former characteristic of Ni(IOO)-O and the latter charac

teristic of Ni(100)-C6D6 decomposition. In addition, there was a 

small amount of C6DIO desorbed at - 100°C. P(CH3)3 displacement 
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Table I 

The Thermal Desorption Behavior for Cyclohexene Adsorbed on Ni and Pt 

Thermal Desorption Maxima 
Coverage 

Surface (CIM) .£6~ ~ 

Ni (111 )-C6D 10 ,... 0.3 none 140-200°C 

". Ni(111)-C6D6 ,... 0.3 l1S-12SoC 180°C 

Ni( 100)-C6DlO ,... 0.3 200-220°C 130, 200°C 

Ni(100)-C6D6 ,... 0.3 200-220°C 200-220°C 

Ni( 110)-C6DlO ,... 0.3 200°C (trace) 100, 200°C 

Ni( 110)-C-C6DlO ,... O.S ,... 13SoC not detected 

Ni( 110)-C6D6 ,... 0.3 100°C ..... lOSoC 

Ni 9(111)x(111)- ..... O.S 100-110°C 100, 18SoC 
C6D10 

Ni 9 (111 )x( 111)- ..... 0.5 115-125°C ..... 180°C 
C6D6 

pte 111)-C6DlO ..... 0.5 130-140°C 130,170, 260, 380°C 

Pt (111 )-C6D6 ..... 0,5 100-130, 200-
220°C 

270, 380°C 

Pt(100)-C6D10 ..... 0.6 ISO-165°C 160, 290, 360, 460°C 

Pt(100)-C6D6 ..... 0.6 ISO-165°C 290, 360. 460°C 

Pt 6 (l11)x( 111)- < 0.15 none 110, 195, 350°C 
C6DlO . ..... 0.lS-0.4S 180-210°C 110, ..... 200, 3S0°C 

> 0.5 150-155°C(broad) 110, 165, 215, 350°C . . , 
Pt 6(111)x(111)- ..... 0.6 100-120, 180- 195, 355°C 

C6D6 210°C 



of Ni(100)-C6DlO failed to give any detectable amount of hydrocarbon 

at 2S-l00°C. The rate of cyclohexene dehydrogenation to form benzene 

on Ni(lOO) was probably only fast at temperatures of 100-130°C based 

on the above key observations: Some intact cyclohexene desorbed at 

100°C in the thermal desorption experiment; there was no evidence 

of benzene formation at temperatures lower than 100°C (judged from 

P(CH3)3 displacement); and the maximal rate of the initial dehydro

genation step of cyclohexene to form hydrogen was not reached until 

l30°C. 

Adsorption of cyclohexene on Ni(llO) led to the desorption of 

benzene and hydrogen in the thermal desorption experiment, but there 

were significant differences in the thermal desorption characteristics 

between Ni(llO)-benzene and Ni(llO)-cyclohexene. Thermal desorption 

of Ni(llO)-C6D6 resulted in C6D6 at ,... 100°C and a broad D2 peak 

at ,... 10SoC whereas that of Ni(110)-C6DlO gave only a trace amount 

of C6D6 at ,... 200°C and two D2 peaks at 100 and"" 200°C with 

comparable intensities. Although only a trace amount of C6D6 was 

observed from C6DlO dehydrogenation on Ni(llO), formation of C6D6 

was evident at 2SoC in the P(CH3)3 displacement reactions. In the 

subsequent heating, some benzene desorption was still observed which, 

with the fact that benzene desorption from Ni(110)-C6DlO being"" 100° 

higher than that from Ni(110)-C6D6' indicated that some benzene was 

formed at higher temperatures. Thus, cyclohexene dehydrogenation 

was probably a very complex' process on Ni(llO). 

Cyclohexene readily converted to benzene on the stepped 

Ni 9(111)x(111) surface at 2SoC. Thermal desorption of Ni 9(111)x(111)

C6DlO gave C6D6 at 100-110°C, and D2 at ,... 100 and"" l8SoC, which were 
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coincident with the desorption behavior of Ni 9(III)x(III)-C6D6-D. 

Formation of benzene at 25°C from cyclohexene dehydrogenation was 

evident in the chemical displacement reaction with P(CH3)3. 

When a mixture of C6HI0 and C6DI0 was adsorbed on the Ni(III), 

Ni(100), Ni(110), or Ni 9(III)x(lll) surface, thermal desorption and 

P(CH3)3 displacement experiments indicated that there was no evidence 

of H-D exchange during the dehydrogenation process of the adsorbed 

cyclohexene molecules. 

Conversion of cyclohexene to benzene on Pt(lll) appeared to be 

a thermally activated process. Heating of a Pt(III)-C6DI0 surface 

gave only a single C6D6 desorption peak at 130-140 0 C; a distinctly 

different behavior was observed for Pt (111)-C6D6 in which two broad 

benzene desorption maxima at 100-130°C and 200-220°C were detected •. 

Thermal decomposition of Pt (111 )-C6Dl 0 resulted in four D2 desorption 

maxima at ;.... 130, 170, 255 and 380°C with approximate relative 

intensities of 4 : 2 : 2 : 2. The first hydrogen desorption maximum, 

although in the characteristic desorption region of Pt(111)-H(D), 

was relatively sharp and appeared to be - 30° higher than the 

desorption temperature for Pt(III)-H at comparable coverages. This 

indicated a rapid, thermally activated dehydrogenation step of 

cyclohexene on Pt(111). 

Consistent with the thermal desorption features were the P(CH3)3 

displacement experiments studied as a function of temperature. At 

25-70°C, no hydrocarbon species could be d~tected in the attempted 
.p:to, 

displacement reactions. The subsequent heating still showed benzene 

desorption at 130-140°C. Only at temperatures of 100°C or higher 

were there detectable amounts of benzene in the P(CH3)3 displacement 
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of Pt(111)-C6D10. Therefore, facile C-H bond breaking of cyclohexene 

to form benzene on Pt(lll) was only a measurably fast process at 

70-l00°C. 

In the Pt(lll)-benzene chemistry, it was established that no 

H-D exchange between chemisorbed C6H6 and C6D6 molecules was evident 

even after annealing the Pt(111)-C6H6-C6D6 surface at 130°C. In 

contrast to this benzene chemistry, the benzene formed from cyclohexene 

dehydrogenation underwent extensive H-D exchange: When a mixture of 

C6HI0 and C6DlO was adsorbed on Pt( 111), the subsequent thermal 

desorption experiment, or the P(CH3)3 displacement reaction effected 

at T ) 100°C, yielded all possible C6HxD6-x molecules. Thus, the 

formation of mixed benzene molecules must have occurred at some 

intermediate stages of cyclohexene dehydrogenation. 

In contrast to Pt(III), conversion of cyclohexene to benzene 

on Pt(lOO) occurred at 25°C. Thermal desorption of a Pt(lOO)-C6DIO 

surface, initially formed at 25°C, was characteristic (Figure 17) of a 

desorption generated from a Pt(lOO)-C6D6-D surface: The C6D6 desorption 

maximum was at ISO-165°C, and D2 desorption maxima were at - 160, 

290, 360 and 460°C with the last three peaks characteristic of benzene 

decomposition on Pt(lOO), and the first peak characteristic of 

Pt(100)-H(D). The relative intensities of the four D2 peaks were 

- 4 : 2 : 2 : 2. Trimethylphosphine displaced C6D6 from a Pt(lOO)

C6DI0 at 25°C but was not complete; there were still significant 

amounts of benzene, CH3D and HD detected in the subsequent thermal 

desorption study. The cyclohexene chemistry on Pt(lOO) was distinctly 

different from the other low Miller index plane of Pt, Pt(lll), where 

formation of benzene was only fast at 70-100°C. 
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Figure 17 

Thermal desorption of Pt(100)-C6D10 gives two gaseous products: 

D2 and C6D6' as illustrated in the figure. The C6D6 desorption maximum 

is characteristic of Pt(100)-C6D6 desorption; the lowest D2 maximum is 

characteristic of Pt(100)-D while the three higher temperature maxima 

are characteristic of Pt(100)-C6D6 decomposition. Clearly; facile 

dehydrogenation of cy~lohexene-d10 to form benzene-d6 occurs on the 

Pt(100) surface. 
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H-D exchange process was also observed on the Pt(100) surface 

when a mixture of C6H10 and C6D10 was adsorbed initially at 25°C. 

Thermal desorption of Pt(100)-C6H10-C6D10 gave all possible C6BxD6-x 

molecules at the temperature maximum of 170-180°C, and trimethyl-

phosphine displacement of the mixed benzene molecules was not evident 

until temperatures of 70°C or higher,---fully consistent with the 

Pt{IOO)-benzene chemistry. Thus, on Pt{IOO), H-D exchange was 

occurring between the benzene molecules formed from facile dehydro-

genation of cyclohexene whereas on Pt{lll), it was occurring during 

cyclohexene dehydrogenation. On both Pt{I11) and Pt{IOO), formation 

of mixed benzene products was a thermally activated process with 

temperatures of ) 70°C required. 

-Conversion of cyclohexene to benzene was a facile process on the 

stepped Pt 6(111)x{111) surface at 25°C. The thermal desorption 

behavior of C6D6 from Pt 6{ 11 I)x{ 11 I)-C6D10 showed a similar coverage 

dependence to that from Pt 6(111)x{111)-C6D6: No benzene was detected 

at coverages less than - 0.15 of a monolayer, only single benzene 

desorption peak at 180-210°C was observed at coverages of - 0.15~0.45 

of a monolayer, and a lower temperature maximum at 100-120°C grew in 

at coverages above - 0.45 of a monolayer. Thermal decomposition of 

Pt 6{I11)x{I11)-C6DlO resulted in three D2 maxima at - 105, 195 

and 350°C, characteristic of D2 desorption from Pt 6{I11)x{I11)-C6D6-D. 

At higher surface coverages (> 0.5 of a monolayer), four D2 maxima 

were observed: - 105, 165, 215 and 350°C with approximate relative 

intensities of the last three peaks befng 1 : 1 ; 1. 

P{CH3)3 displacement of benzene from cyclohexeneadsorption on the 

stepped Pt surface was evident upon adsorption at 2S oC.H-D exchange 
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between C6H6 and C6D6 molecules, formed from Pt 6(111)x(111)-C6HlO

C6D10, was evident in both thermal desorption experiments (at 

desorption maximum of 180-210°C) and P(CH3)3 displacement reactions 

effected at T ) 140°C, consistent with Pt 6(111)x(111)-benzene 

chemistry. 

The initial chemisorption state of cyclohexene on either Ni or Pt 

surfaces probably involves primarily wand w* orbitals of the olefin 

and the appropriate metal surface orbitals. With the olefinic bond 

of cyclohexene being more or less parallel to the metal surface, 

irrespective of the C6 ring conformation, some saturated C-H bonds 

will naturally come close to the metal surface atoms, as schematically 

shown in Figure 18, to generate C-H-M multicenter bonding, and 

consequently, facile C-H bond breaking to form chemisorbed benzene 

on the metal surfaces will become a favorable process. Generation 

of the C-H-M multicenter interaction and C-H bond breaking for 

cyclohexene should occur more readily than for cyclohexane. Also, 

at least at room temperature or above, the residence time for cyclo

hexane is probably too short to effect any significant interaction. 

Consistent with such arguments, benzene formation was observed from 

cyclohexene adsorption on all the Ni and Pt surfaces, but only a small 

extent of cyclohexane dehydrogenation was observed on the Pt surfaces. 

From this study, the dehydrogenation process of cyclohexene 

appeared to be a "structure-sensitive" reaction under ultra high 

vacuum conditions. Most of the Ni and Pt surfaces effected cyclohexene 

dehydrogenation upon adsorption at 25°C. The Ni(lOO) and Pt(111) 

surfaces, however, require much higher temperatures for such conversion 

process, 100-130°C and 70-100°C, respectively. 

104 



. -

.. 

Figure 18 

A representation of cyclohexene interaction with the metal 

surface is shown in this figure. The initial chemisorption state 

for cyclohexene should be largely through the nand n* orbitals 

of the olefin such that the olefinic bond lies flat with respect 

to the surface plane. Such a stereochemistry, irrespective of the 

ring conformation, will inevitably bring some of the saturated C-H 

hydrogen atoms into close proximity of the surface atoms so that 

facile C-H bond breaking will become .a favorable process • 
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3. Cyclohexadiene Chemistry 

Both 1,3- and 1,4-cyclohexadiene adsorbed strongly on the Ni(lll), 

Ni(lOO), Ni(110) and Ni 9(111)x(lll) surfaces at 25°C to form 

chemisorbed benzene and chemisorbed hydrogen atoms. For all these 

Ni surfaces, adsorption of either cyclohexadiene isomers followed by 

thermal desorption experiments showed desorption of benzene with the 

maximal desorption rates corresponded closely to those observed for 

benzene adsorbed on the respective surfaces (Table II). However, 

there was an additional benzene desorption peak derived from the 

initial cyclohexadiene on both Ni(lOO) and Ni(110). For Ni(100)-C6HS, 

the additional desorption maximum was at 75-l00°C, substantially lower 

than for Ni(100)-C6H6 (200-220°C). For Ni(110)-C6HS, the additional 

desorption maximum was at - 200°C, about 100° higher than that for 

Ni(110)-C6H6 ( - 100°C). 

Formation of benzene from cyclohexadiene adsorption at 20-40°C 

on Ni(lll), Ni(llO) and Ni(lOO) was established by P(CH3)3 displacement 

reactions. Although substantial amounts of benzene (no cyclohexadiene) 

were displaced by P(CH3)3 on Ni(lOO), the dehydrogenation process was 

not complete at these temperatures as some benzene was still evident 

in the subsequent thermal desorption. 

Like the Ni-cyclohexene chemistry, no H-D exchange was evident 

for these Ni surfaces when D2 and 1,3- or 1,4-C6HS were co-adsorbed 

initially. 

Dehydrogenation of either 1,3- or 1,4-cyclohexadiene to benzene 

also occurred on the Pt(lll), Pt(lOO) and Pt 6(111)x(111) surfaces upon 

adsorption at 0-30°C. Desorption of benzene from cyclohexadiene 

adsorption on these Pt surfaces showed analagous features (Table II) 
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Table II 

The Thermal Desorption Behavior of Cyclohexadiene!. for Ni and Pt 

Surface 

Ni (111 )-C6HS 

Ni(111)-C6H6 

Ni(100)-C6HS 

Ni(100)-C6H6 

Ni(110)-C6HS 

Ni( 110)-C-C6HS 

Ni(110)-C6H6 

Ni 9(111)x(111)
C6HS 

Nt 9(111)x(111)-
C6H6 

Pt (111 )-C6Ra c 

Pt (111 )-C6H6 

Pt (100 )-C6HS 

Pt (1 00 )-C6H6 

Pt6(111)x(111)
C6HS 

Pt 6(111)x(111)-
C6H6 

Thermal Desorption Maxima: 

Benzene 

75-100, 200°C 

90, 200°C 

100-200°Cb 

50, l30°C 

100-130, 200-220°C 

ISO-165°C 

ISO-170°C 

100-120, 175-210°C 

100-120, ISO-210°C 

Hydrogen 

90, 170, 

160, 290, 

290, 

110, 165, 

260, 3S0°C 

270, 3S0°C 

360, 460°C 

360. 460°C 

200, 350°C 

195, 350°C 

a The surface chemistry of both 1,3- and 1,4-C6HS were not detectably 

different. 

b. Enhanced benzene desorption relative to the clean Ni(110) surface. 

c. Adsorption temperature was ( O°C. 
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as that from benzene adsorption with the exception of Pt(lll): the 

higher temperature (200-220°C) benzene desorption peak of Pt(lll)~C6H6 

was not observed for Pt(lll)-C6H8' and an additional benzene desorp-

tion maximum was observed at - SO°C. Since the benzene displacement 

on any of the Pt surfaces was not quantitative, the extent of 

cyc10hexadiene dehydrogenation could not be concluded from this study. 

Nevertheless, the benzene displacement from Pt(lll)-C6H8 at 30°C 

was much more substantial than that at O°C ( - twice as much), and 

only trace C6H6 was observed in the following thermal desorption, 

indicating that the extent of cyc10hexadiene dehydrogenation was 

probably very high at 30°C 

H-D exchange in the dehydrogenation process of cyc10hexadiene 

was evident on all the Pt surfaces investigated, in contrast to the 

-7 Ni surfaces. Reaction of - 10 torr of D2 with either 1,3- or 

1,4-C6H8 on Pt(lll), Pt(lOO), and Pt 6(lll)x(lll) gave C6HSD and 

a small amount of C6H4D2 at l30-l40°C, l70-l80°C, and - 200°C, 

respectively, in addition to C6H6. 

Conversion of cyc10hexadiene to benzene on these Ni and Pt 

surfaces appeared to require the least activation energy, compared 

with cyc10hexene and cyc1ohexane. If the initial chemisorption state 

is largely through the two olefinic bonds of cyc1ohexadiene, the 

saturated C-H bonds will be forced to strongly interact with the 

metal surface. Thus, facile C-H bond breaking of cyc10hexadiene to 
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4. The Effect of Carbon Impurities on the Dehydrogenation Reaction 

Dehydrogenation of cyclohexene and cyclohexadiene to benzene 

was studied on carbon-contaminated Ni and Pt surfaces as parallel 

studies to the clean surfaces. The carbon-contaminated surfaces 

were formed from decomposing benzene or cyclic olefins at elevated 

temperatures. Of the Ni and Pt surfaces investigated, the partially 

C-contaminated Ni(110) surface ( - 0.2-0.3 carbon monolayer) was the 

only surface that showed far more effe·ctive dehydrogenation of 

either cyclohexene or cyclohexadiene to benzene (Figure 19): Much 

more substantial amounts of benzene desorption were observed and 

the temperature maximum was shifted from -200°C to - 135°C, and 

almost no H2 was observed in the thermal desorption. The carbon

induced enhancement of dehydrogenation reactions could be due to 

either electronic or topographical reasons, but no attempts were made 

to pursue this point. 

Conclusions 

The dehydrogenation of cyclohexane, cyclohexene and cyclohexadiene 

to form benzene on various Ni and Pt surfaces was studied by surface 

chemical techniques. Under the ultra high vacuum conditions employed, 

the conversion of chemisorbed cyclohexane to chemisorbed benzene 

appears to be a structure-sensitive reaction with the stepped Pt 

surface being much more active than any of the flat Pt and the Ni 

surfaces studied. The stepped Ni surface did not exhibit the reactivity 

of the stepped Pt surface in the cyclohexane dehydrogenation which 

clearly shows that an electronic effect is responsible for the diffe

rential behavior of these two metal surfaces. 
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Figure 19 

Illustrated in this figure is the carbon impurity effect on 

the cyclohexene dehydrogenation reaction on the Ni(110) surface. 

On the clean Ni(110) surrface, only a small amount of C6D6 was observed 

in the thermal desorption of Ni(110)-C6D10 with a temperature maximum 

of - 200°C. On a C-covered Ni(110) surface ( - 0.2 - 0.3 C/Ni), much 

enhanced benzene desorption was observed with the maximum shifted 

to - 135°C and only trace amount of hydrogen was detected. Thus, 

the C-covered Ni(110) surface is much more effective in the cyclohexene 

dehydrogenation. Similarly enhanced dehydrogenation of cyclohexadiene 

on the C-covered Ni(110) surface was also observed. 
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In contrast to the small reactivity observed for cyclohexane on 

Ni and Pt surfaces, conversion of cyclohexene and both cyclohexadiene 

isomers occurred on all the Ni and Pt surfaces investigated. In the 

thermal decomposition experiments for the cyclohexene and for the 

cyclohexadiene on the various Ni and Pt surfaces, the benzene and 

hydrogen desorption maxima were very similar on the respective surfaces 

(Tables I & II). Therefore, chemisorbed cyclohexadiene is probably an 

intermediate species in the dehydrogenation of chemisorbed cyclohexene 

to chemisorbed benzene. For Ni(100) and Pt(lll), the activation energy 

for cyclohexene conversion to benzene was higher than for cyclohexa

diene conversion to benzene whereas the rest flat and stepped metal 

surfaces did not show any significant differences in the dehydro

genation of cyclohexene and cyclohexadiene. In general, the rates of 

cyclohexene as well as cyclohexadiene dehydrogenation are comparable 

for both metals with the same crystallography, but the rates did vary 

as a function of the surface crystallography with the stepped surfaces 

being the most active ones. 

H-D exchange in the dehydrogenation process of cyclohexene and 

cyclohexadiene was evident on all three Pt surfaces, (111), (100) 

and 6(111)x(111), but was not detectable on any of the Ni surfaces. 

The differences in H-D exchange and the cyclohexane chemistry 

between platinum and nickel are to be ascribed to the electronic 

differences. 

In conclusion, the surface chemistry of cyclohexane, cyclohexene 

and cyclohexadiene suggests that the generation of C-H-M multicenter 

bonding is the prerequisite for the subsequent C-H bond breaking 

to form chemisorbed benzene. The relative ease of dehydrogenation 

113 



is, in general, cyclohexadiene > cyclohexene > cyclohexane on various 

Ni and Pt surfaces. 
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VI. REACTIONS OF CYCLIC OLEFINS AND POLYENES WITH NICKEL AND PLATINUM 

SURFACES 

Dehydrogenation of cyclohexene and the cyclohexadiene isomers to 

W -bound benzene occurs on various Ni and Pt surfaces under ultra 

high vacuum conditions. In principle, adsorption of other cyclic hydro-

carbon species, especially cyclic olefins and polyenes, on the metal 

surfaces should also favor dehydrogenation·because irrespective of the 

ring conformation in the initial chemisorption state, some hydrogen 

atoms of the saturated carbon centers will closely approach the metal 

surface. The result of the dehydrogenation is probably the generation 

of a delocalized, Co ring w .... bound to the metal surface: 

+ Msurface - .£-CnHn - Hm.-n· 

In molecular metal complexes, such ring species are well-characterized 

from n = 3 through n = S. 

Accordingly, the chemistry of C4 through Cs cyclic olefins and 

polyenes on various low Miller index Ni and Pt surface planes was ex-

plored under ultra high vacuum conditions. The surface techniques 

included were Auger electron spectroscopy, low energy electron diffrac-

tion, thermal desorption spectroscopy, isotopic labeling and chemical 

displacement reactions. Thus, formation of stable, delocalized .£-CnHn 

species (n is an even number) could be readily detected if they are 

thermally reversible or chemicallydisplaceable. However, for the 

c-C ~ species where n is an odd number, the adsorbed radical species _ n"n 

cannot be thermally desorbedor chemically displaced, thus the afore-

mentioned surface chemical methods cannot detect these species. 

Nevertheless, if such CoHn species (n equals an odd number) undergo 
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further C-C bond breaking' processes to form an even-membered ring, 

they should.be.potentially detectable by either thermal desorption or 

chemical displacement reactions. 

The focus of this study lies in the delineation of electronic 

and stereochemical features of C-R and C-C bond breaking processes 

for Cs cyclic ole fins and polyenes, cycloheptatriene and norborna-

diene on the Pt(III), Pt(100), Ni(100) and Ni(110) surfaces. 

Results and Discussion 

1. The Chemistry of Cyclooctatetraene, Cyclooctadiene and Cyclooctene 

on Pt(ll1) 

Adsorption of cyclooctatetraene on Pt(lll) at 25°C did not give 

any ordered structure in LEED study. Thermal desorption of Pt(111)-

CSRS at - 0.7 of a monolayer yielded some ( ~ 30% of the adsorbed 

CSRS species) molecular CSRS desorption at the temperature maximum 

of - 150°C, and large amounts of R2 at temperature maxima of - 120, 

325 and 3SO°C. 

Exposure of a Pt(III)-CsRa surface with P(CR3)3 at 25°C imme-

diately gave CSRS in the gas phase. Following the displacement 

reaction, the thermal desorption experiment showed a trace of CaRs 

at - 135°C. When P(CD3)3 was used aS,a displacing agent, the thermal 
q 

desorption study after displacement s~owed significant amounts of R2, 

RD and CD3R which indicated that trimethylphosphine displacement of 

CaRs on Pt(lll) was far from being complete. ." 

For adsorption of 1,3- and 1,5-cyclooctadiene on Pt(111) at - 0.6 

of a monolayer, no hydrocarbon desorption was evident in the heating 

process. R2 was the only gaseous product of thermal decomposition 
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of Pt(lI1)-CaH12 and the desorption maxima were at .... 120, 325 and 

3aO°C which were coincident with those observed for Pt(lll)-CaHa 

decomposition. At similar carbon coverage, the intensity of the 120°C 

H2 peak for the thermal decomposition of Pt(111)-CSH12 was much more 

significant (more than two times) than that of Pt(lll)-Cs Ha • Possibly, 

a similar decomposition mechanism was operative fo~ both surfaces. 

Conversion of 1,3- or 1,5-CaH12 to CaHa occurred on Pt(l1l) as 

shown by the P(CH3)3 displacement reactions but it appeared to be a 

complex function of surface coverage and temperature: At .... 0.6 of a 

monolayer coverage, CaHs (or any other hydrocarbon species) was not 

detectable at 25°C but was evident at .... 100°C; at nearly monolayer 

coverage, displacement of CsHa from Pt (l1l)-CaH12 was observed at 

25°C. 

The chemistry of ~-cyclooctene on Pt(lll) was similar to that of 

cyclooctadiene. No hydrocarbon desorption could be observed from low 

( .... 0.4-0.6 -of a monolayer) to high ( .... one monolayer) coverages in the 

thermal desorption ofPt( 11l)-CaH14. The decomposition product of 

Pt(ll1)-CSH14, H2, desorbed at temperature maxima of .... 110, 325 and 

3aO°C with the first peak being the most intense. 

Displacement reactions of Pt(111)-CaH14 by P(CH3)3 appeared to be 

coverage-dependent: At .... 0.6 of a monolayer, displacement reactions 

effected at 25°C and at 100°C were not successful; at nearly monolayer 

coverage, some CsHa was observed at 25°C when the Pt(111)-CaH14 surface 

was exposed to P(CH3)3. 

In the chemisorption of cyclooctene and of cyclooctadiene on 

Pt(lll), dehydrogenation of ~-CaH14 and ~-CSH12to form the delocalized 

CaHa ring appeared to be a common process. Although the-conversion 
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to CSHS was probably not the dominant process in the chemisorption of 

these Cs cyclic olefins, the analogy to the C6 cyclic olefins was 

clearly established. In the chemisorption of cyclohexene and cyclo

hexadiene on a series of Ni and Pt surfaces, dehydrogenation to form 

benzene appeared to be the dominant process. 

The stereochemistry for cyclooctatetraene adsorption on Pt(111) 

could not be established from this study. The Cs ring could be planar 

with the Pt surface or it could be bound as a diene. Or, both states 

could be co-existent on the Pt(111) surface. The lowest H2 desorption 

maximum for decomposition of Pt(111)-CSHS was at - 120°C while that 

for Pt(111)-C6H6 in which C6H6 was largely n -bonded with a planar 

configuration, was at much higher temperature, - 260°C, indicating 

that the chemisorption process for CSHS on Pt(111) was probably very 

complex in nature. 

2. Cycloheptatriene Chemistry of Ni(100), Pt(111), Pt(100) and Ni(110) 

1,3,5-cycloheptatriene adsorption on the Ni(100) surface led to 

three competing processes in the thermal desorption: reversible C7HS 

desorption at temperature maximum of - 120°C, gross decomposition to 

form H2 at - 90, 240 and 350°C and a C-covered surface, and benzene 

desorption at - 230°C (Figure 20). The first H2 peak at - 90°C was in 

the characteristic desorption region for Ni(100)-H, and the benzene 

desorption derived from C-C bond reactions of C7HS was characteristic 

of Ni(100)-C6H6. At cycloheptatriene coverage of - 0.7 of a monolayer, 

the partitioning of these three processes in the thermal desorption 

was: - 15-20% reversible C7HS desorption, - 60-70% gross decomposition 

to give H2' and - 15-20% cycloheptatriene conversion to benzene. Since 

there was decomposition of C7HS on Ni(100) below - 100°C to give 

11S 
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Figure 20 

Thermal desorption of Ni(100)-cycloheptatriene comprises three 

competing processes: molecular C7H8 desorption, benzene desorption and 

decomposition to give H2. Shown in this figure are the intensities 

of the major ions: mass 91, 78 and 2 as a function of temperature. 

For direct comparison of the intensities, the parenthetical numbers 

should be multiplied. The lowest H2 maximum at ~ 90°C is characteristic 

of Ni(lOO)-H which indicates that facile dehydrogenation of the 

chemisorbed cycloheptatriene occurs at low temperatures. 
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the first H2 desorption peak, it was possible that the reversible 

C7Ha desorption was derived from a dissociative state. Accordingly, 

the thermal desorption experiment of Ni(lOO)-D-C7Ha, formed at 25°C, 

was performed, and all the cycloheptatriene reversibly desorbed 

contained no deuterium. Thus, there were at ';least two chemisorption 

states for C7Ha on Ni(lOO), one was associative in character which 

gave intact C7Ha at - lOO-120°C in the heating and the other readily 

decomposed at temperatures below - 100°C. 

The temperature required for cycloheptatriene conversion to benzene 

on Ni(lOO) was established by a series of P(CH3)3 displacement reactions 

at various temperatures. From 25°C to 70°C, attempted displacement 

reactions of Ni(lOO)-C7Ha failed to give any detectable hydrocarbon 

species whereas at - 100°C or above, P(CH3)3 displacement of C6H6 

from Ni(lOO)~C7Ha was evident. Thus, conversion of cycloheptatriene 

to benzene was only a measurable process at - 100°C or above. 

Formation of C6H6 from Ni(lOO)-C7Ha was interesting in the mecha

nistic context. If the postulate for adsorption of cyclic olefins (or 

polyenes) on the metal surface was correct, the initial chemisorption 

state for cycloheptatriene should lead to dehydrogenation to form a 

delocalized C7H7 species. Such species could be the precursor state 

for benzene formation at some higher temperatures. However, benzene 

formation from Ni(lOO)-C7Ha could also simply be derived from regio

selective scission of the bridging CH2 group. 

In order to further investigate the mechanistic features of the 

reaction of cycloheptatriene on Ni(lOO), thermal desorption experiments 

of the selectively labeled cycloheptatriene, cycloheptatriene-7-dl, 

were performed. The cyc10heptatriene desorbed was all C7H7D and the 
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benzene molecules consisted of C6HSD and C6H6 in a 6:8 molar ratio. 

In addition, the hydrogen desorption spectra (Figure 21) showed that 

D2, HD and H2 were all evident at the .... 90°C maximum, and the two 

higher temperature maxima at .... 240 and 350°C consisted of HD and 

largely H2. 

Based on these experimental observations, the initial chemisorption 

state for cycloheptatriene on Ni(lOO) underwent a facile, selective C-H 

bond scission below"" 100°C to form a Ni(lOO)-C7H7-H state which was 

probably the precursor state to the benzene formation. The key obser

vations for this conclusion being: (i) the D2, HD and H2 desorption 

at .... 90°C for thermal decomposition of Ni(lOO)-C7H7D (Figure 21) were 

consistent with the formation of Ni(lOO)-C7H7-D and Ni(lOO)-C7H6D-H 

below"" 100°C from the selective breaking of one of the C-H(D) bonds 

of the saturated CHD bridging group, (ii) displacement of benzene from 

Ni(lOO)-C7H8 was only evident at T ) 100°C, and (iii) the ratio of 

C6HSD to C6H6 derived from thermal desorption of Ni(100)-C7H7D: 

Conversion of chemisorbed cycloheptatriene-7-dl to a delocalized C7H7 

or C7H6D surface species would give a statistical ratio of C6HSD to 

C6H6 of 6:8 as observed in this study. 

Although no spectroscopic data were available to probe the 

chemisorption processes of cycloheptatriene on Ni(lOO), the. chemical 

data obtained in this study were fully consistent with the formation 

of the de localized C7H7 species generated from facile dehydrogenation 

of C7H8 at temperatures well below 100°C. Thus a significant fraction 

of the adsorbed cycloheptatriene was probably bound as a triene to the 

metal surface such that, at relatively low temperatures, one of the 

CH2 hydrogen atoms could closely approach the metal surface to cause 
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Figure 21 

D2, HD and H2 desorption spectra derived from heating of a 

Ni(100)-C7H7D (cycloheptatriene-7-d1) are shown in this figure. 

The lowest hydrogen desorption maximum at - 90°C consists of all 

three hydrogen species, D2, HD and H2, indicating an initially 

facile, selective bond breaking process of the saturated CHD bridging 

group. 
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facile C-H bond scission. Nevertheless, there was some adsorbed cyclo

heptatriene that intactly des orbed at 100-120°C, suggesting a stereo

chemistry with ~ the C-H hydrogen atoms relatively far removed from 

the metal surface atoms. A possible representation for the molecularly 

bound cycloheptatriene state, which can also explain the competing C-C 

bond breaking process at higher temperatures, is shown in Figure 22. 

The chemistry of cycloheptatriene on the Pt(lll), Pt(lOO) and 

Ni(llO) surfaces was distinctly different from that of Ni(lOO) in that 

no benzene formation from C-C bond breaking of the adsorbed cyclohepta

triene was observed. Thermal decomposition to give H2 and a C-covered 

surface, and molecular C7HS desorption were the processes detected in 

the thermal desorption experiment. 

Chemisorption of cycloheptatriene on Pt(lll) was largely irrever

sible. Thermal decomposition of Pt(11l)-C7HS led to H2 evolution at 

.... 100°C, characteristic of Pt(lll)-H desorption, .... 215 and 250°C (a 

broad peak with an unresolved double maximum), and"" 3S0°C. The 

relative intensities of the above three H2 peaks appeared to be 

.... 1 : 4 : 3, suggesting facile C-H bond scission of Pt(111)-C7HS at 

T ~ 100°C to form a Pt(lll)-C7H7-H state. 

Thermal decomposition of Pt(111)-toluene also showed multiple H2 

peaks at temperature maxima of .... 70, 215, 250 and 3S0°C. Although the 

last three H2 peaks were coincident with those observed for Pt(lll)

cycloheptatriene decomposition, the possible rearrangement of the 

cycloheptatriene-derived species to a benzyl-like species (or vice 

versa) can not be resolved without further spectroscopic investigations. 

The molecular desorption behavior for Pt(111)-toluene and for Pt(111)

cycloheptatriene was distinguishably different: the former occurred 
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Figure 22 

A possible representation for molecularly bound cycloheptatriene 

state on the Ni(100) surface is shown in this figure. All the C-H 

hydrogen atoms are relatively far removed from the metal surface so 

that no facile C-H bond scission could be realized prior to the 

desorption process. 
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at 70-ll0°C with an unresolved double maximum while the latter was 

observed at ~ 100-120°C. 

For thermal desorption of cycloheptatriene from Pt(lOO), the 

maximum rate was observed at - 100-120°C. Cycloheptatriene decompo

sition to give H2 was observed at - 170, 325 and 460°C with approximate 

relative intensities of 1 : 4 : 3. Since the lowest H2 peak was in 

the characteristic desorption region for Pt(lOO)-H, facile C-H bond 

breaking of the adsorbed cycloheptatriene to form a C7H7 species was 

a plausible reaction pathway at low temperatures. The small amount 

of cycloheptatriene desorption from Pt(lOO) was detected in the same 

temperature range as that of toluene from Pt(lOO)-toluene, thus it was 

not possible to identify the reversibly desorbed C7H8 isomer by mass 

spectrometry. However, the thermal decomposition behavior of cyclohep

tatriene on Pt(lOO), a process that represented - 80% of the adsorbed 

molecules, was clearly different from that of toluene; decomposition 

of Pt(lOO)-toluene gave H2 at - 90, 230 and 460°C with a - 1 : 3 : 4 

ratio. Therefore, the major molecular chemisorption state for cyclo

heptatriene on Pt(lOO) does not appear to be toluene. 

For Ni(llO)-cycloheptatriene, the thermal desorption behavior 

was entirely different from that of Ni(llO)-toluene. For cyclohepta

triene, reversible desorption at - 100°C was accompanied by H2 evo

lution at - 125 and 250°C in the heating. For toluene, H2 was the 

only gaseous product observed with a single maximum at - 150°C. 

Studies of cycloheptatriene on Pt(lll), Pt(lOO) and Ni(llO) did 

not lead to any direct evidence of formation of the C7H7 species, nor 

did the observed chemistry resemble the toluene chemistry on the 

respective surface. For Pt(lll) and Pt(lOO), the decomposition behavior 
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of cycloheptatriene was suggestive of the generation of C7H7 species 

from facile dehydrogenation at low temperatures. Conversion of 

cycloheptatriene to benzene appeared to be a sensitive function of 

the metal surface and surface crystallography; only the Ni(IOO) surface 

mediated the benzene formation at temperatures of ,.. 100°C or above. 

3. Norbornadiene Chemistry of Pt(lll) and Pt(lOO) 

Norbornadiene is another isomer of C7HS besides toluene and 

cycloheptatriene •. The norbornadiene chemistry of Pt(IU) and Pt(IOO) 

was distinctly different from that of the other two isomers. 

On the Pt(Ul) surface, norbornadiene showed a very high sticking 

coefficient at 20°C. Thermal desorption of Pt(Ill}-C7HS consisted of 

three competing processes (Figure 23): At a coverage of ,.. O.S of a 

monolayer, ,.. 20% of the adsorbed C7HS underwent reversible desorption 

at the temperature maximum of ,.. 120°C which was accompanied by large 

amounts of H2 desorption at - 260 and 390°C, and benzene desorption 

at - 250°C. The yield of benzene was only about 15-20%. 

Reversible molecular desorption of adsorbed norbornadiene from 

Pt(lll), and the temperature required for decomposition, T ) 200°C, 

strongly suggested an initial stereochemistry of norbornadiene with 

all C-H hydrogen atoms being relatively far removed from the metal 

surface atoms. The initial interaction of norbornadiene with Pt( U 1) 

was probably through the two olefinic bonds, and the only H atoms that 

could get close to the metal surface were the olefinic H atoms. 

C-C bond breaking of norbornadiene to form benzene also did not 

occur until high temperatures. The desorption temperature for C6~ 

derived from Pt(111)-C7HS' ,.. 250°C, was much higher than that from 

Pt(111)-C6H6, 100-130°C and 200-220°C, indicating that norbornadiene 
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Figure 23 

Heating of a Pt(lll)-norbornadiene surface, formed at .... 20°C, 

results in'three competing processes: molecular C7H8 desorption, 

benzene formation and decomposition to form H2. Depicted in the 

figure are the intensities of the major fragments: mass 91, 78 

and 2 as a function of temperature. For direct comparison of the 

intensities, the parenthetical numbers should ,be multiplied. Note 

that no C-H bond breaking process to give H2 is evident at T ( 200°C. 

The thermal desorption behavior of Pt(100)-norbornadiene is analogous to 

that presented in this figure. 
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conversion to benzene was a high temperature process. The incisive 

identification of the temperature where C-C bond breaking to form 

benzene occurred was achieved by P(CH3)3 displacement reactions 

effected as a function of temperature; C6H6 displacement from Pt(III)

C7HS was only evident at T ) 220°C. Thus benzene formation was only 

fast at temperatures of 220-250°C, which were also the temperatures 

where C-H bond scission to give H2 began. 

To investigate the mechanistic feature of norbornadiene conversion 

to benzene on Pt(III), norbornadiene~7-dl was used in thermal desorption 

experiments. All the benzene molecules derived from the heating of 

Pt(III)-C7H7D was C6~. Thus, regioselective scission of the bridging 

CH2 group of norbornadiene at T ) 200°C to form C6H6 was the only 

process involved on Pt(III). Possibly, the low temperature chemisorp-
4 

tion state of norbornadiene was largely an n -diene with the CH2 group 

projected away from the surface plane such that regioselective scission 

of the CH2 group (or C-H bond scission) could not be achieved. At 

higher temperatures, some of the chemisorbed norbornadiene could be 

bonded through a single olefinic bond with the CH2 bridging group 

projected toward the surface plane prior to benzene formation. 

Norbornadiene chemistry on Pt(100) was remarkably similar to 

that onPt(III). Thermal desorption of Pt(100)-C7HS gave reversible 

C7HS desorption at - 120°C, H2 evolution at - 160, 260 and 400°C, and 

C6H6 at - 250°C. Since the C6H6 desorption from the norbornadiene 

conversion was at much higher temperatures than that from Pt(100)-

C6H6 (100-110°C and 170-1S0°C), formation of benzene was also a high 

temperature process. Using norbornadiene-7-dl, it was established 

that benzene formation on Pt(100) was a more-complicated process than 
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that on Pt(lll): Both C6H6 and C6HSD were evident in the thermal 

desorption of Pt(lOO)-C7H7D with an approximate molar ratio of - S 1. 

Thus, unlike the Pt(111)-norbornadiene chemistry, benzene formation 

from Pt(100)-norbornadiene appeared not to be a result of the regio-

selective breaking of the CHZ bridging group. However, since H-D 

observation of both C6H6 and C6HSD molecules in the heating of 

Pt(100)-C7H7D could simply be a result of H-D exchange between the 

C6H6, formed from regioselective breaking of the CHDgroup, and 

the D atoms that were in the vicinity of the C6~ molecules. 

4. Other C4 and Cs Cyclic Ole fins 

Exploratory studies of cyclobutene adsorption on Pt(lll), Pt(100) 

and Ni(lOO) were performed using thermal desorption and P(CH3)3 

displacement techniques. No hydrocarbon desorption or displacement 

from room temperature C4~ adsorption was observed for all the surfaces 

investigated. HZ was the only reversible product in the thermal 

desorption; temperature maxima for decomposition of C4H6 were: Pt (111): 

- 100 and 340°C, Pt(100): - 135 and 360°C, and Ni(100): - 110 and 

ZlS0C. The lowest HZ peak observed on all three surfaces was in the 

characteristic free hydrogen desorption region on the respective 

~urfaces, suggesting that facile dehydrogenation of C4H6 was occurring 
4 

at low temperatures. However, the nature of the dehydrogenated hydro-

carbon species could not be identified from this study. 

In the adsorption of cyclopentene on Pt(lll) at ZSOC, there 

was still no hydrocarbon desorption in the heating process; HZ was 

the only detectable species that desorbed at - 75, 270 and 380°C. 

Presumably, adsorption of cyclopentene on Pt(lll) underwent facile 
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dehydrogenation to form a n -CSHS state but such radical species would 

not be thermally reversible or chemically displaceable. 

Formation of surface C4H4SS and CSHS species from dehydrogenation 

of cyclobutene and cyclopentene, respectively, could, in principle, be 

a common process on different metal surfaces. Moreover, the dehydro-

genation could also be a more favorable process than it appeared from 

. the thermal desorption and chemical displacement studies. The binding 

of the CnHn species to a metal surface may be too strong for facile 

displacement and its thermal reactivity (C-H and C-C bond breaking) 

may be too high to allow characterization by thermal desorption. Thus, 

the identification of the surface species requires either photoemission 

or surface vibrational spectroscopy. 

Conclusions 

The reaction of cyclic olefins and polyenes with Ni and Pt surfaces 

were examined by ultra high vacuum surface techniques. Facile dehy-

drogenation of the chemisorbed unsaturated ~-CnHm species to form the 

de localized ~-CnHn species appeared to be a common reaction path. 

~-CSHS was generated from chemisorbed ~-CSH12 and ~-CSH14' respec

tively, on the Pt(l1l) surface, as established by P(CH3)3 dispalcement 

reactions. Although such reactions for the Cs cyclic olefins may not 

~ 

be the dominant process on the metal surface, the analogy to the dehydro-

genation of C6 cyclic olefins to C6~ was clearly established. 

For the C7 cyclic olefins, C-H bond and C-C bond breaking processes 

have been me~hanistically defined on Ni and Pt surfaces. Cyclohepta-

triene was partially reversible on Ni(lOO). The major chemisorption 

state of cycloheptatriene on Ni(lOO) underwent a facile, and selective 

134 



135 

C-H bond breaking process at T < 100°C which then underwent further 

bond breaking processes to form chemisorbed benzene at T ) 100°C. 

Using cycloheptatriene-7-dl, it was established that benzene formation 

probably proceeded by nonselective bond breaking processes of the 

initially (T < 100°C) formed C7H7 species. 

Norbornadiene chemisorption on Pt(lll) was also partially rever-

sible. Measurable C-H bond and C-C bond breaking processes for 

Pt(lll)-norbornadiene were only evident .at temperatures higher than 

200°C. Conversion of the chemisorbed norbornadiene to benzene was 

also a high temperature process which only occurred at a fast rate 

at - 220-250°C. Using norbornadiene-7-dl, the benzene formation on 

the Pt(lll) surface was established to be originated from regio-

selective breaking of the bridging CH2 group. 

The metal surface chemistry of cyclic olefins and polyenes was 

relatively complex in that several chemisorption processes could be 

occurring and the chemistry was dependent upon the metal surface and 

surface crystallography. Nevertheless, it was still possible to 

rationalize the surface chemistry of these cyclic hydrocarbons based 

on the proposed stereochemistry; the key factor being the placement of 

the C-H hydrogen atoms with respect to the metal surface. If all the 

C-H hydrogen atoms are placed relatively far removed from the metal 

surface, then reversible hydrocarbon desorption will occur. If some 

H atoms can be placed closely to the metal surface, facile C-H bond 

scission to form a CnHn species will be a favored process. If such a 
~ 

CnHn species is a radical (n odd), then neither thermal desorption nor 

displacement will yield a gaseous CoHn species. A ~Hn molecular 

species (n even) will be potentially thermally reversible or chemically 



displaceable provided that all the hydrogen atoms are relatively far 

removed from the surface atoms. 
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VII. THE COORDINATION CHEMISTRY OF PYRIDINE ON PLATINUM (111) AND 

NICKEL 9(111)x(111) SURFACES 

The coordination chemistry of benzene on the single crystal 

Pt and Ni surfaces has been established by ultra high vacuum surface 

techniques (described previously in Chapter IV for platinum surfaces 

and in the thesis work of Dr. C. M. Friend 14 for nickel surfaces). 

Chemisorption of pyridine on the metal surfaces is interesting 

in that the bonding of pyridine could be through either the nand n* 

orbitals of the aromatic ring like that of benzene, or it could be 

largely through the nitrogen atom. The stereochemistry for the 

former type of interaction, similar to that of benzene, would have 

the ring lying more or less parallel to the metal surface plane, and 

the pyridine chemistry would probably be formally analogous to that 
I 

of benzene. For the latter, the ring would be largely normal to 

the surface for maximal overlap between the nitrogen donar and acceptor 

orbitals with the metal surface orbitals, thus substantial differences 

between pyridine and benzene surface chemistry would be expected. 

Accordingly, the parallel study of pyridine and benzene on thePt and 

Ni surfaces should provide a fundamental understanding of the chemi-

sorption process for de localized ring systems. 

The coordination chemistry of pyridine on Pt(lll) and 

Ni 9(11l)x(1ll) was investigated under ultra high vacuum conditions. 

Auger electron spectroscopy, thermal desorption spectroscopy and iso-

topic labeling were the primary techniques used for the delineation of 

the C-H bond breaking process of pyridine on the two crystallographic 

planes. Specifically labeled pyridine molecules, NCSHS-4-d!, NCSHS-

2,6-d2' and NCSHS-3,S-d2' were effectively utilized in the mechanistic 
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study of pyridine chemisorption processes. The pyridine chemistry on 

Pt(lll) and Ni 9(lll)x(lll) was compared to the other Ni surface, 

Ni(100),S6 where formation of a -pyridyl was proposed to be an important 

intermediate in the reversible pyridine desorption as well as irrever

sible pyridine decomposition processes. 

Results and Discussion 

1. Pyridine Chemistry on Pt(lll) 

Pyridine showed a very high sticking coefficient on the Pt(lll) 

surface at 25°C. Unlike the Pt(lll)-benzene chemistry, chemisorption of 

pyridine was largely irreversible at 25°C; at - one monolayer coverage, 

larger than - 60% of the adsorbed pyridine underwent decomposition in 

the heating process (based on Auger analyses) and the reversibly 

desorbed pyridine showed a broad peak at the temperature maximum of 

110-lSO°C. The pyridine that reversibly desorbed was derived from a 

molecular chemisorption state as no mixed pyridine molecules, NCSRxDS-x, 

were observed in the thermal desorption study of Pt(lll)-NCSRS-NCSDS. 

Annealing of a Pt(lll)-NCSHS-D surface, initially formed at - 20 oe, 

at - 120°C for one minute also did not yield any detectable amount of 

deuterium-containing pyridine molecules in the following thermal 

desorption study. 

Thermal decomposition of pyridine on Pt(lll) showed multiple H2 

desorption peaks at temperature maxima of - 85, 260 and 380°C with an 

approximate ratio of 0.5 : 2 : 2. In addition, H2 evolution was 

dete~ted upon adsorption of pyridine on Pt(lll) at 20°C, suggesting 

that provided the adsorption had been carried out at temperatures lower 

than 20°C, the lower temperature H2 peak(s) (below - 100°C), the 
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260°C and the 380°C peak could have had a - 1 : 2 : 2 ratio. The 

lowest H2 maximum, - 8SoC, was in the characteristic desorption region 

for Pt(111)-H which indicated that there was a facile C-H bond breaking 

process at low temperatures. Thus, although the two higher temperature 

H2 desorption maxima at - 260 and 380°C for Pt(111)-NCSHj were coinci

dent with those from Pt(111)-C6H6, the facile dehydrogenation of 

pyridine at low temperatures was in sharp contrast to the benzene 

chemistry where dehydrogenation was only a fast process at T > 200°C. 

Thus, the chemistry of the irreversibly chemisorbed pyridine on Pt(111) 

indicated an initial stereochemistry with possibly one of the C-H 

hydrogen atoms closely approached the metal surface. A plausible model 

for the bonding of such irreversibly chemisorbed pyridine is through 

the nitrogen atom ( a donar and ~ acceptor interactions) with the ring 

plane either normal to the surface or simply tipped to a certain extent. 

Thus, the two a -CHhydrogen atoms can strongly interact with the metal 

surfac~ through the wagging mode of this pyridine state and facile C-H 

bond breaking to form an a -pyridyl species will be a favorable process 

at low temperatures under ultra high vacuum conditions. 

To gain a better understanding of pyridine chemisorption on Pt(111), 

thermal desorption studies using specifically labeled pyridine molecules, 

NCSHS-4-d1, NCSHS-2,6-d2 and NCSHS-3,S-d2' were performed, and the 

desorption behavior forD2, HD and H2 was illustrated in Figures 24, 

2S and 26. For the lowest hydrogen maximum at - 85°C, thermal desorp

tion of both Pt(111)-NCSHS-4-d1 and Pt(111)-NCSHS-3,S-d2 gave exclusively 

H2 species whereas that of Pt(111)~NCSHS-2,6-d2 gave both D2 and RD'. 

Thus, it is clear that the initial pyridine dehydrogenation process 

proceeded by regioselective C-H bond breaking at a -CH positions. 
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Figure 24 

D2, HD and H2 thermal desorption spectra from decomposition of 

Pt(111)-NCSHS-4-d1 are shown in this figure. The lowest hydrogen 

maximum at - 85°C consists of H2 species only; HD was not detected 

until temperatures exceeds - 200°C. Thus, the first C-H bond breaking 

is centered on the a -carbon positions. 
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Figure 25 

D2, HD and H2 thermal desorption spectra derived from thermal 

decomposition of Pt(III)-NC5H5-2,6-d2 are shown in this figure. 

In contrary to the decomposition of NC5H5-4-dl shown in the previous 

figure, the lowest hydrogen maximum at ... 85°C consists of both D2 

and HD where, presumably, HD is originated from the reaction of 

Pt(III)-D species, from the C-D bond breaking, with the Pt(III)-H

species from the background H2 adsorption. Thus, the first bond 

breaking process is centered on the a C-D bond, in agreement with 

the conclusion obtained from decomposition of NC5H5-4-dl. 
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Figure 26 

D2, HD and H2 thermal desorption spectra derived from thermal 

decomposition of Pt(III)-NCSHS-3,S-d2 are shown in this figure. 

Consistent with the decomposition behavior of NCSHS-4-dland NCSHS-2,6-d2 

on Pt(III), the initial bond breaking process is centered on the 

a C-H bond as only H2' but no HD or D2 was detected in the - 85°C 

maximum. The bond breaking processes at higher temperatures, to give 

the - 260°C and - 380°C maximum, appear to be very complex in nature; 

the desorption behavior of the three hydrogen species is consistent 

with a mechanism with pair-wise C-H(D) bond breaking of the initially 

formed a -pyridyl species, although there could be more than one 

decomposition mechanism operating and the surface pyridine species 

present could be more complicated than proposed in this study. 
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The C-H bond breaking process beyond the first step was complex in 

nature; the desorption behavior of D2, HD and H2 at the 260°C and 

380°C maximum was consistent with a pairwise bond breaking mechanism 

of the initially formed a -pyridyl species, but there could be more 

than one competing C-H bond breaking mechanism operative and the nature 

of the pyridine-derived species at high temperatures could be very 

complicated. 

On the Pt(lll) surface, pyridine chemisorption consisted of at 

least two "states": a molecular (nondissociative) chemisorption state 

that reversibly desorbed at 110-150°C, and an irreversibly chemisorbed 

state where facile C-H bond breaking at a -CH occurred at low tempe

ratures. The bonding for the molecularly chemisorbed pyridine state 

was probably largely through the aromatic ring which was more or less 

parallel to the metal surface plane,--an analogous stereochemistry to 

that of benzene. Desorption of molecular pyridine from Pt(lll) was 

observed at 1l0-150°C and no H-D exchange was detected under ultra 

high vacuum conditions; similarly, the lower temperature benzene 

desorption maximum was detected at 100-130°C and no H-D exchange 

between the chemisorbed benzene molecules was detected. The major 

fraction of the chemisorbed pyridine, however, was probably bonded 

through the nitrogen atom with significant ring tipping that facile 

C-H bond breaking at the a -positions could be realized at low 

temperatures. 

The pyridine chemistry on Pt(lll) bears an i~portant similarity 

with that of Ni(100)56 in that C-H bond breaking processes all proceeded 

through the initial formation of an a -pyridyl species at low tem

peratures. However, there were also substansive differences between 
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these two surfaces in that there was clearly a nondissociative pyridine 

chemisorption state on Pt(lll) that did not undergo H-D exchange to 

form the mixed pyridine molecules whereas extensive H-D exchange was 

detected on Ni(100) via an a -pyridyl intermediate. 

2. Pyridine Chemistry on Ni 9(111)x(111) Surface 

Chemisorption of pyridine on the stepped Ni 9(111)x(111) surface 

also showed two competing processes in the thermal desorption studies. 

Heating of Ni 9(111)x(111)-NCSDS resulted in reversible NCSDS desorption 

at - 120°C and largely decomposition to give a broad D2 desorption peak 

at 110-320°C with an unresolved double maximum at - 150 and, - 280°C. 

Adsorption of a mixture of NCSHS and NCSDS onNi 9(111)x(111) gave only 

NCSHS and NCSDS in the thermal desorption. No mixed pyridine molecules 

was formed even after a hydrogen treatment at 10-6 - 10-7 torr and at 

annealed temperatures: (i) A Ni 9(111)x(111)-NCSHS-2,6-d2 surface, 

formed at - 20°C, was first annealed to 7S-80°C in - 1 x 10-6 torr 

H2 for 1 minute, and no NCSH4D (mass 80) or NCSH3D2 (mass 81) could be 

detected in the following thermal desorption, indicating that no H-D 

exchange on a -CH positions occurred. (ii) A Ni 9(111)x(111)-NCSHS-2,6-d2 

surface was alternatively exposed to a D2 atmosphere at - 1 x 10-7 torr 

and 7S-80°C for 1 minute prior to thermal desorption, and no NCSH2D3 

(mass 82), NCSHD4 (mass 83) or NCSDS (mass 84) was formed under these 

conditions which indicated that there was no H-D exchange on the 3-, 

4-, or S-CH positions, either. Thus, the pyridine chemistry on this 

Ni surface was analogous to that of Pt(lll) with respect to the absence 

of reversible C-H bond breaking processes. 

The decomposition of pyridine on Ni 9(111)x(111), however, showed 

a remarkable difference from that of Pt(lll) in that ~ regioselectivity 
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was evident for the C-H bond breaking processes. In the thermal 

desorption of Ni 9(lll)x(lll)-NCSHS-2,6-d2, all three hydrogen species, 

H2, HD and D2, were detected at 110-320°C, indicating that no regio

selective C-H(D) bond breaking occurred on this surface. Thus, there 

was no clear indication of formation· of a -pyridyl species on this 

stepped Ni surface. 

Conclusions 

The coordination chemistry of pyridine on Pt(lll) and Ni 9(lll)x(lll) 

was investigated under ultra high vacuum conditions. The chemisorption 

behavior of pyridine appears to be a sensitive function of the metal 

surface. On the Pt(lll) surface, there was a molecular chemisorption 

state that did not undergo C-H bond breaking prior to thermal desorption. 

The major fraction of the chemisorbed pyridine on Pt(lll) appeared to 

be bonded largely through the nitrogen atom and underwent a facile, 

regioselective C-H bond breaking. process at low temperatures (T < 100°C) 

to form a chemisorbed a -pyridyl species. On the stepped Ni surface, 

there was also a molecular pyridine chemisorption state, like the 

Pt(lll)-pyridine chemisorption, but the major, irreversibly chemisorbed 

pyridine simply underwent non-selective C-H bond breaking at higher 

temperatures. 

Considering the metal substrate for both Pt(lll) and Ni 9(lll)x(lll) 

having largely (Ill) orientation, the differences observed for pyridine 

chemisorption would appear to reflect the differences in the electronic 

structure of Ni and Pt. However, since regioselective C-H bond breaking 

has been identified on the other Ni surface, Ni(lOO),S6 the nature of 

pyridine chemisorption is probably more complex and a systematic study 
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on various metal surfaces is necessary to obtain a better molecular 

understanding. 
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