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Abstract 

Benzene decomposition on the Rh(lll) crystal surface has been studied 

over the temperature range of 300-800 K using high-resolution electron 

energy loss spectroscopy (HREELS), temperature programmed desorption (TPD), and 

low-energy electron diffraction (LEED). Our results show that benzene de

composition begins at' 400 K, forming a mixture of Qi and C2H species. 

The relative amounts of these two species varies with temperature; at 470 K, 

the concentration ratio of Qi to CZH is 0.4. Above 500 K, these fragments 

dehydrogenate and condense to form cnH polymers. By 800 K, the adsorbed 

monolayer is completely dehydrogenated, forming a polymeric carbon mono-

layer with a vibrational spectrum similar to that of an ordered graphite monolayer 0 

We propose that benzene decomposition on Rh(lll) proceeds by decyclotri

merization to form three a~etylenes which immediately decompose to CH 

and C2H species. 



-3-

Introduction 

Surface, science studies have revealed that, during catalyzed hydrocarbon 

conversion reactions over metal surfaces, the active catalysts are partially covered 

with hydrocarbon fragments with a characteristic Hlc atomic ratio [1]. catalyst 

deactivation occurs when this layer dehydrogenates completely to form 

a graphitic overlayer.' Cbnsequently, it is important to elucidate the 

nature of the stable hydrocarbon fragments that might be present on metal 

surfaces during catalytic reactions throughout the temperature range employed 

in catalytic reactions. Chemisorption studies of hydrocarbon molecules 

on rhodium single crystal surfaces are of fundamental importance to the 

development of a molecular level understanding of catalysis, since rhodium 

is a versatile catalyst for hydrocarbon reactions. 

In this study we have explored the decomposition of benzene 

adsorbed on the Rh(lll) crystal face as a function of temperature in the 

range of 300-800 K. The sequential hydrogen evolution that accompanies 

benzene decomposition was monitored by temperature programmed desorption (TPD) • 

The disordered carbonaceous fragments produced on the surface were studied 

as a function of decomposition temperature by vibrational spectroscopy using 

high resolution electron energy loss spectroscopy (HREELS). We propose 

structural model~ for the benzene decomposition fragments, and suggest a 

mechanism for benzene decomposition on Rh surfaces. In addition, we 

have explored the decomposition of CZ, C3, and C4 alkenes and alkynes on 

Rh(lll) and have found that, above 500 K, the adsorbed decomposition products for these 

hydrocarbons are the same as for benzene on this surface [2]. We know 

of no previous studies that identify the adsorbed hydrocarbon fragments 

produced from benzene decomposition on single crystal metal surfac~s. 
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The structure of benzene adsorbed on the hexagonal Rh(lll) crystal 

surface below 390 K has been discussed in previous papers [3-61. HREELS 

and low-energy electron diffraction (LEED) studies show.that benzene adsorbs 

molecularly below 390 K with the molecular ring plane parallel to the 

metal surface and that two binding sites (2-fold bridge and 3-fold hollow) 

can be populated. Near saturation benzene coverage, a variety of LEED 

patterns are observed depending on the concentration of coadsorbed CO [6] • 

The saturation benzene" coverage on Rh(lll) at 300 K is 0.17 ML (ML = monolayer, 

defined relative to the Rh surface atom density of 1.6 x 1015 atoms/cm2 ), 

corresponding to a carbon atom coverage of 1.0 ML. 

In this study, we find that the adsorbed hydrocarbon fragments produced 

from the thermal decomposition of benzene are independent of the initial benzene 

LEED pattern or the initial benzene adsorption site~ From either of the two 

initial adsorption sites on Rh(lll), benzene decomposes to form a mixture 

of adsorbed CH and C2H species over the temperature range 400-500 K; 

we propose structural models for these species. These fragments 

further dehydrogenate and polymerize to enH and en polymers above 500 

K. Since acetylene and benzene give identical decomposition products 

from 400-800 K, we propose that benzene decomposes by decyclotrimerization 

through acetylenic intermediates and discuss all the experimental evidence 

that supports this model. 
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Experimental 

The experiments were performed in two different UHV chambers (previously 

described [3,6]) containing Auger electron spectroscopy, LEED, TPD, and 

HREELS capabilities and with base pressures of 1x10-10 torr. TPD measurements 

were made using line-of-sight mass spectrometry and a linear heating 

rate of 15 K/s. In HREELS, the total scatteri~g angle was fixed at 

1200
, so that for specular reflection (\n= Sout= 60 0 from 

the surface normal. Off-specular measurements were made by rotation of 

the sample about an axis perpendicular to the scattering plane. Typical 

conditions for HREELS were: incident energy = 4 eV, incident current = 

1x10-10 A, resolution = 6 meV (48 cm- I ) FWHM, and angular resolution = 4° FWHM. 

All HREEL spectra were taken at 300 K after flashing the adsorbed 

overlayers to the desired temperatures. 

The Rh(lll) samples were cleaned in vacuum by a combination of Ar+ 

sputtering (0.5 - 1 kV, 7~A), annealing at 1000-1400 K in vacuum, and oxygen 

treatments (3x10-7 torr, 950-1250 K). AES, LEED, and HREELS were used to 

ensure that the surface was clean and well-ordered. Benzene and acetylene 

exposures were nominally 10 L (corrected for enhancement by multichannel 

array dosers but uncorrected for ion gauge sensitivities) to achieve 

saturation coverages. The crystal temperature was measured by a chromel-alumel 

themocouple spotwelded to the crystal. 

Spectral grade benzene (99.9%, Fischer) and benzene-d6 (99 at .%D, Norell 

Chemical) were stored over calcium hydride and used without further 

purification. Acetylene-d2 was obtained from MSD (99 atom ioD) in a 1 liter 

break-seal flask. 
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Results 

I. Temperature Programmed Desorption and Low-Energy Electron Diffraction Studies 

Figure 1 shows TPD spectra for H2 desorption and C6H6 desorption 

(inset) following the adsorption of a saturation coverage of benzene on Rh(lll) 

at 290 K. Figure lA shows that the decomposition of molecular benzene pro

duces an H2 desorption state with a peak temperature of 450 K. The rate of 

hydrogen desorption in this peak is limited by the benzene decomposition rate, 

since hydrogen adsorbed directly on Rh(lll) desorbs at much lower temperatures, 

250-350 K [7]. The hydrogen desorption states above 450 K are due to 

further dehydrogenation of the hydrocarbon fragments formed from benzene 

decomposition _ As shown in Figure lB, momentarily warming the sample 

to 420 K removes 28% of the hydrogen from the surface, leaving a hydrocarbon 

monolayer with a stoichiometry of approximately Hlc = 0.7. The Hlc 

ratio of the hydrocarbon monolayer can be steadily decreased by increasing 

the temperature: HI C = 0.6 at 470 K, and HI C = 0.3 at 570 K. lEhydrogenation 

continues until 800 K where all of the surface hydrogen has been removed 

leaving only carbon on the surface _ No LEED patterns were observed for 

any carbon overlayer produced by this method. 

The inset of Figure 1 shows that desorption of molecular benzene competes 

with the benzene decomposition pathway. However, less than l5'percent (0.02 ML) 

of the benzene on the surface desorbs molecularly [3]; the rest is 

irreversibly adsorbed and decomRoses with heating. ~inciding with the 

maximum y,H6 desorption rate and the onset of HZ desorption at 400 K, 

we observed by LEED that the ordered superlattices of benzene and CO + benzene 

i rreversi bly disordered. 
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II. High-Resolution Electron Energy Loss Spectroscopy Studies 

A. Benzene Decomposition Spectra 

In Figure 2 we show a series or vibrational spectra taken sequentially 

after a saturation coverage of benzene on Rh(lll) at 286 K was warmed stepwise 

to 800 K. Importantly, we find the same sequence of vibrational spectra 

for all of the ordered LEED patterns of benzene and benzene + CO. Since 

benzene bonds at different surface sites in these different LEED patterns, 

we conclude that the initial binding site for molecular benzene does not 

significantly affect the decomposition pathway. 

The vibrational spectrum shown in Figure 2A for a saturation coverage 

of molecularly adsorbed benzene at 286 K is characterized by an intense 800 

cm-1 loss peak due to an out-of-plane CH bending mode, y(CH). The large 

relative intensity of this peak is a result of the surface dipole selection 

rule together with the benzene bonding geometry in which the molecular ring 

plane is parallel to the Rh(lll) surface [31. Ring breathing modes at 

1320 and 1420 cm-1 , and an in-plane CH bending mode at 1130 cm-1 , are observed 

as weak loss peaks. The 2988 cm-1 peak is due to CH stretching vibrations, 

~(CH), and the peaks at 345 and 550 cm-1' are due to vibrations of the 

entire molecule against the Rh(lll) surface. 

In our previous studies [3,61, we found that no changes occurred in 

the v(Rh-C) modes at 345 and 550 cm-1 or in the relative intensity or 

energy of the modes between 1130 and 1420 cm-1 as the temperature was raised 

from 286 to 390 K, just below the onset of benzene decomposition. Peak 

shifts do occur for the y(CH) and v(CH) loss peaks of molecular benzene, 

which have two components each, due to the presence of two different adsorption 
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sites: y(CH) = 776 and 819 cm-1 , and v(CH) = 3008 and 2960 em-I. The 

intensity ratios change from (1776/1819) and (13008/12960) of -D.3 to 

-1.6 as the relative populations of the sites change, which causes small 

apparent shifts in the y( CH) and v( CH) peaks at 50 cm-1 resolution. 

Several spectra obtained after heating the benzene monolayer to 

temperatures in the range 390-470 K showed that benzene decomposition 

begins near 410 K. In the vibrational spectrum taken after heating to 410 K (not 

shown here), the 800 cm-1 loss peak is broadened by 30 cm-1 (to 113 cm-1 FWHM) compared 

to that observed at 390 K, and there is also enhanced intensity at 1365 cm- I • 

However, these peaks still contain significant features due to a small amount 

of remaining molecular benzene, consistent with the TPD data shown in 

Figure 1. 

By heating the monolayer to 470 K, all chemisorbed benzene desorbs or 

decomposes as indicated in Figure 2B by the complete disappearance ofv(Rh-C) 

modes at 345 and 550 cm-1 for molecularly adsorbed benzene. Otherwise, this 

470 K benzene decomposition spectrum is deceptively similar to that in Figure. 

2A for molecularly adsorbed benze~e. The subtle changes in this fragment spectrum 

are more easily seen in Figure 3, which compares the specular and 200 off-

specular HREEL spectra of this 470 K monolay~r.. These changes are detailed 

below: 

(1) New v(Rh-C) modes appear at 325 and 457 cm-1o 

(2) An intense loss peak at 800 cm-1 , largely due to CH bending modes, 
also characterizes the hydrocarbon fragments formed by benzene 
decomposition. Clearly this peak is due to more than one mode, 
since the width (138 cm-1) of this peak is nearly three times 
that of the elastic peak (48 cm-1). The off-specular spectrum 
in Figure 3B also shows that at least two modes contribute to this 
peak. 

(3) A weak, broad loss centered at 1365 cm-1 is observed in both 

10 
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specular and off-specular spectra. In addition, weak peaks at 
930 and 1155 cm-1 are observed in off-specular spectra. HREEL 
spectra taken for C6D6 decomposition show that the peak at 
1365 cm-1 is largely due to 'J( CC) modes of hydrocarbon fragments 
with intact C-C bonds. 

(4) Two v(CH) modes at 2928 and 3008 cm-1 are observed. 

After heating the monolayer to 570 K, the intense 800 cm-1 loss peak 

is still present as shown in Figure 2C, but has narrowed to 65 cm-1 FWHM. 

Cbncomittantly, the 475 cm-1 peak disappears, the 1365 cm-1 peak broadens and 

shifts to lower frequency, and the v(CH) peak at 3000 cm-1 narrows and 

shifts to higher frequency. 

Finally, heating to 800 K desorbs all hydrogen from the surface, and 

the vibrational spectrum in Figure 2D appears almost featureless with only 

very weak and broad loss peaks centered at 630 and 1260 cm-1 • This spectrum 

is almost identical to that of an ordered (12x12) graphite overlayer shown in 

Figure 4 (also see [8]). Since carbon dissolves into bulk Rh at 1100 K, a 600 L 

dose of C6D6 was required to saturate the near surface region with carbon and 

to form this ordered graphite film at 1100 K. 

The v(CH) region (2800-3200 cm-1) for the decomposition spectra 

in Figure 2 is shown in more detail in Figure 5. Clearly there are at least 

two v(CH) peaks whose relative intensities change with temperature. The 2988 

cm-1 peak for molecular benzene is replaced at 470 K by peaks centered at 2928 

and 3008 cm-1 , and with heating above 470 K, the intensity of the 2928 cm-1 peak 

decreases more rapidly than that of the 3008 cm-1 peak. The 2928 cm- 1 

peak disappears by 570 K and a new peak appears at 3020 cm-1 • We 

interpret these spectra to mean that there are two different adsorbed 

species present on the surface at 470 K, whose relative populations 

change with temperature as more hydrogen desorbs and the average H/C 
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stoichiometry of this monolayer is reduced. This interpretation is 

consistent with the. behavior of the 800 cm-1 peak, due primarily to o( Cll) 

modes, which sharpens by 73 cm-1 concurrent with the disappearance of 

the 2928 cm-1 peak by 570 K. 

Haaland [9] has reported very similar spectra of the v(Cll) region 

as a function of temperature in studies of benzene decomposition on Pt!Al203 

catalysts using Fourier transform infrared spectrosco?y. He concluded 

that two distinct species were formed: di-a- and .-bonded benzene. 

Our results rule out the presence of molecular benzene at these temperatures 

on Rh(lll) in UHV, so our assignment of these peaks to decomposition 

products differs from the work by Haaland. While these two systems are certainly 

quite different, the similarity in the v(Cll) frequencies and in the intensity 

changes that occur with temperature indicate that any benzene decomposition 

on Pt!Al203 would complicate the previous interpretation of the supported Pt 

spectra. 

A clue as to the nature of the benzene decomposition species was 

found in our studies of acetylene decomposition on Rh(lll) [2]. 

L~ Figure 6, we compare the vibrational spectra of C2Dz and C6D6 monolayers 

that were momentarily heated to 470 K. These spectra, along with others, 

establish that acetylene and benzene decompose to produce the same adsorbed 

species above 410 K on Rh(lll). These data further suggest that the adsorbed 

species produced by benzene decomposition contain only one or two carbon atoms. 
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B. Peak Assignments 

Cbmbiriing the information from the vibrational spectra and the TPD 

spectra enables us to assign the vibrational peaks and identify which species 

are formed on the Rh(lll) surface from among the many possible fragment species 

that could occur. 

First we'll tackle the surface species at 470 K. We have already 

established that (1) H/c = 0.6, (2) all modes attributed to molecular 

benzene have disappeared, (3) at least two species are present, and (4) these 

species most likely contain only one or two carbon atoms. Possible adsorbed 

species of this kind are: C, Ql, Ql2, 0l3, C2, COl, QlOl, C0l2, C0l3, 0l0l2, 0l0l3, 

Qf2 0l2, and lli2 0l3. The presence of species containing a lli2 group can be ruled out 

since the scissor mode of a lli2 group would cause loss peaks at -1400 and 

~1000 cm-1 in the undeuterated and deuterated spectra, respectively, which 

are not observed in our spectraD Species containing lli3 groups are also 

absent, since these groups have characteristic vibrational modes at ~1030, 

~1350, and ~1450 cm-1 in undeuterated spectra and at ~730, -950, and 

~ 1025 cm-1 in deuterated spectra [43]. This narrows the possible choices 

of fragments to C, Ol, C2, COl, and OlQf species. The presence of acetylene 

(HC3CH) can be ruled out, since this molecule begins to decompose below 

300 K on Rh( 111) [10]. Furthermore, at least two" Ol-containing" species 

are present from our previous analysis of the Qf stretching region shown 

in Figure 5 • 

. The vibrational spectra of benzene thermally decomposed on Rh(lll) at 

470 K can be assigned straightforwardly to a mixture of Qf and CQf speci~s • 

From isotopic shifts in the ~H6 and ~Df, decomposition spectra at 470 K, 
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the losses at 800, Z928, and 3008 cm-1 are identified as C-H vibrations and those 

at 475 and 1365 cm-1 as Rh-C and C~C vibrations. The 720 cm-1 loss in the 

C6D6 decomposition spectrum [Figure 6] is probably also from a Rh-C or C-C 

mode, since no corresponding loss is observed around 1000 cm-1 in the C6H6 

decomposition spectrum. All peaks observed on-specular have substantial dipole 

scattering contributions as indicated by the reduced intensity of losses 

in the off-specular HREEL spectrum in Figure 3B. Therefore, according to 

the surface dipole selection rule [11], the vibrational modes indicated 

by these peaks must have a net dynamic dipole perpendicular to the surface G 

Specific peak assignments are made by comparison with IR spectra of 

CH and C2H ligands in organometallic clusters and with HREEL spectra of 

hydrocarbon fragments on other metal surfaces. We rely particularly on 

IR spectra of three organometallic complexes: (1) a triruthenium cluster 

with triply bridging CH [IZ], (Z) a tricobalt cluster with triply bridging 

CH on which a normal cooordinate analysis has been made [13], and (3) 

• a triosmium duster wi th tilted ethynyl (CZH) ligand [14]. Ruthenium, 

cobalt, and osmium surround rhodium in the periodic table and osmium's 

metallic radius is within 0.7% of rhodium's. The vibrational frequencies are 

tabulated in Table I for CH ligands and in Table II for CZH ligands, along with 

the"frequencies observed for adsorbed CH and CZH species on Rh(lll) and other 

metal surfaces. The CZH vibrational frequencies on Ni and Pt surfaces in Table II 

were originally assigned to a "tipped" CH species. However, recent assignments of 

of CZH species [18,191 suggest that the Ni and Pt surface fragments [17,16] are 

tipped CZH rather than tipped CH species, and we have reassigned these spectra 

accordinglye Also, an acetylide (CZH) species has been observed on Ag(lIO) 

(44]. but the different vibrational frequencies for v(CH) (3Z50 cm-1 ] and 

S( CH) [690 cm-I] indicate a much different bonding interaction for this 
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species on Ag than for any of the C2H species in Table II. We now explain in 

detail our assignment of the vibrational spectra for benzene decomposition at 

470 K on Rh(lll) • 

For adsorbed CH, assuming bondirig in a hollow site with C3v symmetry, 

only two modes should be dipole active and therfore have substantial intensity 

in the specular HREEL spectrum: \ls(RhC) and v( CH). We assign the lower 

frequency CH stretch observed at 2928 cm-l in our spectra to this species by 

analogy to the CH and C2H cluster compounds. The \Is (RhC) peak is obscured 

in this C6H6 decomposition spectrum by CH bending vibrations in C2H, but it 

is probably the peak at 720 cm- l in the deuterated spectrum shown in Figure 6A. 

On the W(llO) surface, as shown in Table I, vibrational spectra attributed 

to adsorbed CH species also show a CH bending mode, 8(CH), at 925 cm-l as judged 

by deuterium isotope shifts. Similarly, we assign the weak peak at -930 cm- l 

in the off-specular spectrum in Figure 3 B 1=0 the dipole inactive b (CH) mode 

of adsorbed CH on Rh(lll). The presence of stronger dipole active 8( CH) 

loss peaks of C2H species makes it difficult to determine the intensity of 

the 930 cm-1 mode in the specular spectra, but some intensity due to this mode 

may, be responsible for part of the observed broadening of the 800 cm-1 loss 

t9ward higher frequency. 

For adsorbed C2H, about half of all normal vibrational modes should 

be dipole active if the species is adsorbed in a geometry with CS 

symmetry. The 3008 cm-1 'mode can be assigned as v( CH) and the 1365 cm-1 

mode as v(CC). We assign the 325 (off-specular) and 475 cm-1 modes as 

dipole inactive and dipole active Rh-C skeletal modes respectively from 

among the 5 possible Rh-C stretches and deformations [14]. For the same species 

on Ni(llO), Ni-C modes are observed at 380 and 465 cm-l [19]. 
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In the ethynyl (C2H) cluster, possible CH bending modes have been 

observed at 1259, 860, and 760 cm-1 [14]. The 1259 cm-1 band is probably 

a combination band [14]. We correlate these C2H cluster frequencies with 

Figure 3 as follows: the 860 and 760 cm-1 modes shift to ~50 and ~OO cm-1 

and occur together in the broad loss at 800 cm-1 , and the 1259 cm-1 mode 

. shifts to 1155 cm-1 (observed in Figure 3B). If the C2H fragment has Cs 

symmetry, then the in-plane (in the CCH plane) CH bend should be dipole active 

and the out-of-plane bend dipole inactive. We assign the losses at ....a00 and 

N850 cm-1 seen in the off-specular spectrum in Figure 3B to these dipole 

active and dipole inactive CH bending modes, respectively. We assign the weak 

1155 cm-1 peak as a combination band of the 325 and either ....a00 or ,~50 cm-1 

modes 0 

This assignment of the 470 K benzene fragment spectrum to a mixture of CH 

and C2H species is summarized for the specular HREEL spectrum in > Figure 7. 

The relative intensities for the modes contributing to the 800 cm-1 peak in 

the "deconvolution" were chosen to reproduce the observed spectrum. Most of 

the intensity in this broad 800 cm-1 peak results from the unresolved dipole 

active, in-plane c(QI) of CzH (-800 cm-1) and dipole active vs(MC) of Ql 

(-750 cm-1). The weaker dipole inactive, out-of-plane 6(CH) of C2H 

(-850 cm-1) and dipole inactive c(CH) of CH (-930 cm-1) broaden the 

800 cm-1 peak towards higher frequency 0 

Comparison of the intensities of the QI stretch loss peaks in the 

470 K vibrational spectrum taken 20 0 off-specular and shown in Figure 3B 

gives an estimate of the concentration ratio of QI and C2H species on the 

surface. This intensity comparison is valid since "impact scattering" is 
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the predominant scattering mechanism of vibrational modes in the off-specular 

direction, and these CH stretch modes should have similar impact scattering 

cross sections [20]. In the 470 K fragment spectrum in Figure 3B, the CH/C2H 

CH-stretch peak (2928/3008) intensity ratio is 0.40. This corresponds to 

a surface stoichiometry of H/C = 0.6, nearly identical to the stoichiometry 

determined by TPD and supports our assignment of the 470 K vibrational 

spectrum. It should also be noted that the CH/C2H CH-bend peak (930/800) 

intensity ratio in Figure 3B is also consistant with this H/C stoichiometry. 

By heating these 470 K benzene fragments to 570 K, the distinct vibrational 

features due to adsorbed CH and C2H disappear as shown in Figure 2C. The most 

notable effects are the loss of the vs(RhC) and v(CH) modes of adsorbed 

CH which causes a large reduction in the width of the peaks near 800 and 

3000 cm- l • A large decrease in the coverage of adsorbed C2H is also indicated by 

the disappearance of the 1365 cm-l v(CC) mode, the disappearance of the 

v(RhC) modes at 325 and 475 cm-l , and the shift of the v(CH) mode to higher 

frequency. We attribute the spectrum in Figure 2C to CUH polymers with n = 3, 

formed by condensation of both CH and C2H species. We assign the 800 cm- l 

peak to the two CH bending modes, the broad 1290 cm-l peak to CC stretching 

modes, and the 3020 cm-l peak to the CH stretch of this C H species. The average 
n 

polymer chain length of thtee carbon atoms was determined from TPD data which 

indicate a stoichiometry of H/C = O~ at 570 K. These polymers are 

likely precursors to graphite formation. 

The lack of any distinct peaks in the HREEL s~ectrum after heating 

to 800 K, the (lxl) LEED pattern, and the similarity of the 800 K HREEL spectrum 

to that of a graphite monolayer on Rh(lll) implies that complete dehydro-

genation leaves a carbonaceous residue composed of disordered Co (n ) 3) 



-16-

polymers on the surface. The very weak modes in the ordered, incommensurate 

graphite spectrum in Figure 4 could be due to similar species that 

exist as structural defects in the graphite monolayer. Isolated carbon 

atoms which typically have frequencies around 550 cm-1 [15,21,22,23] and C2 

species which have a frequency of 2220 cm-1 on Ni 5(111)x(110) [23] were not 

detected at any point in the benzene decomposition. The generally high 

background intensity from 0-1400 cm-1 in all decomposition spectra is 

characteristic of carbon polymerization and has been reported by McBreen et al 

for ketene polymerization on Fe(IIO) [24]. Furthermore, the broad, high-tem

perature tail in the TPD from 500 to 700 K may be a signature for this 

polymerization. The width of this broad TPD peak decreases with decreasing 

initial benzene coverage, possibly because of decreased polymerization. 

Discussion 

I. Structural Models for the Benzene Decomposition Fragments 

The correlation shown in Tables I and II between the vibrational frequencies 

on close-packed metal surfaces and in orga~ometallic trimetal clusters for 

CH and C2H species suggests that the bonding ge~metries of these 

surface and cluster species may be similar. ~alogous correlations 

have been successfully made between ethylidyne (CCH3) surface and cluster 

complexes using vibrational frequencies determined by HREELS and IR [25] and 

bonding geometries determined by LEED and x-ray diffraction [26] 0 In the case 

of CH and C2H species, some related cluster geometries are known, but no surface 

geometries have yet been determined (Only recently has an ordered structure 

been observed for any cnH species -- the c(2x2) LEED pattern observed for 

C2H on Ni(llO) [19]). We briefly describe the geometries of these 

.. 
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cluster complexes as models for CnH fragments on metal surfaces. 

The geometry of methylidyne (CH) trimetal clusters has the carbon atom 

symmetrically bridging the three metal atoms [13]. Presumably the C-H bond 

is perpendicular to the metal plane. The M-C bond lengths are the same as in 

analogous ethylidyne (CCH3) complexes and the same M-C force constants determined for 

ethylidyne [25] successfully predict the M-C vibrational frequency of the 

methylidyne cluster [13]. By analogy to these clusters and to surface ethylidyne 

species [26], we propose that the CH fragment on Rh(lll) bonds in a three-fold 

hollow site as shown in Figure BA. 

For the ethynyl ligand (C2H), no cluster crystal structures have been determined. 

However, geometries have been determined by x-ray crystallography for analogous 

M3C2R complexes, where M,R = Fe,phenyl [27] or Ru,butyl [28]. These C2R 

ligands are "tilted" relative to the metal plane and have C-C bond lengths 

of -1.3 A (compared to 1.2 A in C2H2 and 1 .33 A in C2H4). The v( CC) frequencies 

for both the CZH cluster (1534 cm-1) and the CZH surface species (1290-1365 cm-1) 

are consistent with a C-C bond order of between 1 and 2. Based on 

the M3 C2R cluster geometries, the C-C bond ip the C2H surface species probably 

makes an angle of -75 0 with the surface normal. The suggested geometry is shown 

in Figure 8B. Similar tilted surface geometrie~ for C2H have previously 

been proposed based on UPS data on Ni(100) and Ni(110) [29] and HREELS data on 

Ni (110) [19 J • 

Molecular orbital calculations have been performed to predict the 

bonding geometry of CH and C2H species on a Pt(lll) surface [30,45]. illnot' et al 

[30J determined, using Extended Huckel theory, that CH bonds in 3-fold hollow sites 

as opposed to top or bridge sites, in agreement with our proposed geometry on 

Rh(lll). Ci1culations on the bonding of CZH on Pt(lll) by Minot et al [30] 
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and Kang and Anderson [45] lead both groups to conclude that C2H should bond as a 

linear acety1ide (G:CH) at a top site with the co1inear C-C-H axis along the 
L 

surface normal 0 This geometry differs from our proposed C2H geometry on Rh(lll), 

but our proposed geometry (Figure 8B) was not considered in either of 

the molecular orbital calculations. Thus, it would be important to 

carry out additional calculations on C2H bonding with a nonlinear 

geometry in a 3-fo1d hollow site. We note, however, that linear C2H 

bonding at a top site is consistent with the C2H vibrational spectrum on 

Ag(l10) [44] where v(CH) = 3250 cm-1 as expected for sp hybridized carbon 0 

It is interesting to follow the frequency shift, broadening, and 

decrease in intensity that occur with increasing temperature for the ~CC) loss 

peak as the composition of the hydrocarbon monolayer changes from CZH + CH 

to a carbonaceous residue. As shown in Figure 2 this peak broadens and shifts from 

1365 cm-1 forCzH (Fig. 2B) to -1290 cm~l for ~H (Fig. 2C) and to -1260 

for en at 800 K (Fig. 2D). These frequency and intensity changes are character-

istic of carbon polymerization on metal surfaces [24]. Polymerization 

broadens the "v( CC) peak" for two reasons: (1) C-C bonds in carbon 

polymers are coupled, resulting in many normal modes with different vibrational 

frequencies that are not resolved at 50 cm-1 resolution and (2) differences 

in bonding geometries and in carbon chain lengths increase with polymerf"zation, 

again resulting in a large number of unresolved vibrational frequencies. L~ 

addition to peak broadening, polymerization is likely to decrease the intensity 

of the v(CC) peaks by forcing CC bonds to be more nearly parallel to the 

metal su~face and thus have weaker dipole scattering. Additional studies of 

these weak v(CC) vibrations at 1200-1400 cm-1 may provide insight into the 

mic~oscopic details of graphite formation on metal su~faces. 
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II. Benzene Decomposition Pathway 

We have shown that when benzene decomposes on Rh(lll) at 400 K the 

decomposition fragments (CH and C2H) are the same as for decomposed acetylene 

at this temperature. This suggests, as shown in Figure 9, that benzene 

decomposes at 400 K by C-C bond scission to give three acetylenes as 

intermediates which immediately decompose to CH and C2H'species. Jndeed, 

high coverage acetylene TPD spectra on Rh(lll) [10] show similar H2 

desorption peak positions and integrated areas to those found for benzene. 

As discussed below, further support for the proposal that acetylene 

is an intermediate in benzene decomposition over Rh surfaces comes from 

LEED, Raman spectroscopy, H,D exchange studies, and comparison to other 

metal/hydrocarbon systems. Dynamical LEED calculations [5] indicate that 

chemisorbed benzene, when coadsorbed with an equal amount of CO, on Rh(lll) 

bonds in a 3-fold hollow site and distorts to a structure with alternating 

short and long C-C bond lengths of 1.33 and 1 .81 ;... The C-C bond 

length of 1.33 A is contracted from that of gas phase benzene (1' .40 A) 

towards that of gas phase acetylene (1 .20 !'). Also, Raman spectroscopy studies 

of Rh/Al203 show that at room temperature chemisorbed benzene can be induced to 

decompose to acetylene by introducing a strong TI acceptor ligand like 

co or NO [31]. 

Several other observations support the proposal that C-C bond breaking 

initiates the decomposition of benzene on Rh. Heating benzene adsorbed on Rh(lll) 

to 400 K in a background of deuterium never gave any evidence of deuterium exchange 

in the HREEL spectra. This is analogous to TPO studies on Ni(lll), (100), (110) [32] 

and Pt(lll) [33] using C{,Ho + 02 and Cf,H6 + C606 where no partially 
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deuterated benzene was found to desorb in the molecular desorption peak. 

By contrast, straight chain alkenes on Pt(lll) [34], benzene on Pt(lOO) [35], and 

benzene on stepped Pt[6(111)x(111) [33] desorb highly deuterated when 

coadsorbed with D2, and benzene H,D exchange is observed in HREEL spectra on 

Pt(lOO) [36] and Pd(lll) [18]. Furthermore, straight chain alkenes decompose by 

CH bond scission at a much lower temperature than benzene on Rh(lll): 200 K vs. 

400 K [26] • The implication is that benzene decomposition may be initiated 

by C-C bond scission on Rh(lll) and Ni where no H,D exchange is observed, while 

C-H bond scission may occur first on Pd(lll) and some Pt surfaces where H,D 

exchange occurs. 

Data from the literature suggest that a delicate balance exists 

between the stability of benzene and that of three acetylenes on metal surfaces. 

Ni(111) is not reported to form benzene from acetylene in UHV, but Ni on Si02 catalyzes 

acetylene trimerization at atmospheric pressure [37]. Rh(lll), like Ni(lll). 

does not form benzene from acetylene in UHV, with or without coadsorbed CO [38] • 

No studies on acetylene trimerization at atmospheric pressure over Rh(lll) 

have been reported. Benzene chemisorbed with CO distorts towards 

three acetylenes on Rh(lll) [5] and decyclotrimerizes to three acetylenes on 

Rh/Al203 [30]. By contrast, Pd trimerizes acetylene both in UHV [39,40] 

and at 1 atm. pressure [41]. In solution, trimerization is favored over 
" 

decyclotrimerization, and rhodium trinuclear complexes perform acetylene 

trimerization with fairly high yield [42] • 

Finally, it should be recognized that the benzene decomposition pathway 

and stable surface fragments that we observe on Rh(lll) in ultra-high vacuum may be 

entirely different from those under catalytic reaction conditions. Hydro-

carbon fragment stability is affected by the surface H atom concentration 
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which is determined by the ambient H2 pressure. Our studies in ultra-high vacuum 

favor dehydrogenation accompanied by hydrogen desorption, while catalytic 

hydrocarbon conversion reactions are carried out in high pressures of H2, 

increasing the stability of hydrogenated surface fragments. 

Conclusions 

The chemisorption of benzene on Rh(lll) is largely irreversible, 

molecular desorption accounting for less than 15% of the benzene adsorbed 

at saturation coverage. Thermal decomposition of benzene starts at 400 K on 

Rh(lll) in ultra-high vacuum. The adsorbed decomposition products formed are 

independent of both the initial benzene adsorption site and whether or 

not coadsorbed CO is present. The stable surface species formed between 

400 and 500 K are Q{ and C2H, and at 470 K the ratio C2H: Q{ is about 2.s. 

No ordered LEED patterns were found for any of the decomposition products. 

Model organometallic cluster compounds, which exhibit similar vibrational 

frequencies to these Q{ and C2H species on Rh(lll), lead us to propose that adsorbed 

Q{ bonds in a 3-fold hollow site on Rh(lll) with the Q{ bond along the 

surface normal, while adsorbed C2H bonds with the CC bond at an angle of 

75 0 from the surface normal and with a CC bond order of between 1 and 2_ 

Above 500 K, these CH and C2H fragments dehydrogenate and polymerize to form 

CnH species, with complete dehydrogenation and formation of Cn polymers 

by 800 K. Based on this data, we propose that benzene decomposition on 

Rh(111) occurs by decyclotrimerization initiated by CC bond scission, and 

that acetylenic species are unstable intermediates during this process. 
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Figure Captions 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

TPD spectra obtained for H2 desorption from Rh(lll): (A) after 

30 L ~H6 exposure to produce a saturation coverage of benzene 

at 290 K and (B) after saturation benzene adsorption at 290 K 

followed by momentary heating of this layer to 420 K. The insert 

shows benzene desorption following saturation benzene adsorption 

at 290 K. 

Specular HREEL spectra taken following step-wise warming of the 

surface after obtaining a saturation coverage of benzene on Rh(lll) 

at 290 K. The surface layer was momentarily warmed to the temperature 

indicated, then allowed to cool to 300 K before recording the spectrum. 

HREEL spectra taken with (A) specular and (B) 200 off-specular 

scattering angles for a Rh(lll) surface which was saturated with benzene 

at 290 K and momentarily heated to 470 K as in Figure 2B. 

HREEL spectrum and LEED pattern for an ordered graphitic overlayer on 

Rh(lll). This surface structure was produced by heating the Rh(lll) 

crystal surface at 1100 K in 1x10-6 torr of C6D6 for 10 minutes. 

The CH stretching region of HREEL spectra, shown on an expanded 

scale, for a benzene monolayer on Rh(lll) heated as in Figure 2. 

Specular HREEL spectra of saturation coverages of (A) C6D6 and 

(8) CZDZ on Rh(lll) after heating to 470 K. 

Schematic assignment of the benzene decomposition spectrum. Peak 

intensities are estimated and deconvoluted schematically above 

the vibrational spectrum according to the mode assignments indicated 

for CH and CZH species. 
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Figure 8 Suggested surface geometries for CH and CZH on Rh(111) • 

Figure 9 . Proposed pathway for benzene decomposition on Rh(lll) • 
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