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The structure and reactivity of norbornadiene (NBD) adsorbed on Pt(ll1) has been studied 
by several physical techniques, including reflection-absorption infrared spectroscopy 
(RAIRS), high-resolution electron energy loss spectroscopy (HREELS), temperature-pro- 
grammed reaction spectroscopy (TPRS), integrated desorption mass spectrometry (IDMS), 
and Auger electron spectroscopy (AES). At 130 K, NBD is bound to the surface in an unusual 
way: through only one C-C double bond and through an agostic interaction involving one 
of the C-H bonds of the bridging CH2 group. The latter interaction is characterized by an 
intense, broad band centered at 2670 cm-I (fwhm = 50 cm-l) in the RAIR spectra. The 
data strongly suggest that  the other C-C double bond of NBD does not interact with the 
surface. This unusual binding mode, which may be adopted because steric factors favor it 
over the alternative v2:v2 geometry, persists to  220-260 K, whereupon the agostic C-H 
bond is cleaved to give a norbornadienyl intermediate that is stable to  400-450 K. In this 
latter temperature range the norbornadienyl intermediate decomposes, probably via a retro 
cyclization reaction, to  give benzene and dihydrogen (which desorb) and a fractional 
monolayer of carbon (which remains on the surface). Comparisons of the low-frequency C-H 
stretching mode seen for NBD with those seen for other adsorbed hydrocarbons suggest 
that  the line width of these modes is largely due to  inhomogeneous broadening, not to  
dispersion or lifetime effects. 

Introduction 

The close relationship between organometallic chem- 
istry and surface chemistry is illustrated by the large 
number of analogous adsorbate (ligand) binding con- 
figurations that have been documented in the two 
fields.’ This relationship often proves useful: well- 
characterized molecular complexes can greatly assist in 
interpreting the vibrational spectra and identifying the 
structures of new surface-bound intermediates. Oc- 
casionally, however, the binding configuration of an 
adsorbate is different from that found in discrete 
organometallic complexes.2 

The conversion of the bicyclic alkene norbornadiene 
(NBD) to benzene on Pt(ll1) was first described in 
1982.3 On the basis of the available organometallic 
literature, it was proposed that NBD initially binds to 
Pt(ll1) in an v2:v2 fashion, i.e., via both C-C double 
bonds. From isotopic labeling studies (which showed 
that the bridging CH2 group of NBD was not incorpo- 

’ School of Chemical Sciences and Materials Research Laboratory, 
University of Illinois. 

Department of Materials Science and Engineering, University of 
Illinois. 

5 AT & T Bell Laboratories. Present address: Advanced Research 
Project Agency, ARPA/DSO, 3701 North Fairfax Drive, Arlington, VA 
22203. 

@ Abstract published in Advance ACS Abstracts, January 15, 1995. 
(1)  Muetterties, E. L. Chem. SOC. Rev. 1982, 11, 283-320. 
(2) Jenks, C. J.; Bent, B. E.; Bernstein, N.; Zaera, F. Su$. Sci. 1992, 

(3) (a)  Muetterties, E. L. Pure Appl. Chem. 1982, 54, 83-96. (bi 
Tsai, M.-C.; Stein, J.; Friend, C. M.; Muetterties, E. L. J. Am. Chem. 

277, L89-L94. 

SOC. 1982, 104, 3533-3534. 

0276-7333/95/2314-3377$09.00/0 

rated into the desorbing benzene), Muetterties and co- 
workers suggested that NBD must “roll over” to expose 
the CH2 group to the surface; the surface then removes 
the CH2 group from NBD to generate benzene. We 
report here that norbornadiene does not adopt an v2:v2 
binding mode on Pt(ll1) surfaces; instead, the binding 
mode is distinct from the manner in which norborna- 
diene binds in any known organometallic complex. We 
show that one C-H bond of norbornadiene is involved 
in an “agostic” interaction with the surface and suggest 
that the manner in which norbornadiene is bound is 
related t o  the mechanism by which this molecule 
thermolytically decomposes on Pt(ll1). 

The reactions of NBD on metal surfaces have a more 
general ~ignificance.~ The catalytic re-forming of large 
cyclic hydrocarbons (naphtha) into high-octane fuels is 
conducted on a large scale in the petroleum i n d ~ s t r y . ~  
The reactions are complex and involve the interplay of 
H-H, C-H, and C=C bond activation steps, adsorption/ 
desorption equilibria, surface diffusion, and the orga- 
nizational dynamics of multicomponent adsorbate sys- 
tems. The present study provides insight into the ener- 
gies and fundamental mechanisms of such processes. 

Experimental Section 
The ultra-high-vacuum (UHV) chambers used in this work 

have been described previously; a summary is given here. The 
~ ~ _ _ _ _ _ _ _ _ _ _ _ _ _  ~ ~ 
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mass spectrometric studies were performed in a stainless steel 
chamber equipped with diffusion, turbomolecular, titanium 
sublimation, and ion pumps. The base pressure in the 
chamber was -2.0 x 10-lo Torr.6 The reflection-absorption 
infrared spectroscopic (RAIRSj studies were performed in a 
stainless steel chamber equipped with turbomolecular and 
titanium sublimation pumps; the base pressure was -3.0 x 
10-lo Torr.' The high-resolution electron energy loss spectro- 
scopic (HREELSj studies were performed in a stainless steel 
chamber equipped with diffusion, ion, and titanium sublima- 
tion pumps; the base pressure was -2.0 x 10-lo Torr.8 All 
chambers were equipped for ion sputtering, Auger electron 
spectroscopy (AES), and, for the last chamber, low-energy 
diffraction (LEED). The F't(1llj crystal was purchased from 
Cornel1 Laboratories and was oriented to within 0.5" and 
polished to a fine mirror finish by standard metallographic 
techniques. The crystal was cleaned in the first and third 
chambers by sputtering with Ar+ ions at 1050 K (current to 
the crystal -5 PA), followed by annealing at 1050 K for 5 min. 
In the second chamber, the crystal was cleaned by heating it 
to 900 K in the presence of 1 x Torr of 0 2  for 2 min 
followed by annealing at 1000 K for 1 min. AES indicated, in 
all cases, that there was no detectable carbon on the crystal 
surface (<0.5 atom %). 

Norbornadiene was purchased from Aldrich ( > 98% pure) 
and was thoroughly degassed before being introduced into the 
chamber. Dosing was accomplished by either back-filling the 
chamber through a variable-leak valve (HREELS and TPRS 
studies) or using an effisive doser positioned -5 cm from the 
crystal face. Exposures, which are uncorrected for the relative 
sensitivity of the ion gauge, are reported in langmuirs (1 
langmuir = Torr s). 

Results 

Reflection-absorption infrared spectroscopy (RAIRS) 
and high-resolution electron energy loss spectroscopy 
(HREELS) were used to establish the structure and 
orientation of the surface-bound norbornadiene mol- 
ecules. For RAIRS, the orientations of adsorbed mol- 
ecules can be easily determined, since only those modes 
whose transition dipoles have a nonzero projection along 
the surface normal are ~bservable.~ For HREELS, this 
dipole selection rule is not rigorously observed, owing 
to the occurrence of both impact and dipole scattering.1° 
As a consequence, modes which are inactive in the RAIR 
spectra of a hydrocarbon species can often be observed 
in HREEL spectra. Thus, these techniques are often 
complementary. 

Characterization of Norbornadiene Multilayers. 
The exposures necessary to form multilayers of NBD 
on Pt( 11 1) have been determined by temperature- 
programmed reaction spectroscopy (Figure 1). The 
TPRS profiles in the mle 91 channel contain an NBD 
desorption peak at  -205 K that first appears following 
an exposure of 5 langmuir and a second NBD desorption 
peak at -175 K that first appears following an exposure 
of 6 langmuir (Figure la,b). We assign these TPRS 
features to desorption of NBD from a partial monolayer 
and from a multilayer, respectively. Therefore, multi- 
layers of NBD are generated at exposures of -6 lang- 
muir or greater. 

(6)  Hostetler, M. J.; Nuzzo, R. G.; Girolami, G. S.; Dubois, L. H. J. 
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Figure 1. Temperature-programmed reaction spectra for 
norbornadiene on Pt(ll1) as a function of coverage for 
differing mass channels: (a) mle 91, tracking norborna- 
diene desorption; (b) mle 78, tracking benzene and norbor- 
nadiene desorption; (c) mle 2 ,  tracking the desorption of 
hydrogen. 

The RAIR spectrum of a multilayer of NBD (-50 
langmuir dose) adsorbed on Pt(ll1) at  132 K is shown 
in Figure 2. The mode assignments (Table 1) directly 
follow those detailed in the 1iterat~re.l l- l~ When the 
surface is heated to 182 K, the RAIR spectrum changes 
owing to desorption of the multilayer. The new spec- 
trum, which corresponds to that of an NBD monolayer, 
will be discussed in the next section. 

The HREEL spectrum of a multilayer of NBD (7 
langmuir dose) adsorbed on Pt(ll1) at 100 K is shown 
in Figure 3a; mode assignments are given in Table 2. 
Except for the different resolution, the HREEL spec- 
trum resembles the RAIR spectrum of an NBD multi- 

(11) Aleksanyan, V. T.; Garbuzova, I. A.; Pryanishnikova, M. A.; 
Paturyan, I. N. Bull. Acad. Sci. USSR, Diu. Chem. Sci. 1973, 756- 
760. 

j 12) Levin, I. W.; Harris, W. C. Spectrochim. Acta 1973,29A, 1815- 
1834. 

(13) Maslowsky, E., Jr. Vibrational Spectra of Organometallic 
Compounds; Wiley: New York, 1977; pp 468-477. 
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Figure 2. Reflection-absorption infrared spectrum of a 
multilayer coverage of norbornadiene on Pt( 11 1). 

Table 1. Vibrational Assignments for a Multilayer 
Coverage of NBD on Pt(ll1) 

IR 
assignt solida multilayer 105 K 

not assigned 3121 
-C-H str  Fermib 3097 3098 
-C-H str  Fermib 3067 3067 
CH2 str 3002 3001 
tertiary CH str  2987 2986 
tertiary CH str  2969 2972 
CH2 str Fermic 2935 2934 
CH2 str FermiC 2867 2866 
comb 879 + 773 1651 1651 
skeletal stretch 1543 1543 
CH2 bend 1451 
CH2 bend and -C-H bend 1345 1342 
CH bridgehead deform and skeletal str  1309 1310 
comb 735 + 549 1279 1277 
CH bridgehead bend 1246 1248 

1240 1240 
-CH bend 1228 1231 
CH bridgehead bend 1205 1206 
-CH bend 1154 1155 
skeletal str and -CH bend 1103 1107 
bridgehead deform and skeletal str 1055 1057 
skeletal s t r and  CH bridgehead bend 937 936 
comb 503 + 428 919 918 
CH2 bend 892 893 
overtone 2 x 446 880 880 
CH wag 800 797 
skeletal str 735 737 

a See refs 11 and 12. In Fermi resonance with 2 x 1543 cm-l. 
In Fermi resonance with 2 x 1451 cm-l. 

layer (Figure 2); in particular, the same skeletal stretch- 
ing vibration near 730 cm-l gives rise to the most 
intense band in each spectrum. Heating the sample to 
221 K (Figure 3b) causes both the absolute and rela- 
tive intensities of the HREELS bands to change sub- 
stantially, owing to  desorption of the NBD multi- 
layer. 

Characterization of Norbornadiene Monolayers. 
Identification of the Soft C-H Mode That Corre- 
sponds to an Agostic M-H-C Interaction. The 
coverage-dependent RAIR spectra of NBD adsorbed on 
Pt(ll1) at 110 K are presented in Figure 4; the relevant 
mode assignments are listed in Table 3. At the lowest 
coverage examined (0 0.11, the most intense band in 
the C-H stretching region (Figure 4a) appears at 2605 
cm-’ (fwhm = 50 cm-’). Broad bands that appear 
between 2400 and 2800 cm-’ have been assigned to 
stretching vibrations of C-H bonds participating in 
“agostic” M-H-C interactions with a metal surface. 14-16 
This shift to  lower frequency is thought to  result 
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Figure 3. High-resolution electron energy loss spectra of 
a 7 langmuir dose of norbornadiene annealed to various 
temperatures on Pt(ll1): (a) 100 K, (b) 221 K; (c) 270 K, 
(d) 422 K (e) 534 K. 

fromdonation of conduction electrons at  the Fermi level 
into the C-H 8 orbitals. The interaction responsible 
for this mode softening17 most likely occurs a t  a specific 
surface site (an atop site; see Discussion). 

The other bands in the RAIR spectra are most 
consistent with a configuration in which the CH2 unit 
of NBD is involved in the agostic interaction (structure 
Ia). From the dipole selection rules and the local C, 

H 

“YH 

la Ib 

symmetry of the adsorbed molecule, one expects to see 
only two IR-active modes for this configuration: a 
symmetric C-H stretch for the vinylic group that is not 

114) Raval, R.; Parker, S. F.; Chesters, M. A. Surf. Sci. 1993, 289, 
227-236. ~~ 

(lGChesters, M. A.; Gardner, P. Spectrochim. Acta 1990, 46A, 

(16) Hoffmann, F. M.; Upton, T. H. J. Phys. Chem. 1984, 88, 
1011-1015. 

6209-6212. 
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Table 2. High-Resolution Electron Energy Loss 
Spectroscopy Vibrational Assignments for NBD on 

Pt(ll1) 
assignt 100K 221K 270K 422K 534K 

-C-H str 3105 3090 3065 3100 

v(C-H) benzene 3060 
CH2 str 3010 2980 2975 2980 
CH2 softened 2740 2770 

co 1800, 1810, 1820 

v(CC) benzene 1400 
C H ~ o r C H b e n d  1455 1455 1455 1460 
-C-H bend 1250 1210, 1210 1220, 

ring vib benzene 1140 
skeletal str  1110 1080 1080 1100 
C-Hbridgehead 930 975 975 984 

v(C-0 855 900 904 
P(C-H) benzene 780 824 
skeletal str  730 720 700 712 
M-C str  520 530 560 560 640 

Fermi 

mode 

2050 2040 

1270 1260 

bend 

interacting with the surface and a stretch for the 
"nonagostic" C-H bond of the CH2 group.18 (Other 
modes, even though they are not rigorously forbidden 
by the dipole selection rules, should be very weak 
because their transition directions would be -70' away 
from the surface normal: cos2 8 < 0.12.) These predic- 
tions are confirmed by the data at higher coverages 
(Figure 4b): a vinylic C-H stretching mode at 3055 
cm-' and a band associated with the nonagostic meth- 
ylene C-H bond at  -2965 cm-l are evident. The large 
line width of the latter band may arise from coupling 
of this mode with modes associated with the R-H-C 
interaction. 

It is difficult to envision another arrangement of NBD 
that can explain the present data. Specifically, if both 
C=C double bonds of NBD were interacting with the 
surface (structure Ib), then the vinylic C-H stretching 
vibrations should be absent because their transition 
directions would be essentially perpendicular to the 
surface normal. These vinylic C-H stretching bands 
are, however, present both in the spectrum of a sub- 
monolayer coverage of NBD at  110 K and in the 
spectrum of a full monolayer coverage of NBD annealed 
to  182 K, which is above the multilayer desorption 
temperature (see Figure 5b). Thus, the presence o f a  
vinylic C-H stretching band at 3051 cm-' in these 
spectra rules out structure Ib and provides strong 
evidence for structure l a .  

The lower frequency bands in the RAIR spectrum are 
readily assignable in a manner consistent with struc- 
ture Ia. The band at  1447 cm-l is assigned to the C-H 
bending vibration for the methylene C-H bond not 
interacting with the surface. The totally symmetric 

117) Different meanings are attached to the terms "agostic" and 
"soft": the former refers to a structural feature whereas the latter 
refers to an electronic effect. Agostic bonds often exhibit soft modes; 
even so, the latter can not be used to unambiguously establish the 
former. In the present context, we are not aware of a definitive 
demonstration of the structural perturbations that occur when a 
hydrocarbon interacts with a metal surface. 

118) The feature at 2855 cm-l in Figure 4b may be an overtone (or 
a Fermi resonance involving the overtone) of the bending vibration 
for the CHz group. Such a Fermi resonance is observed in the IR 
spectrum of polycrystalline NBD. l1.lz 

(19)This binding mode for a norbornadienyl group has been 
previously observed in a nickel complex; see: Dahl, L. F.; Wei, C. H. 
Inorg. Chen.  1963, 2, 713-721. 
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Figure 4. Reflection-absorption infrared spectra of nor- 
bornadiene on F W l l l )  at 110 K (a) e =Z 0.1; (b) e % 0.2; (c) 
e =Z 0.5; (d) e % 1. 

Table 3. Vibrational Assignments for Varying 
Coverages of NBD on FWlll) at 110 K 

4 - H  str  Fermi" 3059 3055 3053, 3065b 
CH2 str 2990b 2992b 
CH2 str 2965 2965 2953, 296Bb 
CH2 str Fermi 2935 2943 
bound -CH str 2912 2911 
overtone 2 x 1447 cm-' 2855 2855 2853, 2872b 
CH2 softened mode 2610 2630 2660 2675 

From NBD in the 
multilayer. 

Table 4. Mode Assignments for RAIR Spectra of 
Norbornadiene on FWlll)  Annealed to the Listed 

Temperatures 

In Fermi resonance with 2 x 1545 cm-'. 

modeassimts 110K 182K 261K 338K 401K 
-C-H str  Fermi" 
-C-H str Fermi" 
CH2 stP 
CH2 stf" 
CH stldf 
CH2 str  Fermib.e 
bound =CH str 
CH2 str  Fermib,' 
CH2 str  Fermi' 
CH2 softened modeC 
C-C skeletal st+ 
CH2 or CH bend 
skeletal s t P  
-CH bend 
not assigned 
CH w a g  
skeletal s t F  
skeletal stld 
CH wag' 

3107 
3055 
2992 
2968 

2940 
2909 
2874 
2854c 
2670 
1545 
1443c 
1314 
1206 
1011 

719 

664 

3109 
3055 

2953 

2911 

2853' 
2690 

1447c 

1206 

779 
719 

3109 
3053 

2957 
2934 

2912 

2853C,d 

1447C.d 

1207 

718 
696 

3109 
3053 

2930 

2912 

28Md 

1447d 

1207 

696 

3107 
3051 

2932 

2912 

2853d 

1447d 

1207 

698 

" In Fermi resonance with 2 x 1545 cm-'. From NBD in the 
multilayer. From tiZ:v1 bound NBD. From the norbornadienyl 
intermediate. e In Fermi resonance with 2 x 1443 (or 1447) cm-l. 
f Metal-bound C-H unit. 

C-H bending vibration for the noninteracting alkene 
appears at 1206 cm-'. Finally, a skeletal vibration, 
which is the strongest band in the spectrum, appears 
at 719 cm-'. 
As the coverage of NBD is increased, the soft mode 

moves to higher frequency (Figure 4), presumably 
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because the energy of the Fermi level is coverage- 
dependent. ;Simultaneously, the peaks in the aliphatic 
C-H stretching region become sharper and relatively 
more intense!. The formation of a multilayer at higher 
exposures is demonstrated by the appearance of the 
symmetric and antisymmetric C-H stretching vibra- 
tions of an unperturbed CH2 group (Figure 4c,d). 

The HREI3L spectrum of an NBD monolayer re- 
sembles the (:orresponding RAIR spectrum, except that 
several extrri bands are present, in part due to the 
relaxation of the selection rules. Most of these bands 
can be assigned straightforwardly. The band at 520 
cm-l, assigned to the Pt-C stretching vibration, shifts 
to higher frequency as the temperature is increased 
(Figure Sa-di). The bands at 730,930, and 1110 cm-' 
arise from skeletal stretching vibrations.12 The loss 
signal at -1250 cm-' comprises both the vinylic CH 
bending and the bridgehead CH bending modes, which 
are observed at 1206 and 1230 cm-l, respectively, in 
the RAIR spectrum of a NBD multilayer. 

The soft C-H stretching mode is also seen in the 
HREEL spectaa (Figure 3a,b), but it is much less prom- 
inent than in the RAIRS data. Such disparities in the 
relative intensities of soft C-H stretching modes in 
HREEL and EillUR spectra have been noted previ0us1y.l~ 

Decomposition of Norbornadiene at Higher Tem- 
peratures. When the NBD-dosed surface is heated to 
261 K, significant changes occur in the RAIR spec- 
trum: the sod; mode disappears, the broad band at 2953 
cm-l diminishes significantly in intensity, the skeletal 
vibration at 71 9 cm-' virtually disappears, and a new 
skeletal vibration band at 696 cm-' is now evident. 
When taken together, these data suggest that the 
agostic C-H lbond has been cleaved; a norbornadienyl 
group should be the result (structure II).l9 Consistent 

H 
H I  
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identical with that seen at 270 K, but at higher 
temperatures, the HREEL spectrum is substantially 
different (Figure 3e). As judged from previous work, 
the spectrum obtained after heating to  534 K arises 
from a combination of adsorbed benzene and C,H, 
fragmentsa6 These intermediates were not detectable 
by RAIRS, probably as a result of the dipole selec- 
tion rule. 

The dehydrogenation of NBD at temperatures above 
220 K, which was suggested by the RAIR and HREEL 
spectra, has been confirmed by temperature-programmed 
reaction studies in which the mle 2 channel was 
monitored (Figure IC). At the lowest coverage of NBD 
examined (1/2 langmuir), hydrogen desorbs from the 
surface in two features, one centered at 380 K and the 
other at 482 K. At higher coverages of NBD, more 
complex TPRS profiles are seen. The low-temperature 
feature closely parallels the recombination-limited de- 
sorption of hydrogen from Pt(ll1). This result is 
consistent with our RAIRS and HREELS studies, which 
suggested that the agostic C-H bond of NBD is cleaved 
at temperatures 1225 K. The feature centered at -482 
K (which moves to higher temperatures as the coverage 
of NBD is increased) coincides with the desorption of 
benzene (see below), which suggests that both C-C and 
C-H bonds are broken competitively in this latter 
product-forming process. A final hydrogen desorption 
peak is seen at -620 K for exposures of NBD that are 
L 1 langmuir. This latter feature is associated with the 
conversion of C,H, fragments to a carbonaceous over- 
layer. 

We have also used TPRS to  establish the identities 
of the hydrocarbons that desorb upon heating the NBD- 
dosed surface. We find that a small amount of NBD 
desorbs molecularly at -205 K. No norbornene or 
norbornane desorbs from the surface: the integrated 
desorption mass spectrum (IDMS120 taken between 130 
and 300 K is clearly due to NBD (Figure 6a). Thus, we 
conclude that self-hydrogenation reactions, which are 
commonly seen in this temperature range for alkenes 
adsorbed on Pt(111),21,22 do not occur for NBD. Small 
amounts of NBD can be hydrogenated to  norbornane, 
however, if the Pt(ll1) surface is pretreated with H2 
(Figure 6b). 

In addition, the TPRS traces in the mle 78 channel 
indicate that a significant amount of the norbornadiene 
is converted to benzene (Figure lb); this transformation 
has been reported previously by Muetterties and co- 
worker~ .~  The identity of the species desorbing between 
400 and 550 K was rigorously confirmed to be >95% 
benzene (a small amount of NBD desorbs at the same 
temperature) by inspection of the IDM spectrum (Figure 
612). The yield of benzene is strongly coverage-dependent 
(Figure lb). Little benzene desorbs from a surface 
exposed to 1 langmuir of NBD; much more desorbs if 
the exposure of NBD is increased to 2 langmuir. The 
formation of benzene is saturated at a NBD exposure 
of -4 langmuir. The strong dependence of the benzene 
yield on coverage indicates that lateral repulsions play 
a significant role in the decomposition and desorption 
kinetics. 

W 
I1 

with this interpretation, TPRS profiles (Figure IC) show 
a low-temperahre dihydrogen desorption feature (-310 
K) when a saturation coverage of NBD on Pt(ll1) is 
heated. The spectrum of the norbornadienyl group 
remains uncheinged up to 401 K (Figure 5d,e). At 490 
K, however, the RAIR spectrum is featureless, which 
suggests that the norbornadienyl intermediate has 
decomposed (data not shown). 

Similar chaiiges due to the formation of a norbor- 
nadienyl grou~) are seen in the HREEL spectra when 
an NBD-dosed surface is heated from 100 to  270 K. For 
example, the soft  mode (present at 221 K, Figure 3b) 
disappears as expected for a reaction in which the 
agostic C-H bond of NBD is cleaved (Figure 3c). The 
HREEL spectnum at  422 K (Figure 3d) is essentially 

(20) Dubois, L. H. Rev. Sci. Instrum. 1989, 60, 410-413. 
(21) Godbey, D.; Zaera, F.; Yeates, R.; Somorjai, G. A. Surf. Sci. 

(22) Hostetler, M. J.; Nuzzo, R. G.; Girolami, G. S. J. Am. Chem. 
1986, 167, 150-166. 

SOC., in press. 
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Figure 6. Reflection-absorption infrared spectra of norbornadiene (8 % 1 monolayer) on Pt(ll1) annealed to the indicated 
temperature. 
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Figure 6. Integrated desorption mass spectra of the 
species desorbing from a Pt(ll1) surface over the indicated 
temperature range: (a) 130-330 K, following a 5 langmuir 
dose of NBD; (b) 130-300 K, following a dose of 20 
langmuir of HP and then 5 langmuir of NBD; (c) 400-550 
K, following a dose of 5 langmuir of NBD. Spectra a and 
c are identical with IDM spectra taken of NBD and benzene 
standards, respectively. 

Auger electron spectroscopy establishes that heating 
a saturation coverage of NBD (8 L) to 850 K leaves a 
submonolayer of carbon on the surface.23 By comparing 
this carbon yield to the amount of carbon atoms present 
in a closest packed monolayer of NBD, we can estimate 

that approximately half of the adsorb~ate molecules 
initially present decompose to give desorbed benzene. 

Discussion 
Several conclusions can be drawn from the data 

presented above: (1) NBD bonds to  Pt(ll1) in an 
unexpected q2:q1 manner involving a C==C double bond 
and an agostic Pt-H-C interaction, (2) this latter 
interaction is characterized by a red-shifted (soft) C-H 
stretching mode, and (3) the conversioin of norborna- 
diene to  benzene proceeds through a riorbornadienyl 
intermediate. The factors responsible for these phe- 
nomena will be discussed in turn. 

Molecular Orientation of NBD Adsorbed on Pt- 
(111). The two most reasonable binding modes for NBD 
on Pt(ll1) are binding to the exo face (s1;ructure Ia) and 
binding to the endo face (structure Ib). The presence 
of vinylic C-H stretching vibrationni in the RAIR 
spectrum for submonolayer coverages of NBD on Pt(ll1) 
is only consistent with structure Ia. We ask, why is this 
nonintuitive structure adopted in prefkrence to struc- 
ture Ib? 

In both mono- and polynuclear organometallic com- 
plexes, norbornadiene is almost invariably bound to a 
single metal center by means of both C==C double bonds 
(i.e., q2:v2); NBD thus serves as a bidexrtate ligand and 
the metal is bound to the endo face of NBD.24325 This 
bonding mode is most closely related to  structure Ib. 
There are a few examples of NBD mollecules that bind 
to metals by means of only one C-C dauble bond (r2); 
in such cases, the metal is bound to the exo face of 
NBD.26 

(23) The carbon yield is somewhat uncertain. El'ecause the filaments 
of the AES system deposit some carbon on the surface, the value we 
measure, OC < 0.7 monolayer, should be considlxed an upper limit. 
The carbon coverage was calculated by using th t! calibration param- 
eters described in: Rodriguez, J. A,; Campbell, IC. T. J. Phys. Chem. 
1989, 93, 826-835. 

(24) Abel, E. W.: Bennett, M. A,: Wilkinson, G .  J .  Chem. SOC. 1959, 
3178-3182. 

(25) Alexander, R. A.; Baenziger. N. C.; Carponter, C.: Doyle, J. R. 
J. Am. Chem. SOC. 1980,82, 535-538. 



Binding of Norbornadiene to Pt(ll1) 

Inspection of molecular models of NBD reveals that 
the v2:v2 bonding mode (structure Ib) must involve a 
single platinum atom: the short distance between the 
two C-C double bonds and the canting of the n-systems 
inward toward the endo face make it impossible for NBD 
to adopt a bridging geometry in which each C=C double 
bond interacts with a different metal atom. 

More importantly, however, even if NBD were able 
to bind to  a single surface Pt atom, the (111) surface 
would have to undergo a significant reconstruction to 
avoid the formation of unacceptably short Pt=H contacts 
with the vinylic hydrogen atoms. In free NBD, the 
vinylic C-H bonds are bent -8” away from the exo face 
due to steric repulsions with the bridging CH2 
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bond points toward a 2-fold bridging site. Experimental 
and theoretical studies of a structurally diverse range 
of alkenes suggest that the di-a bonding mode is 
predominant on Pt(ll1)  surface^.^^-^^ If one assumes 
that NBD behaves similarly, then the agostic interaction 
involves an atop site on the surface. 
Soft C-H Stretching Modes and the Nature of 

the Agostic Bond. Other workers have discussed in 
detail the nature of the “agostic” interaction responsible 
for the soft C-H stretching modes seen for certain 
hydrocarbons on metal surfaces.14-16,37-43 RAIRS is a 
valuable tool for studying the structural basis of soft- 
ened modes, because differences in the line widths of 
the modes seen from molecule to molecule can be 
accurately determined. For example, the full width at  
half-maximum (fwhm) of the soft mode for cyclohexane 
on a Pt(ll1) surface is -300 cm-l.15 In contrast, the 
soft mode for NBD is relatively narrow (fwhm RZ 50 
cm-l). Several hypotheses have been advanced to 
explain why soft C-H stretching modes of adsorbed 
hydrocarbons often have large line widths: (1) inhomo- 
geneous line broadening due t o  the presence of a large 
number of energetically similar binding sites, (2) disper- 
sion arising from the coupling of the C-H stretching 
vibration with the low-frequency M-H stretching and 
bending vibrations, and (3) lifetime b r ~ a d e n i n g . ~ ~ . ~ ~ . ~ ~  

The major difference in the way that saturated 
hydrocarbons and NBD adsorb is that the latter is 
firmly bound to the surface at a second point: the C=C 
double bond. The “pinning” of NBD to specific sites 
should reduce the amount of inhomogeneous line broad- 
ening but should not greatly affect the coupling to other 
low-frequency modes or the lifetime of the vibrational 
excited states. The data thus suggest that inhomoge- 
neous line broadening is responsible for a substantial 
portion of the line width of the soft modes seen for 
weakly adsorbed hydrocarbons. Other factors must also 
contribute t o  the band structure, however, since the 50 
cm-’ line width seen for the soft mode of NBD is still 
larger than the line widths of the “normal” C-H 
stretching modes. 

Conversion of NBD to Benzene. In the original 
report of the discovery that NBD is converted to benzene 
on Pt(ll1) at high  temperature^,^^ Muetterties and his 
co-workers logically presumed that a t  low temperatures 
NBD is bound to Pt(ll1) in an v2:v2 fashion and that 
consequently the CH2 group is remote from the surface. 
In order to  afford the platinum surface an opportunity 
to cleave the CH2 group from NBD and generate the 

This distortion makes the endo face more sterically 
hindered than the exo face, a fact which is reflected by 
the higher reactivity of the exo face of NBD toward 
many organic r e a g e n t ~ . ~ ~ - ~ l  For an NBD molecule 
bonded in a v2:q2 fashion via its endo face to a single 
platinum atom in an unreconstructed Pt(ll1) surface 
(with Pt-C distances to the olefinic carbon atoms of 
-2.2 A), the distances between the vinylic hydrogen 
atoms and the nearest neighbor platinum atoms would 
be -1.0 A; such distances are far too short to be 
acceptable. Thus, the principal factor that disfavors the 
v2:v2 bonding mode is the prohibitively large steric 
repulsions between the surface and the vinylic hydrogen 
atoms; this factor is a direct consequence of the rigid 
bicyclic structure of NBD. 

In contrast, a similar analysis of the v2:v1 geometry 
(structure Ia) shows that no unfavorable secondary 
interactions are generated. For an NBD molecule bound 
via an interaction with the sterically more accessible 
exo face (in which only one C=C double bond is involved 
in a IT or di-a interaction with the surface), the other 
portion of the NBD molecule that comes in contact with 
the surface is a hydrogen atom of the bridging CHZ 
group. The geometry of NBD dictates that the distance 
between this hydrogen atom and the surface is ap- 
proximately 1.7-1.8 A, which is within the range 
expected for an “agostic” M-H-C i n t e r a c t i ~ n . ~ ~  

The rigid bicyclic structure of NBD guarantees that 
the agostic C-H bond must point directly toward a 
specific site on the surface. The nature of this site 
depends upon how the C=C double bond interacts with 
the surface. If the C=C double bond bridges two Pt 
atoms in a di-a fashion, then the agostic C-H bond 
points toward an atop site of an adjacent platinum atom. 
If, on the other hand, the C=C double bond interacts 
with only one Pt atom in a n fashion, the agostic C-H 
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observed thermolysis product benzene, Muetterties and 
co-workers proposed that NBD must “roll over” at higher 
temperatures to place the CH2 group next to the surface. 

One of the problems with this hypothesis is that it is 
difficult to envision a mechanism that would allow the 
NBD molecule to  roll over but not desorb. To reach the 
transition state of the roll-over process (i.e., from endo 
to exo binding), the strong metal-alkene n (or d i d  
interaction must be broken completely; at the transition 
state, the molecule would be weakly physisorbed at best. 
It is unclear whether such a process could efficiently 
interconnect the two bound states in a manner which 
would not result in desorption. We note that alkene 
roll-over processes are known to have high activation 
energies under catalytic conditions (high pressures and 
 temperature^).^^ Perhaps the best evidence of this is 
derived from studies of the heterogeneously catalyzed 
isotopic H/D exchange of cyclic hydrocarbons. For 
example, at short contact times, H/D exchange in 
norbornane occurs only on one face of the alkane, which 
clearly suggests that there are significant energetic 
barriers that prohibit the roll over of adsorbed, unsatur- 
ated  intermediate^.^^ Whitesides and Lee a180 found 
that the dominant d4 product obtained in the hydroge- 
nation of NBD with Dz is the all-exo d4 i ~ o m e r . ~  This 
result strongly supports the importance of exo-binding 
of NBD (and the necessity for multiple adsorption/ 
desorption steps for its complete reduction). In those 
cases where H/D exchange is not face-selective, adsorp- 
tioddesorption equilibrium are clearly implicated, The 
importance of analogous dissociationlassociation equi- 
libria is also well-established in the facial exchange 
processes of discrete metal-alkene complexes.47 

The mechanistic difficulties associated with a roll-over 
step are obviated by our conclusion that NBD is not 
bound to  Pt(ll1) surfaces in an v2:v2 fashion. Instead, 
the thermodynamically preferred v2:v1 binding mode 
adopted by NBD places the CH2 group that must be 
cleaved from the NBD skeleton in contact with the 
surface at low temperatures. The platinum surface then 
cleaves one of the C-H bonds of the methylene group 
between 220 and 260 K to  generate a norbornadienyl 
intermediate bound t o  the surface; this intermediate is 
subsequently converted to benzene. It is of course 
relevant that the first C-H bond activated by the 
surface is the one that participates in the agostic 
interaction. 

The spectroscopic data indicate that, as soon as 
benzene is generated on the surface, a significant 
fraction of it desorbs; the peak desorption temperature 
of -495 K is likely reflective of a reaction-limited 
process. This temperature corresponds to an activation 
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energy of 30 kcavmol, if one assumes that the desorption 
kinetics follow a first-order rate law and that the 
preexponential factor is 1013 s-1.48 The assumption of 
first-order kinetics appears reasonable in light of the 
weak dependence of the benzene desorption tempera- 
ture on initial NBD coverage. 

The RAIRS data and the TPRS profiles in the mle 2 
channel suggest that at least one C-H bond-breaking 
step precedes the formation of benzene and that others 
occur coincident with its desorption. The lower temper- 
ature C-H cleavage process is associated with the con- 
version of an q2:q1-bound NBD to a norbornadienyl in- 
termediate; this species is stable up to -420 K. The 
higher temperature C-H bond-breaking step must by 
necessity be accompanied by the cleavage of two C-C 
bonds in order to convert the norbornadienyl group into 
benzene. The simplest mechanism for this latter pro- 
cess involves the retro-cyclization of a norbornadienyl 
group into a methine group (which remains on the sur- 
face) and benzene (which partially desorbs). This pro- 
posed mechanism finds precedent in the thermal extru- 
sion reactions that occur when 7-substituted norborna- 
diene molecules decompose in the gas phase (yielding 
benzene and a carbene diradical; 420-620 K).49 

The remaining methine group is evidently dehydro- 
genated to hydrogen (which desorbs) and surface carbon. 
By 620 K, the remaining adsorbed hydrocarbon frag- 
ments have completely decomposed to yield a carbon- 
aceous overlayer (s2/3 of a monolayer). 

Conclusions 
Norbornadiene adopts an unexpected bonding config- 

uration on Pt(ll1): rather than binding through both 
C-C double bonds, NBD is chemisorbed by means of a 
single C-C double bond and an agostic interaction 
between one of the methylene C-H bonds and an atop 
site on the platinum surface. Steric factors probably 
favor this unusual binding mode over the v2:v2 geometry 
that had been previously proposed for this adsorbate. 
The relatively small line width seen for the IR stretch 
associated with the agostic Pt-H-C interaction suggests 
that the large line widths seen for the soft modes of 
other adsorbed hydrocarbons are due to inhomogeneous 
broadening. The agostic C-H bond is cleaved by 260 
K to  give a norbornadienyl intermediate that is stable 
up to 450-500 K. In this temperature range, this 
norbornadienyl species evidently undergoes a retro- 
cyclization to give benzene, which partially desorbs, and 
a methine group. The hydrocarbon fragments that 
remain on the surface are finally thermolyzed to a 
carbonaceous overlayer by -620 K. 
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