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Abstract: To provide insight and understanding of the thermochemistry underlying hydrocarbon rearrangements
on transition metal surfaces, we report systematic studies of hydrocarbon radicals chemisorbed on metal clusters
representing the closest packed surfaces of the six second and third row group VIII transition metals. Using
first principles quantum mechanics [nonlocal density functional theory with exact HF exchange (B3LYP)], we
find that (i) CHs—m(CH3)m forms one bond to the surface, preferring the on-top ity (i) CHo—(CHz)m

forms two bonds to the surface, preferring the bridge sitg énd (i) CH—m(CHs)m, forms three bonds to the
surface, preferring the 3-fold site). For all six metals, the adiabatic bond energy is nearly proportional to

the number of bonds to the surface, but there are dramatic decreases in the bond energy with successive
methyl substitution. Thus from GHo CH,CH3z;, CH(CHg),, and C(CH)s, the binding energy decreases by 6,

14, and 23 kcal/mol, respectively (out-e60). From CH to CHCH; and C(CH),, the binding energy decreases

by 8 and 22 kcal/mol, respectively (outsfL00). These decreases due to methyl substitution can be understood

in terms of steric repulsion with the electrons of the metal surface. For CH to £}(fDi bond energy decreases

by 13 kcal/mol (out of~160), which is due to electronic promotion energies. These results are cast in terms

of a thermochemical group additivity framework for hydrocarbons on metal surfaces similar to the Benson
scheme so useful for gas-phase hydrocarbons. This is used to predict the chemisorption energies of more
complex adsorbates.

1. Introduction on metal surface%.®> However, little or nothing is known about

Hydrocarbon reactions and rearrangements catalyzed bymost pote?tial in.ter.me(jiates and, with the exce.ption of work
transition metal surfaces underlie the chemical processes at thé)i’) Cartehrf?' thereb|sdllt_tle n th%.w ay of thermochemical concepts
core of the petrochemical and polymer industries. These intlude 2P0t chemisorbed intermediates.

(1) hydrogenation of unsaturated hydrocarbons, (2) double-bond _1© !ay the foundation for developing both the thermochemical
isomerization of olefins, (3) dehydrogenation and dehydro- data needed for design and control process and the mechanistic

isomerization to aromatics, (4) isomerization of alkanes, (5) information useful for ch(_emical reasoning about regctions on
dehydrocyclization, and (6) hydrogenolysis metals surfaces, we carried out systematic calculations on the
The fundamental reactions in these processes involve theStructures and energetics for Gla(CHz)m fragments witm =

breaking and forming of €C, C—H, M—C, and M—H bonds 1,2,3 andm =< n at on-top, bridging, anq cap sites of the six
on catalysts usually involving the late transition metals (group second and third row group VIII transition metals (Pt, Ir, O;,
VIIl), particularly Pt, Pd, and Ni. Yet, despite intensive Pd, Rh, aqq Ru). Such systematic studies allow us to examine
experimental study there remain major gaps in our understanding@"UP additivity and substituent effects for prototypical hydro-
of mechanism and energetics of these essential industrial€arbon intermediates chemisorbed on a range of metal surfaces.
processes This allows us to estimate the steric and electronic contributions

Although molecular orbital and valence bond theories have affectl.ng. binding and realcdtl\l;lty. We expect ]Ehlat Slljc.:h se(;m-
helped explain the nature of reactivity in organic and single duantitative concepts could become a powertul tool in under-

metal center organometallic reactions, there has been IittleStanding and predicting the reactions of larger and more complex
progress in understanding how the orbitals control reactions on'ydrocarbons on metal surfaces. We would hope that thermo-

metal surfaces. Thus the extensive experimental work on skeletalc1€mical concepts on the stability of various intermediates

isomerization on platinufprovided valuable information about wou_I(_j !?ad to the pregﬂctlve power _contalned n Benson group
cyclic and bond-shift mechanisms but little understanding of additivities so useful in understanding mechanisms of organic

. . i 9
the role of the metal. Surface science experiments helped actions:

characterize some intermediates in chemisorption and reactions_ (3) Albert, M. R.; Yates, J. T, JiThe Surface Scientists Guide to
P Organometallic ChemistryAmerican Chemical Society: Washington, 1987.
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Table 1. Spin State and Total Energies (hartree) for. Ot from QM (B3LYP DFT)
M CHs CH; CH C none
Total Energy (hartree)
Pt —993.184 32 —992.575 07 —992.002 22 —991.344 24 —953.257 26
Ir —877.328 44 —876.719 14 —876.142 72 —875.494 44 —837.406 01
Os —767.925 30 —767.314 25 —766.737 10 —766.096 68 —728.009 41
Pd —1053.906 74 —1053.296 31 —1052.710 78 —1052.082 02 —1013.985 67
Rh —915.907 60 —915.295 00 —914.71593 —914.078 60 —875.987 23
Ru —790.740 33 —790.129 99 —789.545 08 —788.908 09 —750.834 65
Total Spin
Pt 5/2 2 5/2 3 3
Ir 13/2 6 11/2 7 8
Os 19/2 10 19/2 10 10
Pd 3/2 2 3/2 2 1
Rh 13/2 6 11/2 6 7
Ru 21/2 10 21/2 11 11
cap site He /E H M M
Y H
HecH H\c\/H (|3\
top site
location of interstitial orbital /W W
Figure 1. Mg cluster model for closed-packed surfaces of group VIl
metals. Ho M
HH\\C/H \C\/ '(ﬁ:

To study such an enormous range of systems at a consistent@
level of accuracy, we have modeled the metal surface as a closest
packed but planar cluster with eight metal atoms as shown in
Figure 1. This is based on the interstitial electron model (IEM)
developed recently from studies of the bonding in platinum
clusters'® We previously reported studies using this cluster to
examine all CH and GHy intermediates on platinuthand a
variety of CHO and OH intermediates important in direct
methanol fuel cell catalysis on Pt, Ir, Os, Pd, Rh, and'Ru.
These calculations lead to geometries and energetics in good
agreement with available experimental results on Pt(111) sur-
faces, suggesting that it is an accurate model.

In section 2 we consider the chemisorption of various,CH
species at various sites for the various metals. These results ar&igure 2. CH, adsorbed on M
used to lay out many of the ideas. section 3 then considers
various substituents GHn(CHa)m for n =1, 2, 3 andm < n.

a. CH, adsorbed at different sites

Ptg-CHj (top site) Pts-CH, (bridge site)

b. Top view of best binding structures of CHx

Clusters

Pt3-CH (cap site)

Table 2. Adiabatic Binding Energies (kcal/mol) for GHg

These results are used to extract steric effects and other quan

tities concerning the chemisorbed species. Section 4 then uses CHs CHp CH CH, CH, CH

these results to extract group additivities and applies them to Pt Pd

predicting such species as chemisorbed dihylene and diz top 5377 7807 8093 top 50.01 70.94 85.35
bridge 26.87 104.28 149.37 bridge 41.54 99.79 137.85

cyclohexene. A recipe for how to apply the group additivity

cap 22.52 80.54 166.60 cap 32.

41 91.53 154.14

derived in this paper is provided at the end of section 4. The Ir Rh
concluding summary is in section 5 while section 6 summarizes top 50.87 78.26 82.96 top 49.58 83.32 91.89
the computational details. bridge 24.72 101.34 152.80 bridge 35.04 97.98 137.97
cap 17.36  77.20 161.42 cap 25.27 84.21 151.43

i ; Os Ru
2. Chemistry of Chemisorbed CH top 4676 748l 9419 top 4036 6584 94.15
2.1. Structures and EnergeticsTo examine the preference ~ Pridge 17.59 96.14 142.99 bridge 25.20 90.18 132.78
cap 14.67 78.70 155.76 cap 20.54 77.07 144.93

of hydrocarbons for various sites on the closest packed surfaces

of the six metals, we calculated the optimum geometries of CH 2The binding energies for the most stable
CH,, and CH in the top, bridge, and cap (hollow fcc) sites. The and are highlighted in bold.
optimized structures are shown in Figure 2. Table 1 lists the

sites form the diagonal

total energy and spin states, Table 2 lists the binding energies,(The values for CkiP% were obtained from ref 11.) The binding
and Table 3 lists the MC bond distances of all these species. €nergies and MC bond distances for the most stable sites form

the diagonal and are highlighted in bold.

(8) Benson, S. WThermochemical KineticdViley: New York, 1968.
(9) Cohen, N.; Benson, S. WChem. Re. 1993 93, 2419.

(10) Kua, J.; Goddard, W. A., Il0. Phys. Chem. B998 102, 9492.
(11) Kua, J.; Goddard, W. A., 1ll. Phys. Chem. B998 102 9499.

(12) Kua, J.; Goddard, W. A., [lI. Am. Chem. Sod.999 121, 10928. the bridge sitef? bound), and CH the ca

For each fragment on all six metals, the preferred binding
site is the one allowing carbon to form foarbonds. Thus, the
most stable binding site for GHis the top site#* bound), CH

p sitg¥bound).
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Table 3. Pt—C Bond Lengths (in A) of CHMg Clusters Adsorbed H not shown.
CH; CH, CH Ch, CH, CH . Platinum A Palladium
Pt Pd o | e 0 o | e 0
top 207 184 188 top 201 183 177 E g
bridge 2.41 2.01 1.86 bridge 228 1.98 1.85 3| feeon AN 3
cap 2.63 211 1.95 cap 237 206 1.93 o e
Ir Rh 5| T g A g 79— Tam wno
top 209 184 169 top 204 182 179 = e 2378 = ‘
bridge 2.31 2.06 1.88 bridge 226 2.01 1.87 ' —
cap 265 211 198 cap 235 205 1.95 H -32.50
Os Ru AN
top 212 1.87 1.71 top 210 185 1.78 4297
bridge 2.40 208 192 bridge 2.32 203 191
cap 244 217 202 cap 245 212 198 g .
: : : J Iridium A Rhodium
2The M—C bond distances for the most stable sites form the diagonal | ... P 0
and are highlighted in bold. g ’—é
Table 4. Average M-C ¢ Bond Strength (in kcal/mol) § — § _
metal CH CH CH e I e
2 i 2153 -20.34 & 2023
Pt 53.8 52.1 55.5
Ir 50.9 50.7 53.8 —
Os 46.7 48.1 51.9 — 3476
Pd 50.0 49.9 51.4 978
Rh 49.6 49.0 52.1
Ru 40.4 451 48.3 R
A Osmium A Ruthenium
O B RRRRRSE 0 _ | rmeeeeeesessseeeeeees 0
The adiabatic binding energies are also roughly additive, i.e., £ £ . ey
the total bond energy to the surface is roughly 50 kcal/mol times & _ E Tios 918
the number of M-C bonds. Table 4 lists the average1@ o B To - s1e B0 5| oo
bond strength based on the adiabatic binding energy. In nearly = ks 2329
every case, the average-NC bonds are within 3 kcal/mol of
each other. Exceptions are that €8s is 5.2 kcal/mol weaker 3412
than the average from CH/@@and CH/Rus is 4.7 and 7.9 kcal/
mol weaker than the average from @Rus and CH/Ry,

respectively. ) )
For the fcc metals (Pt, Pd, Ir, Rh), the-MC bond of CH/ Figure 3. Heats of formation of CiHMs.
Mg is slightly stronger than the average-\& bond of CH/ . ) .
Ms, but this is reversed for the hcp metals (Os, Ru). For all six ~ On the basis of HREELS experiments, it is known that H
metals, the most significant trend is that the averageGvbond atom prefers binding to the cap site on Pt(1¥1)Ve find the
strengths of CH/Mare all~3 kcal/mol higher than the average Pinding energy for H in the cap site to be 67.2 kcal/mol. Using
M—C bond strengths of C#Ms, suggesting that there may be the same method, the calculated desorption er_1tha|py to obtain
added stability associated with the 3-fold site. gas-phase ks 11.38 kcal/mol per adsorbedThis compares
The adiabatic binding energi@screase across the ro{®s with 10.4 kcal/mol obtained from thermal desorption spectros-
< Ir < Ptfor the third row; Ru< Rh < Pd for the second row) ~ COPY (TDS):* Similar experimental techniques yield desorption
and down the columngPd < Pt: Rh < Ir; Ru < Os) of the enthalpies (per adsorbed H) of 12.6 kcal/mol for Ir(1#130.6
periodic table. The anomalous case is CRahich has a  kcal/mol for Pd(111}° 10.1 keal/imol for Rh(111)7 and 9.5
slightly weaker binding energy than CH/Rftlifference of 2.7~ kcal/mol for Ru(0001}° To simplify the comparison of bond
kcal/mol). For CH and CH, the bond to Pd is slightly stronger ~ €nergies of different adsorbates on these various metals, we used
than to Rh (differences are 0.4 and 1.8 kcal/mol, respectively). the same value of-11.38 kcal/mol (calculated for Pt) for all
This arises from the strong stabilization for Pd atom of tHe d  the metals. . .
configuration over thes® configuration, which causes Pd to ~ The heats of formation for the most stable C3ppecies are
not follow the IEM rules as well as the other five metals. The Shown in Figure 3 for all six metals. The total energies and
Pt_C bond |s the Strongest\,64 kca|/mo|) and RU’C |s the Spln states are glven n Table 1. We f|nd the f0||0WIng '[I’ends:
weakest {45 kcal/mol). (1) (CH)gsis the thermodynamic sink for all six metals.
The M—C bond lengths decrease across the row and increase  (2) The first dehydrogenation to form (GHas+ Hadsfrom
down the colummeflecting the normal changes in atomic size. gas-phase methane is downhill for the fcc metals (Pt, Ir, Pd,
2.2. QM Heats of Formation. To study the energetics of ~ Rh) and uphill for the hcp metals (Os, Ru).
hydrogenation/dehydrogenation reactions involving chemisorbed (3) The second dehydrogenation step convertingsjgkto
CHy species, we converted our calculated energies into heats(CHy)ads + Hagsis slightly uphill for all six metals.
of formation for each chemisorbed species. We chose the (13) Richter, L. 3. Ho. WPhys. Re. B 1987 36, 9797
H . Icnter, L. J.; HO, yS. Re. A 3 .
following as reference compounds: the Metal cluster AHs (14) Christmann, K. Ertl, G.: Pignet, Burf. Sci1976 54, 365.
= 0), gas-phase CHAH; = —17.9 kcal/mol), and gas-phase (15) Engstrom, J. R.; Tsai, W.; Weinberg, W. H.Chem. Phys1987,
Ha (AH; = 0). 87’(%%' d, H.; Ertl, G.; Latta, E. Burf. Sci.1974 41, 435
A thorough example was worked out for @Rl (ref 11), onrad, H.; Ertl, G.; Latta, E. ESurf. Sci. 435,
and we apply this same method to @Ms of all the metals 42%7) Yates, J. T., Jr.; Thiel, P. A.; Weinberg, W. Slurf. Sci.1979 84,
studied here. (18) Feulner, R.; Menzel, DSurf. Sci.1985 154, 465.
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(4) The final dehydrogenation step to form adsorbed C is
quite uphill for all six metals.

(5) Thermodynamically, Pt is the most favorable toward
methane dehydrogenation while Ru is the least favorable.

Kua et al.

model edge sites rather than terraces of an extended metal and
concentrate only on the first step of-@&l activation.

Akinaga et al. used B3LYP density functional theory with
small Pt clusters to study the photodissociation of methane on

For simplicity in comparing a large number of adsorbates on the Pt(111) surfac&. Their study was motivated by the
a number of metals and sites, we reference our calculatedexperimental work of Watanabe et They find that the
energetics for the minimized structures to experimental heats Rydberg-type first excited state of methane strongly interacts
of formation of organics at room temperature and assign the With Pty unoccupied states, resulting in a charge-transfer state
naked metal cluster a heat of formation of zero. This provides that flna”y leads to the dissociation of methane. Their calcula-
an |mp||C|t first-order correction for zero point energy and tions indicate that the excitation energy to the Rydberg state of
changes in the enthalpy to room temperature to the calculatedmethane interacting with Pt decreases eV compared to
heats of formation, but is not rigorous. A more accurate method isolated methane. This is consistent with the experimental
would be to calculate zero point energies and room temperatureobservation that irradiation with 193 nm photons of methane
enthalpy changes directly for every cluster and molecule as aover Pt(111) surface leads to photodissociation.
direct correction. This difference may lead to changes in the ~Feng et al. computed GHCH,, and CH on small planar Pt
final heat of formation of a few kilocalories/mole. In section clusters using DV-X methods (DFT but without gradient or
6.4, we compare the implicit to explicit calculations for /Pt ~ exact exchange corrections) with similar reséttIhey find
However, our interest here is to provide a simple method to binding energies of 56.7, 93.4, and 149.2 kcal/mol to the top,
predict the relative stability of a large number of adsorbates. bridge, and cap sites of PPt and P1, planar clusters (chosen
Since these changes are expected to be nearly the same foi0 match the symmetry of the adsorbate.) This compares to our
adsorbates at the same site of the various metals, implying avalues of 53.8, 104.3, and 166.6 kcal/mol, respectively.
constant correction to the current results, we choose to neglect 2.3.2. Ir. A study of the dissociative chemisorption of
these corrections herein. Section 4 contains examples of usingnethane on Ir(111) found two distinct pathw&§i) a trapping-
such bond additivities to predict bond energies and heats of mediated pathway with a lower activation energy (12.6 kcal/

formation of various other chemisorbed molecules.

2.3. Comparison with Previous Experimental and Com-
putational Studies. 2.3.1. PtThere is kinetic and spectroscopic
evidence for methyl, methylidene (GHand methylidyne (CH)
moieties on Pt(1113° However, neither the energetics nor the
structures of CHK species adsorbed on Pt(111) have been
sufficiently characterized experimentally to provide a test of
the calculations.

Low-energy electron irradiation of CHon Pt(111) shows
evidence of G-H bond cleavage to form chemisorbed methyl
and chemisorbed hydrogen atofAsMiolecular beam surface
scattering experiments find that the dissociative chemisorption

of methane is enhanced by increasing both the translational

energy of methane and the surface temperafuredsorbed

methyl species has also been generated via gas-phase pyrolys

of azomethané?

Microcalorimetric studies suggest that intrinsic bond
energies on Pt(111) are in the range of-B4 kcal/mol?3 in
agreement with our calculations.

DFT (B3LYP) quantum calculations of Gtén a Pt (6.3.1)
trilayer cluster with a basis set similar to ours yielded redtilts
in agreement with ours: They find that CH prefers an on-top
site, CH a bridge site, and CH a cap site (bond energy data

was not provided). The cluster chosen for these calculations

does not have théd configuration, and spin was not optimized.
CH;y activation has also been studied on small clusters of Pt
and Pd ranging from 1 to 3 ator#s?6Essentially these clusters

(19) Zaera, FLangmuir1991, 7, 1998.

(20) Alberas-Sloan, D. J.; White, J. Murf. Sci.1996 365 212.

(21) Valden, M.; Xiang, N.; Pere, J.; Pessa, Appl. Surf. Sci1996
99, 83.

(22) Fairbrother, H. D.; Peng, X. D.; Trenary, M.; Stair, P.JCChem.
Soc., Faraday Transl995 91, 3619.

(23) Yeo, Y. Y.; Stuck, A.; Wartnaby, C. E.; King, D. Ahem. Phys.
Lett. 1996 259, 28. The 36-48 kcal/mol microcalorimetry measurements

are interpreted as ethylene adsorption in the smaller range, converting to

ethylidyne in the larger range.

(24) Watwe, R. M.; Speiewak, B. E.; Cortright, R. D.; Dumesic, JJA.
Catal. 1998 180, 184.

(25) Blomberg, M. R. A.; Siegbahn, P. E. M.; Svensson, MPhys.
Chem.1992 96, 5783.

(26) Cui, Q.; Musaev, D. G.; Morokuma, K. Chem. Phys1998 108,
8418.

mol) and (ii) a direct pathway with a higher activation energy
(17.4 kcal/mol).

This study did not investigate subsequent yCatlsorbed
species on the Ir(111) surface.

2.3.3. Os.We know of no publications investigating GH
dissociation on Os(0001).

2.3.4. Pd.Paul and Saut&tcalculated CiHon Pd(111) using
gradient-corrected DFT calculations on two- and three-layer
slabs with periodic boundary conditions. The GGA PW91
functional was used for structural optimization and calculation
of binding energies. The basis set was of doubkguality [a
combination of Slater-type orbitals (STO) and natural atomic

jorbitals (NAO)] and includes an 18-electron effective core

potential for Pd. The calculated coverage is 1/3 monolayer. The
site preference is in agreement with our results: s @H-top,
CH, bridge, and CH cap. Their calculated binding energies of
39.4, 84.4, and 136.1 kcal/mol are respectively-18 kcal/
mol lower than our values of 50.0, 99.8, and 154.1. Their@d
bond lengths of 2.05, 2.03, and 1.95 A, respectively, are-0.02
0.05 A larger than our values of 2.01, 1.98, and 1.93. The lower
binding energies found in these slab calculations may arise from
the difference between a full monolayer and the low coverage
limit. Thus, in microcalorimetric studies, Yé&dound a 12 kcal/
mol decrease in the heat of reaction of ethylene on Pt(111) as
the coverage increased from zero concentration to 0.2 mono-
layers. Differences in basis set and density functionals might
also account for a few kcal/mol of the discrepancy. In addition,
it might be that cluster calculations would give a higher binding
energy than a slab at very low coverage. Unfortunately, there
does not yet seem to be a direct comparison between cluster
and slab calculations using the same basis sets and density
functionals.

2.3.5. Rh.Extended Huckel calculations using empirical two-
body energy corrections (ASED-MO) on Rh(1%2lgad to the

(27) Akinaga, Y.; Taketsugu, T.; Hirao, K. Chem. Phys1997, 107,
415.

(28) Watanabe, K.; Sawabe, K.; Matsumoto,Phys. Re. Lett. 1996
76, 1751.

(29) Feng, K. A.; Lin, Z. D.Appl. Surf. Sci1993 72, 139.

(30) Jachimowski, T. A.; Hagedorn, C. J.; Weinberg W. $irf. Sci.
1997, 393 126.

(31) Paul, J.-F.; Sautet, B. Phys. Chem. B99§ 102 1578.
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Table 5. Adiabatic Binding Energies of CRMs (in kcal/molp

Top view
a. CH,CHy/M; (top)

Top view Side view

b. CH(CHj;)2/Ms (top)

Top view Side view

¢. C(CHa)s/M (top)

Top view Side view

d. CHCH3/M3 (bridge)

Top view Side view

e. C(CH3)2/Mg (bridge)

Top view Side view
f. CCH3/M; (cap)

Figure 4. CR adsorbed on M

same site preferences; we find: gbh-top, CH bridge, and

a. CR; Series
metal CH; CHZCH3 CH(Cl‘h)g C(CHg):«;
Pt 53.8  48.6¢5.2) 41.1¢127) 31.0¢22.8)
Ir 50.9 46.0 (4.9) 38.4 (12.5) 26.1{24.8)
Os 46.7 39.4¢7.3) 33.8¢13.1) 25.8¢20.9)
Pd 50.0 43.316.7) 33.9¢16.1) 25.3¢24.7)
Rh 49.6  43.745.9) 37.4(122) 28.8¢20.8)
Ru 40.4 33.3¢7.1) 25.3¢15.1) 13.8 -26.6)
average difference «6.2+1.3) (—13.6+2.5) (—23.4+3.2)
b. CR, Series
metal Ch CHCHs C(CHg)2
Pt 104.3 98.1{6.2) 84.8 (-19.5)
Ir 101.3 92.0 9.3) 78.0 (23.3)
Os 96.1 86.819.3) 71.2 (24.9)
Pd 99.8 92.1¢6.7) 78.1¢21.7)
Rh 98.0 88.6{9.4) 80.6 (-17.4)
Ru 90.2 81.9¢8.3) 68.2 (-22.0)
average difference 8.2+ 2.0) (—21.5+ 3.4)
c. CR series
metal CH CCH
Pt 166.6 154.7411.9)
Ir 161.4 150.1 ¢11.3)
Os 155.8 142.013.8)
Pd 154.1 142.8€11.3)
Rh 156.4 142.7€13.7)
Ru 144.9 130.9¢14.0)
average difference «12.7+ 1.4)

aNumbers in parentheses indicate the difference in binding energy
with respect to CK

have been interpreted in terms of chemisorbed*€Hhese
observations are compatible with our calculations showing that
CH is the most stable CHspecies on all of these surfaces.

3. Methyl Substitution on CR,/Mg

3.1. Structures and Energetics.The general effect of
successive methyl substitution is to decrease the adiabatic
binding energy. The final substitution to form a “quaternary”
carbon shows the largest decrease. TheQvbond lengths also
increase with increasing substitution. This effect is very
pronounced in the CRseries, less so in the GReries, and not
observable in the CR series. For the partially methylated species,
there is some tilting of the adsorbed species due to sterics. For
example, CH(CH), tilts so that the two Cklgroups move away
from the surface while the H “group” moves toward the surface
(C—C—Pt and H-C—Pt bond angles of 122and 95, respec-
tively, compared to HC—Pt bond angle in ChPf of 106°).
Structures are shown in Figure 4. Adiabatic binding energies
are reported in Table 5, and corresponding ®bond lengths
are reported in Table 6. The ground spin states of/ Rare
the same as for ClMg with the exception of CCHllrg, where

CH cap. The binding energies of 68.0, 106.3, and 151.7 kcal/ the ground spin state 8 = 13/2 rather than 11/2.

mol, respectively, are somewhat larger than our values of 49.6,

97.8, and 151.4, respectively.

2.3.6. Ru.On Ru(0001), HREELS experiments have identi-
fied a stable CH (methylidyne) species located in the cagite.
The assignment of the-€H peak comes from comparison to
the Ru(us-CH)(CO) organometallic compleX On the basis
of analogy to similar organometallic complexes of various

3.1.1. CR; Series.For the series CgHl— CH,CH; — CH-
(CHj3), — C(CHg)s, the adiabatic binding energy decreases by
an average (over all six metals) of 6.2, 13.6, and 23.4 kcal/mol
compared to CEIMs. This is very significant since the average
M—C bond energy of CEHMg is only 48.6 kcal/mol. The
dominant effect here is the steric interaction of the hydrocarbon
to the surface, that is, the nonbonded or Pauli repulsion between

metals, the HREELS results on Rh(111), Pd(111), and Pt(111)the electrons in the C{isubstituent with the surface. On the

(32) De Koster, A.; Van Santen, R. A. Catal. 1991, 127, 144.
(33) Wu, M.-C.; Goodman, D. WJ. Am. Chem. S0d.994 116, 1364.
(34) Oxton, I. A.Spectrochim. Acta A982 38, 181.

basis of C(CH)s, the cost is~7.8 kcal/mol per CH The value
for CH,(CHs) is smaller by 1.6 kcal/mol, while the value per
CHs for CH(CHg), is smaller by 2.0 kcal/mol. The smaller value
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Table 6. Bond Lengths and Angles for GRAg Clusters
A. M—C Bond Lengths (A)
CR; Series CRSeries CR Series
metal CH CH,CHjs CH(CHg)2 C(CHy)s CH; CHCH; C(CHy), CH CCHs
Pt 2.07 2.13 2.21 2.37 2.01 2.04 2.08 1.95 1.96
Ir 2.09 2.12 2.16 2.25 2.06 2.08 2.09 1.98 1.99
Os 2.12 2.14 2.18 2.24 2.08 2.10 2.15 2.02 2.03
Pd 2.01 2.05 2.08 2.14 1.98 2.00 2.07 1.93 1.94
Rh 2.04 2.08 2.08 2.12 2.01 2.03 2.05 1.95 1.97
Ru 2.10 2.12 2.16 2.24 2.03 2.05 2.10 1.98 2.00
B. Selected Bond Angles (deg)
Pt Ir Os Pd Rh Ru
CHs MCH 106 108 110 107 109 109
HCH 112 111 109 112 109 109
CH:Me MCH 101 104 106 103 106 104
MCC 116 117 117 115 116 118
CHMe; MCH 95 99 102 101 102 100
MCC 113 114 115 110 113 115
CMe; MCC 108 111 111 109 111 111
CCuC 111 108 108 110 108 107
CH; MCM 88 83 83 88 85 84
XCH? 125 125 127 125 126 126
CHMe MCM 87 83 81 87 83 82
XCH? 116 118 117 114 118 116
XCcC? 137 136 137 139 135 138
CMe, MCM 84 81 79 83 82 80
CCuC 104 106 104 105 106 104
CH MCH 125 128 129 124 127 128
MCM 91 87 85 91 87 86
CMe MCC 125 128 129 126 128 130
MCM 90 87 85 90 86 85

a X is the point on the metal surface such thatXis perpendicular to the surface plane.

for the first and second methyl groups arises because stericfrom an electronic effect. In order for the CR adsorbate to form

repulsions can be decreased by increasing th€ €M angle
while compensating with a decrease ir-B—M angle. This
compensation cannot occur in the trimethyl case.

These steric effects are also apparent in the®bond
lengths. There is a significant increase in the-®bond lengths
for Pt from 2.08— 2.13— 2.21— 2.37 A for adding CH

three bonds in the cap site, the CR fragment needs to have three
unpaired spins. This corresponds to ®e= 3/2 state of CR,

but for both CH and CCHkithe ground state is the= 1/2 state.
Thus, the process of bonding CR to the surface requires
promoting the CR from the doublet to quartet state, reducing
the bond energy by this amount. Indeed, the doublet to quartet

groups. For the six metals, the average successive increase ixcitation energies are calculated to be 19.7 and 32.4 kcal/mol

M—C bond length is 0.035, 0.038, and 0.082 A. For C¢zH
lengthening of the M-C bond is the only method to relieve
steric repulsion.

3.1.2. CR Series.For the series CH— CHCH; — C(CHg),,

for CH and CCH, respectively. This difference in excitation
energy of 12.7 kcal/mol is expected to cause G@tlhave a
bond energy 12.7 kcal/mol smaller than for CH, in exact
agreement with the calculated number.

the average decrease in binding energy is 8.2 and 21.5 kcal/l The average M-C bond lengths increase by only 0.013 A

mol, respectively, compared to GiMg. The steric interactions
for the fully methyl-substituted adsorbate is 10.8 kcal/mol per
CHGs, substantially larger than for GRMsg. This is because CR

between the two species, as expected from the similar bonding.
3.2. Charge-Transfer Effects.To estimate the effect of
methyl substitution on charge transfer to the cluster, we

adsorbs in a bridge site, putting the methyl groups closer to the calculated the Mulliken charges. Table 7 lists the Mulliken

surface. For example, GHPts has a P+ C bond length of 2.01

charges for four groups of atoms in @Rt: (1) R groups, (2)

A, leading to a surface to carbon distance of 1.45 A (compared C atom in M—C bond, (3) M atoms involved in direct MC

to 2.07 A for CHy). However, because the GRtal bond energy
is twice as large, the decrease in bond energy for the fully
substituted case is only 28% of the total bond energy fos CR
but 48% for CR.
The steric effect for the singly substituted case, CHOHI
2.6 kcal/mol smaller than the average for CBince the methyl
group can tilt away from the surface (the opposite H has little
steric repulsion with the surface).
Substituting the first methyl increasesN by 0.022 A and
the second methyl by 0.040 A, much less than in thg &Ries.
3.1.3. CR SeriesThere is an average 12.7 kcal/mol decrease
in binding energy for the series CH CCH;s. This might seem
strange since the methyl substituent is far from the surface,
leading to very little steric interaction. In fact, this decrease arises

bonding, and (4) M atoms not directly involved in-MC bonds.

The sum of these four groups is the overall charge of the
cluster (zero since all the metahdsorbate clusters are overall
neutral). The other metals show qualitatively similar trends to
Pt.

The total charge on the metal (sum of rows 3 and 4 of Table
7) becomes increasingly negative with increasing methyl
substitution, indicating that-€M charge transfer occurs. This
increased charge transfer from the hydrocarbon to the metal with
increasing number of methyl groups is interpreted in terms of
methyl inductive effects (electron donation), just as observed
in organic compounds.

The charge on the C atom involved in thed@ bond (row
2) becomes increasingly positive with @iubstitution. We
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Table 7. Mulliken Charges for CRPt

a. CR; Series
CH; CH,CH; CH(CHs), C(CHg)s
R group (organic ligands to C}0.56 +0.51  +0.47 +0.48
C atom in M—C bond -0.25 —-0.12 +0.01 +0.11
M atom in M—C bond -0.42 —-0.39 -0.34 -0.05
M atoms notin M-C bond  +0.11 +0.00 —-0.14 -0.54
b. CR, Series
CH; CHCH; C(CHg),
R group (organic ligandsto C) +0.41 +0.38 +0.41
C atom in M—C bond -0.34 —-0.27 —0.08
M atoms in M—C bond +0.08 +0.06 —0.01
M atoms not in M-C bond -0.15 -0.17 —-0.32
c. CR Series
CH CCH
R group (organic ligands to C) +0.18 +0.18
C atom in M—C bond —-0.41 -0.34
M atoms in M—C bond +0.12 +0.09
M atoms not in M-C bond +0.11 +0.07

Table 8. Comparison of Adiabatic and Snap Bond Energies (in

kcal/mol)
CRcon Pg adiabatic shap
CR3/Pts
CHs; 53.8 #+3.6) 57.4
(-5.2) (—4.2)
CH.CHs 48.6 +4.6) 53.2
(—6.5) (—6.5)
CH(CHg). 41.1 (+5.6) 46.7
(—10.1) 9.0)
C(CHy)s 31.0 +6.7) 37.7
CR/Pts
CH, 104.3 (4.0) 108.3
(=6.2) =27
CHCH; 98.1 #+7.5) 105.6
(—13.3) +12.5)
C(CHy). 84.8 #+8.3) 93.1
CR/Ptg
CH 166.6  (+19.7) 186.3
(—11.9) #+0.8)
CCHs 1547 @+31.4) 187.1

J. Am. Chem. Soc., Vol. 122, No. 10,23

the effect of the doublet-quartet excitation on the bond energy,
discussed in section 3.1.3.

Whereas adiabatic binding energies are additive with the
number of M—C bonds (Table 4), snap bond energiesndd
show this trend. The averageMC snap bond energies for GH
CH,, and CH on Rfare 57.4, 54.2, and 62.1 kcal/mol.

The difference between the snap bond energies of &id
CHy can be attributed to strain energy in the-tPt ring of
the bridged CHPf system. For CHPts the Pt=-C—Pt bond
angle is 90, while for CHy/Pts the Pt-C—H bond angles are
10@, closer to tetrahedral. This strain might well decrease the
average bond energy by 3 kcal/mol for @Pig.

Increasing methyl substitution leads to decreasing snap bond
energy for the CR and CR species, similar to the trend
observed in adiabatic binding energies. There are some differ-
ences quantitatively; for example, the snap bond energy does
not decrease as much as the adiabatic binding energy across
the series. The lack of a direct steric effect on the snap bond
energy for CR is plausible since the R group is far from the
surface. However, CH in the cap position has an averag€M
bond strength 4.7 kcal/mol higher than for €Hror the CR
there is essentially no difference between the snap bond energy
of CH and CCH, the full effect being accounted for by the
doublet to quartet excitation energy (vide supra).

We believe that the increased bond strength of CR to cap
sites is due to additional flexibility of the Pt orbitals to bind
species to the cap site. In addition to the d orbitals localized on
each Pt atom, the cap site can utilize the interstitial s-like orbital
located in the triangle of the cap site (mixing with the d orbitals
to create s-d hybrid orbitals). The added flexibility in the bond
orbitals could be responsible for the increased®snap bond
energy.

Experimental results confirm that methylidyne (CH) and
ethylidyne (CCH) are the stable thermodynamic sinks at low
temperature for €and G adsorbates on metals. This is most
firmly established experimentally for ethylidyne on Pt(13313¢
Ethylidyne occupies a 3-fold fcc site and the-C bond is
perpendicular to the platinum surface. The experimentaCC
and PtC bond lengths are 1.58 0.05 and 2.006t 0.05 A,
respectively. Our calculations have the same geometry, with

aNumbers in parentheses indicate the difference between one row/optimized G-C and Pt+C bond lengths of 1.49 and 1.96 A,
column and the next row/column.

interpret this in terms of methyl group stabilization, just as
observed in the stabilization of organic tertiary carbocations over

secondary and primary.
Methyl substitution also tends to favor the planar form of 4. Thermochemical Computations

CRs vs the pyramidal one. This leads to a significant increase
in M—C bond lengths across the g@Rlg species. Thus, Ci
Pt has a CG-Pt bond of 2.07 A while C(Ch)+/Pt; has a C-Pt
bond length of 2.37 A.

3.3. Snap Chemisorption EnergiesThe snap chemisorption

respectively. Studies on other closed packed surfaces relevant
to our study include Ir(111¥ Pd(111)3 Rh(111)%° and Ru-
(0001)%0

We will now consider how to use the bond energies from
QM calculations to estimate the bond energies and heats of
formation of more complex chemisorbed species. Experimental
heats of formation and bond energies quoted here were obtained

energy is defined as the difference in energy between the from ref 41.

adsorbate-metal cluster and the metal cluster infinitely sepa-

4.1. Group Additivity Values. On the basis of heats of

rated from the adsorbate, but for which the structure of the formation calculated from QM for the GHiICHs), species, we

adsorbate and metal cluster are frozen both at the geometry and

(35) Kesmodel, L. L.; Dubois, L. H.; Somorjai, G. A. Chem. Phys.

spin state of the complex. That is, the adsorbate is not permitted; 979 70 2180.

to relax as the M-C bonds are broken. The snap bond energies

(36) Starke, U.; Barbieri, A.; Materer, N.; Van Hove, M. A.; Somorjai,

of CR/Ptg are reported in Table 8 along with the corresponding G- A. J. Phys. Chem1993 286 1.

adiabatic binding energies. The other metals show similar trends
to Pt. The spin state of frozen @GRpecies isS = 1/2. CR,
species are frozen at a spin stateSef 1, since two unpaired
electrons are required to form two-MC bonds. CR species
are frozen at a spin state & = 3/2, since three unpaired
electrons are required to form three-\& bonds. This includes

(37) Marinova, Ts. S.; Chakarov, D. \&urf. Sci.1987, 192 275.

(38) Gates, J. A.; Kesmodel, L. ISurf. Sci.1983 124, 68.

(39) Dubois, L. H.; Castner, D. G.; Somorjai, G. A.Chem. Phys198Q
72, 5234.

(40) Barteau, M. A.; Broughton, J. Q.; Menzel, Bppl. Surf. Sci1984

, 92.

(41) Lide, D. R.Handbook of Chemistry and Physic&ith ed.; CRC
Press: Boca Raton, FL, 1993994.
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Table 9. Group Values (kcal/mol) for Various Species
a. C—=M(C)n(H)4-x-n (see Section 4.1)

Pt Ir Os Pd Rh Ru

C—M(H)s —14.82 —11.91 -7.81 —11.06 —10.62 —1.40
C-M(C)(H), -6.32 —3.73 +2.85 —-1.04 -1.44 +8.96
C—M(C)a(H) +4.02 +6.76 +11.32 +11.26 +7.77 +19.86
C—M(C)s +17.18 +22.06 +22.41 +22.88 +19.44 +34.36
C—My(H), —-4.05 —-1.11 +4.09 +0.45 +2.25 +10.05
C—My(C)(H) +2.88 +8.87 +12.95 +7.61 +11.18 +17.86
C—My(C), +14.73 +21.59 +28.39 +21.45 +18.98 +31.43
C—Mg3(H) —16.12 —10.94 -5.28 —-3.66 —-5.92 +5.55
C—Mj3(C) —16.83 —12.18 —4.09 —490 -4.81 +6.96

b. C—M(Cn)(C)n-1(H)s-n (see Section 4.3)
Pt Ir Os Pd Rh Ru

—10.57 —-7.82 —2.48 —6.05 —6.03 +3.78
C—M(Cw)(C)(H) —1.15 +1.52 +7.09 +5.11 +3.17 +14.41
C—M(Cw)(C), +10.60 +14.41 +16.87 +17.07 +13.61 +27.11

€. C—(C)n(H)s-n from ref 6 (see Sections 4.1, 4.3, 4.4)

C—M(Cwm)(H)2

C—(C)(H)s —10.20
C—(C)(H)2 —4.93
C—(C)(H) —1.90

can assign group values in a scheme analogous to Benson grou
additivities. The heats of formation are calculated using three
reference compounds: theghinetal cluster AH; = 0), gas-
phase CH (AH; = —17.9 kcal/mol), and gas-phaseHg (AH;
= —20.0 kcal/mol).

This yields atomicH; values required to convert from QM

Kua et al.

Table 10. Group Additivity Predictions (kcal/mol) for Propyl and
Butyl Adsorbed on Pt

grp add prediction

QM calculation

AHs substituent effect  AHs substituent effect
i-Pr/Pt —16.38 5.1 —16.38 6.4
n-Pr/Pt —21.45 0.0 —22.82 0.0
t-Bu/Pt —13.42 13.0
i-Bu/Pt —21.31 51
n-Bu/Pt —26.38 0.0

n-propyl isomers, the heats of formation predicted from group
additivities are

H;(i-CsH,/Pt) = [C—(P)(C)(H)] + 2[C—(C)(H)] =
+4.02+ 2(—10.20)= —16.38 kcal/mol

Hy(n-C;H,/Pt) = [C—(PY)(C)(H)] + [C—(C),(H),] +
[C—(C)(H)y] = —6.32— 4.93— 10.20= —21.45 kcal/mol

Here we use the Benson group values for cases that do not

involve the metal. Thus we predict thaCsH7 chemisorbs more

trongly to Pt than-C3H7 by 5.1 kcal/mol. Indeed, we carried

ut QM calculations for these two species (og) Rnd find an
energy difference of 6.4 kcal/mol (within 1.3 kcal/mol of the
group additivity value). These results are summarized in Table
10, along with predictions of the relative energies for various
butyl radicals chemisorbed on Pt to further illustrate the process.

data (in hartree) to thermochemical data referenced to standard 4-2. Bond Additivities of Di-¢ Adsorbed Speciesin this

states [E(C —38.12718 and E(HF —0.59209 hartree]. This
provides implicit first-order corrections for zero point energy
and enthalpy changes at room temperature (discussed in sectio
2.1). CH, and GHe were chosen, rather than Gknd H,
because they are expected to provide a better implicit correction
in the case of adsorbates containing- € bonds. We would
expect that the QM results would have systematic errors
proportional to the number of bonds; however, we make no
such empirical corrections here. The resulting group values are
shown in Table 9a.

An example of how these are assigned is as follows. The
calculated heat of formation of GHbn Pg can be written in
terms of two group contributions:

—14.82 kcal/mok= [C—(Pt)(H),] + [Pt—(C)]
We will take
[Pt—(C)]=0
so that

[C—(Pt)(H);] = —14.82 kcal/mol

The calculated heat of formation of GEBHz on Pt is written
as

—16.52 kcal/mok= [C—(Pt)(C)(H),] + [C—(C)(H)4]
Since [C-(C)(H)s] = —10.20 (used by Bensé)y we obtain
[C—(Pt)(C)(H),] = —6.32 kcal/mol

Table 9 allows one to predict the relative stability of surface
hydrocarbons. For example, considering the isopropyl and

section, we use only calculated values with no zero point or
room-temperature enthalpy corrections. This provides a com-
jRparison to the next section on group additivities (Section 4.3)
where implicit first order corrections have been included into
the heats of formation.

4.2.1. The dig Bond of Ethylene to the Surface.The
process of converting ethane to ethylene can be written as

H,C—CH, —>D(C—H) H+ H,C—CH, —)D(C—H) —
2H + H2C=CH2m H, + H,C=CH, (1)

Thus the heat of reaction is

AH,,,,= 2D(C—H) — & — D(H—H) (2)
wherer is the energy of the C@ bond. From QM we calculate
AHixn = +41.7 kcal/mol. Using the QM values &f(C—H) =
109.7, andD(H—H) = 111.7 leads to

7%= 2D(C—H) — D(H—H) — AH,,,
219.4— 111.7— 41.7= 66.0 kcal/mol

as the QM valuer bond strength for gHa.

Using instead the experimental numbers/Adfli((C,Hg) =
—20.02,AH¢(C;H,) = +12.55,D(C—H) = 100.5, andD(H—

(42) This value differs slightly from the one-(.3.06) implicit in Figure
3, because the reference compounds are now &td GHs. Using the
derived value oE(H) = 0.59209 yield$H[Hadd 9.62 kcal/mol. Hence,
Hi[(CH3)ads+ (H)aad = —14.82—9.62= —24.44 kcal/mol. Section 2 (and
Figure 3) use Chland H as reference compounds, and hence the heat of
formation of adsorbed CHs —13.06 kcal/mol. However, nowHHaqd =
—11.38 kcal/mol. HenceHs[(CH3)ags + (H)asd = —13.06 — 11.38 =
—24.44 kcal/mol, the same value as using 4Cahd GHg as reference
compounds.
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Table 11. Results from QM Calculations of Ethyleneis-Butene, and 2,3-Dimethylbut-2-ene org Pt

total energy BE? selected bond M
adsorbate (hartree) (kcal/mol) distances (A) (kcal/molp D(M—-C) D(M—M)¢
CoHy —1031.90852 36.1 PtC 2.06, C-C 1.52 66.0 51.2 +0.3
Cis-C4Hsg —1110.53844 30.1 PiC 2.10,C-C 1.53 57.4 44.9 +2.3
Co(CHa)a —1189.15174 16.4 PtC 2.14,C-C 1.58 50.0 36.1 +5.8

2 Calculated fromE(cis-butene)= —157.23323 hartree angl2,3-dimethylbut-2-ene} —235.86839 hartreé.Calculated from Table 5 using
averages as discussed in section 4Qalculated as described in section 4.2 using QM results.

Table 12. QM and Bond Additivity Calculations of £14/Mg

total energy selected QM BE? D(M—C)° bond add. BE D(M—M)¢
M (hartree) distances (A) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Pt —1031.90852 PtC 2.06; C-C 1.52 36.1 51.2 36.4 +0.3
Ir —916.05391 l+C 2.08; C-C 1.53 34.0 48.5 31.0 -3.0
Os —806.63625 0sC2.14;C-C1.52 20.7 43.1 20.2 -0.5
Pd —1092.63192 PdC 2.07; G-C 1.46 32.9 46.7 27.4 -55
Rh —954.62570 RRC 2.05; C-C 1.51 28.0 46.7 27.4 -0.6
Ru —829.44775 RuC 2.11; CG-C 1.50 12.2 36.9 7.8 —4.4

a Calculated from QM using(C,H4) = —78.59380 hartree ané(M) from last column of Table 12 Calculated usingl(M—CHs) + D(M—
C;Hg)]/2 from Table 5.¢ Calculated as described in section 4.2.1 usiffy = 66.0 kcal/mol.¢ Average value foD(M—M) is —2.3 kcal/mol.

H) = 104.20 would lead to the thermochemical value of is tilted and the & C bond length measured from NEXAFS is
1.49+ 0.04 A% This compares to our calculated-C bond
7= 2D(C—H) — D(H—H) — AH,, = length of 1.51 A.
201.0— 104.2— 32.5= 64.3 kcal/mol For all six metals, Table 12 compares theodbond of

ethylene predicted using these bond additivity concepts (as-
Both numbers are quite close to the experimental rotational sumingz9™ = 66.0 kcal/mol) with the QM value (we report

barrier in ethylene ofr®*? = 65 kcal/mol*3 the value ofD(M—M) required to make the two consistent).
Consider now the dir bond of ethylene to the metal surface. The average value B(M—M) = —2.3 kcal/mol. Thus we take
We canpredictthis number in an analogous fashion as the average strain for the 4@, cyclobutane to be-2.3 kcal/

mol. Using this average value we would have predicted the di-

M=CH,~CH,—M D(M—C) M+ CH,CH,—M bond energies for all six metals to within3 kcal/mol of the

2M + H,C=CH,——— M, + H,C=CH, =~ QMresult.

~bM-M) 4.2.2 The Dio Bond of cis-Butene to Pt Surface.As a
second example, consider the bond energgisf-butene to
Pt surface. The process of convertimiputane tocis-2-butene

D(MC) —

This time we write

AH,,=2D(M—C) — 7 — D(M—M) (3) can be written as
The question now is which value to use fo¢M—C) for the n‘@"‘mﬂ H + CH(CHy)(C,H5) DC—H) -7
M—CH,CH,—M system. We have two choices. Electronically 2H + cis-C,Hg - H, + cis-C,H,
D(M—CH,CHj) is more similar to th&(M—CH,CH,M) system —D(H-H)

since C in the M-C bond also has an additionaHC bond.
Sterically DIM—CHjg) is more similar toD(M—CH,CH,M)
since after forming the second bond to the surface, neither C
causes steric repulsion with the surface. The most rigorousﬂqmz 2D(C—H) — D(H—H) + AH__ =

approach would be to carry out a series of calculations to o

separate the steric and electronic contributions due to methyl 2x100.6— 111.7— 32.1= 57.4 keal/mol

substitution. . . . which is 8.6 kcal/mol weaker than in ethylene.
A simple alternative which we use here is to use the average  ~gnsider now the bonding afs-butene to the metal surface.
value. Hence for gH4/P, we use Following the reasoning in section 4.2.1 we consider that

Using the QM values ofAH, = +32.1, D(C—H) = 100.6,
andD(H—H) = 111.7 leads to

= (53.8+ 48.6)/2= 51.2 kcal/mol 2D(M—C) — & — D(M—M)
Using this value foD(M—C), SinceD(Pt—C;Hs) = 48.6 andD(Pt—CsH;) = 41.1, we assign

D(M—C) = 44.9 kcal/mol (average of the two) and obtain
BE(H,C=CH,/Pt;) = 2 x 51.2— 66.0— D(M—M) =
36.4— D(M—M) BE[CIS—(CH3)HC=CH(C|‘|3)/M8] =

o ) 2 x 44.9—57.4— D(M—M) = 32.4— D(M—M)
The calculated QM binding energy is 36.1 kcal/mol. Thus we
obtainD(M—M) = +0.3 kcal/mol (see Table 11). Coverage- The calculated QM binding energy is 30.1 kcal/mol (Table 11).
dependent microcalorimetry measures an adsorption energyThus we obtairD(M—M) = +2.3 kcal/mol, which is 2.0 kcal/
ranging from 30 to 48 kcal/mak The C-C bond is parallel to mol higher than for @H,. Thus, bond additivity predicts a small
and found above a PPt bridge. The molecular plane obld, increase in strain in the cyclic M}, unit.

(43) Merer, A. J.; Mulliken, R. SChem. Re. 1969 69, 639. (44) Stohr, J.; Setter, F.; Johnson, ARhys. Re. Lett.1984 53, 1684.
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Table 13. Predicted Adiabatic Binding Energies (kcal/mol) from
Bond Additivity of cis-Butene and 2,3-Dimethylbut-2-ene

cis-butene 2,3-dimethylbut-2-ene

D(M—M)2 D(M—C) BE® DM-M)¥ D(MM-C)y BEf
Pt +2.3 44.9 30.1 +5.8 36.1 16.4
Ir -1.0 42.2 28.0 +25 32.3 12.1
Os +1.5 36.6 143 +5.0 29.8 4.6
Pd -35 38.6 23.3 +0.0 29.6 9.2
Rh +1.4 40.6 224 449 33.1 11.3
Ru —2.4 29.3 3.6 +1.1 19.6 —9.7

@ Predicted from QM results for Pt by adding 2.0 kcal/moDiM —
M) in Table 12.P Calculated usingl)(M—C;Hs) + D(M—C3H)]/2 in
Table 5.¢ Calculated using predicted(M—M), 79m = 57.4 in Table
12, and correctedd(M—C). 9 Predicted from QM results for Pt by
adding 5.5 kcal/mol t&(M—M) in Table 12.© Calculated usingD(M—
CsHy) + D(M—C4Hg)]/2 in Table 5.f Calculated using predicte(M —
M), 79M = 50.0 in Table 12, and correcté(M—C).

Assuming this increase of strain by 2.0 kcal/mol, we can
estimate thé&(M—M) for the other five metals. This leads then
to predictions of the diz bond energies for bondirgs-2-butene
to the other metals using

BE[cis-(CH)HC=CH(CH,)/M] =
2D(M—C) — 7™ — D(M—M)

whereD(M—C) is calculated from the average ofNC,Hs and
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as outlined in section 4.2.2. Agaib(M—C) is calculated as
the average of MCsH; and M—Cy4Hg binding. Using the same
equation

BE[(CH,),C=C(CHy),/M¢] =
2D(M—C) — 7™ — D(M—M)

we can predict the binding energy of (gxC=C(CHs). to the
other five metals. The results, summarized in Table 13, predict
that (CH),C=C(CHg), binds weakly to Os and does not bind
to Ru.

Comparing the strain of di-bonds for ethyleneis-2-butene,
and 2,3-dimethylbut-2-ene, we find the strain associated with
the MC; unit increases slightly from+0.3 to +2.3 to +5.8
kcal/mol.

4.3. Modified Group Additivities To Predict Di- ¢ Chemi-
sorbed Species on MetalsThe discussions in sections 4.1 and
4.2 suggest that for bonding olefins to metal surfaces the group
function [C-MCHs-,] be modified to the form [E&MCy-
Cn-1Hs-n] to reflect the decreased steric effects for adding the
second bond to the surface. Effectively we can calculate these
values as

[C— MCMCn—lHS—n] =
{[C—MC,Hy_] + [C~MC, H, ]} /2

M—CsH7 binding energies. These results are summarized in where the [G-MCH3z-p] and [C—MC,+1H,_] values are from

Table 13. Noteworthy here is theis-butene is predicted to bind
quite weakly to Ru.

4.2.3. The Die Bond of 2,3-Dimethylbut-2-ene (tetra-
methylethylene) to Pt Surface.As a third example, consider
the bond energy of 2,3-dimethylbut-2-ene [(§}€=C(CH).]

Table 9a. Thus (for M= Pt),
[C—M(C,)(H),] = (—14.82-6.32)/2= —10.57 kcal/mol
[C—M(C\)(C)(H)] = (—6.32+ 4.02)/2= —1.15 kcal/mol

to the Pt surface. The process of converting 2,3-dimethylbutane [C—M(C,,)(C),] = (4.02+ 17.18)/2= +10.60 kcal/mol

[(CH3)2HC—CH(CHg),] to (CH3),C=C(CHg), can be written
as

[(CH,),HC—CH(CHy),] v—
H + [(CH,),C—CH(CH;,),] e
2H + (CH,),C=C(CHy), D(H—H) H, + (CHy),C=C(CH,),

Using the QM values ofAH,y, = +27.5,D(C—H) = 94.6, and
D(H—H) = 111.7 leads to

79" = 2D(C—H) — D(H—H) + AH,, =
2 x 94.6— 111.7— 27.5= 50.0 kcal/mol

which is 7.4 kcal/mol weaker than ois-butene and 16.0 kcal/
mol weaker than in ethylene.

Consider now the bonding of (Gl#C=C(CHg), to the metal
surface, we write

BE[(CH.),C=C(CH,),/M] = 2D(M—C) — = — D(M—M)

SinceD(Pt=C3H;) = 41.1 andD(Pt-C4Hg) = 31.0, we assign
D(M—C) = 36.1 kcal/mol, leading to

BE[(CH,),C=C(CHy),/Mg] =
2 x 36.1— 50.0— D(M—M) = 22.2— D(M—M)

The calculated QM binding energy is 16.4 kcal/mol (Table 11).
Hence D(M—M) = +5.8 kcal/mol, which is 3.5 kcal/mol larger
than forcis-butene and 5.5 kcal/mol larger than for ethylene.
Assuming this increase of strain by 5.5 kcal/mol from
ethylene, we can estimate tBéM —M) for the other five metals

These terms are tabulated in Table 9b.

Using these group additivities we can predict the heat of
formation of ethylene bonded to Pt (d)-to form a MC, four-
membered ring on the metal surface.

H;(C,H,/Pt)= 2[C—M(C,))(H),] = 2(—10.57)=

—21.14 kcal/mol
which compares to the QM value of17.9 kcal/mol. We
interpret this reduction by 3.2 kcal/mol in the bonding to the
surface astrain energydue to the MC, four-membered ring
unit.

Similarly, the heat of formation of chemisorbeds-(CHsz)-
HC=CH(CH) is predicted to be
H;[cis-(CHz)HC=CH(CH,)/Pt]

= 2[C—M(Cy)(C)(H),] — 2[C—C(H)4]

= 2(—1.15)— 2(~10.20)= —22.70 kcal/mol

which compares to the QM value ef22.4 kcal/mol. Thus the
strain energy due to the 4@, unit is 0.3 kcal/mol.
For (CHs),C=C(CHg),/Pt, we predict the heat of formation
of chemisorbed (CkJ,C=C(CHs),/Mg to be
H; [(CHy),C=C(CH,),/P1]
= 2[C~M(C\)(C),(H)] — 4[C~C(H)]

= 2(10.60)— 4(—10.20)= —19.60 kcal/mol

which compares to the QM value 6f16.5 kcal/mol. Thus we
assign the strain energy due to the®d unit as 3.1 kcal/mol.
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Table 14. PredictedH;, CalculatedHs, and Strain Energy of energy component of 2.2 kcal/mol calculated faH@Pf to
Ethylene cis-Butene, and 2,3-Dimethylbut-2-ene on kin this system. (2) On a flat surface thg @ng cannot have its
keal/mol) favored chair form; instead it is promoted to the boat conforma-
group addH; QM Hs strain tion (only slightly distorted from boat cyclohexane; see Figure
adsorbate (predicted) (calculated) — energy© 6). The boat to chair transition is6.0 kcal/mol, giving an
CaHs4 —21.1 -17.9 +3.2 additional 6.0 kcal/mol of ring strain.
CiS-C;Hg —22.7 —22.4 +0.3 Thusl we expect
Co(CHa)s -19.6 ~16.5 +3.1
3 Calculated from Tables 9kc. P Strain energy= HM — HCA, H;(C4H,o/Pt)= —22.0+ 6.0+ 2.2= —13.8 kcal/mol

¢ Average strain energy: +2.2 kcal/mol.

The calculated QM value is12.6 kcal/mol, only 1.2 kcal/mol
different. Thus using group additivity, one can predict the
chemisorption of chemisorbed intermediates within a few
kilocalories/mole.

4.5 How To Use These Values: A Recipé&he following
steps summarize how to apply the derived group values to
calculate the heat of formation for a hydrocarbon bound to a
metal surface:

(1) Apply group values in Table 9 for carbons directly bound
to the metal surface.

(2) Apply Benson group values for carbomst bound to the
metal surface (some selected values are in Table 9c).

(3) Assume that the strain energy for an®4 unit is 2.2
kcal/mol (the average value from Table 14).

(4) Apply Benson strain energies for strain in any fully
hydrocarbon ring. Also additional strain energies due to nonideal
conformations (e.g. chair to boat) should be added here.

Side view (5) Add the numbers from steps-4).
Figure 6. CgHyo adsorbed on Bt Relative comparison among purely organic molecules using
Benson group values are good to within 1 kcal/mol. Our

These results suggest that that there is little increase in strainpredictions of relative energies of adsorbed species have a

energy in the MC, unit due to substitution of methyl groups. slightly larger spread, in the range of 1.5 kcal/mol.

The average strain energy is 2.2 kcal/mol. The results are )

summarized in Table 14. This differs from tB¢M—M) values 5. Conclusions

calculated in section 4.2, where the apparent strain increases e find that the C bonded to the closest packed surface of
with substitution. The difference in these two approaches is that pt, |r, Os, Pd, Rh, and Ru, always prefers the site in which this
the group values in this section include implicitly zero point ¢ has fours bonds. The adiabatic binding energies are roughly
energy and enthalpy corrections to room temperature. Sinceadditive according to the number of-MC o bonds formed and
larger adsorbates have a larger zero point energy correctiondecrease with increasing methyl substitution for all,CRese

the binding energy is reduced. In this view the more flexible effects due to substitution are similar for the various metals.
metat-carbon bonds can adjust to keep the strain energy low.  The computed energetics are used to obtain a group additivity
This contrasts with cyclobutane; Gnits, where stiff G-C bonds  scheme for predicting binding energies of hydrocarbons chemi-
lead to a large strain energy and a Benson ring strain correctionsorbed to metal surfaces. We provide several examples to
of 26 kcal/mol. illustrate how nine new group values for-AC bonding can be

Assuming similar strain energies as Pt (or an average of 2.2 combined with existing Benson group additivities to make useful
kcaI/mOI) in the other five metals leads to predictions of the predictionsl This allows two '[ypes of estimates: (|) predicting

Front view Side view

Figure 5. C;H, adsorbed on M

heat of formation forcis-butene and (Ckj2.C=C(CHg), in a binding energies and heats of formation of larger and more

way analogous to predicting binding energies discussed in complex hydrocarbons on the same metal and (i) predicting

sections 4.2.2 and 4.2.3. how changing the metal will change the energetics for the same
4.4. Use of Group Additivities to Predict Chemisorbed organic fragments.

Cyclohexene on Pt.To investigate the applicability of strain This provides a new powerful technique for deriving a

energy concepts, consider chemisorption of cyclohexene (c-mechanistic understanding of complex hydrocarbon reactions
CeH10) in @ 1,2-die conformation to the Pt surface (see Figure and rearrangements on catalytic surfaces.

6). The heat of formation of §&1,¢/Pt predicted using group

additivity is 6. Computational Approach

6.1. The Mg Cluster Model. On the basis of a series of
Hi(c—CH,/Pt) = 2[C=M(Cy,)(C)(H),] + 4[C—(C)(H),] computations for the electronic structures of; Blusters, we
= 2(—1.15)+ 4(—4.93)+ develpped the intefstitial electron model (IEM) for bor_1ding that
explained the details of the ground electronic states in terms of
strain energy= —22.02+ strain energy ~ a simple orbital model® The IEM suggests that the surface
atoms of the (111) surface of crystalline Pt have valence
The strain energy has two components. (1) The structure of electrons in a 66 electronic configuration. This suggests that
the MpC; unit of GsH1 /Pt is similar to ethylene and its methyl-  to mimic the chemistry for Pt(111) surfaces, a cluster model
substituted derivatives. Hence, we can apply an average strairshould lead to a ground state with thiel%selectronic configu-
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Figure 7. Pt and Pt planar clusters.

Table 15. Bulk M—M Distances Used in Cluster Calculations (ref
56)
M—-M M—M
metal distance (A) metal distance (&)
Pt 2.775 Pd 2.750
Ir 2.714 Rh 2.689
Os 2.734 Ru 2.706

ration at each atom. In addition, it should provide internal
binding sites containing the on-top, 2-fold bridge, and 3-fold
cap sites characteristic of closest packed surfaces [(111) for fcc
and (0001) for hcp].

We found the Rtplanar cluster (Figure 1) to be the simplest
choice satisfying these two properties. Altogether there are 80
valence electrons in Rt This eight-atom cluster has four
interstitial orbitals and hence eight of the 80 electrons are located
in these predominantly s bonding orbitals. The remaining 72
electrons are in d orbitals. Hence, the configuratiorfig2sor
s'd® per Pt. A simple rule is that clusters with a 2:1 ratio of
number of atoms to interstitial orbitals will have the desired
s'd® configuration. The planar Ptriangle (Figure 7) with three
interstitial orbitals also has afd8 configuration but does not
have an internal on-top binding site. The planay; Rtuster
(Figure 7) with six interstitial orbitals, on the other hand,
completely encloses the on-top, bridge, and 3-fold (cap) binding
sites. It also has the desireti$configuration. The calculated
binding energies of Cgl CH,, and CH to this Rb cluster are
similar to the Pj cluster, suggesting that the latter is indeed the
most economical choice.

From similar studies on the five metals (Ir, Os, Pd, Rh, and
Ru), we also find that the Mcluster generally has the desired
stdV-1 configuration. Since Pt, Ir, Pd, and Rh are fcc metals,
this cluster models the (111) surface. For Os and Ru, which
have hcp packing, the Mcluster models the (0001) surface.

Our calculations take the MM bonds in each cluster to be
the bond distance in the bulk crystal (see Table 15). This is
because we consider that particles in the real catalyst are
sufficiently large to enforce this structure. Slab calculations
suggest that binding energies increase by Xcal/mol when
the top layer of a slab is allowed to rel&x.

For the optimal (most stable) binding sites, the chemisorbed
organics were fully optimized on the cluster. For Chi
nonoptimal sites, we generally had to apply a constraint to keep
the fragment in the nonoptimal site. All methyl-substituted
adsorbates were allowed to freely optimize, but they were
studied only in the optimal binding sites.

The Mg cluster only models conditions close to the zero
coverage limit. It is expected that at higher coverages, binding

energies (and corresponding derived group values) may change.

Modeling large complicated adsorbates that have steric interac-
tions with a larger surface area of the metal would require a
larger metal cluster. The group values derived in this paper may
change systematically by a few kilocalories/mole for a different

metal cluster with anlsN~1 configuration.

(45) Ge, Q.; King, D. AJ. Chem. Phys1999 110, 4699.

Kua et al.
—_ . = s*like-orbitals
= o slke-orbitals = > high-lying d"-orbital
D > d-orbitals |:| = d-orbitals
— © s-ike orbitals (IOs) = o sdike orbitals (10s)

a. all d-orbitals occupied (high spin) b. one d-orbital unoccupied (reduced spin)

Figure 8. Schematic energy diagram for metal clusters.

6.2. Details for QM Computations. Calculations were
carried out using the restricted B3LYP flavor of density
functional theory (DFT), which includes nonlocal corrections
(generalized gradient approximation) and exact Hartfeack
(HF) exchange operators with the Slater local exchange
functional*® We use the parameters referred to as Betkeh
the Becke nonlocal gradient correctitfinthe Voske-Wilk —
Nusair exchange function&l,and the Lee-Yang—Parr local
and nonlocal correlation function#l.

All calculations were carried out using the Jaguar pro-

ram®152The metals were described using the Hay and Wadt
core-valence relativistic effective-core potential (ECP) with 18
explicit electrons for Pt, Pd; 17 electrons for Ir, Rh; and 16
electrons for Os, Ru (denoted LACVP in JagwdrYhis is a
nonlocal ECP using angular momentum projection operators
to enforce the Pauli principfé:>5All electrons were considered
for carbon and hydrogen using the 6-31G** basis set.

6.3 Spin States.The various spin states were calculated as
pure spin states (not unrestricted DFT). The optimum spin of
the metat-adsorbate complex is determined by separate calcula-
tions of all low-lying spins where in each case the geometric
structure for each adsorbate on the metal surface was fully
optimized (but M-M bonds kept fixed).

To ensure that we have the correct spin and occupation for
each system, we went through an extensive procedure to
determine the optimum orbital configuration for each spin and
to consider all possible low lying spins. For example, consider
Pts. We find that the ground-state spin$s= 3. In addition to
low-lying excited states db= 3, the lowest energ$= 4 state
is higher by 1.4 kcal/mol. We consider each of these configura-
tions in bonding various intermediates to the surface.

The IEM predicts that for small clusters, the low-lying s
bonding orbitals are always doubly occupied, the high-lying s
antibonding orbitals are always empty, and the d orbitals are
filled in the high-spin configuration. This is illustrated by the
schematic in Figure 8a. As the clusters get larger, it becomes
more favorable to spin-pair electrons in the high-lying d orbitals
(Figure 8b). This is what happens insRvhere the high-spis
= 4 is less favorable than the lower sgn= 3 state. Further
examples of this can be found in ref 10.

Upon binding say Chlito the surface, we expect that the two
unpaired electrons of triplet GHwill be paired with two
electrons from the metal to form &= 2 ground state for the
CH./Ptg cluster. However, we calculated the energies of$he

(46) Slater, J. CQuantum Theory of Molecules and Sojit¥el. 4: The
Self-Consistent Field for Molecules and Solifke-Graw Hill: New York,
1974.

(47) Becke, A. D.J. Chem. Phys1993 98, 5648.

(48) Becke, A. D.Phys. Re. A 1988 38, 3098.

(49) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.
(50) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(51) Jaguar 3.5, Schrodinger, Inc., Portland, Oregon, 1998.

(52) Greeley, B. H.; Russo, T. V.; Mainz, D. T.; Friesner, R. A.; Langlois,
J.-M.; Goddard, I, W. A., Honig, BJ. Am. Chem. S04994 116, 11875.

(53) Hay, P. J.; Wadt, W. Rl. Phys. Chem1985 82, 299.

(54) Goddard, W. A., llIPhys. Re. 1968 174, 659.

(55) Melius, C. F.; Olafson, B. O.; Goddard, W. A., l@hem. Phys.
Lett. 1974 28, 457.

(56) Winter, M. http://www.shef.ac.uk/chemistry/web-elements/.
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= 1, S= 2, andS = 3 states. The result from the calculations Pt) = —11.38 kcal/mol! Instead we can explicitly compute
is thatS= 2 is indeed the ground state. It is also necessary to these quantities.

check all low-lying orbital configurations for a given spin to The calculated non-ZPE corrected QM binding energy of
ensure that the ground-state energy is found. Depending on theH/Pts is 67.2 kcal/mol. The three modes have frequencies
initial guess, the wave function may converge to a state that is summing to~2000 cnt®. Hence, the computed zero point
2—3 kcal/mol higher than the ground state for a given spin. energy correction is-1000 cnt? in energy or 2.9 kcal/mol per
For example, the ground spin state of £ is S= 2, leading H atom. Therefore the ZPE-corrected binding energy of §H/Pt
to 72 doubly occupied d orbitals and four singly occupied d is 67.2-2.9 = 64.3 kcal/mol.

orbitals. To ensure that this is indeed the ground state, the The calculated non-ZPE corrected QM bond strength-efH
occupations of the lowest singly occupied d orbital and the is 111.7 kcal/mol. The calculated ZPE is 6.1 kcal/mol. Therefore,
highest doubly occupied orbital are switched and the energy isthe ZPE-corrected bond energy is 11%76.1 = 105.6 kcal/
recalculated. If the energy drops, then the switch occurs with mol.

the next doubly occupied orbital until the energy no longer  Hence,H:(H/Pts) = 0.5(105.6— 2 x 64.3)= —11.0 kcal/
decreases. Although not exhaustive, this general procedure givesnol. Enthalpy corrections to room-temperature result in stabiliz-
us reasonable confidence that the calculated energies are indeehg the adsorbate by 1.2 kcal/mol. Therefore the final computed

the ground states. number with explicit ZPE and thermal enthalpy corrections is

The ground spin states and total energies of the siglisters Hi(H/Pt) = —12.2 kcal/mol. Using our scheme of implicit
are given in Table 2. In each case, except Pd, the electronicinclusion gives—11.4 kcal/mol, a difference of only 0.8 kcal/
structure is consistent with the IEM, which suggesiVs! mol.

character in the surface, whel is the number of valence
electrons. The ground spin states for the metal and metal

adsorbate clusters follow a coherent pattern based on the IEM. .
Details are provided in earlier papéfs12 We ensured in each g;?ngeféim;q;?ﬁz’ ASIZEQDEJ F\;IcF;n Aggg“fqugugss?ggmi;
case that the optimum spin states are used in calculating the, "’ . X -Epson, ' 9,
bond energies. Avery-Dennison, Asahi Chemical, Chevron Petroleum Technol-

6.4. Comparison of Explicit and Implicit Corrections for ogy Co., Chevron Chemical Co., and Chevron Research and

H/Ptg. Using our scheme of implictly correcting for zero point Technology Corp.
energy and enthalpy at room temperature, we calcuite/ JA993336L
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