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CATALYSIS AND THE INTERSTITIAL"ELECTRON 
MODEL FOR METALS 

V. Hydrogenation Catalysis 

By 

o. JOHNSON*) 

(Received September 29, 1972) 

Abstract 

The Interstitial-Electron Model for the electronic structure of metals gives a detailed 

pattern of the d-orbitals and itinerant electrons above the surface of positive metal ion 

cores. With some simplification the metals of importance in hydrogenation catalysis can 

be divided into 3 classes depending on the orientation and occupancy of d-orbitals localized 

on the metal ion cores: Class I. Vacant d-orbitals perpendicular to the surface (Mo, W). 

Class II. Vacant d-orbitals at 36-45° angles to the surface (Rh, Ir, Ru, Os, Tc, Re, Cr). 

Class III. Partially occupied d-orbitals at 30-45° angles to the surface (Co, Fe, Ni, Pd, Pt). 

These classes are based on the III plane for CCP and HCP and the 110 plane for BCC 

metals. There are less important variations within each of these classes of metals due to 

differences in adjacent d-orbitals and in itinerant electron density of the metal. There can 

be added a 4th class of metals (Zn, Cd, Ga, In, Sn, Pb) which are characterized as dlO metals 

with asymmetrical structures and which are not important as gas phase hydrogenation 

catalysts. 

Chemisorbed species are proposed which follow from the above description of orbitals 

on the metal surface along with known experimental observations and which are termed 

"surface complexes". Class I metals are expected to show compound formation (carbide 

from hydrocarbons) and considerable cracking activity, class II metals are expected to 

have a "surface complex" with delocalized electron bonding, while class III metals utilize 

the partially occupied d-orbitals to give a more localized a-bonding. Class III metals give 

considerably more D2-exchange and isomerization during hydrogenation than class I or II 

metals. This classification provides a theoretical background for many of the mechanistic 

discussions in the literature. 

The Interstitial-Electron Model for metals provides a basis for showing that the different 

properties of metals, transition-metal complexes and metal oxides as hydrogenation catalysts 

are predominantly due to the different localization of electron density available for the 

chemical binding of hydrogen or hydrocarbons to these catalysts. Taking into account 

these differences in electron density localization makes it feasible to use some of the 

observations on the simpler homogeneous catalyst and metal oxide catalysts to suggest 
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behavior of chemisorbed species on metals. 

Metal work function (<p.rl) has been previously shown by the interstitial-electron model 

to provide a useful measure of relative binding strength of itinerant electrons to the metal 

surface. Reactions of hydrogen atoms on a metal surface are described in terms of com

petetitive attraction of metal electrons by chemisorbed hydrogen and positive ion cores of 

the metal, and there is a good correlation of such hydrogenation activity and <PM. Since 

unsaturated hydrocarbons are more strongly chemisorbed than hydrogen atoms this greater, 

but more complex competition for electrons at the metal surface leads to an optimum <PM 

for a given reaction. These correlations with <PM are related to previous correlations with 

.dH of chemisorption and with heats of formation of related metal compounds, and it is 

concluded that all are fundamentally correlations with strength of attachment of catalytically 

active species to the metal surface. <PM is considered to be an important parameter for 

comparing catalysts, and one for which more data are available than .dH. In general, 

metals with optimum <PM also appear to be Class II metals, postulated to form "surface 
complexes" with delocalized binding. 

It is emphasized that although "surface complexes" are involved in metal catalysis, 

because of a range of binding energies they have differences in catalytic properties from 

the usual chemical compound or organometallic complex. This range of binding energies 

results from changes in electron attachment to the metal ion cores with coverage due to 

all of the chemisorbed species whether they are involved in the reaction or not. 

In addition to the a-binding of adsorptives by Class III metals, there is a role of d

electrons in catalysis both in chemisorption at high coverage (where energies of d-electrons 

approach or become higher than those of itinerant electrons) and in the transfer of elec

trons to facilitate dissociation of hydrogen as well as hydrogenation and desorption of 

products. A very weak hydrogen chemisorption at high coverages of hydrocarbon which 

is highly dependent on d-orbital occupancy explains some of the hydrogenation properties 

of metal catalysts. It is considered that the concept of d-character is a parameter vaguely 

related to .dH or <PM, but one which cannot be useful for any detailed description of surface 

complexes. It is suggested that for alloy catalysts the use of the "holes in d-band" from 

simple band theory be limited to comparisons of activity with experimentally observed 

changes in paramagnetic susceptibility or with actual magnetic moments on ion cores (known 

for same alloys from neutron diffraction). It is likely that alloys based on Class II metals 

or Class II-III Combinations can give catalysts with significantly higher activity and selec
tivity than those with Cu, Ag or Au. 

Differences in properties of hydrocarbons undergoing hydrogenation can also influence 

catalytic patterns of metals. Whereas <PM was a decisive parameter in H atom reactions, 

the pattern of d-orbitals becomes highly important in olefins where there are multiple 

pathways for reaction, and III the case of acetylene which has acidic hydrogens, basic 

properties of metals appear to be important for activity. 

I. Introduction 

Band Theory of Metals and related descriptions of metals such as pseu
dopotential theory have been highly developed for interpretation of metal 
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properties. However, Band Theory concepts such as the Fermi level of 
electrons and density of states are difficult to relate to the chemistry of 
hydrogenation and have not been generally useful in interpretation of details 
of metal catalysisl). In the case of semiconductors as catalysts the picture 
of electrons in energy bands for interpretation of catalysis has been well 
developed2,3). In this paper the Interstitial-Electron Model4) will be used for 
interpretation of hydrogenation catalysis by metals. The addition this model 
incorporates into Band Theory is the spatial location of itinerant electron 
density and the location and occupancy of d-orbitals, and this makes it 
possible to discuss chemisorption and reactions in much the same way as 
ordinary chemical reactions are discussed using molecular orbital theory. 
In addition the Band Theory concept of electron energies can still be used. 

Catalysis by metal surfaces have been traditionally approached by search
ing for correlations of catalytic activity with some parameter of the metal 
surface. The partial success of many different parameters illustrates very 
well the great complexity of the catalytic process. Useful correlations have 
been developed between catalytic activity for certain reactions and interme
tallic distanceS), initial heat of chemisorption of a reactant61, d-character of 
metaF), valency of metalS) and heat of formation of compounds9

,1O) of one of 
the reactants. The merits of these correlations have been discussed in terms 
of "geometric" factors and "electronic" factors ll

). The typical volcano 
curvesl2) shown in the correlations of catalytic activity and heat of a related 
bulk compoundl3) offer considerable insight into catalysis by introducing the 
concept of an optimum binding strength for active species on a metal surface. 

Bondl4) and ANDREEV and SHOPOVlS) have used ligand field theory to 
show the relation of chemisorption and the direction of emergence of d
orbitals on the metal surface with some application to hydrogenation catalysis. 
It has also been pointed out that a property such as electron affinity of 
metalsl6) (represented by the sum of its first three ionization potentials or 
metal work function, <PM) or electron/atom ratio17

) can explain many of the 
gradations of chemisorption and catalytic activity of metals and metal com
plexes. The presence of trends in the periodic arrangement of metals has 
been used by ROONEY and WEBBlS) in comparing catalysis by metals with that 
by homogeneous catalysts. 

There have been only limited comparisons of <PM and activity. W AN

SBOROUGH-]ONES and RIDEALl9) attempted to show a relation of <P.I! and 
activation energy for oxidation reactions. DOWDEN and REYNOLDS20) pre
dicted that the decomposition of H 20 2 should decrease with increasing <P.I! 

because transfer of an electron was required in the reaction. KEMBALLa) 
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concluded that since ions are not often involved in chemisorption and cata
lysis, <PM is not of importance. However, the general importance of electron 
transfer of itinerant electrons of the metal into binding regions for surface 
compounds does makes <p~[ of importance. In this paper metal work func
tion will be shown to be a parameter which can be of fundamental importance 
in comparing catalysts and which also includes the concept of an optimum 
binding strength in terms of an optimum work function for activity in a 
given reaction. 

The major portion of this paper will be devoted to the formulation of 
"surface complexes"ZZ) using all of the experimental data available and using 
the Interstitial-Electron Model4

) as a guide. This can provide a microscopic 
analogue to the detailed discussion of reaction mechanism such as recently 
reviewed by HORIUTl and MIY AHARAZ3) for the hydrogenation of CzH 4• 

The descriptions of hydrogenation catalysis on metals will be in terms 
of fundamental interactions between positive ion cores, localized d-electrons, 
and itinerant electrons of the metal with the chemisorbed species, and will 
emphasize the degree and direction of electron transfer between metal surface 
and reactants. Related concepts are developed for transition metal complexes 
and metal oxides so that use can be made of data on all these systems, and 
it is anticipated that the concepts developed will extend to other catalysts 
and to catalytic reactions other than hydrogenation. 

II. Relation of metal catalysis to transition metal complex 
catalysts and transition metal oxide catalysts. 

Comprehensive discussions of metal catalysts refer to the similarities m 
activity patterns between homogeneous and heterogeneous catalysts16

,
18l. The 

well established influence of d-electrons in the metal ion of oxide catalystsZI) 
has been compared to more complex influence of d-electrons in metals. 
However, there appear to have been no attempts to explore and utilize the 
fundamental differences between metals, metal oxides and transition metal 
complexes as catalysts. This will be attempted here on the basis of the 
interstitial-electron model, and use will be made of observation on the 
simpler metal oxide and transition metal complex sytems when they are 
applicable to metals. 

In previous papers it was already indicated4
) that the chemical binding 

changed from almost complete delocalization of binding electrons in metals 
to partial de localization in transition metal complexes. This will be illustrated 
for particular cases and compared to ionic binding in metal oxides where 
there has been electron transfer to form cation and anion. The usual M. 
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O. description of complexes will be extended here in a way which allows 
some estimate of electron localization. The new description is more general 
than the Dewar-Chatt Model, but it is also a delocalized description that 
includes metal cluster compounds. 

Fig. 1 shows the structure found for RhH(CO) (Ph3P)3 by electron diffrac
tion25

), and the molecular orbital electron energy diagram along with an 
electron distribution scheme given by the interstitial-electron model. The 
latter differs from the customary electron population analysis in suggesting 
the spatial location of electron density in binding regions26

). The basis is 
exactly the same as for the M. O. diagrams which places 18 electrons in 

o 
c 

H 

[Rh9+(d6
), eI2,(CO)2+H+ (PCP3)~+J 

d-orbital degeneracy (Z-azis to CO) 

Z2 
X'q2 

J.:L. .1L 
xy xz 

.1i.. 
yz ( Approx. ) 

=energies 

Molecular Orbita I 

Energy Level Diagram 

Metal 
Atomic 
Orbitals 

Molecular 
Orbitals 

Fig. 1. Structure of RhH(CO) (¢Ph with Interstitial-Electron Formulation 
and Molecular Orbital Energy Level Diagram. (Rh-H, 1.72 A, Rh-CO, 
1.18, Rh-P, 2.314, 2.317 and 2.337, Rh is 0.36 A above plane of three P 

in the direction of CO. (~) represents electron density localized near 

centers of triangular faces.) 
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molecular orbitals, a process which leaves (COr, 3(p~3r and H+ ion cores 
along with the transition metal cation Rh9+ (d6

). The ion cores are not 
usually explicitly stated in connection with M. O. electron energy diagrams. 
The stability of a transition-metal complex as well as its ability to "co
ordinate" an olefin or additional hydrogen is clearly a function of both ligands 
and metal cation. However, the chemical binding can be specified precisely 
and is the same for each molecule of metal complex. 

The general principle for stability in these transition metal complexes 
appears to be that 1) positive ion cores form a polyhedron giving maxi
mum separation (minimum repulsion of Mn+) 2) binding electrons (e2) are 
found in binding regions located in direction of unoccupied d-orbitals 3) 
occupied d-orbitals extend between positive ion cores, and these electrons 
fulfill the binding role usually termed back-binding. Within this framework 

o 0 
C C 

\ / 
Rh 

Rh 
/, 

(4 CO above alternate 

triangular faces not shown) 

I nterstitial Electron Structure 

Metal cluster 

d -orbital degeneracy 

(to e2, edge) Tz 
t.J. Z2 (to ez, center) 

t.!- N 
xy '-;.,z::yz (ni I) 

Fig. 2. Structure of Rh6(CO)16 with Interstitial-Electron Formulation. 
(The 12 e2 on edges represents regions of localized electron density. 
For determination of d-orbital degeneracy the x and y axes are 
placed along diagonals of the square of four Rh and the z-axis is 
perpendicular to the square.) 
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electron distribution depends on relative attraction of ion cores for electrons 
and mutual repulsion of electrons and of ion cores. The mutual accomoda
tion of ion cores, localized e2 (electron density) and d electrons was illustrated 
for Ni(CO)!6). 

It is generally assumed that olefin complexes of transition metals have 
C 

IT-bonding of olefin, M~II and that hydrogen is added to form alkyl species, 
C 

M-C2HS. The other possibility is original formation of a di-a-bonded olefin, 

/C M",t. A recent re-examination27
) of the Zeiss salt, PtCI3 (C2H 4), gives strong 

evidence for this type of bonding-rather than the relatively weak IT-interac
tion assumed in previous studies. 

Rh Metal 

Surface 

Shaded orbitals, occupied and at 56
0 

Unshaded orbitals, not occupied and at 36
0 

tet oct ,-_e _~-r-',,---e ......--=+~ 
I-2.68 A---1 

Surface Cross Section 

~ x2 _y2 

HNN 
xy xz yz 

d-orbitals degeneracy 

Triangular face 

(all orbitals shown ot 45
0 

to 
surface; additional vacant 
orbitals along each edge in 
surface) 

~~ 
~2.77A~ 

edge (plane of 4 Rh) 

Fig. 3. Comparison of Interstitial-Electron Structures for Rh6(CO)16 and 
Rh metal. Projections of orbitals on the surface are shown in the top 
diagrams. The orbitals around each Rh in the Rh6(CO)16 are all the 
same even though those above the triangular face above are different. 
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Before making comparisons of metals to metal complexes it is of interest 
to consider "metal cluster" compounds, e.g., Rh6(CO)14' The proposed elec
tronic structure is shown in Fig. 2. The triangular faces shown in Fig. 3 
are rather like small metallic elements. The Rh-Rh distance28) in the complex 

is 2.776±O.01 A, which is close to the Rh-Rh distance in Rh metal of 2.68 A. 
In formulating the electronic structure of the Rh6(CO)16 metal cluster, it 
appeared most reasonable to include the 4CO attached to alternate faces of 
the octahedron in the cluster unit [6Rh9+ (d6

), 4 (CO)2+, e26] where e density 
can be distributed as 12 e2 on edges of the octahedron in a delocalized 
binding region. The remaining 2 electrons must be localized over the 
whole unit and as such came close to metallic electrons; the complex ex
hibits metal-like paramagnetism28

). These 2 electrons are probably of low
est energy in the cluster system. 

One can now compare these Rh complexes to the surface of Rh metal 
which has been characterized by the Interstitial-Electron Model4) as having 
itinerant electron density and d-orbitals as also shown in Fig. 3. On the 
basis of the electronic structures given in Figures 1, 2 and 3, the degree of 
delocalization of electrons is seen to go from a delocalization in the region 
of a 6. face of 3 ion cores in metal complex to the delocalization into 4 or 
6 ion-core-surrounded interstices in metals (tet or oct). The metal cluster 
compounds occupy an intermediate position in which the ligands away from 
the "metal cluster" have electron distributions as in ordinary transition metal 
complexes while the metal ion cores in the metal cluster with some ligands 
attached (i. e. the Co attached to 3 Rh out from a face of the octahedron) 
have a greater delocalization of electrons which is closer to that in metals. 

The hydrogen in metal complexes such as H Co (CO)4 can be characterized 
by the range of proton nmr adsorptions which are high (5-18 ppm) and 
indicate high shielding of H. The hydrogen in HCo(CO) 4 is highly acidic, 
and acidity declines by substitution of CO by groups which increase e density 
on the metal, e.g., (P¢3) or P(0¢)3' The complex H Co(PBu3)4 is no longer 
acidic, and the hydrogen is regarded as H- instead of H+. For metals the 
chemisorbed hydrogen has been designated as Ho-, and this seems reasonable 
on comparison of metal electron density to that in complexes. Presence of 
HH on metals is postulated33

) for certain lattice planes and on some at metals 
high coverage of H. 

The chemical binding in metal oxides can be rather well described by 
the ionic binding of Mn+ cations and 0 2

- anions. The Mn+ ion core con
tains d-electrons for metals oxides beginning with V20 3, and activities are 
similar to the pattern of crystal field stabilization29) by d-electrons i. e. a 
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maximum activity at d 3
, minimum at d 5

, a second maximum at d 7 (instead 
of dB) and minimum at dlo. An alternate explanation31) suggests that high 
activity for Ti02 and V20 3 are connected to the metal-insulator transition 
for these metallic type oxides. Possible chemisorption of the reactant on 
0 2

-, as for ZnO (see below), indicates that crystal field stabilization around 
Mn+ may not be the only factor in rate of catalysis on metal oxides. 

The unique feature of catalysis by the metal oxides is the fixed character 
of the electronic structure of the transition metal ion. Unless the coordina
tion of oxygen changes, the environment remains constant. Chemisorption 
on adjacent metal cation or oxide ion will usually have only a small indirect 
influence on electron distribution around Mn+ through polarization effects. 

During catalytic reactions such as hydrogenation of olefins the chemi
sorption of olefin on metal oxide is expected to be of the tr-type, and in this 
case direct interaction with 0 2

- on the surface has been postulated by 
KOKES30 ). In addition there is probably weak chemisorption over Zn2+ with 
possible back binding interaction of adjacent 0 2

-. The heat of chemisorption 
of C2H4 on ZnO is 14 kcal/mol and has been characterized as a weak tr-type 
complex. With propylene and ZnO, there is evidence for allyl complex 
formation over Zn2+ probably occuring via H abstraction from propylene, 
but this is not the case with C030 457

). 

However, hydrogen chemisorption on oxides involves heterolytic split
tingI6 ,30) of H2 with formation of OH- from 0 2

- and H- over Mn+. This 

makes it possible for metal ions with no vacant d-orbitals to chemisorb 
hydrogen. 

The probable electronic structures of catalytic sites of metal oxides and 
transition metal complexes need to be considered since it is important to be 
able to use data from the latter two systems to assist in the interpretation 
of the more complex catalytic process at the metal surface. For example, 
experiments32

) show little addition of H2 to a Rh(qS3P) Cl(C2H4) complex but 
rapid addition of C2H 4 to Rh(qS3P) Cl H. It appears to be general that in 
metal complex catalysts a H attached to metal is required for olefin hydro
genation. It is reasonable to assume that the same requirement exists for 
metals, i. e., that even though C2H 4 is more strongly adsorbed than H, the 
desorption step involves reaction of chemisorbed Hand CZH 4. 

The differences expected between surface complexes on metals and metal 
oxides and homogeneous metal complexes can be summarized as follows. 
There is attachment of olefin or hydrogen to a single metal in homoge
neous complexes except metal cluster complexes34) and to a single metal or 
oxygen in metal oxides; this makes d-orbital occupancy of critical impor-

9 
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tance for activity. As mentioned above an occupied d-orbital directed toward 
a potential site for chemisorption of H or olefin prevents or reduces catalytic 
activIty. Metals, on the other hand, have many possible sites for surface 
complexes and the effect of d-orbital occupancy is more complex and less 
critical for activity (although as will be shown below, of considerable im
portance for selectivity in catalysis). In addition metals have the highly 
mobile itinerant electrons which participate in the binding of surface com
plexes and modify the metal surface complex to the extent that its binding 
electrons are delocalized. In general a wider range of stabilities is expected 
on the metal surface as compared to a homogeneous metal complex17). 

Another way of comparing metals with metal oxides is to consider the 
0 2

- as the counterpart of interstitial-electrons in the metal but with con
siderably greater localization of electrons around the 06+ ion core. Thus, 

interaction with ethylene can occur on ZnO as Zn2+[H2g:=CH2]H while on 

a metal the interaction of C2H 4 with M+ is more important than interaction 
of C2H 4 with itinerant electrons. 

III. Surface Model for Hydrogenation by Metals 

The ion cores and itinerant electrons on metal surfaces were compared 
to the situation in metal oxides and metal complexes in Section II. Before 
discussing specific hydrogenation reactions on metal surfaces, some further 
details of the electron distribution need to be presented, and the effect of 
simultaneous chemisorption of two kinds of atoms must be considered. The 
previous papers35

) in this series have developed a detailed model for the 
metal surface in terms of location of itinerant electron density relative to 
the ion cores of the metal and of the surface location or sites for one 
adsorptive. 

The model for hydrogen chemisorption will be discussed first. Aside 
from some special behaviour of certain lattce planes, hydrogen atoms are 
generally expected to adsorb in interstitial position35l, i. e., above the center 
of 3 close-packed metal ion cores. Saturated hydrocarbons are expected to 
physically adsorb directly above ion cores. The influence of localized d
electrons, also discussed previously33), is such that when occupied d-orbitals 
extend perpendicular to the metal surface, the tendency for hydrogen chemi
sorption above ion cores may be increased. When d-electrons extend into 
interstitial position above the surface, chemisorption in those positions may 
be enhanced. Because of the great variation of d-orbital occupancy in 
transition metals, as discussed below, catalytic behaviour due to d-electrons 
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is more complex than a parameter such as d-character7
•
8
) can indicate. 

There is an additional effect at high coverages which has been proposed 
to explain the desorption pattern and work function changes on single 
crystal planes of tungsten33

). This is the adsorption of H as HH due to 
strong attraction of metal ion cores for H, coupled with the possibility of 
electron transfer to d-orbitals. At high coverage the energies of d-electrons 
localized on ion cores approach those of itinerant electrons. This adsorption 
as HH is expected to occur over sites with vacant d-orbitals. This may 
be similar to the weak "type C" chemisorption of H discussed by DOWDEN29). 

It is expected only at high coverages where <PM has been increased by prior 
chemisorption of H as H'- (or by other molecules which attract metal elec
trons). It can also occur at very low temperatures under conditions where 
H2 chemisorbs at the position it strikes the surface, some of which will be 
over vacant d-orbitals. At ordinary temperatures and low coverages these 
species would not be stable on the surface. 

A more detailed picture of the d-orbitals above the the metal surface is 
needed to discuss olefin chemisorption. For olefins and other hydrocarbons, 
chemisorption as possible as a-complexes with binding between metal and 
carbon, and as IT-complexes or IT-allyl complexes with de localized electron 
binding. Magnetic measurements36

) show that ethylene chemisorption below 
lOO°C lowers the magnetic moment of the Ni surface for each C2H 4 by a 
factor of 1.4 times that of hydrogen (see further discussion below). In order 
to formulate surface complexes to explain this magnetic behavior and other 
experimental observation on surface complexes and also to discuss the com
plex selectivities in isomerization and D2-exchange during hydrogenation of 
olefins and dienes, a complete picture of both occupied and vaqmt d-orbitals 
and itinerant electrons on the metal surface is needed. The previous surface 
models33

) emphasized the location of occupied d-orbitals, which was important 
in understanding work functions and chemisorptions of simple molecules. 

The location and occupancy of d-orbitals on the metal surface and the 
interstitial location of itinerant electrons follow directly from the Interstitial
Electron Model. The d-orbital degeneracies are given in Table 1, and the 
spatial directions of d-orbitals relative to the plane of the surface are given 
in Table 2 for the 111 plane of CCP and HCP metals and for the 110 plane 
of BCC metals. These are the major planes expected in the surfaces of 
metals reduced at relatively high temperatures; the data for other planes 
follows from the model (see Appendix) and were presented in part in the 
previous paper IV on chemisorption33

). Certain patterns of d-orbital occu
pancy emerge especially if some of the orbitals of high energy (antibinding 

11 
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TABLE 1 Degeneracy of d-orbitals III metals 

(Ion cores with localized d-electrons listed) 

BCC Metals (orbital axes at 45° to unit cell axes) 

xz yz (to M+) 

Z2 (to tet, edges) 

(to tet, faces) 

xz yz 

CCP Metals 

x2_y2 (to M+) 
.lL -.lU0.3) 

Ni1o+(d7.3)* xz yz (to tet) 
(axes, 45°) -..!L H 

xy Z2 (to oct) 
*(probably 70% d 7 and 30% dS) 

xz 
t 

xy 

(to tet, edge) 

(to tet, face) 

(to M+) 

t 

yz 
t 
Z2 FeS+(d4) 

Pd10+ (d7)* or 

Pt10+ (d7)* 
(axes, 90°) 

Z2 (to oct) 

Rh9+(d6) or 

Ir9+(d6) 

(axes, 90°) 

HCP Metals 

Z2 

.lL 
xy xz 

x2_y2 (to M+) 

t H(0.2) 

yz 

C0 9+(d6•2) ZZ xz (to tet, near oct) 
H H 

Yz xy (Nil) 

H 
xy xz yz (to M+) 

(to oct) 

(to M+) 

ZZ (to tet) 

Tc7+(d4) xz 

or x 2_y2 

(near M+, oct) xz 
H 

(to M+) x2_y2 

H H H 
Re7+ (d 4) yz Xii (Nil) yz 

-..!L 
xy 

RuS+(d4) 

or 

OsS+(d6) 

* Any d 6 configuration will lead to fractional number of unpaired electrons 

orbitals) are eliminated. These are shown in Table 2 and also in Fig. 4 in 
terms of where orbitals are perpendicular to the metal surface or at an angle 
and whether vacant, filled or partially ocupied by electrons. 

In Table 2 the orbitals are divided into those which are vacant, occupied 
or partially occupied for each catalytic metal. Those with vacant orbitals 
can be subdivided into Mo and W with vacant d-orbitals perpendicular to 
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TABLE 2 Orientation and occupancy of d-orbitals 
above metal surfacel 

Occupancy of d-orbital and Angle to Surface 
Metal 

Vacant Partially-occupied Occupied 

(Mo, W) 90° 45° 

45° (tet)bl 

(Rh, Ir) 36° (oct) 56° (M+/tet)bl 

(Ru, Os, Tc, Re)cl 45° (oct or M+) 45° 

(Cr) 45° (tet) 90° 

45° 

(Co) 45° (1e, M+/tet) 45° 

(Fe) 45° 45° (1e, tet) 

(Pd, Pt) 36° « 1e, oct) 45° (M + /tet) 

Ni 56° (M+/tet) 36° (> 1e, tet) 45° (oct) 

Cu 30° (> 1e, tet)dl 36° (oct) 

Ag, Au 36° (>1e, oct)dl 45° (M+/tet) 

a) for plane of CCP and HCP metals and 110 plane of BCC metals 
b) Oct or tet indicates an orbital directed into an interstitial position, M + /tet 

indicates an orbital directed toward a M+ in the next layer above a tet position. 
c) The z2 orbital 90° to surface is vacant. This is a high energy orbital directed 

toward tet, and these metals are not considered to be Class 1. 
d) Fully occupied unless d-electron promoted to conduction band. 

the surface (called Class I) and those with vacant d-orbitals at angles of 36 
or 45° to the surface which include Rh, Ir, Ru, Os, Tc, Re, Ni and Cr 
(called Class II). A third group have partially occupied d-orbitals at 30, 
36 or 45° to the metal surface and include Fe, Co, Ni, Pd and Pt (called 
Class III). 

There are additional occupied d-orbitals in various orientations, but, 
except perhaps for Cr, these are not considered to be important for catalytic 
properties as the vacant or partially occupied d-orbitals. Chromium is 
designated in Table 2 as Class IIa became it differs from other Class II 
metal in having an occupied d-orbital at 90° to the surface. Nickel can be 
included in Class II or III, but it is concluded that the partially occupied 
d-orbital is of greater importance than the vacant d-orbital at a high angle 
(56°), and Ni is considered a Class III metal. Cu, Ag and Au are considered 
Class IlIa metals since it is likely that during catalysis, promotion of d
electrons occurs, and then a vacant d-orbital is present at 30 or 36° to the 
surface. Table 2 also indicates whether the d-orbital of importance is 
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CCP(//I}, Shaded orbitals, occupied, 45°jopeJ1 orbitals, vacant Rh, Ir (36°), 
>le,Ni (30°), <Ie, Pd, Pt (36°) 

HCP(IIIO), All orbitals 45~ Shaded orbitals, occupied; open orbitals, 
vacant RU, Os, Te, Re, Ie Co. 

-OE~'#O- --0 ------6)-.....I....4i:::::=:!W 

~~'--..... - ----0--------0---- -- -- xy ____ o- _____ -o____ ------c 
BCC( 110), Orbitals at 45°; xy vacant for Cr, Mo, W, rEi for Fe, xz vacant 

for Cr, Fe, occupied for Mo, W 

Fig. 4. Possible sites for surface complexes of 
ethylene on metal surfaces. 
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directed to another Mn+ or to an oct or tet interstitial position. This classifi
cation of metals seems qualitatively in agreement with known differences in 
catalytic behavior of matals. It also places Pd, Pt and Cu, Ag and Au with 
the ferro-magnetic metals (Fe, Co and Ni). This is commonly done with 
Pd and the Kita classification40

) places Cu, Ag and Au with transition metals 
in catalytic behavior. It should be added here that with the present clas
sification the Kita classification of Group IIb-IVb metals (e.g. Zn, Ga, Ge) 
as distinctly different from the transition metal group would add Class IV 
for these metals. The characteristic d-orbital pattern for this Class IV (e.g. 
Zn, Ga, Ge, Sn, Pb) is probably fully occupied d-orbitals at 30 ........ 45° to the 
metal surface. This classification of metals into 4 Classes will be discussed 
further in connection with individual catalytic reactions. 

The present formulation differs from that of BOND14
) or ANDREEV and 

SHOPOV15
) is that itinerant electron density is considered to determine degen

eracy of d-orbitals instead of d-orbitals on other positive ion cores. This 
changes the splitting of d-orbital energy to a more complex pattern than the 
usual eg -t3g splitting, but the new formulation has the advantage of showing 
a distinct difference in d-orbital orientation between the first transition series 
and that in the second and third transition series for most metals. 

The above description along with the known interstitial location of 
itinerant electron density provides a clear picture of electrons available on 
the metal surface for binding of hydrocarbons. In order to propose sites 
for binding of "surface complexes" some criteria are needed as to what kind 
of binding is most likely. The following postulates have been made for this 
purpose and are largely based on analogy to transition metal complexes. 

(1) "Surface complexes" on a metal surface have a high degree of delo
calization of binding electrons. 

(2) Since the closest analogy to "surface complexes" is the metal cluster 
compound, attachment to metal atoms in similar terminal positions or 
positions bridging edges and faces is expected. 

(3) Since in most cases the adsorptive (A) gives up electrons to molecular 
orbitals (binding regions), as an A + species its repulsion by the metal 
ion cores must be considered. (The resultant polarity may be A'- due 
to location of electron density, however.) 

(4) As in transition metal complexes the binding electrons in a surface 
complex will be in regions of vacant d-orbitals and not in regions near 
positive ion cores or filled d-orbitals. 

(5) Since occupied d-orbitals are directed toward interstitial electron POSl

tions in 1st row transition metals and toward other positive ion cores 
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Acetylene 

Allyl Complex 

Butadiene 

Fig. 5. Possible surface sites for allyl complexes and surface 
complexes of acetylene and butadiene. 



Catalysis and the Interstitial-Electron Model for Metals, V. 

in second and third row transition metals, difierences in type and prop
erty of surface complexes are expected for the respective metals. 

(6) The rule-of-18 for stability of transition metal complexes may hold in 
a modified form for surface complexes. 

(7) Lability of "surface complexes" will be least when delocalization of the 
binding electrons is greatest. 

(8) Partially occupied d-orbitals can be important for binding surface com
plexes and will have greater localization of e than when only metal 
itinerant electrons are the binding electrons. 

(9) Interactions possible between d-electrons localized on an ion core and 
itinerant electrons in Cr, Mn, Fe, Co, Ni and Pd (?) enable these metals 
to provide electrons for binding more easily than other metals. 
From this rather lengthy background one can conclude that surface 

complexes can be of two types, one involving primarily itinerant electrons 

TABLE 3 Types of surface complexes and 
relation to metal properties 

Type 
(from Fig. 4) 

a 

b 

c 

d 

e 

Characterization of Binding 

Delocalized, 3-center binding over 

adjacen t oct and tet interstices 

(also H adsorption site) 

It-type complex 

Delocalized, 2-center binding 

(bridging 2 M+) 

Complex attached via vacant or 

partially occupied d-orbitals (a

bonds) 

M-C binding not via d-orbital 

positions (a-bonds) 

Combination of (a) and (e) 

g Like (a) but via non-adjacent in

terstices (probably great strain in 

binding olefins) 

Metal Preference 

Large numbers of interstitial elec

trons destabilize these orbitals. 

Mo, W, Ni, Co, Ru, Os preferred. 

Binding Strength a 1/<pM 

> Preference Mo, W. 

Some preference for Ru, Os, Tc, 

Re due to a vacant d-orbital to 

surface. 

> Preference in CCP Metals (HCP 

has occupied d-orbitals which in

terfere) 

>Preference Ni, Co, Fe, Pd, Pt. 

Next for Rh, Ir, Ru, Os, Tc, Re 

Preference high <PM metals e. g. 

Pt, Pd, Ir 

Preference for Ni 
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(delocalized binding) and the other involving d-orbitals which are partially 
occupied (a-bonds). To the extent that the binding is via carbons of the 
surface complex which have positive ion cores, these carbons will tend to 
be in bridging or interstitial positions. Vacant orbitals perpendicular to the 
ion core in the surface can lead to a 3rd type of chemisorption sites above 
positive ion cores (tr-type binding). 

Figures 4 and 5 shows a wide variety of possible adsorption sites for 
olefins, allyl complexes, butadiene and acetylene. The probable surface com
plexes are described as a, b, c, d, e, f and g complexes in table 3 and so 
indicated on the figure. Some of the reasons for this choice of surface 
complex can be given in general terms, others will depend on the specific 
properties of each metal. 

First of all, tr-olefin complexes are undoubtedly present on the surface 
and are expected to be most important for Mo and W which have vacant 
d-orbitals perpendicular to the surface, as well as occupied d-orbitals at 45° 
to the surface available for donation of electron to carbons. This fits the 
usual DEW AR-CHA TT model for tr-complexed olefins which, however, may 
be less applicable to the metal surface than to complexes in solution because 
of the greater variety of electrons and electron-positions on the metal surface. 
Also, as mentioned above, recent work27

) indicates that the binding in the 
Zeiss salt, K PtCl3 (C2H 4) is probably of the sigma type formulated as 

[
C--C]- This work is based on a careful study of vibration spectra and 

"'Pt/ 

analyzes the contradictions in previous formulations as a tr-complex (Pt-<-~). 
The possible wide variety of olefin surface complexes is also shown by 

the variation of heat of adsorption of ethylene on ZnO (14 kcaljmol) to 
tungsten (140 kcaljmol). Even on ZnO there has been observed by tem
perature programmed desorption65

) both a strong and weakly bound ethylene, 
and it is the more weakly adsorbed C2H 4 which reacts with hydrogen. 

Although not directly applicable to metal surface complexes, NMR data37
) 

on the magnetic shielding of protons in ethylene in transition metal complexes 
is of interest in showing variable behavior of different metal ions. The value 
for proton shielding is 4.6 ppm for ethylene. It decreases to 4.3 ppm for 
Ag-olefin complexes which is less shielding and has been interpreted37

) as 
demonstrating a shift of electrons from olefin to Ag+. Other transition 
metals (Mn, Re, Rh, Pt) show shifts in the range 5.3 ....... 8.5 ppm, and the 
increased shielding is interpreted as a shift of electrons to the olefin. Similar 
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measurements on surface complexes of ethylene on metals would be of great 
importance. Surface potential data for CZH4 on Cu and Ni is discussed in 
Section VI. 1 and indicates presence of (C2Hd+ species which would mean 
electron transfer from olefin to metal, just opposite to that in corresponding 
transition metal complexes. 

Some recently reported data for infra-red adsorption on Ni reported by 
SHEPPARD et al.40a

) have given evidence of a-bonded species on Pt, Pd and 
Ni. These investigators postulate a a-type adsorption equivalent to that of 
type "e" and "d" surface complexes in Fig. 4. They include both dissociative 
and associative complexes of a-type. 

It appears reasonable to assume also on metals that there are various 
degrees of adsorption, that the initial surface complex is a-bonded and that 
at high coverages where e in the metal surface are readily available (9"\1 has 
increased due to chemisorption), there may be IT-bonding which represents 
a much weaker attachment of C2H 4 to the metal surface. 

Magnetic masurements by SEL WOOD and coworkers36) offer some of the 
few experimental data available that directly relate to chemisorption sites on 
metals. For H2 on Ni and Co it was found33

) that chemisorption of H 
produced a decline of 0.6 and 0.5 ,ua/adsorbed H, respectively, for Ni and Co. 

This is compatible with a surface complex of H involving interaction with 
itinerant electrons which according to the Interstitial-Electron Model lowers 
the moments by 0.7 and 0.8 in Ni and Co, respectively. The model thus 
gives the first explanation of the low value for cobalt. If the chemisorption 
had involved d-orbitals on the metals there would have been a decline of 
l,up/H for both metals. For ethylene chemisorption below 100°C on Ni the 
magnetic data show a decline in ,ufi of 1.4 times that of hydrogen. The 
preferred surface complex for ethylene on Ni is probably type "d". This 
would preferentially give electron pairing for those d-orbitals on Ni with 
one electron and lead to a decrease in moment of 2,up/CzH4 adsorbed. Since 
this is higher than the observed decrease in magnetic moment due to ethylene 
adsorption (and also dissociative adsorption gives higher values), there must 
be chemisorbed species present which give smaller or no magnetic effects. 
Type "a" complex would give a decrease in moment of 0.6 ,u.JC2H 4 and type 
"c" or "e" complex would not affect the moment. The greater declines in 
,ufi on chemisorption of C2H 4 at temperatures above 100°C are due to disso
ciation and thus combined effects of Hand acetylenic fragments. 

The above gives a rather broad picture of "surface complexes" on a 
metal surface during catalysis. BURWELL31

) has suggested use of such mul
tiply bonded species. It is quite likely that such a variety of complexes are 
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present, but that only one is primarily important in the catalytic pathway. 
However, it should be emphasized that any chemisorption profoundly affects 
the whole metal surface through the change it causes in ifJM.' Since olefins 
are more strongly adsorbed than hydrogen, there is chemisorption of 
hydrogen only on a surface highly occupied by olefin, i. e., a surface 
with considerably higher ifJM but fewer vacant sites than that of the bare 
metal. Dissociation of Hz would be expected to more difficult on the olefin 
rich surface than on bare metal. 

These changes in the metal surface will be discussed in more detail for 
CzH4 and other individual reactions. Besides the differences in adsorption 
sites there is a lowering of the average energy level of metal itinerant elec
trons (Fermi level) due to chemisorption, and thus a change in the energies 
of itinerant electrons relative to energies of d-electrons. Since there probably 
is a small energy difference between states of electrons in d-bands (itinerant 
electrons) and d electrons localized on an ion core, changes in d-orbital 
pattern for some metals can be expected with temperature increase, with 
kind of molecule adsorbed and with coverage (see Section VI-3). The model 
thus gives a description of chemisorption in terms of surface compounds, 
but the binding electrons of these surface compounds exist in a dynamic 
equilibrium with the itinerant electrons of the whole metal structure. Since 
the electron energies change with coverage the binding energy of the surface 
compound changes with coverage. 

It is proposed to discuss hydrogenation reactions starting with single 
reactions involving hydrogen atoms and proceeding to more complex olefin 
hydrogenations. The way in which the previous material on surface com
plexes will be used in this discussion can be summarized as follows: 

1) Catalytic Activity will be compared to ifJM values to see if general avail
ability of metal itinerant electrons may be the most important factor. 

2) Trends in activity or selectivity with d-orbital direction and occu
pancy will be examined. This will involve possible relationships to 
the classification into metals of class I, II, III or IV mentioned in 
Section II. 

3) Trends in the periodic table, which also give a measure of M+ ion 
core fields and d-electron energies (and spatial extension), will also 
be examined. 

4) Catalytic Activities will be examined on the basis of lability of 
surface complexes which follows from the comparisons in 2). Com
parisons to "structure insensitive" and "structure demanding" reac
tions can be made. 



Catalysis and the Interstitial-Electron Model for Metals, V. 

IV. Reaction of Hydrogen Atoms on Metal Catalysis 

IV-l The Hydrogen-Electrode Reaction 

This reaction was the subject of Part I of this series39
). It has been 

shown by KIT A 40) that there was a good correlation between activity and 
either LlH of chemisorption of H2 or metal work function for transition 
metals and Group IB metals. This was connected to a mechanism involving 
H atom recombination as the rate-determining step. Lack of activity depend
ence for "d-metals" of groups IIB-IVB on either cjJM or AH was explained 
by a different mechanism involving an Hi intermediate on these metals. 
This example of a dependence of H atom recombination on eftM of the metal 
electrode was the first instance in which a clear connection between catalytic 
activity and metal eft values was established. CONW A Y and BOCKRIS41) have 
called attention to the inverse relation between heats of adsorption of hy
drogen on metals and work function and also shown a relation between eftM. 
and d-character. 

IV -2 Hydrogen Atom Recombination 

BOND42
) has discussed this reaction and pointed out that the actIVIty of 

metal catalysts increases slightly from group IV to Group VIlle and then 
declines to Group lIB. In addition, activity is high from metals with LlH 
of adsorption of 30 kcal/mol and less and declines for metals with higher 
LlH. The dependence on heat of adsorption is as expected, i. e. a high heat 
of adsorption accompanies a strong attachment of hydrogen to the metal 
surface which makes H atom recombination more difficult. For this reac
tion the expected dependence of activity on work function (cjJ) of metal IS 
shown in Fig. 6. 

The accepted mechanism for the hydrogen recombination reaction IS 

M+H+===!M-HadS 

M-Hads +H+===!M+H2 

As such the strength of attachment of H to metal is expected to be the 
factor determining catalyst activity. 

The work functions used for the correlations in this paper are the values 
suggested by BOUWMANN and SACHTLER43

). These values, which are higher 
than the usually accepted eftM values, are those for sintered metals where low 
index planes and defects (which tend to give low eftM valuse) have been 
removed or diminished by the heat treatment (393°C, usually). These values 
are chosen since most of the catalysts have had a heat treatment comparable 
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to that corresponding to the 9M values of BOUWMANN and SACHTLER43
). 

The values of 9M used in the previous paper on chemisorption33
) were the 

lower values for metal films deposited at low temperatures since these repre
sent the substrates most often used for measurement of 119 on chemisorption. 

There is generally an increase in activity with increasing ifJM in Fig. 6, 
again as expected for weaker chemisorption of H by high work function 
metals. In contrast to the dependence on I1H, also shown in Fig. 6 b, the 
ifJM vs. activity curve shows an approximately linear dependence. For Figure 
6 c, strength of adsorption for hydrogen atoms are used as suggested by 
EHRLICH44

) who gives calculated binding energies for H atoms. The curve 
of activity vs. I1H of chemisorption indicates a very small change in activity 
after I1H reaches a value of 36 kcal/mol for Hz. This is a region of strongest 
chemisorption of Hz on metals, and shows that ifJM may give a better indica
tion of catalytic behavior than .f1H. Plots of ifJM vs . .f1H shows that a constant 
I1H of chemisorption in is reached for H at 9M=4.7, for CO at 9M=5 and 
for O2 at 9M = 4.5 ev. (See Paper IV?3) 

The metals Cu, Ag, and Au occupy an unusual position in Figure 6 c. 
These metals all have completed d-shells with d-electrons extending into 
interstitial positions above the metal surface. These metals do not dissociate 
H 2, and the complete occupancy of d-orbitals may also interfere in H atom 
recombination activity. The very low position for Au in Fig. 6 a may indi
cate some different type of binding of hydrogen1B

,45) on this high work 
function metal. 

The small amount of data for H atom recombination on single crystal 
planes offers additional support for the use of 9M as a correlating parameter. 
For Cu and Ag the activity is higher on the 111 plane than the 100 plane46

). 

The ifJM values for Cu are ifJll1=5.54 and 91Oo=5.15ev. For Ni the 110 plane 
is reported to have highest activity; the method of polishing single crystals 
may have affected these results as shown by the data of NAKADA47). However, 
according to the interstitial-electron model Nino has vacant d-orbitals at 
bridging sites which may chemisorb hydrogen as HH at high coverages. 
This type of adsorption has been pointed out by SACHTLER and DORGELd8

). 

V. Reaction of Hydrogen Molecules 

V-I p-Hz Conversion 

Differences in catalytic activity can occur between the H atom reactions 
already discussed and the p-H2 conversion since the latter includes the 
additional step of dissociation of Hz molecules to form H atoms on the 
metal catalyst surface. 
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The P-H2 conversion has been studied in detail for 1st row transItIOn 
metals by ELEY and SHOOTER49

), and in contrast to the H atom recombina
tion there is about constant activity across the row. There are changes in 
order of reaction with temperature and pressure, but in general the mech
anism appears to be a recombination of surface H atoms on sites of mini
mum energy. There is support for taking the rate determining step in 
p-Hz conversion as the combination of H atoms on the surface in the 
following experiments. There is the very close parallel in activity of Au-Pd 
alloys for H atom recombination and P-H2 conversion as observed by COOPER 
and ELEYSO

). This has been pointed out by BOND42
). The second observation 

is the similar gradation in activities of these two reactions on different crystal 
planes of a given metal. VOL TER51

) has observed the following activation 
energies in kcal/mol for p-H2 conversion: 

11E ¢M 11E <PM 

Ni111 3.2 5.35 CU111 9.1 5.54 

Nil10 5.2 5.04 CUIOO 13.5 5.15 

NilOo 6.4 5.22 

(The use of Activation Energies for comparing activities is discussed 
in ref. 8 b.) 

These are the same gradation as given above for H atom recombination for 
Cu; Nil10 differs for the two reactions. The variation in activity for the 
P-H2 conversion correlates very well with work function for the different 
lattice planes of Cu and Ni; however, for different metals the correlation 
depends on row in the periodic table. The activity of 1st row transition 
metals for p-Hz conversion is about constant (with a lower value only for 
Mn) but considerably lower for Cu and Zn (not shown). The latter values 
reflect the non-dissociation of Hz on these metals. In the 3rd row transition 
metals W has very high activity and Pt a higher activity than Ni or Pd. 
In their discussion of p-H2 conversion ELEY and SHOOTER35

) postulate a 
minimum in energy of adsorption for W l10 and connect high activation 
energy and frequency factor with narrow 3d-bands in Ti, V, Cr, Mn, and 
Fe. However, recent photoelectron spectroscopy results52

) indicate no such 
difference in band widths. It is suggested that the p-Hz conversion for a 
series of metals does not correlate well with ¢M because it occurs at high 
coverage where the increase in ¢M due to chemisorbed hydrogen on the 
surface leads to only very small difference in ¢ for the H covered surface. 
This requires a special reason for high activity of Wand Pt as mentioned 
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above. The previous paper33
) on chemisorption on metals postulated chemi

sorption over W6+ ion cores via d-electrons for W HYJ and similar chemisorption 
or bridging chemisorption on Wno. This much weaker chemisorption on 
W (the 110 plane is expected to predominate for polycrystalline W) can 
explain its high activity for p-H2 covers ion. Pt has also been reported to 
show a decrease in <PM with hydrogen chemisorption. In any event the high 
<PM for Pt leads to very weak chemisorption. This weak chemisorption will 
be discussed further in Section V -2. 

V-2 H2-D2 Exchange and H2-D2 Equilibration 

Transition metals show exchange of H2 and D2 at temperatures below 
100°C while non-transition metals show exchange only above 300°C. This 
is another example of difference in activity due to the difficulty of H2 dis
sociation over non-transition metals. For metals like Cu, Ag and Au there 
may be promotion of d-electrons to s-bands at the higher temperatures to 
form sites which dissociate H2. 

There is surprizingly little data on these reactions for a series of metals. 
SCHUlT et al. 53

) found the following order of decreasing catalytic activity on 
metals supported on Si02 for the H2-D2 exchange reaction at o°e. 

Pt, Rh, Ru>Ni, Co>Fe, Cu 

The data of SCHUIT et al. indicate a tendency toward a dependence on 
<P~h i. e., Ni and Co to be more active than Fe or Cu. Experiments on metal 
films have been summarized by BOND12) for the equilibration reaction and 
show about constant activity for H2-D2 equilibration for 1st row transition 
metals, very high activity for Wand higher activity for Pt than Pd or Ni. 
As expected the gradations of metal catalyst activity for the H 2-Dz equilibra
tion are very similar to those of the p-H2 converion. In the above discus
sions of the latter reaction, weak chemisorption of hydrogen was considered 
to explain the high activity for Wand Pt. On the basis of the earlier 
study of chemisorption33) this weak chemisorption is chemisorption directly 
over a metal ion or in bridging positions, in either case at positions of 
unoccupied d-orbitals. This is in partial agreement with DOWDEN'S sugges
tion for the socalled Type-C chemisorption on metals. Wand Mo occupy 
a unique position of being the only metals with unoccupied d-orbitals 1. to 
surface of BCC structure (where the 110 plane is important); Cr has a smaller 
extension of d-orbitals and a different direction of orbitals'). 

V-3 NH3-D2 exchange 

There is quite a good correlation between <PM and activity of metals 
for NH3-D2 exchange (See Fig. 7). This correlation was previouly pointed 
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out by KEMBALL 21) and explained on the basis of NH: formation. An alter
nate explanation consistent with other reactions of H2 would be that exchange 
of chemisorbed NH3 and H (or D) atoms depends on the ease of movement 
of chemisorbed H which is inversely proportional to ¢>M' 

V -4 Summary of reactions of hydrogen 

In the reactions of hydrogen on metal catalysts the H electrode reaction, 
H atom recombination and NH3-D2 exchange show a good correlation with 
¢>I<I' In all these cases activity appears to be dependent on the attachment 
of H atoms in an interstitial position as H"-. These reactions are considered 
to take place at low coverage of H. For H2-D2 equilibration and P-H2 
conversion, activity was about the same for 1st row transition metals and 
Pt and vV showed greater activity. Under the conditions of high coverage of 
hydrogen, 9M approaches a constant higher value of ¢>M previously designated33) 
as ¢>terminah so little dependence on 9)! is expected at high coverage. The 
higher activity for Wand Pt are connected to chemisorption as HH or 
Type-C chemisorption. The parallel behavior for these two types of hydro
gen reaction (H atom recombination vs. equilibration) on Pd-Au could be due 
to low surface coverage of hydrogen on Pd-Au alloys. 

VI. Hydrogenation of Olenns 

Hydrogenation of several olefins and diolefins will be discussed below 
with emphasis on new interpretations by the interstitial-electron model. 
Considerable use has been made of the comprehensive discussion of hydro
genation catalysis by BONDI2

), BOND and WELLS54>, THOMAS and THOMASll
), 

KEMBALL21 ), KOKES30 >, ANDERSON and BAKER55
) and KNOR56

), and for the 
most part the model offers theoretical bases and makes additions to the 
interpretations in the literature. Aims of the present discussion will be to 
formulate olefin surface complexes as precisely as possible, to assess the 
usefulness of ¢>M as a parameter in the more complex hydrogenations of 
olefins and other hydrocarbons, and to see what clarifications the classifi
cation of transition metals into class I, II, III or IV (depending on d-orbital 
orientation and occupancy) provides. 

VI-l Ethylene 

A critical review of the extensive data on ethylene hydrogenation over 
transition metals has been recently published by HORIUTl and MIYAHARA23). 
Some of the observations on metal oxides have been discussed by TANAKA, 
NIHIRA and OZAKI57

) and by KOKES30
,58). An attempt will be made here to 

relate this reaction of H2 and an unsaturated hydrocarbon to the gradations 
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of actIvIty already discussed for H atom recombination, P-H2 converSIOn 
and H 2-D2 exchange as well as to activities of transition metal complexes 
as homogeneous catalysis and of metal oxide catalysts. 

Correlations of ethylene hydrogenation activity with d-character7
) of 

transition metal or to d-character times valence8
) and to initial heat of 

adsorption6
) of H2 or of ethylene are well known. The role of lattice 

spacing has also been assessed5,n). 

Of the above correlations probably the one with JH is the only one of 
basic significance to catalyst activity. It is of interest that in the extensive 
study of kinetic pathways for ethylene hydrogenation, HORIUTI and MIY A
HARA23) have predicted possible activity greater than that for Rh on the 
basis of parameters related to JH of chemisorption and to repulsion effects 
within the activated complex. They conclude the rate determining step in 
the ethylene hydrogenation to be the step of addition H to an alkyl chemi
sorbed species above optimum conditions and the step of dissociation of 
H2 below optimum. 

The correlation of ethylene hydrogenation activity with 9~h as was 
already done for H2 reactions, will be considered first to see if there are 
some general trends for metal catalysts. The early data of BEECK7

) remains 
the only ethylene hydrogenation measurements on series of metal film cata
lysts. There is data on oxide supported metal catalysts by SCHUlT and v AN 
REI]EN53). The log of activity for both these sets of data relative to Rh 
metal is plotted against cftM in Figure 8. Although there is some scatter of 
data the data can be fitted to a volcano type curve with a maximum at 
Rh. Measured <PM values for Ni are highly divergent, and the most recent 
ones on single lattice planes59) are considerably higher than the cftM value 
accepted for polycrystalline Ni60

). The cftM. given by SACHTLER and Bouw
MANN43) is used in Fig. 8 and the activity value for Nino by BEECK7

) with 
9M from ref. 69. 

The indication of an optimum 9)[ will be seen below also for other 
hydrogenations of hydrocarbons. A simple interpretation is that below this 
optimum, surface complexes of C2H 4 and H are more strongly bound by the 
metal surface than optimum for high catalytic activity and that above this 
optimum 9M' they are more weakly bound than optimum for high activity. 
This is equivalent to explanations based on volcano curves of activity vs. 
heat of formation of hydrides .. ROONEY and WEBB18

) have suggested that 
since the surfaces under consideration strongly adsorb C2H 4 it is likely that 
attachment of hydrogen to the metal surface will be the critical factor. 
However, it has already been stressed that the strength of binding of hy-
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drogen is indirectly affected by both C2H4 chemisorption and formation of 
acetylenic residues which both increase ¢1M' The picture the model gives 
of the electron interactions on the metal surface of H and ethylene species 
makes the observation on effect of pretreatment of catalysts understandable 
since residual materials on the catalyst surface can affect subsequent chemi
sorption. 

To provide a meaningful description of ethylene hydrogenation the above 
correlation must be connected to specific surface species as well as to the 
overall kinetics of the reaction. The associative mechanism developed by 
HORIUTI and POLANYI61) and used extensively in this laboratory to explain 
complex observations in C2H 4 hydrogenation, offers a suitable framework for 
the present discussion. 

The species written above as C2H4(a) in our microscopic description can 
be a-bonded in at least 2 different ways by group (II) and group (III) metals. 

C 
To it should be added still a third species, a ;r-bonded species, M~I\, which 

C 
is likely at high coverages. It should also be emphasized that the binding 
energy of all of these species is expected to decrease with increasing cov
erage. These "surface complexes" were shown in Fig. 4, and suggested type 
preference for different metals in Table 3. 

It is proposed that the reversibility of the alkyl formation step will be 
very different for the 3 species (see Section VI. 3). Group III metals will 
have easy reversibility since bonding electrons are already in place. Group II 
metals will show less reversibility since extensive shifts of itinerant electrons 
are required for formation of bonds. Conversely it is likely that the possi
bility of electron shifts to facilitate addition of 1 hydrogen is also what 
makes these Group II metals highly active. However, the rate controlling 
step for hydrogenation of C2H 4 on these metals may be associated with the 
H2 dissociation step18,23). These metals all have high ¢1M and weak attach
ment of chemisorbed species will accompany the relatively difficult dissocia
tion of H2. This interrelation of attachment of olefin and H shows that 
comparisons to metal-olefin bonds in Complexes are an oversimplification63a). 

It is of importance to consider the experimental data which gives direct 
indication concerning species on the surface active in ethylene hydrogenation. 
It is known from infra-red adsorption studies62) that on a surface covered 
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with H atoms, adsorption as C2H 4 occurs while on a bare metal surface 
H H 

there are also -C=C- species, called acetylenic residues. ALEXANDER, FORD 
and PRITCHARD63

) have followed changes in work function of Cu during 
hydrogenation of ethylene. Ethylene chemisorbs on Cu to give a decrease 
in ifJM of 0.8 ev. (thus, C2H~+) while hydrogen chemisorbs with an increase 
in ifJM of 0.35 ev. During hydrogenation at O°C the changes in <PM clearly 
show that the ethylene species which gives the decrease in <P reacts with 
H to form ethane. These observations agree with some tentative data for 
Ni reported by MIGNOLET64

). These data clearly establish that weakly chemi
sorbed ethylene (.dH = 17.5 kcal/mol) is hydrogenated by H on the Cu (and 
Ni) surface. 

An extensive study by RYE, HANSEN and coworkers38) of the C2HcH2 
system on tungsten by flash desorption shows some of the details of hydro
genation on tungsten. These data show that 110 tungsten has adsorption 
sites than can adsorb either H2 or C2H 4 while the 100 plane has independent 
sites for chemisorption of H2 and C2H 4 • From the analyses of chemisorption 

presented in Paper IV33
) the bridging sites on Wuo (see Fig. 4) or edge sites 

on W lOO can accomodate either (C2H 4)H or (H)o+, but the center of a face of 
the unit cell can chemisorb H J

- only. These flash desorption studies also 
have demonstrated that the above species are involved in hydrogenation of 
ethylene on W. 

Some temperature programmed desorption experiments on Pt reported by 
CVET ANOVIC and AMENOMIY A65

) show that out of 5 different chemisorbed 
species of hydrogen, the weakly bound H (or H 2) gave HcD2 equilibration, 
and the more strongly bound H gave only Dl exchange while the most 
strongly bound H was inactive. For comparison, similar data on ZnO show 
two chemisorbed species of C2H 4 on ZnO, but only the more weakly chemi
sorbed species of both C2H 4 and H participating in the hydrogenation reac
tion. This is in agreement with the conclusions of KOKES58

) who proposes 
that the reactive (C2H4)H is chemisorbed on 0 2

- (see below), and upon addi
tion of 1 hydrogen, shifts to chemisorption of (C2H 5) on Zn2+. 

The above experimental evidence as well as the magnetic data of 
SEL WOOD36

) can be interpreted in terms of chemisorption of ethylene with 
delocalized binding between (CZH 4)H and Mn+ ion cores and electrons donated 
by ethylene and metal itinerant electrons. This is similar to the binding in 
transition metal complexes with the difference that greater electron density 
in the region of Mn+ is proposed for the chemisorption on metals. In metal 
complexes proton shielding parameters37

) indicate net transfer of electrons to 
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Ag+ in its olefin complexes but net transfer to olefin for other transition 
metal. For ZnO two types of olefin chemisorption occur. One is tr-bonding 
by ZnH and the other a (C2H 4)H _02- complex similar to the olefin + -trinitro
benzene- complexes57l. Two forms of chemisorbed ethylene were also ob
served for Cobalt oxide57l. It is concluded that (C2H 4)H is the bound species 
on metal, and it probably is held in positions of Mn+ in the layer above the 
surface (over tet sites, marked as 6. in Fig. 4). 

Data available for ethylene hydrogenation on single crystal planes of 
Ni will also be examined to see if they provide any clue to the complex 
behaviour. BEEcK7l observed a 4-fold increase (only partly due to increase 
in metal surface area) in ethylene hydrogenation over Ni (110) films as com
pared to a randomly oriented film. CUNNINGHAM and GWATHMEy66l observed 
that below 100°C the sequence of activity Ni (110»Ni (111»Ni (100) after 
an initial decline in rate. Similar results were recently reported by IMELIK66al . 
Since Ni (110) has the lowest work function (opposite to the trend in Fig. 8) 
these results suggest that the most active Ni catalyst is the Ni lattice plane 
which has strongest attachment of Hand C2H 4 • However, the <PM for the 
other 2 lattice planes then do not have the same correlation with the activity 
gradation. An alternate explanation is that the special weak adsorption of 
hydrogen as HH on Ni (110), postulated above for the H atom recombination 
reaction, leads to the higher catalytic activity for Ni (110). However, this 
probably would have a low activation energy which is not observed for Ni. 
Still another possibility is suggested by the Dz-hydrocarbon exchange study 
over nickel single crystal surfaces by ANDERSON and MACDONALD69l. They 
concluded that polycrystalline Ni which probably contained some Ni (110) 
had sites which stabilized mono-adsorbed hydrocarbon while the Ni (111) 
and Ni (100) and sintered surfaces had none. A higher activity for ethylene 
hydrogenation would be expected on Ni (110), since mono-adsorbed species 
(M-C2HS) are a necessary step in the hydrogenation. The Nino plane has 
2 different metal-metal distances which may be the basis of the difference 
in mono-and di-adsorbed species and indirectly for activity. See further dis
cussion in Appendix. 

There is considerable data on ethylene hydrogenation by alloys. The 
work was usually carried out to support the expectation thael activity was 
dependent on holes in the d-band. Although the early experimentsSOl showed 
a striking decline in activity for Pd to which Au was added and no activity 
for alloys containing more than 60% Au, several alloy experiments show 
less clear gradations. The Band Theory of Metals indicates that addition 
of a dlO metal to Pd, e. g. will cause a decline in paramagnetism. The 
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interstitial model separates out the effects of the localized d-electrons and 
indicates there will only be exchange which will affect paramagnetism when 
the d-electron have comparable energies and the required spatial extension. 
Some of the complexities of hydrogenation by alloy catalysts has been recently 
discussed by Moss and WHALEy68). Alloy catalysis will not be discussed 
here, but some general criticisms of use of an over-simplified d-band model 
have been published separately (J. Catalysis, 28, 503 (1973)). 

It is remarkable for this well studied reaction that the precise mechanism 
and rate determining step are still in disagreement. A very general conclu
sion that weakly adsorbed (CZH4)H and Ho- or HH are involved in the rate 
determining step seems warranted. The constant activation energy of the 
hydrogenation (except for the low values for Wand Ta) makes ethylene 
hydrogenation an untypical reaction for olefin hydrogenation. KNOR55

) has 
expressed the similar idea that there may be greater variety of adsorption 
sites available for simple molecules than for larger or more complex reactant 
molecules. A possible reason for the similar activation energy for CZH4 hy
drogenation is the tendency for a metal-adsorbate interaction to approach 
a constant terminal <PM33). In the case of ethylene the strong adsorption of 
ethylene as (CZH4)H leads to about the same <PM values at high coverage for 
all metals, and thus to a closely similar chemisorbed Ha- for all metals with 
the possible exception of HH on tungsten. For other olefins the different 
activation energies for hydrogenations on different metals will be discussed 
below as well as the interesting selectivities in Dz exchange and isomerizations 
during hydrogenation. 

It appears that <PM is a useful parameter for a very general assessment 
of catalysts i. e. that low <PM metals are not efficient hydrogenation catalysts 
and that also metals of very high <P are less active than those of optimum 
<PM' More detailed reasons for this dependence are probably the following. 
The strong adsorption of H atoms by low <PM metals involves electron attrac
tion by H and leads to Ho-. Adsorption of CZH4 by these same metals 
involves surface complex formation with rearrangement of electrons (large 
.JH) but small net change in dipole of CZH 4 (small J<p and CzH~+ with small 
o value). On the other hand, as already discussed, a high <PM metal may 
interact with H atoms to form HH and the electron transfer in the ethylene 
chemisorbed complex gives CzH!+ with a relatively high 0 + . (This can 
involve less metal electron rearrangement and thus a small .JH). There is 
clearly an optimum position between these 2 extremes, and this analysis 
suggests it will be for metals that give a relatively weak Ha- attachment. 
The way in which different surface planes d-orbitals can affect this have 
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already been suggested. 
In addition to suggesting the use of 1>111 as a correlating parameter, the 

model has suggested a wider variety of chemisorbed species than usually 
discussed, but has also proposed specific "surface complexes" involved in 
ethylene hydrogenation. Different surface binding is suggested for Class I, 
II and III metals and although differences are not strong for ethylene hydro
genation, it will be seen that for higher olefins the selectivity is markedly 
affected by metal class. Also part of the model is a role for occupied d
orbitals in chemisorption of H at high coverages where d-electrons have 
comparable energies to itinerant electrons. 

VI-2 Propylene and Higher Olefins 

The rate of hydrogenation of propylene12
) over a Ni catalyst is only 

about 1/10, and that for butene about 1/30, of that of ethylene. 
The activation energies for hydrogenation of propyleneS9

) vary from 7,...., 
17 kcal/mol over different metals, and activation energies for butene12

) hydro
genation are 2,....,3 kcal/mol as compared to 12 kcal/mol for ethylene hydro
genation for all metals except Wand Ta. BOND has pointed out that in 
contrast to the 1st order kinetics for ethylene and zero order for hydrogen, 
both reactants show 1/2 order kinetics in the hydrogenation of 1-butene. 

BOND concludes from this that hydrogen is more readily adsorbed in 
presence of higher olefins than with ethylene. Since acetylene is more 
strongly adsorbed on Ni-pumice than methyl acetylene (see Section VIII), it 
is also likely that ethylene will be more strongly adsorbed on metals than 
propylene. With propylene the possibility of a tr-allyl type of adsorption 
must also be considered. An allyl complex is considered to be present in 
hydrogenation of C3Hs and C4Hs over Zn05S

) but not C030 4
5
7). 

Fig. 8 shows the gradations with 1>111 in hydrogenation activity for pro
pylene hydrogenation. The 1>M vs. activity curve shows a maximum at Rh, 
but first row transition metals all are low. There is an indication of higher 
activity for Class II metals than Class III metals (which may form allyl 
species). 

As with ethylene, propylene is expected to chemisorb as (C3Hs)H with 
a larger 0 value than C2H 4 due to electron donation ability of the additional 
CH3 group. The variations in .dE for hydrogenation suggest a different rate 
determining step than for C2H 4, in this case possibly the (C3Hs)ads!:::;C3H 7 

step. A variety of different (C3Hs)ads species could lead to the range of .dE 
values. 

When propylene adsorbs on a metal surface the same sites postulated 
for ethylene can be occupied in a· 2-point attachment. In addition the CH3 



Catalysis and the Interstitial-Electron Model for Metals, V. 

group now close to the metal surface is susceptible to dissociative bonding 
to form a 3-point attachment of propylene to the surface (d. Fig. 5). The 
tendency for this to happen is probably similar to the tendency for exchange 
of CH4 and D2 over metals, a process which involves attachment of CH3 to 
the surface. The order of metals in increasing CHCD2 exchange is W> 
Rh > Pt > Pd > Ni > Co > Fe. Now such a 3-point attached propylene can 
switch to a n-allyl species by electron delocalization, and the following reac
tion paths are possible in propylene hydrogenation. 

H H2 H 
HC,-C-CH 

I I 
M M 

In addition there can be isomerization of the two different C3HS surface 
complexes. 

Some unusual features of propylene hydrogenation to explain are the 
low activation energies for Ru, Os and Fe and Co and low activities of Fe, 
Co, Ni and Pd and Os, already mentioned. 

One feature of the close packed surface for Ru, Os, and Co is the 
presence of a potential tet interstitial sites ..1 to the ion cores in the surface. 
Since the normal interstice in HCP would have the other 3M+ in the missing 
next layer, this will not be a region of high e density, but rather will be 
a region in the surface which has a high + field. [This effect is the opposite 
to the presence of lone pairs of electrons in molecules]. This situation is 
expected to lead to a very weak binding of propylene over Ru, Os, and Co 
(HCP metals) and can be connected to low activation energy for hydrogena
tion. Alternatively, when partially occupied d-orbitals are used for binding, 
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stronger but labile binding is expected for Fe, Co, Ni, Pd, Pt. The opposing 
trends for the same metal can lead to the complex gradations in activity. 

An allyl ligand will donate 3 electrons as a (C3Hsf+ species which would 
form on the metal surface only after dissociation of 1 hydrogen. ROONEY 
and WEBB1B

) have pointed out that Fe, Pd, and Co are the metals which 
convert a-olefins to tr-allyl complexes most readily, and if this is the case it 
would mean a stronger chemisorption for Fe, Co and Pd and a resulting 
lower activity. 

The above considerations strongly suggest that in hydrogenation of 
propylene, the low activity for Fe, Co, Ni and Pd are connected with for
mation of tr-allyl surface complexes. The special properties of HCP lattices 
have given the only explanation thus far for the low activation energy of 
propylene hydrogenation for Ru, Os and Co. The low activation energy 
for Fe is not explained. 

'VI -3 Diolefins 

The data on hydrogenation of butadiene gives important information on 
selectivity in hydrogenation. The metals Fe, Co, Ni, Pd and Cu (Class III 
metals + Cu) are the only metals which hydrogenate butadienes almost exclu
sively to butenes70

). For these metals yields of n-butane are 0% for Fe, Co 
and Cu and 0.3% for Ni and Pd. Class II metals like Rh and Ir give 
considerably more n-butane. 

There is a clearly greater selectivity for butene formation for Group III 
metals than Group II metals, which must be connected to the use of partially 
occupied d-orbitals in the binding of the surface complex of Group III 
metals. Cu is also included with these metals, but probably it shows high 
selectivity because of its low activity for olefin hydrogenation. ROONEY and 
WEBB1B

) have postulated tr-allyl complexes for Pd and Co to explain some of 
the stereochemistry. However, the general difference in selectivity probably 
has a more general explanation and lies in the manner of chemisorption of 
the diolefin. From the possible chemisorbed species shown in Fig. 5 it 
appears difficult for both double bonds to be chemisorbed via available d
orbitals on Class III metals but possible by de localized binding for Class II 
metals. BOND12

) has reviewed the evidence from competitive reactions which 
shows that dienes are more strongly adsorbed than olefins. 

Since the selectivity patterns1B
) for metals are very similar in the hydro

genation of 1-3 butadiene, allene and acetylene it is important to see if the 
above explanation holds for all three hydrogenations. ROONEY and WEBB1B

) 

have suggested that since the selectivity should be a function of ratio of 
rate of desorption of olefin and rate of further addition of hydrogen to the 
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adsorbed olefin, the increase in selectivity from Ru to Rh to Pd and from 
Pt to Pd indicates decrease in stability of olefin complex in those directions. 
This explanation does not include the first row metals Fe, Co and Ni, and 
BOND12

) has shown that ethylene and acetylene can compete for surface sites 
on Os and Ir. The suggestion, which can also be the underlying reason 
for strength of adsorption, that Class III metals give high selectivity because 
surface complexes are readily formed and readily des orbed due to a-binding 
via partly occupied d-orbitals can hold for both dienes and acetylene. It is 
consistent with the similar explanation of high isomerization and exchange 
by Class III metals because of easy reversibility of the alkyl formation step. 
The possibility also remains that in presence of acetylene or di-olefin and 
product olefin, the dissociation and adsorption of more weakly bound hydro
gen is the determining factor. 

Rhodium shows the isomerization and exchange behavior of Class II 
metals at temperatures > 80a C only and platinum exhibits properties of both 
Class II and III. Two comments can be made about Pt as a catalyst. First, 
it has been described by Bmw and WELLS54

) as exhibiting facile alkyl reversal 
but difficulty in desorption. The former is a Class III metal property asso
ciated with partially occupied d-orbitals, and the latter can account for a 
lower exchange activity and isomerization activity than other Class III metals. 
BOND and WELLS54

) have also concluded that there is no evidence for n-allyl 
species with Pt. The second comment has to do with metal structure. 
Although there is strong evidence for unpaired d-electrons in Ni and Pd, the 
evidence for Pt is primarily the existence of a paramagnetic region for Pt 
metal (as for Pd and Ni). It is possible that although in the paramagnetic 
region there are PtI°+ (d7

) ion cores with one unpaired electron, the normal 
metal has both PtI°+(d7

) and Pt10 (d6
) ion cores; the latter would not have 

unpaired electrons and would have properties of Class II metals (vacant d
orbitals). 

Within the group of metals giving high selectivity for butene formation, 
the amount of 1,4-addition varies from 15% for Cu, 40% for Pd, 50% for 
Ni to 70% for Co. The ratio of trans-butene-2 to cis-butene-2 is high for 
Co and Pd and low for Cu and Ni, and has been explained by n-allyl for
mation for Co and Pd by JOICE, ROONEY, WELLS and WILSON70

). The 
interpretation of the stereochemistry of hydrogenation using the present 
model will be discussed in a subsequent paper. 

There are not sufficient data to compare activity levels for butadiene 
hydrogenation for a series of metals. The very high selectivity for hydro
genation to butene by H CO(CN)5 catalysts is connected with complexing of 
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a single double bond, and the ratio of 1-2 to 1-4 addition is markedly 
influenced by number of CN groups coodinated71). The model used in the 
present paper suggests that on Group III metals there can be conversion of 
the species adsorbed at one double bond to a n--allyl surface species by loss 
of 1 hydrogen, which would add Fe, Ni, and Pt to the metals Co and Pd 
considered by ROONEY et al.70

) 

VII. Cyclopropane Hydrogenation 

There is considerable delocalization of the binding electrons in cyclopro
pane, and it is probably initially bound to metals as a n--complex. This 
n--complex can dissociate 1 H to form a n--bonded cyclic compound which 
can either rearrange to relatively stable allyl forms or fragment. According 
to MERTA and PONEC72

) the activities of metals for hydrogenation of cyclopro
pane decrease in the order Pd, Pt> Rh > Ni > Mo > Fe. The activity for 
fragmentation (cracking) decreases in the order Ni>Mo>Rh>Fe> >Pd, Pt. 
Of these metals only Pd and Pt give propane as the only hydrogenation 
product. Pd and Pt show partially dehydrogenated 3C species on the surface 
which can be displaced by CO. Ni, Fe and Mo show neglible displacement 
of dehydrogenated species although H2 is displaced. 

These gradations as discussed by MERTA and PONEC72), KNOR56
) and also 

by BOND12
) can be explained by n--adsorption of cyclopropane by Pd and Pt 

and dissociative adsorption by Ni, Mo and Fe. These tendencies also can 
exist in other hydrogenations and explain some of the gadations. For com
parison, another measure of dissociative adsorption (in the case of C2H 4) is 
the carbon retention by the catalyst of the interaction with ethylene. For 
alumina-supported metals there were found to be following order73) of increas
ing dissociation (C retention): Pt < Ir < Rh < Ni < < Pd. Other results7

) 

show the above order as Rh<Pd<Ni. The relatively high value for Ni is 
found for both C2H 4 and cyclopropane dissociative adsorption. 

The dissociative adsorption by Ni, Mo and Fe causes their activities to 
be low for cyclopropane hydrogenation. The usual patterns found in olefins 
are obscured by this susceptibility of cyclopropane to dissociation of Hand 
to cracking. 

VIII. Hydrogenation of Acetylenes 

The order of decreasing activity for metals in the hydrogenation of 
acetylene is for pumice-supported metals74

) Pd>Pt>Ni, Rh>Co>Fe>Cu, 
Ir>Ru, Os. The order for metal films75

) is essentially the same but with 
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Rh, Pt>Ni> >Fe, W. The activative energy of acetylene hydrogenation 
is 6 .......... 7 kcal/mol, and rates of hydrogenation are, e. g., for Ni, 100 times 
lower than for ethylene hydrogenation. 

BOND12
) and BOND and WELLS54

) have suggested several schemes for 
hydrogenation of acetylene one of which may involve a vinyl radical: 

Since the pathway via vinyl radical leads to chemisorbed ethylene, further 
hydrogenation to ethane may be a consequence of this pathway. The selec
tivity for C2H 4 formation also decreases in the order of activities except that 
Ru and Os show higher selectivities than Ir. BOND12

) has given an explana
tion of the gradations in selectivity for ethylene formation in terms of a 
combination of strength of adsorption of ethylene (thermodynamic factor) 
and activity of the metal for hydrogenation of ethylene. This accounts for 
the abnormally low selectivity of Ir by an especially weak operation of the 
thermodynamic factor12

) for this metal. An alternate explanation already 
discussed for butadiene is the expectation of high selectivities for Group III 
metals which have more restrictive bonding sites. For acetylene, binding 

H 
of acetylene either as M-C=CH or as a rr-bonded species on the surface 
will not readily shift to a di-a-bonded ethylene, whereas on Group II metals 
which use itinerant electrons in binding, such a shift can take place. 

From studies of acetylene-Dz reaction1Z
) it appears clear that the vinyl 

reversal step is most likely for Ru, Os, Rh and Ir and hydrogenation of 
vinyl to ethylene more likely for Ni, Pd and Pt. This can be explained and 
related to the opposite behavior of these metals for alkyl reversal (Sect. VI. C) 
if over Class II metals (Ru, Os, Rh, Ir) a vinyl radical attached to 1 metal 
site is formed and over Class III metals (Ni, Pd, Pt and also Fe and Co) 
a vinyl radical attached to 2 metal sites is formed. There is some evidence 
for this in the greater polymerization during acetylene hydrogenation for 
most Class III metals. 

The gradations in activity for methyl acetylene7B
) show no correlation 

with ¢M (see Fig. 9). Heats of chemisorption on different metals are not 
known. It is of interest to compare the gradation in activity with the ease 
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Fig. 9. Activity of metals for hydrogenation of benzene and 
methyl acetylene as a function of <PM. 
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of oxidation of the metal in low valent complexes76
) where Os> Ru > Fe, 

Ir > Rh > Co, Pt > Pd > Ni, Au. This measure of electron donating ability 
would also measure interaction of acidic H of acetylene with metals. On 
this basis strong interaction of acidic protons of acetylene with the more 
basic metals would lead to low activity in hydrogenation. This explanation 
of activity gradation which may be the basis for the thermodynamic factor 

H 
also provides for the possibility of surface complexes such as M-C=CH or 
M+(e) HC=CH(e) M+. BOND et al. 12

) have postulated a polar interaction of 

acetylene to explain acetylene-acetylene-d2 exchange patterns. 
The basic nature of a metal surface has been directly investigated by 

SHEETS and BL YHOLDER77
) by BF3 adsorption. The infra-red spectra and 

the ease of displacement of BF3 by CO placed the metals investigated in 
the following order of decreasing basicity, V>Fe, Ni>Cu, the same as the 
ease of oxidation given above. 

It is of interest that activities for acetylene hydrogenation appear to be 
affected by acid-base interaction between acetylene and the metal surface. 
This is another point of similarity between metals and metal oxides where 
in the case of ZnO the H abstraction by oxide was considered by KOKES58

) 

to be important in olefin hydrogenation. 
For Methyl Acetylene the order of decreasing activities78

) is Ir, Rh, 
Co> Pt > Ni > Fe > Cu. The main differences from acetylene are the high 
activity for Ir and Co. It is of interest that methyl acetylene in competitive 
hydrogenations12

) appears to be more weakly adsorbed than acetylene. 

IX. Hydrogenation of Aromatics 

The previous discussion of binding of ligands in complexes can lead to 
some suggestions for the ways benzene and other aromatics can be bound 
to the metal surface. The early discussions of benzene hydrogenation79

) were 
in terms of 6 point adsorption of benzene flat on the surface. BOND12

) has 
concluded that in presence of hydrogen during hydrogenation, benzene is 
adsorbed as phenyl radicals and partly as diadsorbed species. The magnetic 
data reported by LEE and SEL WOOD80

) that benzene has 3-5 times the effect 
of H atoms in reducing magnetic susceptibility of Ni is compatible with 
a 2 point adsorption with some H dissociation. Also, the Ni surface will 
have a considerable fraction of electrons in interstitial positions available 
for delocalized bonding which also would give the magnetic effect found by 
SELWOOD. 

Benzene which gives up 6 electrons to molecular orbitals in formation 
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of IT-arene complexes has rather stringent requirements for the binding 
electrons in such a complex in a metal surface complex. The delocalized 
electrons in the metal complex are, according to the scheme described in 
Section II, e.g. for Cr(C6H 6)2, [Cr6+(e)l8(C6H6)~+]. Electrons or electron pairs 
would be expected to be distributed with 6(e)2 on a trigonal prism arrange
ment and 3(e)2 axially distributed. In this scheme there are no localized 
d-electrons to restrict the position of these binding electrons and it is in 
keeping with the preponderance of arene complexes for Group VI, Group 
VII positive ions, and di and tripositive ions of Group VIII. Also, the latter 
complexes only form with mesitylene, not with benzene. This suggests that 
a IT-benzene surface complex would form most readily on Group VI metals 
and that when d-orbitals extending above the surface block a trigonal ar
rangement of sites, there will be no IT-complex formation. Class II metals 
(Rh, Ir, Ru and Os), thus can form IT-complexes because they all have vacant 
d-orbitals over alternate interstitial positions above the surface. Class III 
metals would be expected to give 2-point attachment of benzene as in an 
olefin complex. Class I metals (Mo, and W) may not readily form IT-benzene 
surface complexes because the ion cores are probably M6+ (d4

) in these metals, 
and the occupied d-orbitals can interfere. For Mo and W the vacant d-orbital 
..L to the surface may give preponderance of adsorption as phenyl radicals. 
The consequences of these different types of aromatic adsorption for activity 
and selectivity in exchange of hydrogens in toluene will be discussed after 
the activity patterns are examined. 

The order of activities observed for benzene hydrogenation over transi
tion metals is: 

Ru> Pt> Tc > Pd> Re > Co > Ni > Fe 

The order of metal activities for the hydrogenation of toluene8l) are Rh> 
Mo> W ........ Co.-....Pt>Ni>Fe>Pd. The exchange of D2 with ring hydrogens 
follows the order of rates Rh>Mo>Co>W>Ni>Fe>Pt>Pd>Mn. A 
study82) of Pt, Ni and Pd showed rates in the rates 18: 7 : 1 but activation 
energies 13, 34 and 14 kcal/mol. 

The order of activities for hydrogenation of aromatic is not as well 
established as for the olefins. There appear to be effects of supports which 
may be espected for a molecule like benzene. In general from the sequences 
given, Rh, Ru, Mo, W have higher activity the Fe, Co, Ni, Pd which would 
mean Class I and II metals are more active catalysts for hydrogenation of 
benzene than Class III metals with the possible exception of Pt. 

ROONEY and WEBBl8) have concluded that the slow step in hydrogena-
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tion of benzene is the addition of the 2nd H atom to CSH7 on the surface. 
When the reverse reaction (formation of CsHs) is fast, only exchange is 
observed without hydrogenation (as in Ni at low temperatures). The stability 
of CSH7 on the surface is expected to increase from Ni to Pd to Pt. The 
more labile the CSH7 species the more exchange (more reversal to CSH7). 

The above suggestions of rr-bonding on Class II metals and di- a-bonding 
on Class III metals can be brought into the scheme suggested by ROONEY 
and WEBB18

). If addition of H to C6H7 is the slow step this would be 
expected to be rapid for Class II metal since the CSH7 will still be adsorbed 
flat on the surface as (CSH7)H. In the case of the a-diadsorbed benzene on 
Class III metals addition of H to form C6H7 leaves localized orbitals available 
for the reverse reaction. These two kinds of bonding can explain the more 
rapid hydrogenation by Class II Metals. If Mo and W (Class I metals) 
chemisorb benzene as phenyl radicals, step wise addition of H can readily 
occur. 

It is of interest also to relate these suggestions to the exchange of ring 
hydrogens and methyl hydrogens during the hydrogenation of toluene which 
has been reported by HORREUX et al.81

) Ring exchange would be expected 
to be rapid for rr-adsorbed toluene on Class II metals and exchanges of all 
ring positions and side chain are very fast for Rh. For the di- a-bonded 
adsorption by Class III metals which can be assumed to include the carbon 
having the CH3 group, exchange of side chain hydrogens will be expected 
to be more rapid than ring hydrogens and more rapid than hydrogenation. 
This is the sequence observed for Pd, Fe, Co, Ni, and Pt. For Mo and W, 
if phenyl groups are formed, the ring positions of attachment relative to the 
CH3 will determine the exchange pattern. In our view chemisorption of 
aromatics probably involves a net electron transfer to the aromatics and in 
this case the adsorption of a phenyl group would occur at the meta-position 
of toluene and not in the electron rich a- or p-positions. Steric hindrance 
would tend to favor the para-position. These two tendencies can explain 
the preponderance of meta- and para- over ortho- ring hydrogen exchange for 
toluene on Wand Mo. 

There does not seem to be a definite correlation of activity for hydro
genation of benzene or toluene with <PM. This is not unexpected since with 
a complex molecule like benzene a dependence on surface orbitals will have 
a greater effect than the strength of attachment of metal electrons which 
is of predominant significance when there is attachment of the reacting 
molecule to single sites. 

It is of interest that homogeneous transition metal complexes have not 
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been found to hydrogenate benzene. This is not unexpected since some 
homogeneous complexes only hydrogenate activated olefins, and benzene is 
more difficult to hydrogenate than olefins. Also, the group of metals which 
most readily form n-aryl complexes are not among the most active catalytic 
metals. Whether more than 1 metal atom is a requirement may be found 
when metal cluster compounds can be prepared which are suitable for cata
lytic tests. 

x. D2 exchange with Hydrocarbons 

The D2 exchange with saturated hydrocarbons will be discussed here 
for the purpose of comparison with the exchange which occurs during olefin 
hydrogenation and for relating it to C-H bond breaking which occurs during 
dissociative chemisorption of olefins and dienes. 

Exchange reactions are carried out in the temperature range of 150,....., 
200°C and at these relatively high temperatures it is likely that strongly 
chemisorbed species are involved in the reaction in contrast to the weakly 
chemisorbed species postulated as reactive intermediates for olefin hydroge
nation. The reaction is complicated by decomposition of hydrocarbons to 
carbides which starts at 60°C for CH4 on W, at 140°C for Ni and 170°C 
for Fe. The order of activities12

) for metals for D2-exchange with CH4 (or 
C2H 6) is 

W>~>Th>~>V>G>~>~>N>ffi>~>~ 

A plot of activity vs. ifJM in Fig. 10 shows a volcano type curve with a 
maximum activity in the region of W (or ifJM=4.6). Fe, Co, and Ni show 
unexpectedly low activities on this basis. However, TRAPNELL6

) has shown 
that adsorption of hydrocarbons on these metals at O°C is 50,....., 100 times 
smaller than for the other metals in Fig. 10. 

There are two interesting aspects of this reaction, the activity sequence 
and the occurrence of multiple exchange for certain metals. The metals of 
high activity (W, Mo, Ta, Rh) are metals of Classes I and II and those of 
low activity (Pd, Fe, Co, Ni) are of Class III. The pattern is quite similar 
to that in hydrocracking to be discussed in Section XI. However, it differs 
from the olefin hydrogenation pattern in the high activity of W, Mo and 
Ta for D2-exchange. Also, for olefins both exchange and isomerization 
activities during hydrogenation are high for Pd and other Class III metals 
and low for Rh and Ir. In the olefin hydrogenation exchange depends on 

H HH 
the ease of the alkyl reversal step, H C-CH~ C-C H, and the model 

HI \ HI H 
M M M 
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Fig. 10. Activity of metals for C2H 6-D2 exchange and for 
hydrogenolysis of ethane as a function of <PM. 
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TABLE 4 Exchange of CH4 with Dz (Initial Distribution)a) 

Proportion of Isotopes 
Metal 

d1 dz d3 d4 

W 0.76 0.01 0.09 0.14 

Rh 0.21 0.045 0.29 0.45 

Pt 0.36 0.12 0.25 0.27 

a) C. Kemball, ref. 21 

given in Sect. VI indicated easy reversal in the ease of Class III metals. 
In D2-exchange with saturated hydrocarbons the rate determining step is 

/ CH -H 
probably the dissociation of hydrocarbon (M 4 ----> M-CH), and both 
rate of exchange with D2 and degree of exchange are determined by the 
CH surface species. For Class I metals strong attachment to a single metal 
as M-CH3 (or M-CzHs) is expected, and this is borne out by the predomi
nantly stepwise exchange pattern for W shown in Table 4. For Class II 

( 

M '. 
metals, multiple attachment at interstitial sites is expected M(tICH+ and 

this is the case for Rh which shows multiple exchange21). Metals like Pt 
(Class III) show intermediate behavior which indicates both kinds of hydro
carbon surface species, the major species is probably a-bonded CH3 and the 
second as given for Rh. There is not sufficient data to suggest whether 
Class of Metal is decisive for diadsorbed species present for CZH 6 on some 
metals. 

XI. Hydrogenolysis of Hydrocarbons 

As with D2-exchange of hydrocarbons, their hydrocracking will be 
discussed since it involves processes which can also occur during olefin 
hydrogenation. 

A reaction such as the hydrogenolysis of ethane shows the interesting 
sequence of metal catalyst activities Os>Ru>Ni>Rh>Ir>Re>Co>Fe>Cu 
Pd=Pt. SINFELT and YATES84) have recently discussed this reaction and 
correlated activity with d-character of the metals. Data tabulated by BONDS) 
indicate a maximum in activity for group VIlla of 2nd and 3rd transition 
series and probably group VIlle for the 1st transition series. 

This reaction differs from the reactions discussed above which required 
dissociation of ethane, i. e., rupture of a C-H bond for chemisorption of an 
ethyl group. The overall reaction of hydrocracking a hydrocarbon involves 
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stripping off hydrogens, rupture of C-C bonds, formation of surface radicals 
(CH3, CH2, CH) which are subsequently hydrogenated and desorbed. There 
are conflicting views83

) on whether C-C bond breaking or desorption of 
hydrocarbon fragments is the rate controlling step. 

Hydrogenolysis and cracking of ethane involves both M-H and M-C 
binding strengths as well as C-H binding. The reaction must also include 
multiple bonded adsorption of (-CH2-CHd and reaction with H atoms to 
form CH4 • The strength of adsorption of all hydrocarbon species is ex
pected to be proportional to the Mn+ field which is also proportional to if>M; 

the attachment of H atoms have an inverse dependence on if>M' The plot 
of if>11 'Os. activity for ethane hydrogenolysis on Fig. 10 shows a maximum 
activity at if> of 4.9 ....... 5.0. The correlation with if>!d brings all metals into 
a common basis which was not true of the correlation with d-character 
discussed by SINFEL T and Y A TES84

) or the variation with periodic group 
used by BOND12). The dependence of hydrocracking activity on if>M with an 
optimum if>M supports the conclusion that desorption may be rate controlling. 
As if>M increases the interaction of CH4 and metal electrons decreases and 
desorption can occur more easily. At very high if>M there would be lower 
activity due to less dissociative adsorption. 

The unusual feature of the reaction is the high activity for Ru, Os, W 
and very low activity for Pd and Pt. This is the same as the cracking 
activity sequence for cyclopropane reported by KNOR56

), 

Ni>Mo>Rh>Fe>Pd, Pt. 

The observations on hydrocracking agree very well with previous obser
vations of carbide formation during ethylene hydrogenation on Wand Ni 
and was connected to presence of vacant d-orbitals .l.. to the metal surface 
on W 110 and Ni planes. This may also be the explanation for Ru and Os 
where the close packed lattice normally would have a tet interstice above 
Mn+ in the surface. This is absent at this surface layer but can be a region 
of high positive charge for HCP metal surfaces. These properties are re
flected in if>M values since attachment of e to the metal surface depends on 
Mn+ field. 

XII. Hydrogenation of Ketones 

Strength of chemisorption of oxygen on metals follows the same order 
as H or olefins so the major difference expected for ketones is the possibly 
greater strength of attachment to metal of the oxygen group compared to 
carbon. The gradation of decreasing activity of metals, Pt>Ni>Fe, W> 
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Pd > Au appears similar to the gradations for hydrogenation of olefins. This 
indicates surface attachment of both carbon and oxygen. The product In 

all cases is isopropyl alchol. 
H 

Of interest is the hydrogenation of a molecule like acrolein, HC=C-C=O 
for which there can be a selectivity for either hydrogenation of C = C or 
C = O. Here the greater strength of C = 0 adsorption compared to C = C 
shows up in the high selectivity for C = 0 hydrogenations by catalysts such 
as Cu-Cd alloys (Class III-IV) which are poor olefin hydrogenation catalysts. 

VIII. Discussion 

The application of the Interstitial-Electron Model to hydrogenation cata
lysis has led to a great variety of explanations for the complex catalytic 
behavior of metals. These explanations, however varied, have a certain 
consistency and can be divided into two groups for the purpose of summari
zing them. The first is based on metal properties and includes both geometric 
and electronic factors; an important aspect of these interpretations is the 
division of metals into 3 Classes with distinctly different catalytic behavior. 
The second kind of explanation involved properties of the surface complex 
as determined by properties of reacting molecules. These points of view 
have much in common with that of SCHUlT, vAN REIJEN and SACHTLER53

) 

who proposed one factor in catalyst activity related to heat of adsorption of 
product or reactants and a second factor related to stability of the activated 
complex, i. e. one related to metal electronic properties and the other not. 

Within the first group of explanations based on metal properties, certain 
reactions such as simple H-atom reactions, D2-NH3 exchange, D2-hydrocarbon 
and D2-0lefin exchange there was a good correlation between catalytic activity 
of the metal and metal work function or heat of adsorption of reactants. 
For more complex reactions like olefin hydrogenation there appeared to be 
an optimum <PM for maximum catalytic activity, but specific effects of surface 
orbitals of each metal were considered to be more important in determining 
selectivity and probably partly responsible for determining activity level. For 
benzene the effects of orbital pattern far outweighed the electronic property 
of the metal as indicated by <PM' 

For the hydrogenation of acetylene and cyclopropane specific properties 
of the reactant appeared more important than the metallic properties indicated 
by <PM or orbital pattern. These properties were the acidic nature of hydro
gens in acetylene and specific effects of cracking behavior of metals for 
cyclopropane. These catalytic properties of metals reflect the dual character 
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of the metal surface; a metal has regions around ion cores with strong 
positive fields not completely screened by electrons and also regions of high 
electron density at interstitial positions above the plane of ion cores. 

The model has established some theoretical basis for the groupings of 
metals which give isomerization and exchange during hydrogenation, and the 
division of metals into Classes I, II and III clarify observations on a large 
number of catalytic reactions. The connection the model makes between 
catalytic selectivity and orientation of d-orbitals is the same as made by 
OCHIAI85

) in his review of catalysis by metal complexes in homogeneous 
solution. The insight this clasification gives can guide choice of catalyst 
for the reactions for which metal class has been shown to be important. 
It also suggests Class II-Class III metal alloy combinations which may be 
far more important for catalysis than the much studied alloys between Pd 
or Pt and Group IB Metals. The Interstitial-Electron Structures for these 
types of alloys have not been formulated yet, except for cases where no 
change in metallic properties are anticipated4

). Gradations in activity levels 

for a series of metals are even more complex than selectivity patterns. When 
the binding of reactants to the surface can be expected to depend on availabil
ity of metal electrons for chemical binding the most active catalysts can be 
expected to be those with highest <PM (or lowest heat of adsorption). When 
reactants differ in attraction of electrons or when one reactant donates elec
trons to the metal and the other attracts electrons, activity can be expected 
to reach a maximum at some intermediate <PM (or LlH) value. When a reactant 
has some special property such as acidic groups which dominate the interac
tion with the metal surface then a corresponding property of the metal, in 
this case its basicity or electron donating ability, become important for 
activity. 

This paper has not discussed many facets of hydrogenation catalysis. 
Modifications of some of the explanations may be required as additional data 
are considered. It was mentioned earlier that previous discussions had been 
incorporated to a large extent. As examples one can consider the discussion 
in this paper to offer some detailed surface species in place of (C2H 4)ads as 
used in the extensive studies of ethylene hydrogenation by HORIUTI, MIY A
HARA and coworkers23) in this Institute. By use of the framework of the 

present discussion, many of their results should be transferable to other 
hydrogenations. The careful elucidation of thermodynamics of catalytic 
reaction and connections to heats of adsorption and heats of formation of 
related compounds by BALANDIN and coworkers79

) and SCHUlT, SACHTLER, 
V AN REIJEN et al. 53

) can supplement (and be related to) our discussion of 1>:.1 

49 



50 

O. JOHNSON 

as a parameter. The extensive explanations by BOND, WELLS, ROONEY, 
SHOPOV and ANDREEV using rr-complexes do have differences due to our 
different model, but many of the mechanistic explanations have been taken 
from their work. Although the present discussion uses a specific model, 
that of the Interstitial-Electron Model for the Metal Surface, an attempt 
was made to give the explanations in terms of electron transfer between 
reactants and metal surface which should be of general applicability in cata
lyst discussions. 
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APPENDIX 

d-orbital Patterns for Minor Lattice Planes 

The orientation and occupancy of d-orbitals on the less prevalent lattice 
planes can also be described on the basis of the Interstitial-Electron Model 
for metals. Table 5 lists these characteristics for the 100 and 110 plane of 
CCP lattices and the 100 and 111 plane of BCC lattices. These d-orbital 
patterns can be of importance in modifying catalytic behavior especially if 
some special binding sites are present. In addition they can be of use in 
interpretation of results of catalysis on single crystal planes. 

For BCC metals the 100 planes show similarity to the 110 plane glven 

TABLE 5 D-orbital orientation and occupancy for 

different lattice planes of metals 

Metal Lattice 
Occupancy and Angle of D-orbital to Surface 

Vacant Partly Occupied Occupied 

CCP (100), Ni 45 36 90 
Rh, Ir 90 45 

Pd, Pt 90 45 

CCP (110), Ni 90 45 45 

Rh,Ir 45 45, 90 

Pd, Pt 45 45. 90 

BCC (100), Cr 45, 90 45 

Mo, W 45, 90 45 

Fe 30 90 45 

BCC (111), Cr 13, 45 54 

Mo, W 45, 58 13 

Fe 13 45 58 

53 



54 

O. JOHNSON 

earlier except for the vacant d-orbital 90° to the surface for Cr and the 
partially occupied orbital at 90° for Fe. This can impart tungsten like 
properties to Cr (100). On the 111 plane Mo and W have vacant orbitals 
at 58° instead of at 90° as on the 110 plane. 

For the CCP lattice there is on the 100 plane a new vacant orbital at 
90° for Rh and Ir and a partially occupied orbital at 90° for Pd and Pt. 
On the 110 plane there is a vacant orbital at 90° for Ni. There is also 
the difference of arrangement of d-orbitals on the 110 plane. It can be 
seen by comparing the orbitals for CCP (111) and BCC (110) in Fig. 4 that 
the difference is an edge orientation in 110 (orbitals at 90° each other) and 
orientation over a triangle of 3 Mn+ in (111) (orbitals at 120° to each other). 

The difference for Ni (111) and Ni (110) are thus rather great. The 
vacant d-orbital at 90° or Ni (110) can account for the greater carbide for
mation during ethylene hydrogenation (tungsten like behavior), and the more 
favorable orientation of partly occupied d-orbitals at 45° can account for 
the enhanced hydrogenation of ethylene on Ni (110). The pattern of D2 
exchange with CH4 over Ni at low temperatures also follows a tungsten 
like behavior. 
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