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M-O distances, with the rest of the molecule rigid”. Goddard
has developed a modified GVB (M-GVB) program which uses
empirical corrections for certain two-electron integrals, and by
using this program he has calculated a short bond for Cr,.* These
systems are very difficult to describe theoretically, and experience
has shown that an isolated calculation can get the “right” answer
for the wrong reason. It would be useful to know how well these
methods handle the well-studied trends, rather than isolated
controversial cases.

Conclusion

GVB calculations do not provide correct absolute values for
Cr-Cr bond length, but they do provide wave functions with the
correct physical properties, which we may use to accurately predict
trends. Therefore, we cannot predict a priori Cr—Cr bond lengths,
but we can indicate responses of Cr—Cr bond lengths to changes
in bridging ligation and relative responses to axial ligation. Our
calculations indicate that the Cr-Cr bond length in anhydrous

(44) Goodgame, M. M.; Goddard, W. A. Phys. Rev. Lett. 1985, 54, 661.

dichromium tetraacetate should be longer than either the amidato
or amidinato complexes. Our calculations of the response of Cr-Cr
bond length both to changes in the bridging ligands and relative
changes in Cr-Cr bond length upon axial ligation are consistent
with a Cr-Cr bond length of 2.05-2.10 A for dichromium tetr-
aacetate. We also conclude that the bridging and axial ligands
do not effect the Cr—Cr bond length independently but cooper-
atively. Bridging ligands with lower electronegativity result in
shorter Cr—Cr bonds, but they also make the change in bond length
upon axial ligation greater.

Acknowledgment. We than the National Science Foundation
(Grant No. CHE 86-19420) and the Robert A. Welch Foundation
(Grant No. A-648) for support of this work. This research was
conducted in part with use of the Cornell National Supercomputer
Facility, a resource for the Center for Theory and Simulation in
Science and Engineering at Cornell University, which is funded
in part by the National Science Foundation, New York State, and
the IBM corporation. We also gratefully acknowledge Cray
Research, Mendota Heights, MN for a generous grant of computer
time.

Noncatalyzed, Homogeneously Catalyzed, and Heterogeneously
Catalyzed Formyl Formation

George Blyholder* and Michael Lawless

Contribution from the Department of Chemistry, University of Arkansas,
Fayerteville, Arkansas 72701. Received May 23, 1988

Abstract: Potential energy surfaces have been calculated for H migration onto a carbonyl to give a formyl structure for a
noncatalyzed, a homogeneously catalyzed, and a heterogeneously catalyzed reaction using a semiempirical MINDO procedure.
For the H, + CO reaction to give formaldehyde, the high activation energy is due to the fact that, in the limited orbital space
available, the H-H bond must be almost entirely eliminated before the two H atoms are far enough apart to both form strong
bonds with the carbon atom. For the homogeneous reaction (CO),FeH™ — (CO);FeCHO" the activation energy is reduced
to 44 keal/mol because the H maintains bonding with the Fe while the C-H bond is forming, but the activation energy is
still high because the highest occupied molecular orbital of the formyl product is an energetically unsuitable place to put electrons.
In the heterogeneous process HFe;CO — Fe|,CHO, the activation energy is reduced to 5 kcal/mol because the H and C
interaction with the large number of orbitals in the Fe sp band accommodates the changing H and C geometry and bonding
with relatively little energy change. The consequences of this explicit comparison of homogeneous and heterogeneous catalysis

are discussed.

The nature of the catalytic process has been a concern of
chemists since chemistry became an experimental science. In 1836
Berzelius! brought together the known observations on enhanced
chemcial activity, and to focus attention on the phenomena, he
gave it a name, catalysis. For convenience he designated a cau-
sitive agent as the catalytic force but clearly indicated that the
phenomena were rooted in the standard electrochemical affinities
of matter. Current reaction rate theory (activated complexes on
a potential energy surface) in conjunction with thermodynamics
(the catalyst does not formally appear as a reactant or product
and so cannot affect initial and final states, i.e. equilibrium)
designates the role of the catalysts in enhancing a reaction rate
as providing an alternative reaction path that has a lower activation
energy.>?

At the heart of catalysis, then, is the determination of potential
energy surfaces (PES) for reactions and definition of those factors
that cause different reaction channels to have different barrier

(1) Berzelius, J. J. Ann. Chim. Phys. 1836, 61, 146.

(2) Bond, G. C. Heterogeneous Catalysis: Principles and Applications,
2nd ed.; Clarendon Press: Oxford, 1987.

(3) Robertson, A. J. B. Catalysis of Gas Reactions by Metals; Logos Press:
London, 1970.
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heights. Ultimately, reactivity must be treated as a dynamic
process, but it has been noted that the major limitation to the
accuracy of all the classical, quantum, and statistical dynamics
methods comes from the quality of the potential energy surface
used. In this paper the fundamental nature of the catalytic process
is probed by determining the PES for one reaction (the addition
of hydrogen to the carbon atom of a carbonyl group) in two
metal-catalyzed processes and in a noncatalyzed reaction.
Because catalysis is such a widely used and economically im-
portant industrial process, there is a great deal of practical em-
pirical knowledge about catalytic reactions but relatively much
less understanding of the mechanistic details of these catalytic
reactions. As a starting point to a molecular understanding of
metal-catalyzed reactions, an analogy between homogeneous and
heterogeneous reactions often has been proposed.* The molecular
orbital model for chemisorbed CO,*¢ which has been highly

(4) (a) Catalysis. Heterogeneous and Homogeneous, Proceedings of the
International Symposium on the Relations between Heterogeneous and Ho-
mogeneous Catalytic Phenomena, Brussels, 1974; Delmon, B., Jannes, G.;
Elsevier: Amsterdam, The Netherlands, 1975. (b) Muetterties, E. L. Chem.
Soc. Rev. 1982, 11, 283. (c) Muetterties, E. L.; Burch, R. R.; Stolzenberg,
A. M. Annu. Rev. Phys. Chem. 1982, 33, 89,
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successful in treating many aspects of CO adsorption on metals,
was implicitly based on molecular orbital models of coordination
complexes. In this paper the homogeneous—heterogeneous con-
nection is directly probed by determining the PES for the addition
of hydrogen to a carbonyl group both in 2 mononuclear coordi-
nation complex and on the surface of a metal cluster. The PES
for each of the following three reactions has been determined.

H, + CO — H,CO (1)
(CO)4FeH™ — (CO);FeCHO™ (2)
HFe,,CO — Fe;,CHO (3)

There exists a substantial body of organometallic literature
dealing with alkyl migration reactions to form acyls.” The smallest
unit that might be considered to migrate is a hydrogen atom.
Athough many transition-metal alkyls readily migrate to an ad-
jacent carbonyl to form an acyl, the rearrangement of a transi-
tion-metal hydride to a formyl has not been observed.*!° The
formyl complex [(CO),FeCHO]}~ was first synthesized from
Na,Fe(CO), in 1973."' Subsequently, many transition-metal
formyls have been reported, but most have a half-life near room
temperature in the range from seconds to a few days.®1? In spite
of the reluctance of transition-metal hydrides to shift the hydrogen
atom to a CO to give a metal formyl, formyl complexes have been
suggested as intermediates in the catalytic reduction of CO with
hydrogen.!3-13

A PES has been calculated for the hydrogen transfer in a
coordination complex per reaction 2 using semiempirical calcu-
lations referred to as MINDO/SR.!S  While the energy for
individual structures of a mononuclear transition-metal complex
can certainly be calculated by ab initio quantum mechanics, the
use of a semiempirical method is the most efficient way to obtain
many points along a reaction path on a PES. Because of the great
difficulty in theoretically handling a localized adsorption inter-
action on an extended metal surface at a sophisticated enough
level to get accurate electronic properties, the use of clusters of
1-50 metal atoms to represent the metal surface has developed
into a widely used procedure.!”"® 1In previous work the inter-
actions of a hydrogen atom?®?! and CO?! with a 12-atom iron
cluster representing the (100) face of Fe by the semiempirical
MINDO/SR procedure have been calculated and found to be in
good agreement with experimental observations. Through an
examination of the diatomic energy terms, the coadsorption of
CO and H in proximity to each other was found to affect the
energetics of their interaction with the surface. In this paper
calculations are presented for the next step, which is the deter-
mination of a PES for adsorbed H migration onto adsorbed CO
to form an adsorbed formyl as in reaction 3.

In order to establish a perspective for the two metal-catalyzed
processes, calculations using the MINDO/SR program are

(5) Blyholder, G. J. Phys. Chem. 1964, 68, 2772.

(6) Blyholder, G.; Allen, M. C. J. Am. Chem. Soc. 1969, 91, 3158.

(7) Collman, J. P.; Hegedus, L. S. Principles and Applications of Orga-
notransition Metal Chemistry; University Science Books: Mill Valley, CA,
1980.

(8) Gladysz, J. A. Adv. Organomet. Chem. 1982, 20, 1.

(9) Wajcicki, A. Adv. Organomet. Chem. 1973, 11, 87.

(10) Calderazzo, F. Angew. Chem., Int. Ed. Engl. 1977, 16, 299.

(11) Collman, J. P.; Winter, S. R. J. Am. Chem. Soc. 1973, 95, 4089.

(12) Moloy, K. G.; Marks, T. J. J. Am. Chem. Soc. 1984, 106, 7051.

(13) Pickler, H.; Schulz, H. Chem. Eng. Technol. 1970, 42, 1162.

(14) Wender, 1. Catal. Rev.—Sci. Eng. 1976, 14, 97.
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136.
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1371.

(17) Simonetta, M.; Govezzotti, A. Adv. Quantum Chem. 1980, 12, 103.

(18) Messmer, R. P. In Chemistry and Physics of Solid Surfaces Van-
selow, R., Howe, R., Eds.; Springer-Verlag: Berlin, 1982; Vol. IV.

(19) Blyholder, G. In Lectures on Surface Science; Castro, G. R., Cardona,
M., Springer-Verlag: Berlin, 1987.

(20) Blyholder, G.; Head, J.; Ruette, F. Surfaces 1983, 131, 403.
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Figure 1. Top view of Fe;, cluster.

Table I. Parameters for Iron

(a) Orbital Exponents?®

$1 o & G
4s 1.14 1.0
4p 110 1.0
3d 6.06828 0.40379 2.61836 0.71984
(b) Core Parameters,?® eV
Wss pr de
-102.13 -74.57 ~129.29¢

(¢) Slater-Condon Parameters,? eV
(3d,3d) (3d,4s) (3d,4p) (4s,4s) (4s,4p)  (4p,4p)

FO 17.72786° 13.20528° 10.07614 13.02842° 9.58363 8.28028
F?  8.41423 0.676 93 2.45289
F 5.10633
G! 0.25098 2.201 64
G? 1.38456
G} 0.16581
(d) Bond Parameters
Fe-Fe Fe-C Fe-O Fe-H
B 0.273 0.729 1.710 0.418
a 0.382 1.571 3.515 1.517

%Value different from reference value.

presented of a PES for the noncatalyzed addition of hydrogen to
CO as in reaction 1. In this paper we are not concerned with
overall processes of molecular H, adding to carbon monoxide but
rather are concerned only with the single mechanistic step of a
hydrogen atom migrating from an initial partner onto a CO moiety
and which process is expected to be the rate-determining step in
overall processes. In reactions 2 and 3 the migrating H atom starts
out attached to a metal atom. Inreaction 1 the migrating H atom
starts out attached to another H atom and then proceeds to
migrate onto the carbonyl group to give a formyl group, which
is part of a formaldehyde molecule. The combination of these
results produces a direct comparison of the potential energy
surfaces for the same process in a noncatalyzed, homogeneously
catalyzed, and heterogeneously catalyzed mechanism.

Calculational Procedure

The calculations were done with a semiempirical SCF method that is
a modification of MINDO referred to as MINDO/SR. The details of
the method as well as its ability to handle a wide variety of compounds
including large metal clusters have been reported previously.?** The
MINDO/SR procedure explicitly includes electron—electron repulsions
and is parametrized to give bond energies and lengths for selected ref-
erence Compounds in agreement with experimental values. The decom-
position of the total energy into monoatomic and diatomic energy terms
puts the effect of one adsorbate on another on a firm quantitative basis.
Specific expressions for this partitioning have been given.?

(22) Blyholder, G.; Head, J.; Ruette, F. Theor. Chim. Acta 1982, 60, 429.

(23) Blyholder, G.; Head, J.; Ruette, F. Inorg. Chem. 1982, 21, 1539.

(24) Ruette, F.; Blyholder, G.; Head, J. J. Chem. Phys. 1984, 80, 2042.

(25) Pople, J. A; Beveridge, D. L. Approximate Molecular Orbital The-
ory; McGraw-Hill: New York, 1970.
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Figure 2. MINDOY/3 calculated structures: I, preactivated complex; II,
activated complex; 111, postactivated complex; 1V, formaldehyde.

The computer program used is based on QCPE Program 290 by Ri-
naldi as modified by Schmidling? to incorporate MINDO/3. The Ri-
naldi program has automatic geometry optimization using analytically
calculated grdients. The Schmidling version was further modified to
incorporate transition metals, symmetry,?” and selective molecular orbital
filling.

Atomic and bond parameters for Fe are given in Table I. These
parameters were selected to give reasonable properties to FeH, FeO,
Fe(CO)s, HFe(CO),~, (CO);FeCHO™, CH,Fe(CO) ", (CO);FeC(0)C-
H;~, HFe;,, COFe,, and OFe,,. The double-{ basis for the Fe 3d orbitals
is from Clementi and Roetti®® and the d orbital energy and Slater—
Condon parameters are from de Brouckere.?* Spectroscopic terms for
the F° (k = 0) Slater-Condon parameters, which contribute most sig-
nificantly to the final result, are used so these are independent of the
orbital exponents used. Some adjustments in these parameters were
made to obtain better correlation between calculated and experimental
properties for the reference compounds above. The 8 parameters for s,
p, and d orbitals are the same.

A 12-atom cluster was chosen as being large enough to represent
several types of binding sites on a Fe(100) plane and small enough that
calculations could be done in a reasonable length of time. The geometric
arrangement of the atoms is shown in Figure 1. Calculations were done
with the Fe cluster atom positions fixed as in the bulk®® with a nearest-
neighbor distance of 2.48 A and a next nearest distance of 2.86 A. The
atoms on the top layer are next nearest neighbors to each other and
nearest neighbors to bottom layer atoms. A state with multiplicity 39
was found to give the lowest energy. The multiplicity 39 corresponds to
a d’ configuration with three unpaired electrons per atom. No magnetic
data for small iron clusters are available. In view of the atomic magnetic
moment of bulk Fe being 2.22 up,’! a state of high multiplicity is ex-
pected.

An on-top site is defined as an atom or molecule adsorbed directly over
atom 7. In the case of CO the Fe(7)-C-O group is linear with the axis
perpendicular to the plane of the top layer of atoms unless otherwise
stated. A 4-fold site is defined as being directly over atom 1 with the
C-O axis perpendicular to the top layer unless otherwise stated.

Symmetry and the selective filling of symmetry orbitals was not used
in these calculations other than for formaldehyde and HFe(CO), be-
cause, as reaction occurs, the symmetry is only C;, which does not lead
to a significant enough reduction in calculation time to be worth using.
In the early phases of the calculations for transition metals, a large
damping factor is required in the iterative determination of MO coeffi-
cients from the secular equation because pathologic charge oscillations
occur if a damping factor is not used. These charge oscillations indicate
that a variety of different MO occupations are sampled before the cal-
culations settle down for the transition-metal calculations. For the H,
+ CO reaction complex there is only one a” orbital (antisymmetric with
respect to the molecular plane) occupied. This orbital is a w-bonding
orbital for the C-O bond. The next lowest a” orbital is a 7-antibonding
C-O orbital, which is high enough in energy to remain unoccupied. The
energy minimization procedure occupies the lowest a’ orbitals at each
geometry.

Results and Discussion

Noncatalyzed CO Hydrogenation. The main interest in the
calculations in this paper is the comparison of the PES’s for the
three reactions. Therefore, for reaction 1, the reaction of H, with
CO, attention is focused on determining those factors that lead

(26) Schmidling, D., private Communication.

(27) Head, J.; Blyholder, G.; Ruette, F. J. Comput. Phys. 1982, 45, 255.

(28) Clementi, E.; Roetti, C. Atomic Data and Nuclear Data Tables;
Academic Press: New York, 1974; Vol. 14.

(29) de Brouckere, G. Theor. Chim. Acta 1970, 19, 310.

(30) Interatomic Distances. Spec. Publ.—Chem. Soc. 1958, No. 11.

(31) Goodenough, J. B. Magnetism and the Chemical Bond; IntersCience:
New York, 1963.
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Figure 4. Diagram of 2, orbital of formaldehyde.
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to a high activation energy. To reach the structure of the activated
complex, structure II of Figure 2, H' of the H, molecule ap-
proaches the CO molecule from a direction that permits it to bond
strongly with the C p, orbital as it does in the final state of
formaldehyde, structure IV. As H! approaches the CO in structure
I, the H? atom initially stays close to H! to maintain a strong H-H
bond. When the H! atom reaches its position in the activated
complex, the H? atom’s angular displacement from H! is increased
to separate the H atoms and the C-H? distance is optimized to
minimize the energy along the path separating the H atoms.

The progression from preactivated complex to activated complex
to postactivated complex is shown as structures I-1I1, respectively,
in Figure 2. The activated complex is 64 kcal/mol less stable than
formaldehyde in these calculations where all parameters are
standard for MINDQ/3.3? Structure II for the activated complex
is very similar to that predicted by ab initio calculations utilizing
CI and a large basis set,*3 as can be seen from the bond lengths
from ref 34 given in parentheses in Table II. The ab initio
calculations give an activation barrier of 87 kcal/mol. The O-
C~H! angle in the activated complex is calculated to be 108° by
MINDO/3 and 110.8° in ref 34. Thus, the geometric shape of
the activated complex predicted by MINDO/3 is quite close to
that of the SCF-CI calculations. The C-O and C-H? bond
lengths are quite close for the two calculations. The difference
of 0.17 A for the C-H! length between the calculations is of little
consequence since the distance is long enough that this interaction
makes only a small contribution to the total energy. The main

(32) Bingham, R. C.; Dewar, M. J. S; Lo, D. H. J. Am. Chem. Soc. 1975,
97, 1285.

(33) Goddard, J. D.; Schaefer, H. F., Il J. Chem. Phys. 1979, 70, 5117.

(34) Goddard, J. D.; Yamaguchi, Y ; Schaefer, H. F., lI1 J. Cheni. Phys.
1981, 75, 3459.



1278 J. Am. Chem. Soc., Vol. 111, No. 4, 1989

Biyholder and Lawless

Table I. Calculated Properties for H, + CO, Activated Complex, and H,CO

Monoatomic Properties

H, + CO activated complex H,CO
Q.¢ E, au Q. e E, au Q. e E, au
C +0.29 -4,0187 +0.42 -3.7729 +0.64 -3.5869
O -0.29 -10.8949 -0.31 -10.9315 -0.42 -10.9672
H! 0 -0.3415 -0.36 -0.4070 -0.11 -0.3645
H, 0 -0.3415 +0.25 -0.2776 -0.11 -0.3645
Diatomic Properties
H, + CO activated complex H,CO
R A BO? E, au R, A® BO E, au R A BO E, au
Cc-0 1.13 1.99 -1.1507 1.17 (1.179) 1.82 -1.0746 1.18 1.76 -1.0861
H-H 0.75 1.26 -0.4019 1.09 (1.213) 0.35 -0.1157 1.80 -0.07 +0.0156
C-H! 0 0 1.40 (1.572) 041 -0.1896 1.12 1.18 -0.4388
C-H? 0 0 1.12 (1.096) 1.04 -0.3196 1.12 1.18 -0.4388
“BO = bond order. ®Numbers in parentheses are from the ab initio calculation in ref 34.
contribution to the MINDO/3 activation energy being 26% less
than the SCF-CI energy comes from the H-H bond being a little Activated ”
shorter and stronger in MINDO/3. Overall, the MINDO/3 Complex
calculation is surprisingly good in view of it being parametrized _,/’,C
for stable molecular bond lengths and energies, with no prior H\\ /
consideration having been given to the longer distances found in H
activated complexes.
7a

The orbital energy changes in the progression from separated
H, + CO to structures I-III about the activated complex to the
stable product H,CO are shown in Figure 3. The molecular
orbital designations for structures I-III, which have C; symmetry,
are given under the column labeled C;. The orbital designations
for H,CO are given under the column labeled C,, for its symmetry.
In H,CO the electron populations on H? are given as the numbers
in parentheses for each orbital in the column headed by H2. From
these numbers the largest contribution to the C-H bond in H,CO
is seen to be in the 2, orbital, which is shown diagrammatically
in Figure 4. It may be noted that the two H orbital contributions
have opposite signs, so they may be considered to originate from
the H, antibonding molecular orbital.

For the activated complex in Figure 3 the electron population
of each H atom is given as the number in parentheses in the
columns under H! and H2 The nature of the molecular orbitals
4a’, Sa’, 6a’, and 72’ for the activated complex is shown dia-
grammatically in Figure 5. The strongest bonding of H! occurs
in the 7a’ orbital via the C p, orbital. In all of these orbitals the
signs of both H atomic orbitals are the same in all the molecular
orbitals so as to maintain as strong a H-H bond as possible. This
occurs in structures I-111 so that the H, antibonding molecular
orbital is not occupied at all in these structures. In the activated
complex the bond between H, and CO is essentially a 3-center
bond between the doubly occupied H, o orbital and a partially
filled sp hybrid orbital of the CO. The limited orbital space
available places too high a charge density in a limited space to
give stable bonding so the activated complex has a high energy.
As can be seen in Table II, the stretched H-H bond diatomic
energy is low and the two new C-H bonds are weak. In order
to achieve a more stable structure, H? must migrate to the other
side of the C atom where its orbital can change sign to bond with
the other lobe of the C p, orbital as in Figure 4, and the H-H
distance is large enough that the fact that the H, antibonding
orbital combination is occupied no longer matters. In the limited
orbital space available, the H-H bond must be almost totally
eliminated before the two H atoms are far enough apart to both
form strong bonds with the carbon atom.

H Migration in [HFe(CO),J". Our MINDO/SR calculations
of the energy along the reaction coordinate for the H migration
in [HFe(CO),]” to form [(CO);FeCHO]" have already been
published.!® Therefore, only those results pertinent to a comparison
to the noncatalyzed and the surface processes will be discussed.
In the approximation of maintaining the C-Fe-C bond angles
constant, the H atom migration produces a formyl that is 44
kcal/mol less stable than the metal hydride. The energy along

o
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Figure 5. Diagram of orbitals for activated complex.

the reaction path monatonically increases. Allowing the bond
angles to relax lowers the energy of the formyl, but it is still 24
kcal/mol less stable than the hydride. Adding a2 CO ligand in
a concerted process with the H atom migration produces a
metastable formyl by a path with about a 30 kcal/mol barrier.

Thus, the addition of a H atom to CO in this case where the
H atom starts out bound to an Fe atom has an activation energy
about half of that for the H atom starting out bound to another
H atom. The barrier for the Fe complex is mainly due to the lack
of stability of the formyl complex. This is a result of the highest
occupied molecular orbital of the formyl complex being high in
energy, putting a large negative charge, —0.45¢, on the formyl H
atom, and being antibonding for the C-H bond. The basic cause
of a high-energy process is the lack of a suitable orbital in which
to place excess charge. As the H atom migrates it maintains a
bonding relationship with the Fe atom that decreases with in-
creasing distance and is replaced by C-H bonding, which, because
of the nature of the highest occupied molecular orbital, is a weak
bond. Further calculations have shown that the well-known
promoting effect by alkali ions for metal to carbonyl migration®
is due to the positive alkali ions removing charge from this
high-energy orbital 3

(35) Collman, J. P.; Finke, R. G.; Cawse, J. N.; Brauman, J. I. J. Am.
Chem. Soc. 1978, 100, 4766.
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Table III. Calculated Properties for HFe;,CO, the Activated Complex, and Fe;;,CHO
Monoatomic Properties
HFe,,CO® activated complex? Fe,,CHO?
0, ¢ E, au Q. ¢ E, au Q. e E, au
0] -0.45 -10.9548 -0.62 -10.9949 -0.65 -11.0080
C +0.77 -3.7187 +0.69 -3.6860 +0.63 -3.6713
H -0.37 -0.4080 -0.34 -0.4044 -0.39 -0.4109
Fe(7) +0.04 -20.1420 +0.24 -20.1414 +0.28 -20.1463
Fe(8) +0.01 -20.1343 -0.02 -20.1157 -0.01 ~20.1227
Fe,, +0.06 +0.27 +0.43
Diatomic Properties
HFe,,CO° activated complex Fe,,CHO?
R A BO? E, au R A BO E, au R A BO E, au
C-0 1.17 1.85 -1.1538 1.21 1.62 -1.0441 1.23 1.52 -0.9896
C-H 2.89 0 -0.0476 1.45 0.44 -0.2177 1.24 0.81 -0.3547
C-Fe(8) 2.19 0.87 -0.3676 2.08 1.03 -0.4565 2,13 1.02 -0.4532
C-Fe,, -0.4228 ~0.4978 -0.4877
H-Fe(7) 1.80 0.92 -0.2396 2.35 0.40 -0.0863 3.03 0.09 -0.0226
H-Fe(8) 3.38 0.04 -0.0002 2.35 0.20 -0.0109 2.78 0.02 +0.0143
H-O 3.50 0.00 +0.0245 2.23 -0.02 +0.0535 1.99 -0.03 +0.0787
O-Fe,, +0.0777 +0.0760 +0.0572
¢See Figure 7. ®BO = bond order.
H Migration onto CO on Fe;,. For adsorption of CO and H =750
individually and together on adjacent sites of the (100) face of ‘
the Fe,, cluster, the calculational results using MINDO/SR have g
been published.?! Breakdown of the adsorption energy into mo- F -760
noatomic and diatomic terms indicated a complex interaction in % !
which a large Fe-C diatomic energy term of 325 kcal/mol for e 4=fold migration !
CO in an on-top site is needed to obtain a net adsorption energy =770 [
of 23 kecal/mol because of large destabilizing monoatomic energy ? |
terms and because adsorption destabilizes the Fe,, cluster. The g !
cluster d band is shifted by adsorbate-adsorbent charge transfer = ~780 j
even though the d orbitals overlap only very weakly with the oy \
adsorbate. The complexity of the adsorption interaction is such B 3 .___//\ \
that an approximate treatment that considered only the adsorption 5-790 ‘
bond might not be expected to predict the correct relative energy On-top migration |
of adsorbate bonding at different symmetry sites. Both H and {
CO adsorbed separately are electron acceptors with adsorption =800 F R RARE S A L AR AR
-2.0 ~15 ~1.0 ~0.5 0.0 05 1.0

at a 4-fold site preferred over adsorption at an on-top site. While
the interaction of CO with its nearest neighbor dominates the
interaction energy, the interaction energy with the other cluster
atoms is necessary for a quantitative account of adsorption and
can be as large as the net adsorption energy. Coadsorption of
CO and H at adjacent on-top sites results in a total adsorption
energy that is 7 kcal/mol less than expected for their separate
adsorption. Analysis of the diatomic energy terms shows that the
H is adsorbed with the same strength as when alone but that the
adsorbed CO is destabilized by the presence of the H. Coad-
sorption of CO and H at adjacent 4-fold sites results in a 41
kcal/mol destabilization from separate adsorption. In this case
the diatomic energy terms indicate that both the H and CO
adsorption strengths are decreased due to their both bonding to
the same Fe atoms, which are common to the adjacent 4-fold sites.

The potential energy as H migrates from an on-top site to CO
at an adjacent on-top site to form a formyl at an on-top site is
given in Figure 6. This process is endothermic by about 2
keal/mol with an activation barrier of 5 kcal/mol. For each point
on the curve all C, H, and O coordinates were optimized except
for the x coordinate of the H atom, which defines its movement
from the Fe to the C atom. The structures for the H migration
onto CO on the Fe,, cluster are shown in Figure 7 and the orbital
energies for these structures are in Figure 8.

The energy, population, and bonding results for the formyl
group at an on-top site of Fe,, are given in Table III. The H
atom contributes a gain of 10 kcal/mol to the stability of the
system upon moving from the Fe on-top bonding site to the C atom
in the formyl. This gain is largely due to the gain in H atom

X (36) Blyholder, G.; Zhao, K.-M.; Lawless, M. Organometallics 1985, 4,
170.

X - Coordinate (angstroms)

Figure 6. Binding energy for H migration from HFe,;,CO to Fe;;CHO.
For the on-top migration curve the left-most point is the left structure
of Figure 7; the maximum energy is for the center structure of Figure
7, the right-most point is for the right structure of Figure 7.
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Figure 7. Key: left structure, H and CO at on-top sites of Fe; with atom
numbers per Figure 1; center structure, activated complex; right struc-
ture, formyl at on-top site.

H
|

diatomic energy on going from an Fe atom to a carbon atom. The
CO unit within itself has an energy destabilization of 91 kcal/mol,
due mostly to the loss in C-O diatomic energy as the H bonds
to the C. This energy loss is partially offset by an increase of 41
kcal/mol in the Fe|,C diatomic energy and a gain in Fe ;0
diatomic energy of 13 kcal/mol, so that the CO unit with its Fe
interaction undergoes a net loss of only 37 kcal/mol in stabilization
energy. The Fey, unit is stabilized by 25 kcal/mol during the
migration. This change may be rationalized by noting that
previous results?! showed that both the H and CO interactions
with the cluster destabilized it, so when the migration reduces the
number of adsorbate cluster interactions from 2 to 1 the cluster
is stabilized. Adding the H atom 10 kcal/mol stabilization, the
CO unit 37 kecal/mol destabilization, and the Fe,, unit 25 kcal/mol
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Figure 8. Molecular orbital diagram for the structures of Figure 7 on
a Fey, cluster. The d orbitals are indicated by short dashed lines and
form a dense band between the highest and lowest d orbital (most d
orbitals are not shown). The sp orbitals of Fe are indicated by longer
dashed lines. The ¢ and = populations of CO are in parentheses. The
H orbital populations are in parentheses after the symbol H. Only the
majority spin set is shown.

stabilization yields a net destabilization for the H atom migration
of 2 kecal/mol.

The calculational results for the activated complex at the top
of the potential barrier are also given in Table ITI. The Fe s and
p orbitals are considerably more diffuse than the C orbitals, so
the energy change with distance is less for the Fe-H bond than
for the C-H bond. With the H atom having moved about 80%
of the way along its total motion at the activated complex, it has
lost 64% of the HFe(7) diatomic energy but has gained only 55%
of the HC diatomic energy in the formyl structure. This is the
fundamental reason that a barrier exists between the two struc-
tures. The barrier is kept small by the H atom developing a
stabilizing diatomic interaction energy with Fe(8) (to which the
CO is bonded), due to the long range of the Fe~H interaction.
The compensating stabilization of the Fe,, unit, which resulted
in the formyl structure only being slightly endothermic with respect
to separate adsorbed CO and H, also contributes to keeping the
activated complex stable.

For the migration of the adsorbed H atom onto CO to give a
formyl in a 4-fold site when both the H and CO start in adjacent
4-fold sites, the reaction path shown in Figure 6 has only a 5
kcal/mol activation energy. Even though the 4-fold adsorption
sites for a single isolated adsorbate are found to be slightly more
favorable than the on-top sites, the reaction using the on-top sites
is much more favorable in these calculations. This is because CO
and H have a considerable destabilizing influence on each other
when occupying adjacent 4-fold sites. The reaction on the 4-fold
site is exothermic because while the 4-fold formyl is 6 kcal/mol
less stable than the on-top formyl, the 4-fold starting point is 25
kcal/mol less stable than the on-top starting point. For the CO
and H on adjacent on-top sites the mutual destabilization is small.
For the H migration reaction to occur most efficiently the H and
CO adsorbates would migrate to adjacent on-top sites for reaction.
The details of the 4-fold migration will not be discussed further
since it is less favorable than the on-top migration.

Within the framework of this calculational procedure, the
formation of a surface formyl from adsorbed CO and H atoms
is feasible. The extent to which it actually occurs has not been
established and could only be determined by examining all reaction
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paths available. Calculations have not yet been done for other
reaction sites and other possible reactions of CO and H. Thermal
desorption data do indicate that CO and H form a surface com-
plex,’” and these calculations indicate that formyl is a viable
candidate for that complex.

Just how appropriate the calculations here with a Fe,; cluster
are as a model for an extended metal surface is not known. There
are sufficient atoms that on-top, bridging, and 4-fold sites can
be distinguished. However, the surface Fe atoms that interact
directly with the adsorbate do not have all of their nearest
neighbors. There are edge effects in that both H and CO are more
strongly bound to edge Fe atoms than to centrally located Fe
atoms. Other calculations have shown variation in adsorption
energy as the cluster size is varied.®® Future calculations with
larger clusters are planned. Where there is charge transfer be-
tween the adsorbate and the cluster and particularly where one
adsorbate affects another, the variation in the ability of a cluster
to delocalize charge with size could be important,

As a semiempirical method, MINDO calculations have given
good results because of the parametrization with model compounds
to reproduce binding energies and bond lengths and because
electron repulsion terms are explicitly included to take charge
transfer into account. Due to the complexity of transition-metal
systems, while the broad aspects of these semiempirical calculations
are expected to be correct, details are certainly subject to revision
as more accurate calculations become available.

Comparison of Reaction Paths. For the noncatalyzed production
of a formyl structure per reaction 1, the high activation energy
is a result of the H-H bond having to be largely broken in the
activated complex with only weak C~H bond formation. Because
of the relatively compact nature of the atomic orbitals of the atoms
in the first and second row of the periodic table, the movement
of H? is only 32% of its total movement away from H! in the
activated complex but 71% of the H2H! diatomic energy has been
lost and the C-H bonds have gained only 58% of their final
diatomic energy. In contrast to this, on the Fe,, cluster the H
atom has moved 80% of its total path at the activated complex,
and the Fe~H bond has lost only 64% of its diatomic energy and
the C—-H bond has gained 55% of its diatomic energy. Further,
if the interaction of the H atom with all Fe atoms in the Fe,,
cluster is considered, the loss in HFe,, diatomic energy is only
41% at the activated complex. The more diffuse nature of the
metal s and p orbitals and the ability of a surface ligand to have
a bonding interaction with several surface metal atoms simulta-
neously allows the surface ligand to move parallel to the surface
with relatively little expenditure of energy. The result is a much
lower activation energy for the H atom migration from a Fe atom
onto CO to give a surface formyl than for H atom migration from
another H atom onto CO to give a formyl as part of formaldehyde.

Comparing the heterogeneous H atom migration onto a CO
molecule on the surface of a Fe,; cluster to the same migration
in HFe(CO), conversion to (CO);FeCHO", the overall result is
a much smaller activation energy for the heterogeneous process.
For this particular case, a major cause of the barrier to H mi-
gration in the coordination complex is the high energy of the
formyl complex. Although d orbitals and the d band of metals
are frequently invoked in catalysis, the d orbitals overlap little
in these calculations with the adsorbates so the Mulliken bond
orders for the d orbitals are small. However, an analysis of the
contribution of d orbitals to the diatomic energy terms for CO
adsorbed on the Fe,, cluster indicates that the d orbitals are
responsible for 40 to 50% of the CO adsorption energy.’® For
the Fe,, cluster, the d orbital populations of the Fe atoms never
varied by more than a few thousandths from 7 during the ad-
sorption and migration reaction. For the negative ion of the

(37) Benziger, J. B.; Madix, R. J. Surf. Sci. 1982, 115, 279.

(38) Upton, T. H.; Goddard, W. A, I In Chemistry and Physics of Solid
Surfaces Vanselow, R., England, W., Eds.; CRC: Boca Raton, FL, 1982; Vol.
1.

(39) Blyholder, G.; Lawless, M. Computational Chemistry: The Chal-
lenge of d and f Electrons; Salahub, D. R., Zerner, M., Eds.; 1988, submitted
for publication in the ACS Symposium Series.
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complex the Fe d population remains close to 8 during the H atom
migration. However, there is some rearrangement of charge
among the d orbitals of the complex during migration. The
population of the d,» orbital, which is on the Fe-H axis of the
hydride, increases from 0.18 in the hydride to 0.76 in the formyl.
This charge comes mostly from the d,.,» orbital. Since the d
orbitals have very little overlap with the ligand orbitals, the
population changes are presumed not to be due to bonding in-
teractions lowering orbital energies but rather to repulsive in-
teractions. In this case migration of the H atom removes the
repulsive interaction of the hydride along the z axis so that after
migration the d, orbital is relatively more favored and the carbon
atoms in the xy plane gain electrons to increase the repulsion in
the xy plane. In the Fe,, cluster the various individual d orbital
populations change very little during the migration. The larger
ligand distances for the Fe,, cluster would contribute to the re-
pulsive interactions having less effect for the cluster than for the
complex.

Another important difference between the Fe, cluster and the
mononuclear metal complex is that the ligands interact with a
band of orbitals on the cluster rather than with just a few orbitals
on the complex. Orbital levels for the adsorbed CO and H and
their reaction complex are given in Figure 8. In the case of the
complex it was shown? that the migration leads to the occupation
of an unfavorable high-energy orbital. Much of the H atom
interaction occurred in this orbital. The d orbitals of the complex
did not serve as a reservoir for charge, so that the bonding needed
to be accommodated within the limited available s and p orbitals
of the single Fe atom and the CO ligands. In contrast, for the
cluster the CO and H interact with the broad sp band of the Fe,,
cluster as shown in Figure 8 where the H atom contributes electron
population to a number of molecular orbitals of the cluster formyl
and the activated complex. Within the large number of orbitals
in this band the CO and H interactions and the migration are
accommodated without major orbital shifts and the migration

proceeds without a large activation energy. Again, the d band
of the cluster does not serve as a charge reservoir, but rather charge
transfer is accomplished via the metal sp band.

Conclusions

Calculations have been carried out with a semiempirical pro-
cedure to calculate PES’s for H migration onto a carbonyl to give
a formyl structure for a noncatalyzed, a homogeneously catalyzed,
and a heterogeneously catalyzed reaction. These calculations are
consistent with the classical statement that a catalyst operates
by providing a path with a reduced activation energy. The of-
ten-suggested analogy between heterogeneous and homogeneous
is supported within the framework of these calculations by sim-
ilarities in the H migration for the model homogeneous and
heterogeneous catalytic processes, but distinct differences are also
found. An important difference between the heterogeneous and
homogeneous process is that the large number of orbitals in the
metal valence band permits many different bonding structures
with similar energies whereas the mononuclear homogeneous
complex has only a few orbitals, which limits it to only a few stable
structures. While this permits heterogeneous surfaces to catalyze
many reactions, it also results in less selectivity for heterogeneous
processes than for homogeneous processes. Experimentally, this
is evident in the large number of products produced in the het-
erogeneously catalyzed Fischer-Tropsch synthesis. The theoretical
foundation for the similarities and differences between hetero-
geneous and homogeneous catalysis has been illustrated with
specific numbers for a particular case.
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Abstract: Ab initio crystal orbital calculations are performed on the electronic structures of the parent polysilane. We examine
the anaiysis of the energy band structure and the rotational potential in terms of the trans—gauche conformational transitions.
We have found that the trans conformer is the ground state of the polysilane. The gauche-polysilane (GP) is 0.15 kcal/mol
per SiH, unit above the trans-polysilane (TP). TP has a smaller band gap, lower ionization potential and greater electron
delocalization than GP. The effective mass of the hole at the valence band edge is ultimately greater in GP than in TP. All
our calculated results suggest that the conservation of near trans conformation is important in the improvement of the semiconductor

characteristics of polysilanes.

1. Introduction

Polysilane is a one-dimensional polymer whose backbone con-
sists of only silicon-silicon single bonds. Results of experiments,
such as doping with an electron acceptor, photoconduction, and
photoluminescence, show that polysilanes are semiconductors.!
Polysilane is a semiconductive chain with a o-type skeleton, unlike
typical organic semiconductors with #-type frameworks, such as
polyacetylene, polypyrrole, polythiophene, and so on. Almost every
chemist feels it curious that the o-electron is so delocalized that

" Part | of this series: Teramae, H. J. Am. Chem. Soc. 1987, 109, 4140.

it can conduct an electric current. The resonance integrals between
two g-orbitals, however, do not vanish, and a o-conjugation is
possible.2  We have previously reported some electronic band
structure calculations on polysilanes.* In the previous calculations,
we have naturally assumed the all-trans conformation for poly-
silanes because the carbon analogue polyethylene is well-known

(1) See review article: West, R. J. Organomet. Chem. 1986, 300, 327.

(2) Dewar, M. J. S. J. Am. Chem. Soc. 1984, 106, 665.

(3) (a) Teramae, H.; Yamabe, T.; Imamura, A. Theor. Chim. Acta 1983,
64, 1. (b) Takeada, K.; Teramae, H.; Matsumoto, N. J. Am. Chem. Soc.
1986, /08, 8186.
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