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Abstract

The reactions of several gas-phase metal cations with small hydrocarbons
have been studied using ion beam mass spectrometric techniques. We also present
several theoretical studies into the sigma bonding between the first and second
row transition metal ions and H and CHj;.

Chapter II discusses the three cations, europium, praseodymium, and
gadolinium in an attempt to understand the role of f electrons in the reactiv-
ity of gas-phase lanthanide ions. Eut and Prt are found to be unreactive with
alkanes while Gd* readily activates both C~H and C-C bonds. The unreactive
metals have only one non-4f valence electron. Oxidative addition of a C-H bond
to these metals requires a strong bond to an f electron. Gd*, with two non-4f
valence electrons need not use the 4f electrons and is seen to be very reactive.
This reactivity behavior indicates that the 4f electrons of the lanthanides play
little role in alkane activation due to the formation of weak sigma bonds.

In Chapter III and VI, we discuss the reasons for the unreactivity of gas-
phase chromium ions. Molybdenum ions which have a very similar electrons
structure are found to activate C-H bonds of alkanes. The metal ions are studied
from the standpoint of gas-phase reactivity as well as the theoretical description
of the bonding in the hydride and dihydride ions. The two metals are found to
differ greatly in the strength of the sigma bonds that they form to hydrogen.
The oxidative addition of C—H and C-C bonds to Cr™ is endothermic due to the
extremely weak bonds formed to the metal ion.

Chapters IV and V report systematic, ab initio, generalized valence bond
and configuration interaction calculations on the first and second row transition
metal hydrides. The bonding in these systems is seen to depend on a number of
factors including: (1) the electronic structure of the metal ions; (2) the sizes of
the metal s and d orbitals and the effect on the intrinsic strength of the metal-
hydrogen bond; and (3) the mediation of the intrinsic bond strengths by the loss
of high spin exchange energy.



Chapter VII presents a theoretical comparison between the metal hydride
ions and metal methyl ions. The present theoretical study indicates that for a
variety of metal systems, the metal-hydrogen and metal-carbon bonds are very
similar, both from the standpoint of metal orbital hybridization as well as bond

dissociation energy.



Dedication . . . . . . . . . . . ..o e

Acknowledgements . . . . . . . . . .. ... L.

Abstract . . . . . . . L L oL Lo e

Chapter I. Introduction . . . . . . . . . . . .. Coe e e
References . . . . . . . .. . ... .. ..

Chapter II. Hydrocarbon Activation by Gas-Phase Lanthanide

Chapter III.

Chapter IV.

Chapter V.

Chapter VI.

Chapter VII.

TABLE OF CONTENTS

Cations: Interaction of Pr™, Eut, and Gd* with

Small Alkanes, Cycloalkanes, and Alkenes . . . . . .

References . . . . . . . . . . . . . . .. ..

What’s Wrong with Gas-Phase Chromium? A

Comparison of the Unreactive Cr* Cation with the

Alkane Activating Molydenum Cation . . . . . . . .

References . . . . . . . . . . . . . . . ...

Theoretical Studies of Transition Metal Hydrides: II.

CaH* through ZnH* . . . . . . . . . . ... ..

References . . . . . . . . . . . . . ... ..

Theoretical Studies of Transition Metal Hydrides: III.

StH* through CdHY . . . . . ... .. ... ..

References . . . . . . . . . . . . . . .. ..

Theoretical Studies of Transition Metal Hydrides: IV.
Comparison of the Transition Metal Dihydride Ions

CrtHf and MoH . . . . . . . ... .. .....

References . . . . . . . . . . . . . . . ...

Theoretical Studies of Transition Metal Methyl Ions,
MCH]: M = Sc, Cr, Mn, Zn, Y, Mo, Te, Pd, and Cd

References . . . . . . . . . . . . ..

57
89

92
127

129

174

176
211

214
247



CHAPTERI

INTRODUCTION
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Much has been learned about the reactivity of atomic, gas-phase metal
cations with hydrocarbons since it was first reported that Fe™ activates C-H
and C-C bonds of alkanes.! Ion cyclotron resonance, fourier transform mass
spectrometry (FTMS), and ion beam mass spectrometry have been used to study
the reactivity of an ever increasing number of metal ions. These include Group
8-10 metal ions of the first row (Fe™, Co*, and Ni*),2~!! the early first row
metals (Ti* and V*),712:13 the second row Group 8-10 metals (Rut, Rh*, and
Pd+),14-16 the Group 3 metals (Sc*, YT, and Lat),'"~!® and the third row
metal ion, Ta®.?

Very different product distributions have been observed for the ions depend-
ing upon the accessible electronic states and the metal bonding characteristics.
The first row Group 8-10 metals?~! have been shown to yield metal-alkene prod-
ucts in processes which involve cleavage of both C-H and C-C bonds of alkanes
and elimination of hydrogen or small alkanes such as methane and ethane. In
contrast, the second row metals, Rut and Rh™, yield almost exclusively, prod-
ucts resulting from elimination of one or more molecules of hydrogen.!4-16 At
the time of its publication, the reactivity of Sc* was seen to be unique in the fact
that metal-dialkyl complexes were formed as products.!” An example of this is
the formation of Sc(CH;){ in the reaction with n-butane. Recently published re-
sults of products formed on reaction of Y* and La™ with alkanes!® also show the
dialkyl products for these metals, although multiple dehydrogenation becomes

increasingly important proceeding from the first to the third row.

The proposed reaction pathways for the reaction of the bare, gas-phase metal
ions involve the initial formation of an ion-molecule interaction complex, inser-
tion of the metal into either a C~H or C-C bond of the hydrocarbon, B~hydrogen
or B-alkyl shift onto the metal center and elimination of a small neutral molecule
such as hydrogen, an alkane, or an alkene. In all of these processes, an impor-
tant feature is the strength of the bonds formed between the metal ion and

either hydrogen, alkyl groups, or the m systems of alkenes. An understanding
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of the bond strengths and the types of metal orbitals necessary to form strong
bonds is essential for prediction of reactivity, understanding the reaction path-
ways, and explaining the product distributions. Ion beam mass spectroscopy has
been a valuable tool for studying the thermodynamic aspects of metal ion reac-
tions. Determination of thresholds for endothermic reactions has led to values
of bond dissociation energies for the metal hydrides, methyls, methylenes, and
oxides.!?20~3% Recent photodissociation studies using FTMS have also yielded
estimates for various metal bond dissociation energies.31 732 There have also been
several recent theoretical studies of metal ion species.33~4% Theoretical calcula-
tions are useful in providing a check on the bond dissociation energies which have
been determined experimentally as well as for their insight into the nature of the
bonds formed to the metal ions. In this light, we present in Chapters IV-VII,
theoretical studies into the nature of sigma bonds between metal ions and H and
CH3, model systems for the larger alkane interactions. The systematic studies
of the first and second row metal hydrides should be useful for the continued
refinement of the experimental results, especially in deconvoluting the reaction

cross sections between excited state and ground state metal ions.

The experimental work presented here involves two parts: a comparison of
the reactivity of the first and second row metals, Cr* and Mo™; and the first look
at the reactivity of the gas-phase lanthanide cations. In both cases, the energetics
of C-H insertion play a crucial role. Cr* is found to be extremely unreactive
while the electronically similar Mo* activates the C—H bonds of alkanes. This
comparison of reactive versus unreactive species points out the importance of
the strength of metal sigma bonds and the initial insertion step in the metal
ion reactions. Cr% is found to be unreactive due to the very weak bonds it
forms, causing the oxidative addition of a C-H bond to the metal center to be

endothermic.

Recent condensed phase studies have shown that several lanthanide

complexes are very active olefin polymerization catalysts.®?~*? CpjLuCH;,
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(Cp* = CsMes) has also been observed to activate many types of C—H bonds,
including those in methane.*? We have thus studied the reaction of three gas-
phase lanthanide ions with alkanes and alkenes in an effort to determine both
the reactivity of the lanthanides as well as the role of the f electrons in their
reactions. Pr* (4f36s') and Eu™t (4f76s?), with ground state electron configura-
tions representative of most of the lanthanides, are very unreactive with alkanes.
Gdt (4f75d16s!) readily activates C~H and C-C bonds in alkanes and shows
product distributions which are quite similar to Sc*. The unreactivity of met-
als which must use f electrons in bonding indicates that sigma bonds formed to
these orbitals are weak and that the initial insertion into C—H or C—C bonds is
endothermic. The reactivity of Gd™T is thus mostly due to the 5d and 6s elec-
trons and the metal reacts in a very similar fashion to the Group 3 metals which

contain two valence electrons.
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Abstract

We describe ion beam studies of the interaction of gas-phase lanthanide
ions, praseodymium (Pr*), europium (Eu), and gadolinium (Gd*), with small
alkanes, cycloalkanes, alkenes, and several oxygen-containing compounds. Only
Gd™ is seen to activate C~H and C-C bonds of alkanes. The ground state elec-
tronic configuration of Gdt (4f75d'6s?) is different from that of Prt (4f36s!)
and Eut (4f76s!) leading to the conclusion that the f electrons play little part in
the metal ion reactivity. Gdt can be thought of as having two valence electrons
and indeed it reacts similarly to Sc* and the other Group 3 metal ions Y+ and
La* yielding products corresponding to elimination of hydrogen, alkanes, and
alkenes. The elimination of neutral alkenes in the reaction of Gd* with alkanes
results in the formation of metal dialkyl or hydrido-alkyl complexes. This find-
ing leads to estimates for the sum of two Gd* sigma bond dissociation energies
of between 110-130 kcal/mol. Gd' and Pr* react readily with alkenes yield-
ing mostly dehydrogenation products along with smaller amounts of C—C bond
cleavage products. Reactions of Gd* and Pr* with oxygen containing species
such as nitric oxide, formaldehyde, acetaldehyde, and acetone yield primarily
the metal oxide ions and provide a lower limit for D(M*-0) of 179 kcal /mol,
in good agreement with literature values of D(Prt-0) = 188.4 & 5.2 kcal/mol
and D(Gd*-0) = 181.0 & 4.4 kcal/mol. In keeping with the strong metal sigma
bonds, Gd* is also seen to readily react with formaldehyde to eliminate CO and
form GdH .
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Introduction

Studies of gas-phase atomic transition metal ions have shown that many of
these systems are very reactive in the activation of both C~H and C-C bonds in
small alkanes, cycloalkanes, alkenes, and other organic molecules. While studies
have expanded to include most of the first! =% and second”~® row metals and a
few of the third row transition series,’ 1! the reactivity of many of the heavier
metals is still unknown. Both experimental'? and theoretical!3~1% studies are
gradually detailing the types of metal orbitals necessary to form strong metal
ion-ligand bonds as well as the electronic structures best suited for activation of
C-C and C-H bonds.

To further these basic investigations, the present paper details experiments
involving three lanthanide ions, praseodymium (Pr*), europium (Eut), and
gadolinium (Gd™*), which, show a wide range of reactivity. The intent of the
present study was to examine the role of f orbitals in the reactivity of the
metal ions with organic molecules. Although the reactions of Lat with hy-
drocarbons have recently been described,’ no systematic gas-phase studies of
the bare lanthanide series ions have been reported. Solution phase results for
various Cp;MCHI[Si(CH3)3]2 and [CpjMH], (Cp* = pentamethylcyclopentadi-
ene; M = La, Nd, Sm, and Lu)!® species along with CpjLuCH;'" have shown
that these lanthanide complexes are very active ethylene polymerization catalyts.
The Cp;LuCHj species has also been shown to activate a variety of C~H bonds
including alkyl-H, phenyl-H, benzyl-H, vinyl-H, and even the C-H bonds in
methane.!”

The most common ground state valence electronic structure of the lan-
thanide cations is 4f*~16s! where n is the total number of valence electrons.!®
Ce™ (4f'5d?), Gd* (4f75d'6s'), and Lu™ (4f'46s?) are exceptions to this. We
have chosen two metal ions, Prt (4f%6s!) and Eu* (4f76s!), with the standard
lanthanide configuration, one with three f electrons and one with a half full {

shell. The { orbitals of the heavier lanthanides would be expected to participate
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less in bonding to hydrogen or carbon due to the orbital contraction which occurs
in moving from left to right along the row (the f orbitals contract faster than
the 5d and 6s orbitals). The effects of the so-called “lanthanide contraction” can
be seen by the examining the size of the orbitals of Lat and Hf', as shown in
Table I. We have also chosen to study Gd* which has a half full f shell and two
non-f valence orbitals. Reactivity differences in these three metal ions should
serve to detail the possible role of f electrons in the activation of small molecules

by lanthanide ions.

Experimental Details

The ion beam apparatus has been described previously.!® Briefly, bare metal
cations are produced in the source as described below. The ions are acceler-
ated, collimated into an ion beam, mass and energy selected, and injected into
a collision cell holding a neutral reactant gas. The gas is at ambient temper-
ature and is held at a constant pressure of two millitorr or less. This pressure
range allows study of the reactions under single-collision conditions. Product ions
scattered in the forward direction as well as unreacted metal ions are extracted
from the collision cell and injected into a quadrupole mass spectrometer. The
mass selected ions are then detected using a conversion dynode coupled with a
channeltron electron multiplier. Ion counting as well as quadrupole control are
achieved using an IBM-PC XT computer.

The metal ions in this study were produced by the process of surface ioniza-
tion. A metal salt is heated in a small oven to ~ 650° C, vaporized onto a hot
rhenium ribbon filament, and surface ionized at a temperature between 2200 and
2400 K. The metal salts used in the present study were the metal trichlorides
for all three of the metals studied. Praseodymium chloride was purchased as an
anhydrous salt while the other two metal chlorides were obtained as hydrates.
The two hydrates were placed in an oven at 120° C for several hours before use.

It is generally assumed that the ions resulting from surface ionization have
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Table I

Selected Ionic Radii®

Ion State Configuration R, R4

A @)
Sct 3D 3d14s! 2.02 1.01
Tit iF 3d24s? 1.89 0.87
Y+ 3D 441551 2.14 1.38
Zrt iF 4d%5s? 2.00 1.21
Lat D 5d16s? 2.38 1.59
Hft iF 5d26s? 1.90 1.30

® Root mean square radii from Hartree-Fock calcu-
lations on the atomic ions, taken from reference 13.
b R, is the radius of the valence s orbital. © R4 is
the radius of the valence d,:orbital.
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an internal temperature equivalent to the surface temperature of the filament. A
Maxwell-Boltzmann distribution over electronic energy levels thus gives an ap-
proximate distribution of the ions in the ground and low-lying excited electronic
states. Table II presents some of the low-lying electronic states for the three
metal ions, Pr*, Eut, and Gd™*, along with the state splittings and an estimate
of the beam population at a temperature of 2300 K. For Eu™t, only three states
are present in any significant amount. The a®S° (4f76s?) and a7S° (4f76s!) states
amount to over 99% of the beam while the a®D° (4f75d!) state accounts for over
0.5%. For Gd*, a few more states contribute to the overall population of the
beam. The 1°D° and 8D° states (4f75d'6s!) make up approximately 89% of the
beam, while 1°F° (4f75d?, 7.3%) and 8S° (4{76s2, 2.5%) are the other significant
contributers to the remainder. Pr* has a large number of low-lying electronic
excited states. Table II, which is by no means a complete list of electronic states
represented in the beam, lists some of the more significant levels. It is likely that

reactions of excited states will be observed in the experiments involving Pr™.

Results and Discussion

Interaction of Eut and Pr* with Alkanes and Cycloalkanes. We
have looked at the low energy interaction (< 1 eV in the center-of-mass) of
praseodymium and europium ions with a number of alkanes including propane,
n-butane, and 2-methylpropane. Pr* was also studied with hexane, 2,3-
dimethylbutane, heptane, and 2,4-dimethylpentane. With Eu™, no reaction
products are observed in the three cases examined. In addition, only very small
amounts of adduct are observed (at maximum pressures which are lower than
2 mtorr). The praseodymium ion is also seen to be quite unreactive with all
of the alkanes studied, although very small amounts of multiple hydrogen loss
products are seen at low energies for almost all of the species. The product re-
action cross sections are, however, all much less than 1 A2. The cross section

versus energy data tend to indicate that there is a very small amount of product
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Table II

Low-Lying M* Electronic States®* and Beam Populations

Ion Beam

Ion Configuration Term Eei(Low J)®  E.(Ave.J)° Populationd
(eV) (eV) (%)
Eut 4f76s! ads° 0.00 0.00 78.07
4f76s! a’se 0.21 0.21 21.37
4f754d! a’D° 1.23 1.31 0.55
4f7541! a’D° 2.09 2.11 0.01
4f"6p; , (7/2, 1/2) 2.95 2.98 0.00
4f76p} ), (7/2, 3/2) 3.24 3.31 0.00
Gdt 4f75dl6s! 1ope 0.00 0.00 78.64
4f75d6s! 8pe 0.35 0.36 10.38
417653 8ge 0.43 0.30 2.47
4f7542 100 0.50 0.55 7.33
4f86s! SF 0.99 1.11 0.44
4f75d16s! 8D 1.06 0.99 0.40
4f86s! SF 1.23 1.33 0.10
4f75d'6s! 8p° 1.25 1.17 0.12
4£7542 topo 1.31 1.26 0.08
4f7542 8Fe° 1.57 1.52 0.04
Prt  4f6s] , (9/2, 1/2)° 0.00 0.00 46.50
4f%6s; ), (11/2,1/2)° 0.20 0.18 22.34
4f%6s} , (13/2,1/2)° 0.37 0.36 10.31
4f354d! 5Le 0.48 0.81 6.08
4f3541 5K 0.51 0.81 4.89
4f%6s1 (15/2, 1/2)° 0.55 0.56 4.52
4f3542 5L 0.73 0.70 0.89
4f25d32 51 0.90 0.87 0.26
4£354?! 310 0.92 0.96 0.46
4£354! 5p0 0.92 1.21 0.53
4£35d* 5H 0.96 1.22 0.44

® Electronic state information taken from reference 18. P Relative energy deter-
mined using the splitting between the lowest j level for each state. © Relative
energy determined using a weighted average over j levels for each state. ¢ Popula-
tions determined using a Maxwell-Boltzman distribution over the energy levels at

a temperature of 2300 K.
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formed exothermically and to this is added endothermic processes as the energy
is increased. The extremely low apparent cross sections for what appear to be
exothermic processes indicate that the reactivity is probably due to one or more

of the excited states in the Pr™ beam.

Prt has also been reacted with the cyclic alkanes, cyclopropane, cyclobu-
tane, and cyclohexane. Cyclopropane reacts with Prt to form two products
Pr(C3H4)" and PrCHY, both of which appear to be formed in endothermic pro-
cesses with threshold energies below 0.25 eV. Reaction of Prt with cyclohexane
also shows a slightly endothermic reaction, the elimination of three molecules of
H; and formation of Pr(CeHg)" (presumably a Prt-benzene complex). Reac-
tion with cyclobutane produces Pr(C4Hg)™ in what is apparently an exothermic
reaction. Since the apparent cross section at a collision energy of 0.25 eV is only
2.4 A? it is again possible that this product is formed by reaction of Prt excited
states. A second product, Pr(C4H4)™, is also observed but with endothermic
behavior.

The only cyclic alkane that we have studied with Eut is cyclopropane, ex-
pected to be one of the more reactive of the cycloalkanes due to its highly strained
nature and weak C-C bonds. As with the linear alkanes, no reaction products

are observed. Thus, both Eut and Prt are quite unreactive with cycloalkanes.

There are several possible explanations for the unreactive behavior of Prt
and Eut with the smaller alkanes and cycloalkanes. The first step in a gas-phase
ion-molecule reaction is presumably formation of a loose collision complex held
together by interaction of the ion with either a permanent dipole or an ion-
induced-dipole. Adduct formation may result if the interaction of the metal ion
and neutral results in the formation of a complex which is sufficiently long-lived
to undergo a stabilizing collision with another neutral gas molecule. In the Prt
experiments, the amount of adduct is seen to increase with the increasing size of
the neutral hydrocarbon (Table III), consistent with an increase of the neutral

polarizability and the subsequent increase in the ion induced dipole interaction



17

Table III

Adduct Production in the Reactions of

Prt with Alkenes

Apparent Adduct

Alkane Cross Section®

(A%)
Propane 0.00
n-Butane 0.04
2-Methylpropane 0.06
n-Hexane 0.26
2,3-Dimethylbutane 0.59
n-Heptane 2.46
2,4-Dimethylpentane 2.33

® From experiments at a center-of-mass collision energy
of ~0.25 eV and neutral pressures between 1.2 and 1.6

mtorr.
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with the metal ion. It is the chemical activation gained from this ion-molecule
association which allows many ion-molecule reactions to proceed with no appre-
ciable barrier to reaction. This is illustrated in Figure 1. Curve (a) shows a
hypothetical interaction between a neutral metal and alkane with an activation
barrier, E,, for the insertion process. Curve (c¢) shows the same insertion pro-
cess for a metal ion, where we assume that the barrier height remains constant.
This barrier height is now measured with respect to the energy of the collision
complex, M(RH)™*, which is lower in energy than the reactants due to the ion-
molecule interaction energy. This chemical activation lowers the effective barrier
to below the total energy of the reacting molecules, allowing the ion-molecule
reaction to proceed as if no barrier existed. The early third row metals are fairly
large (Table I). An estimate for the size of Eu™ is given by averaging the 6s
orbitals sizes of La* and Hf*, giving 2.14 A. Pr* would be expected to be closer
to the size of Lat. Since the energy of association is due to electrostatic interac-
tions, one might expect that for a large ion such as Pr* or Eu™, the ion-neutral
distance could be such that the energy lowering is not enough to decrease the
barrier height to below the total energy of the system (a case such as this is

shown as curve (b) in Figure 2).

A second possible explanation centers around the presence of the metal
6s electron in the ground electronic state (the ground state configurations are
4f%6s! for Pr* and 4f76s' for Eut) as well as some of the low-lying states (see
Table II). Armentrout et al., in work on the reactions of first row transition
metal ions, have produced a set of rules predicting the metal ion reactivity based
on the electronic configuration.!? After the initial ion-molecule association, the
reactions probably proceed via insertion into a C-H bond (C-C bond insertion
is also possible). Assuming that insertion into a C~H bond involves donation
of the C-H sigma electrons into an empty metal sigma orbital and also back-
donation from a metal d= orbital into the C-H o* orbital, metals with empty s

or do orbitals and occupied dm orbitals would be expected to be more reactive.
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Figure 1: Illustration of the effects of chemical activation in ion-molecule reac-
tions, using a hypothetical insertion of either a neutral metal or metal
ion into a C-H bond. Path (a) shows the neutral reaction with an
activation barrier, Ea. Path (c) shows the effects of the interaction
of the ionic charge with an induced dipole in the neutral, effectively
lowering the barrier below the total energy of the reactants. Path
(b) represents the situation when the chemical activation is not large

enough to effectively overcome the activation barrier.
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Occupied valence s orbitals, as on Prt and Eut, would be expected to raise
the energy of the system due to electron-electron repulsion with the C-H sigma
bonding electrons. Thus, electronic states of the ions with an empty 6s orbital
or empty 6s and 5d,: orbitals, will probably be more reactive than the ground

electronic state which has the detriment of having an occupied 6s orbital.

For the C-H insertion process to be feasible, the sum of the M*—C and M*-
H bond dissociation energies must of necessity be larger than the bond energy
of the C-H bond being broken. Since almost all of the low-lying electonic states
represented in the beam (for Pr* and Eu') have either an 4>~ 16s! or 4f*~15d!
valence electronic configuration, one of the metal sigma bonds must be made
with a 4f electron. There are several drawbacks to bonding to f orbitals. First,
the 4f orbitals are quite small and compact spatially when compared to the 5d
and 6s orbitals. This is due to the lower principal quantum number of the f
orbitals (making access to the orbitals difficult). Second, the six-lobed nature of
the f orbitals could lower the strength of sigma bonds due to the smaller amount
of electron density along any one bond axis (the f,s orbital would prove best for
forming o bonds just as the d,s orbital is best of the d orbitals for forming o
bonds).?° Third, as the number of high-spin coupled f electrons increases, bond
energies will decrease due to the loss of high-spin exchange energy between the
electrons. Effects of this type are seen for the first row transition metals where
the bonding choice is between the 4s orbital and the much smaller 3d orbitals.
Bonding is preferentially to the s orbital, especially in the later metals which
have very compact d orbitals.!?> Weak bonds are seen to metals such as Cr™ (¢S,
d®) where ~ 36 kcal/mol of exchange energy is lost on bonding to one of the d
electrons. Similar effects, possibly even more pronounced, should be expected
with the lanthanides. Thus, because of the nature of the f orbitals, one would
not expect strong M*-H or M*-C bonds to be formed using electrons in these
metal orbitals. Also, backbonding between f orbitals and ¢* or 7* orbitals would

not be expected. Although one strong bond can possibly be formed to an s or
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d orbital, without the formation of two strong metal sigma bonds, the oxidative
addition of a C—H bond cannot take place and the metal ion will be seen to be
unreactive. Higher energy states of the metals with more than one non-f valence
electron should be reactive since they no longer must depend on forming a strong

bond with an { electron.

Reactions of Gd* with Alkanes. Gadolinium ions form a striking con-
trast to the other two lanthanides, praseodymium and europium. While Prt
and Eu? are both very unreactive, Gd* is quite reactive with alkanes and shows
a fairly wide spectrum of products, including activation of both C-H and C-C
bonds with the elimination of hydrogen, alkanes, and alkenes. Table IV lists the
reactions products, product distributions, and total reaction cross sections for
the reaction of Gd* with C;-Cg alkanes. The reactivity of Gdt and the recently
observed reactivity of La™ helps to answer the question of why Prt and Eu™ are
unreactive. Clearly, all of these ions are similar in size and thus a lowering of
the ion-molecule association energy cannot totally explain the unreactivity. The
very small amount of adduct ions formed by the unreactive ions tends to indicate
that the adducts are not very long-lived (possibly indicating a small interaction
energy), however, the larger La%t ion is reactive. We thus conclude that the
difference in reactivity is due to the fact that Gd* possesses two non-4f valence
electrons and thus does not need to form sigma bonds utilizing f electrons. The
4f7 shell of electrons probably has little to do with the ion reactivity. Gd* can
thus be considered to possess a valence electron configuration with two electrons
(s'd?), very similar to the Group 3 metal ions, Sct, Y+, and La*t. We have

included the reaction product distributions for these three metals in Table IV.

Methane, Ethane, and Propane. Gadolinium follows the general trend of the
transition metals in its unreactivity toward methane. Gd* does, however, react
with ethane, although the reaction cross section is small (0.96 A? at a collision

energy of 0.09 eV). Two products are observed, as indicated in reactions (1) and
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Table IV

Product Distributions for the Reactions of Gdt and Group 3 Mt with Alkanes

Total Reaction Neutral(s) Product Relative Product Intensities (%)
Alkane Cross Section (A2)2 Lost Ion Ion Beam FTMS®
Gd+ Sct® Gd* Sct” Sct Y+ Lat
CH, N.R. N.R.
C;Hg 0.3 1.4 H, M(CaH,)* 62 71 100 100
2H, M(C.H,)* 38 29
CzHg* 6 11 H, M(CsHg)* 69 68 73 75 85
2H,  M(CsH)+ 4 5 25 15
CHy  M(C.H)* 28 271 27
n-CeH;o 110 151 H, M(CsHs)t 34 44 54 12 4

2H, M(C4He)* 27 16 16 47 7
3H, M(C,H,)*  trd
CH,4 M(C3Hg)*  trd 2
CH4H, M(C3Hy)t  trd 2 2 3
C,Hy  M(CHe)* 38 32 28 35 19
CoHs  M(CpH,)*  trd 4

CsHe  M(CHy)*t 3
i-C4Hyg 105 152 H, M(C4Hg)* 50 69 86 17

2H, M(C4He)* 37 16 9 66 86

CH, M(CsHg)*  trd 1

CH4,Hy M(C3H )t trd 1 5

CHy  M(C,H¢)* 12 13 5 12 14
n-CsHy; 172 429 H, M(CsHyo)t 23 32 19 4

2H, M(CsHs)t 26 7 8 34 75

3H, M(CsHg)t  trd 6 3

CH, M(C4Hs)* 1 8 9

CHy, H, M(C4He)* 13 13 13 14
C;Hs  M(C3Hg)* 27 34 51 12

CiHe  M(CsHe)* 1 1 16
CaHe,H; M(CsHy)* 1 2

CsHe  M(CHe)* 8 4 10 10

CsHs  M(CyH4)* trd

CsHg,H, M(C,H,)* 2
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Total Reaction Neutral(s)  Product Relative Product Intensities (%)
Alkane  Cross Section (A?)® Lost Ion Ion Beam FTMSe
Gd+ Sct?® Gd+ Sct®  Sct Y+ Lat
i-CsH, s 132 Hy  M(CsHjo)* 9
°H,  M(CsHs)* 64
CHy  M(C4Hg)* 2
CHy Hy M(CeHe)® 12
CoHy  M(CsHs)* 4
CsHs  M(CpHe)*
neo-CsH;; 1.5 129 H, M(CsHypo)t 3¢ 70 71 12
CH, M(C4Hg)* 17 14
CH4,H, M(C4He)t 31 11 15 65 72
CHy,2H, M(CHo)* 19
CsHe  M(CoHe)t 16 2 23 28
n-CoH14 232 381 H,  M(CeHpp)* 5 1 1
2H, M(C6H10)+ 19 9 22 10 12
$H,  M(CeHg)* 10 4 2 30 53
4H,  M(CeHe)* 12 3
CHy  M(CsHio)* trd 4
CHy,H, M(CsHg)* 9 6 6
CH4,2H; M(CsHg)t  trd 4 2
C;Hy  M(CiHio)¥ 8 20 T 2 2
C;Hs  M(CiHg)t 11 28 36 14 4
CyHe,H, M(CHe)* 12 14 20 8 5
CsHs  M(CsHg)* 11 14 9 & 7
CsHsg M(C3Hg)* trd 6 4
CsHs  M(CyHe)* 2 g8 3
C4Hyo M(C,H)* 1
C4Hyio,H, M(CyHy)t 2

® Reaction cross sections measured at a center-of-mass collision energy of approximately 0.25 eV.
® Reference 1. © Reference 9. ¢ Trace amount of this product observed (less than 1%). © Some
Gd(CD4)* product is observed in the reaction with C3Ds although large changes in product
distributions on deuteration (and the GdO* product) make it impossible to estimate the amount
of Gd(CH4)* formed in the reaction with CzHs.
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Gd*t + CoHg —22% ., Gd(C,H,)* + H, (1)
— 3%, Gd(C,H,)* + 2H, (2)

These are suggested to be the single and double dehydrogenation products Gd+-
ethylene and Gd*-acetylene, indicating that the bond energies for the two are
greater than or equal to 33 and 75 kcal/mol, respectively.?!

Gd* is more reactive with propane than with ethane (a total reaction cross
section of 6.2 A? at a collision energy of 0.25 eV versus 0.3 A2 for ethane at the
same energy). Again, products are seen which correspond to loss of both one
and two molecules of Hy, Gd(C3Hg)* and Gd(C3H4)*. The latter may be either
a propyne or allene complex. Formation of propyne and allene from propane is
endothermic by 69.2 and 70.5 kcal/mol, respectively. Reaction with propane-2,2-
d2 (Table V) yields an almost statistical ratio of Hy, HD, and D, loss products,
indicating very rapid scrambling of the hydrogen atoms. In addition to the two
hydrogen loss products, Gd*—-ethylene is formed via elimination of methane.
This process can take place either through initial insertion into a terminal C-H
bond followed by S-CHj transfer and reductive elimination of CH, or through
initial C-C insertion followed by B-H transfer and methane elimination. With
the labeled propane, an almost equal amount of CHy and CH3D loss products
are observed. Again, this indicates that some scrambling is taking place since
the two mechanisms above predict loss of only CHj.

As pointed out in the experimental details section, GdO1 is formed in
a reaction with the background oxygen. With normal propane, this obscures
any Gd(CH,4)" product formed. Experiments using propane-ds show formation
of GACD/}. Reaction with propane-2,2-d, yields a 6:1 ratio of GdCDH; and
GdC,H;. Any GdCH} product is obscured by the GdO™ peak. The deuterated
products are observed to be about as intense as the Gd(C;H,)* product. The

overall product distributions are dependent on the extent of deuteration and it
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i1s thus difficult to estimate the amount of GdCH;*' formed in reaction of C3Hg.

There are several possible structures, I-III, for the Gd(CH4)* product.

H

/
Gd*--.H-CH;, H-Gd*-CH, CH, = Gdt

\
I II III H

Formation of methane and ethylene from propane is endothermic by 19 kcal /mol.
We can estimate the interaction energy of Gd* and methane. An estimate for
the Gd* 6s orbital radius is 2.14 A (as mentioned earlier for Eut). For second
row metal hydrides, the metal-hydrogen bond length in a covalent bond is about
0.17 A shorter than this.}? Coupling this shortest Gd*-H distance with the C—
H bond distance (0.94 A)?? gives a minimum interaction distance of ~3 A. Ion

induced dipole interaction energies are given by equation (3),

ela 166c
V(r) = ~SRE T R kcal/mol (3)

where R, is the internuclear separation in A, a is the ligand polarizability in A3,
and e is the unit charge of the electron.?? Using the methane polarizability?* of
2.60 A3, the interaction energy is calculated to be only a little over 5 kcal/mol,
effectively ruling out structure I (bonding interaction between the metal ion and
H could lower the energy slightly). For structure III to be feasible, the strength
of two metal-hydrogen bonds plus the metal-methylene bond would have to be
over 222 kcal/mol.?® Considering that Gd* has only two non-f valence electrons
to bond to the three species, this is highly unlikely. Thus, we feel that the
Gd(CH,4)* species is a hydrido-methyl complex. The presence of this product at
low energy gives an estimate for the sum of the Gd*-H and Gd+t-CH; bonds.
The process of producing C;H4, H, and CH; from propane is endothermic by
124.5 kcal/mol. The sum of the two sigma bonds must be greater than or equal
to this value.
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n-Butane and 2-Methylpropane. Figure 2 shows the reactions cross sections
as a function of collision energy (at low interaction energies) for the reaction of
Gd* with n-butane. The cross sections show the general behavior for exother-
mic reactions—decreasing as the collision energy increases. In experiments of
Tolbert and Beauchamp on the reactions of Sct with alkanes,! it was shown that
Sct forms products that involve sigma bonding two alkyl groups to the metal
in addition to the normal metal-olefin products seen with other metals. This
same process has also recently been seen in the other Group 3 metal ions Y+
and La*t.? The reaction products for the reaction of Gd* with n-butane and 2-
methylpropane (the distributions for 2-methylpropane are shown in parentheses)

are shown in eq 4-6.

Gd* + C4Hyp 22, G4(CHs)" + H, (4)
2T, Gd(C4He)T + 2H, (5)
38RAM), 3d(CyHe)t + CoHy (6)

As with Sc*, Y*, and La™, a product is seen with the general formula M(CHe)*
which, for Sc* has been shown to be Sct-dimethyl. As with propane, reaction
with deuterium labeled n-butane also shows a very small amount of the hydrido—
methyl product (although this product appears to be much less important for
the butane case). The other major products observed correspond to loss of one
and two molecules of H,.

With observation of the Gd(CH4)™ product in the reaction of propane, it
is not surprising that “dialkyl” products are also observed with butane and the
higher alkanes. As has been pointed out for other metals, the Gd(C2Hg)* product
could have several possible structures (IV-VI).

H3C-Gd*—CHj H-Gd*-C,H; | - Gd+

v A2 VI H
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Figure 2: Low energy products in the reaction of Gd* with n-butane. The prod-
uct reaction cross sections are plotted as a function of the center-of-

mass collision energy between the metal ion and neutral.
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Structures V and VI were ruled out for Sct due to energy considerations. Equa-
tions 7-9 show the energy requirements for the dissociation of butane to the

respective fragments.

C4H10 — 2CH3 + CzH4 AH® =113.0 kcal/mol (7)
— H+ CH;5; + CHy AH® =121.6 kcal/mol (8)
— 2H 4+ 2C,H, AH°® = 159.5 kca.l/mol (9)

We can probably rule out structure VI. The formation of strong metal-ethylene
bonds to the early transition metals is usually through the formation of a
metallacyclopropane.?® With the hydrogen atoms bound to the metal through
the two valence electrons, none are left over for bonding to the C,H4 fragment
and formation of the metallacycle. Structures IV and V are probably both pos-
sible from an energetic standpoint. Table V gives the product distributions seen
for reaction with butane-1,1,1,4,4,4-d¢ and 2-methylpropane-2-d;. The major
neutrals lost giving the dialkyl type product are CoHy and C,HDj3 for n-butane
and C;Hy and C;H3D for 2-methylpropane. Schemes I and II show possible
mechanisms (including both C-H and C-C insertion processes) for the produc-
tion of the major products for the two neutrals. The products seen to be most
abundant can be produced in very straightforward mechanisms. The second ma-
jor product in both cases is produced by scrambling of the hydrogens. Scheme III
shows possible mechanisms for production of a hydrido-ethyl complex from bu-
tane. This results in the loss of CoH;D, which is seen as only a minor product in
the spectra. Thus, as for Sc™, the Gd(C,Hg)™ product is probably the dimethyl
species. We will call products of this sort “dialkyl” products although it should
be kept in mind that the hydrido-alkyl structures are also possible. With the
larger alkanes, a larger number of possible structures exist and we will not at-
tempt to detail them all. Comparison of n-butane to 2-methylpropane indicates
that the amount of the dialkyl product observed for n-butane is greater. For-
mation of Gd(C2Hg)™ from 2-methylpropane is uphill two kcal/mol compared to
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the similar process with n-butane. This would place a lower limit on the sum of
the two metal-carbon sigma bonds of 115 kcal/mol.
n-Pentane, 2-Methylbutane, and 2,2-Dimethylpropane. The major products

seen in the reaction of Gd1 with n-pentane are shown in equations 10-16.

Gd* + n-CsHy, —22C%, Ga(CsHyo)t + Ha (10)
29%(E%), Qd(CsHy)t + 2H, (11)
2%G%) , Gd(CyHs)* + CH, (12)
1%A2%), G4(C4Hs)* + CH, + H, (13)
2TR0%), Gd(CsHs)" + CoH, (14)
— 1%, Gd(C3Hg)* + C,Hs (15)
SRR, Qd(CyHe)t + CsHe (16)

Again, elimination of one and two molecules of Hy accounts for a significant
percentage of the products although other unsaturated products such as Gd+-
butadiene are also seen arising from elimination of both methane and hydrogen.
The other major products are dialkyl products. With the lengthening of the
alkane chain, two dialkyls are seen, Gd(C3Hs)*™ and Gd(C;Hg)*. The process of
forming CHj,, C,Hs, and C;H, from n-pentane costs 109 kcal /mol while forming
two methyl groups and propene requires 110 kcal/mol. The energy requirements
of both processes are just slightly less than forming two methyl groups and ethy-
lene from n-butane.

The product percentages for the Gd* reaction with 2-methylbutane are
shown in parentheses in equations 10-16 for comparison with n-pentane. The ma-
Jor differences between the two are the large increase in double dehydrogenation
and decrease in Gd(C3Hs)t on changing the neutral to 2-methylbutane. Inser-
tion of the metal into a C—C bond provides the most straightforward mechanisms
for formation of the dialkyl-type products, although mechanisms involving ini-

tial C-H insertion (involving more extensive rearrangement) can also be drawn.
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Schemes IV and V show possible mechanisms for the reactions with n-pentane
and 2-methylbutane depending upon which C-C bond is initially cleaved. We see
that for 2-methylbutane, formation of Gd(C3Hg)* would necessarily call for ini-
tial insertion into the C;—C; bond, the most sterically hindered C-C bond of the
molecule. Insertion into the other C—~C bonds leads to the Gd(C2He)™ product.
For n-pentane, insertion into the C;—C; bond leads to Gd(C3Hg)™ while inser-
tion into the other C—C bond can lead to both products. It is normally assumed
that the larger alkyl groups form stronger bonds due to better stabilization of
the metal positive charge. This is a possible explanation for the predominance

of the heavier product with n-pentane.

An even more drastic change is seen when 2-methylbutane is replaced with
2,2-dimethylpropane. The differences in reaction cross section for the three iso-
mers are (at a collision energy of 0.25 eV) 171.7 A? for n-pentane, 132.0 A2 for
2-methylbutane, and 1.5 A? for 2,2-dimethylpropane. Thus, the reactivity of Gd*
with 2,2-dimethylpropane is very low. Dehydrogenation of butane-1,1,1,4,4,4-dg
by Sct shows mostly loss of HD. This coupled with the facile dehydrogenation
of 2,2-dimethylpropane and the strong sigma bonds formed by Sct led to the
proposal that the dehydrogenation was by a 1,3 process forming a metallacy-
clobutane product. Gd* also dehydrogenates labeled butane to give predomi-
nantly HD loss. However, the unreactivity with 2,2-dimethylpropane tends to
indicate that the dehydrogenation process is by a 1,2 mechanism rather than the
1,3 mechanism evidenced by Sc*. The studies on the reactivity of Yt and La™
also suggest that the 1,3 dehydrogenation is less important for these metals as

well.

n-Hezane. The reaction products observed in the reaction of Gd* with n-
hexane are given in Table IV. The distribution is fairly evenly spread between
ten major products with several minor products also seen. Dehydrogenation
products account for almost 50% of the reaction. Elimination of from one to

four molecules of H; are seen, the latter possibly forming a complex between
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Gd* and benzene. If this is occurring, the energetics yield a lower bound of 60
kcal/mol for the Gdt-benzene interaction energy. Dialkyl products are again
in evidence including Gd(C4H;o)*, Gd(C3Hs)™, and Gd(C,Hg)™. The dialkyl
products decrease, as a percentage of the overall product distribution, as the size
of the reacting alkane increases and the number of competing pathways increases.

Reaction of Gdt with Cycloalkanes. Table VI lists the reaction prod-
ucts, product distributions, and cross sections for the reactions between Gd* and
the C3-Cg cycloalkanes. The product distributions from FTMS studies of Sc,
Y+, and Lat are also contained in Table VI for comparison with the present
results.

Cyclopropane and Cyclobutane. The reaction of Gd* with cyclopropane
yields the products shown in Table VI. Elimination of H; is by far the major
reaction pathway. CID experiments on the M(C3H4)* products in the reactions
of Yt and Lat with cyclopropane show these products to be very similar to those
formed from propane and propene, suggesting that the ring has been opened. The
C-C bond is clearly the weakest bond in the molecule while the C-H bonds of
cyclopropane are exceptionally strong (106 kcal/ mol).25> The pathway of choice
would thus seem to be insertion into one of the ring C-C bonds. Condensed-
phase experiments by Periana and Bergman?® indicate that the reaction of re-
action of Cp*(L)Rh (Cp* = n5-CsMes; L = PMes) with cyclopropane proceeds
first through oxidative addition of a cyclopropyl-H bond to the metal and then
intramolecular rearrangement gives the metallacyclobutane. Either mechanism
would result in the cleavage of the cyclopropane ring. Two S-H transfers and
reductive elimination of H, would then yield the product. Small amounts of
other ring cleavage products, Gd(C,Hz)* and GdCHJ are also seen. Formation
of the metal-methylene product requires a metal-carbon double bond strength
which is greater than 93 kcal/mol.

Hydrogen loss products are the principal reaction products observed in the

reaction with cyclobutane, although small amounts of C-C bond cleavage prod-
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Table VI

Product Distributions for the Reactions of Gd* and Group 3 M* with Cycloalkanes

Total Reaction Neutral(s)  Product Relative Product Intensities (%)

Alkane Cross Section (A2)® Lost Ion Ion Beam FTMSP
Gd* Gd+ Sct Yt  Lat

Cyclopropane 62 H, M(C3H,)* 93 97 100 31

CHy  M(C,Hi)* 3 3

C:Hi  M(CH,)* 4 69
Cyclobutane 133 H, M(C4He)* 62 27 30 7

2H,  M(C4Hy)* 31 a1 28 8l

CHy  M(CsHy)* 4

C,H, M(CzHe)t 1

CiHy  M(CpHy)* 3 16

C;He  M(CpH,)* 3 16 38 12
Cyclopentane 202 H, M(CsHg)* 1

2H,  M(CsHe)* 99 100 100 100
Cyclohexane 203 2H, M(CgHg)* 9 11

3H, M(CeHg) ™ 91 89 100 100

® Reaction cross sections measured at a center-of-mass collision energy of approximately 0.25

eV. ? Reference 9.
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ucts are also seen (eq 17-21).

62%

Gd* + c-C4H, Gd(C4He)' + H, (17)
3%, Gd(CeH)t + 2H, (18)
1%, Gd(C,He)t + C;H, (19)
3%, Gd(CoHy)t + C,H, (20)
2%, Gd(C,H,)* + C,He (21)

A trace amount of methane loss is also observed in the reaction. As with cy-
clopropane, these products probably result from initial insertion into one of the
C-C bonds. H; loss then occurs through successive §—H transfers and reductive
elimination. Further elimination of H; yields the Gd(C4H4)* product. Both of
these hydrogen loss products could be produced without ring cleavage through
C-H insertion and successive hydrogen transfer and elimination. The C-H bond
strength is not excessively strong (96.5 kcal/mol) as it is in cyclopropane. The
reactions of Y* and La* have been proposed® to differ in that Y* is thought
to initially cleave the ring while La' is thought to interact with the cyclobu-
tane C-H bonds. The C-C bond cleavage products can be thought of as coming
from initial formation of a metallacyclopentane and then symmetric ring cleavage
followed by elimination of neutral product molecules.

Cyclopentane and Cyclohezane. No ring cleavage products are observed in
the reaction of Gd™ or the three Group 3 metal ions with cyclopentane and
cyclohexane. Dehydrogenation is the only process involved in these reactions,
with the major product ions arising from loss of two (cyclopentane) and three
(cyclohexane) molecules of hydrogen. These are believed to correspond to Gd*-
cyclopentadiene and Gdt-benzene complexes. Formation of cyclopentadiene and
hydrogen from cyclopentane is endothermic by 50 kcal/mol. This is a lower bound
for the binding energy to Gd*. It is noted above that that Gd*-benzene may

be bound by at least 60 kcal/mol. Formation of benzene from cyclohexane is
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endothermic by 49 kcal/mol, so that formation of Gd*-benzene is consistent
with the earlier result.

Reactions of Gd* and Prt* with Alkenes. Activation of C-C and C-H
bonds in alkanes requires formation of two strong sigma bonds by the metal.
In contrast, activation of C-H and C-C bonds in alkenes is enhanced by the
interaction of the alkene m system with the metal ion. First row metals are seen
to bind alkenes with a bond energy on the order of 40-50 kcal/mol.2” The need
for strong metal sigma bonding in the inserted product is thus not as great. The
reactivity of Prt with alkenes and not with alkanes is an example of this. EuT,
on the other hand, has an extremely stable, half-filled f shell (f7). We have tested
the reactivity of Eut with cyclohexene, a fairly reactive alkene, and observe only
adduct formation and no elimination products. Table VII presents the reaction
data for the reaction of Gdt and Prt with cyclohexene and the linear alkenes
from ethene to 1-hexene.

Ethene and Propene. Gd™, as was discussed earlier, doubly dehydrogenates
ethane. It is thus expected that dehydrogenation of ethene will take place and this
is indeed what is observed. The same process is also seen for Pr, although with
extremely low efficiency (orxn = 0.9 A? at a collision energy of 0.25 e¢V). Three
products are observed in the reaction of propene with Gd* (Prt), equations
22-24.

RO A(GoHL)* + H 22)

0SROI) \(CaHy) " + CH (23)

0473 9%) M(CH,)™ + C2Ha (24)

M + C3Hg

The major product in both cases is elimination of one molecule of H;. The
process can take place via interaction of the metal ion with the weakest C-H
bonds in the molecule, the allylic C-H bonds. After formation of a metal-
hydrido—allyl complex, hydrogen transfer and H, elimination yields a metal-
allene product. The presence of the MCH; product at low energy provides an
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Table VII

Product Distributions for the Reactions of Gdt and Pr+ with Alkenes

Total Reaction Neutral(s) Product  Relative Product

Alkene  Cross Section (A?)® Lost Ion Intensities (%)
Gd* Prt Gd* Prt

Ethene 44 0.9 H, M(C,Hz)*  100.0 100.0
Propene 230 30 H, M(C3H4)* 99.0 97.7
CHy  M(C,Hy)* 06 0.3

CHy  M(CHy)* 0.4 2.0

1-Butene 406 223 Ha M(CsHe)*  95.5 98.2
2H, M(C4H4)* 0.7 0.2

CH,  M(CsHJ)* 16 0.6

C:Hy  M(C:Ho)+ 03 0.2

CsHs  M(CHy)* 1.8 0.5

CsHe  M(CH,)* 0.1 0.3

1-Pentene 454 273 H, M(CsHs)* 33.6 85.7
2H,  M(CsHe)*  35.8 9.2

CH, M(C,4Hs)* 0.3 0.1

CH,  M(CiHe)* 7.8 1.0

CH4, Hy,  M(C,Ha)t 0.2
C:H, M(CsHs)+ 0.1

CaHy  M(CzHe)t 1.7 0.9
CaHg  M(CaH4)t 20.0 2.7
CsH4 M(C;He)™ 0.1

CsHg M(C,H4)* 0.1 0.1
CsHg M(C.H,)* 0.3 0.1

CiHs  M(CH,)* 0.2
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Total Reaction Neutral(s) Product Relative Product

Alkene Cross Section (A2)® Lost Ion Intensities (%)
Gd* Prt Gd* Pr*
1-Hexene 452 167 H, M(CeHip)* 7.3 21.2
2H,  M(CeHs)t  62.1 65.3
3H,  M(CeHe)* 5.6 2.0
CH,  M(CsHyp)* 0.2
CH,  M(CsHg)* 1.1 0.5
CHy,H, M(CsHe)* 9.2 2.8
CHy,2H, M(CsHg)* 0.1
C:Hs  M(CeHg)* 0.8 0.5
CiHe  M(CiHe)*  10.0 5.9
C3He M(CsHe)* 0.5 0.4
CsHs  M(CsHy)* 20 1.1
CsHs  M(CyHg)* 1.0 0.1
CiHls  M(CpHq)* 0.1
CsHyo M(C:H))* 0.1
CsHio  M(CHy)* 0.1
Cyclohexene 313 340 H, M(CgHs)™* 0.4 0.5
2H,  M(CeHe)*  99.2  99.5
CeHs  M(Hy)* 0.4

* Reaction cross sections measured at a center-of-mass collision energy of approxi-
mately 0.25 eV. '
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estimate of the strength of the metal-carbon double bond of greater than or
equal to 101 kcal/mol.

The formation of PrCHJ from propene and cyclopropane, the first being
exothermic and the second appearing endothermic, poses a dilemma. Exothermic
production from propene requires a bond strength of greater than 101 kcal/mol
while endothermic production from cyclopropane would indicate that the bond
energy is less than 93 kcal/mol. Two explanations exist for the discrepancy be-
tween the two results. First, the production of PrCH; from propene could be due
to reaction of excited state Pr*. Secondly, if we look more closely at the reactions
of the two systems we see that there is another reaction product, Pr(C3H,)*,
that the two have in common. Again, the product is formed in an exothermic
reaction with propene and a seemingly endothermic reaction with cyclopropane.
The formation of C3Hy and H; from propene is 7.9 kcal/mol more endother-
mic than formation from cyclopropane. If the reaction with cyclopropane does
indeed proceed via ring cleavage and 3-H transfer, than the two processes pro-
ceed through a common intermediate. This indicates that there is possibly a
thermodynamic barrier on the potential surface for interaction of Prt with cy-
clopropane. The exact nature of the metal-methylene bonding is not known at
this time.

1-Butene and 1-Pentene. As the size of the alkene increases the number of
products observed also increases. Seven products are observed in the reaction of
Gd* with 1-butene and 13 with 1-pentene. Pr* exhibits slightly lower reactivity
and slightly fewer products. The product intensities for those products with
abundances of 0.1% or larger are shown in Table VII. Dehyrogenation is again
the major reaction pathway, representing over 95% of the product intensity for
both metals in the reaction with 1-butene. Minor amounts of carbon-carbon
bond cleavage products are also observed.

Scheme VI shows possible reaction mechanisms accounting for the major

products observed with l-pentene. These involve insertion of the metal into
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either an allylic C~H or C-C bond. C-C insertion leads to the M(C3Hg)* and
M(C3H4)* products while C~H insertion would lead to the dehydrogenation

products and also loss of CHy.

1-Hezene and Cyclohezene. Eighteen different products are observed at low
energy in the reaction of Gd* with 1-hexene, while thirteen are observed in
the reaction involving Prt. 75% and 88% of the product abundance, for Gd+
and Prt, respectively, is due to single and multiple dehydrogenation processes.
Smaller amounts are seen in chain cleavage processes. Again, the major products
can be predicted by mechanisms involving initial insertion into allylic bonds
followed by B-H or (-alkyl transfer and reductive elimination of the neutral
species. We will not attempt to account for the processes producing all eighteen

products.

The reactions of cyclohexene are quite a contrast to those of 1-hexene. A
total of only three low energy products are seen. Both Gdt and Prt doubly
dehydrogenate cyclohexene to produce M*-benzene, a product which accounts
for over 99% of the total product distribution. In the reaction with Gd*, an
endothermic process is also seen with a threshold at very low energy. This process
produces GdH; and either cyclohexadiene or benzene and hydrogen. The latter
process is the most energetically favorable. It is uphill 125 kcal/mol to produce
benzene, hydrogen, and two H atoms. The threshold for production of GdHZ
appears to be less than 0.25 eV (5.8 kcal/mol). This would put an upper limit
on the sum of the two GdT-H sigma bonds somewhere between 119 and 125
kcal/mol.

Reaction of Gdt and Pr* with Oxygen Containing Compounds.
The two ions have been reacted with nitric oxide, formaldehyde, acetaldehyde,
and acetone. As mentioned earlier, Gd* readily reacts with any O, in the system.
Pr* is also seen to form the oxide when any oxygen is present. Table VIII lists

the products observed at low collision energy for these systems. The principal
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Table VIII

Product Distributions for the Reactions of Gdt and Prt

with Oxygen Containing Compounds

Total Reaction Neutral(s) Product Relative Product

Alkene Cross Section (A2)® Lost Ion Intensities (%)
Gd*t Prt Gd* Prt
Nitric Oxide 4.8 16 N MO+ 100.0 100.0
Formaldehyde 86 43 CH, MOt 29.1 100.0
co MHJ 70.9
Acetaldehyde 614 319 H, M(C,H,0)* 1.4
CH,  M(OH,)* 0.2
CaH, MOt 98.1 100.0
CO  M(CHy)* 0.3
Acetone 352 385 H, M(C3H,O)* 2.4

CHs  M(C,H3;0)* 0.1
CHy  M(C,H,0)* 0.3

CO  M(C,Hg)t 0.2
CsHy,  M(OHp)* 0.5 0.1
CsHe MO+ 96.5 99.9

® Reaction cross sections measured at a center-of-mass collision energy of approxi-

mately 0.25 eV.
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product in almost all of the reactions (eqs 25-28) is MO*.

M* 4+ NO — MO* +N (25)

M? + (CH;3);CO — MO™ + C;3H, (26)
M* 4+ CH;CHO — MO™ 4 C,H, (27)
M* + CH,0 — MO™ +:CH, (28)

Small amounts of other products are also seen. In the reaction with acetone, both
metal ions produce M(OH;)* with the loss of C3H4. Other products observed
in the reaction of Gd* with acetone involve elimination of H,, CH3, CHy4, and
CO. Elimination of CO yields the metal-dimethyl ion (the sum of the two bonds
must be greater than or equal to 95.7 kcal/mol). Gd* reacts with acetaldehyde
to give, in addition to GdO*, Gd(C,H,0)*, Gd(OH;)*, and Gd(CH4)*. The
presence of a small amount of the hydrido—methyl species was determined us-
ing CH3CDO and CD3CDO to sort this product out from the oxide and water
complexes. Formation of the hydrido—methyl complex requires that the sum of
the metal-hydrogen and metal-methyl bonds be greater than or equal to 100.5
kcal/mol. The other important non-oxide product observed in these reactions
is GdHJ, formed in the reaction with formaldehyde. The large reaction cross
section indicates that the two metal-hydrogen bonds are much more stable than
the 103.7 kcal/mol necessary for formation of the product. This is in keeping
with the earlier result of ~ 120 kcal/mol from the endothermic production from
cyclohexene. GdHY is therefore stable with respect to reductive elimination of
H,.

An interesting result which was observed in the reaction of Gd* with acetone
and acetaldehyde involves the secondary reaction of the product oxide. The
reaction to produce GdO™ is very efficient and a large enough population is
built up in the cell that many GdO*-neutral collisions are seen to take place.
These secondary collisions serve to produce secondary reaction products, the

primary one being the dehydration of the neutral to give GAO(OH;)*. One
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other secondary product, Gd(O;)T, is also observed.

For thermodynamic purposes, the neutral decomposition pathways and en-
ergetics for production of O atom from the various species are given in Table IX.
Reaction with formaldehyde, reaction 31, is seen for both metal ions. For a
reaction to take place between M+ and CH,O to produce MO¥, the MT-O
bond dissociation energy must be greater than or equal to 179 kcal/mol. Reac-
tion with acetaldehyde and acetone can thus produce either the neutral alkenes
or the corresponding methyl and dimethyl carbene. Metal ions show consider-
able diversity in their reactions with acetone depending upon the strength of
the metal oxide bond. The Group 8-10 metal ions form much weaker bonds
to oxygen.?® The Group 8-10 metals of the first row (Fet, Cot, and Nit),30
along with Pd*,” react to give primarily the metal-dimethyl product, M(CH,)7,
with smaller amounts of the metal carbonyl, MCO*. Group 8-9 metals of the
second row (Rut and Rh*)" yield M(CH,0)* and M(C;H4)" products as well
as M(CH;); and MCO*. Mo* reacts with acetone predominantly by a dehy-
drogenation pathway?! to give presumably Mo(CO)(C,H,4)*. Sc*, on the other
hand, with an oxide bond energy of about 159 kcal/mol, behaves similarly to Pr,
producing only the oxide product.! D(Sc*-0), however, is not large enough to
produce the oxide from formaldehyde due to the high heat of formation of methy-

lene.

The present results for D(Pr*-0) and D(Gd*-0), giving a lower limit of 179
kcal/mol, compare very well with calculations of the bond energies from known
quantities for neutral MO.?? Using the MO bond energies of 177.6 +4.0 kcal /mol
and 169.7 &+ 3.0 kcal/mol for Prt and Gdt, respectively, the MO ionization
potentials of 4.90+0.1 ¢V and 5.75+0.1 eV, and the metal atom IP’s of 5.374+0.1
eV and 6.24 + 0.1 eV, one can calculate (using the thermodynamic cycle shown
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Table IX

Heats of Dissociation for Gaseous Oxygen Containing Molecules

Reaction AH3gs
(kcal/mol)

0;,—0+0 117
NO—O+N 151
(CH;3),CO—O + H,C=CHCH; 116
—O0 +:C(CHj;), 174
CH;CHO—O + H,C=CH, 112
—O +:CHCH; 177
CH,0—O0 +:CH, 179

® Individual heats of formation from references 21, 25,

and 28.
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i 36
in eq 36) DM*+-0)
—_—

MOt + e~ MtT4+0O+e™

IP(MO)[ [IP(M) (36)
MO ooy M+ 0O

the metal oxide cation bond dissociation energies. Values of 188.4 + 5.2 kcal /mol
and 181.0 £+ 4.4 kcal/mol are calculated for D(Prt-0O) and D(Gd*-0), re-
spectively, slightly greater than the lower limit set by the present experi-
ments. A similar calculation for Eut using D(Eu-O) = 114.5 4 4.0 kcal/mol,
IP(EuO) = 6.48 + 0.1 €V, and IP(Eu) = 5.68 4 0.1 eV, yield an EuO™ bond dis-
sociation energy of 96.1 + 5.2 kcal/mol, explaining why no EuO* product was

seen due to background oxygen in the system.

Conclusion

The results presented show that those lanthanide cations which, of neces-
sity, must involve the f electrons in bonding, are unable to activate the C-H or
C-C bonds of saturated hydrocarbons. This supports the contention that bonds
formed utilizing the f electrons are inherently weak. On the other hand, where
two non-f valence electrons are available for use in bonding, the metal ion is very
reactive. GdT, with a ground state derived from the 4f75d!6s! configuration, ex-
hibits reactivity simialr to that of the Group 3 transition metal cations. Product
distributions are fairly similar to Sc¥, although more multiple dehydrogenation
products are seen for Gd*. As with Sct, Gd* is capable of forming two strong
sigma bonds to carbon and hydrogen. An estimate of the sum of the two bonds
in GdHJ is 120 £ 5 kcal/mol. Gd(CH;)(H)* is produced in the reaction with
propane indicating that the sum of the bonds is around 125 kcal/mol. Although
the reactions yielding Gd(C2Hs)* yield an estimate of 115 kcal/mol for the sum
of the bond energies, it is also likely to be over 120 kcal/mol.

By looking at the electronic states of the other lanthanide cations, one can

try to make predictions of reactivity. Ce™ and Lu* are the other two ions with
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two non-f valence electrons, however, Lu' has a closed shell f1*s? configuration.
An f'*d's! configuration which would be necessary for bonding is at over 1.5
eV. Cet has two 5d electrons, like Lat, and should be quite reactive in its
ground state. The other lanthanide cations only have one non-f valence electron.
Except for Tb*, which has a state at approximately 0.4 eV with a 4f85d16s!
configuration, the reactive excited states are fairly high in energy and it can be
expected that these ions will all be unreactive.
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CHAPTER III

WHAT’S WRONG WITH GAS-PHASE CHROMIUM?
A COMPARISON OF THE UNREACTIVE Crt CATION WITH

THE ALKANE ACTIVATING MOLYBDENUM CATION
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Abstract

We have studied the interaction of gas-phase Crt and Mo™ with small al-
kanes, cycloalkanes, and alkenes using ion beam mass spectrometric techniques.
Although the two Group 6 metal ions have the same ground electronic state (%S,
d®) and similar excitation energies to the first excited electronic state (6D, d*s?
with state splittings of 1.52 eV and 1.59 eV for Cr™ and Mo™, respectively) they
behave quite differently. Unlike a majority of the metal ions which have been
studied, CrT ions are extremely unreactive. Crt does not react with C;-Cq
alkanes, cycloalkanes and alkenes. Even though the reaction cross sections are
quite small, Mo™*, on the other hand, reacts with all alkanes except methane,
to give dehydrogenation products. Reactions of Mot with the strained cycloal-
kanes, cyclopropane and cyclobutane, and with most alkenes are quite facile.
This difference in reactivity is attributed to the difference in size of the Mo™
orbitals with respect to Cr*. The larger size of the d orbitals reduces the d-d
exchange energy and increases the sigma bond energies between the metal and

carbon or hydrogen, allowing exothermic insertion into C-H and C-C bonds.
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I. Introduction

A growing number of experiments have shown that the unsaturated, gas-phase
transition metal cations are very reactive when it comes to activation of C-H
and C-C bonds of alkanes and other small hydrocarbons. The largest number
of studies have involved the first row Group 8-10 metal ions Fe™, Cot*, and
Nit,! although more recently, the early first row metals?~* as well as several
second®~7 and third"~? row species (Ru*, Rh*, Pd*, Y+, and Lat) have been
investigated. Comparison of the reactivity of the second row metals with their
counterparts in the first row has shown some surprising differences. As one moves
down a given column, dehydrogenation increases in importance relative to C-C
bond cleavage processes. This is especially noticeable with Rut and Rht* where
dehydrogenation products are almost exclusively formed compared to Fet and
Co™*, where C-C bond cleavage products dominate. The present paper is another
study of the differences encountered between similar metals of the first and second
transition metal series. Previous work has shown that, although excited state Crt
is reactive with alkanes!® (even reacting exothermically with methane), ground
state Cr™ is quite unreactive. This unreactivity is fairly unusual for a gas-phase
metal cation. Theoretical calculations have indicated that differences in bonding
and bond dissociation energies between Cr* and Mot could be significant enough
that Mot would react exothermically with small hydrocarbons.}* The present

study confirms this hypothesis and we discuss the differences between the two

Group 6 metal ions.
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Experimental Section

The ion beam mass spectrometer used in this study of transition metal ion
reactivity has been described previously.!? Briefly, singly-charged, atomic metal
ions are formed by thermal vaporization of a metal-containing compound and
surface ionization on a hot rhenium ribbon filament. Cr* ions were formed
from Cr(CO)s at approximately 1800 K while Mo" ions were formed using
[CpMo(CO);3]2 (Cp = cyclopentadienyl) and an approximate filament temper-
ature of 2500 K. It is generally assumed that the internal temperature of the
ions is the same as the filament surface temperature. It is thus possible, using a
Maxwell-Boltzmann distribution, to estimate the population of ions in the ground
and low-lying excited electronic states. Table I lists several of the low-lying elec-
tronic states for Cr* and Mo™ along with their relative energies!? (determined
by two methods: from lowest J level to lowest J level of each state; and using
weighted averages over the J levels for each state, the latter being useful for dis-
cussion of theoretical results pertinent to the present experiments) and relative
populations at the filament temperatures used. Both ions have similar ground
states (S, d®) with the lowest excited state (D, d*s') ~1.5 eV higher in energy.
The Cr7 ions are formed with greater than 99.9% of the ions in the ground elec-
tronic state. For Mo™, greater than 99.5% of the ions are in the ground state.
Thus, any reactions observed are likely to be reactions of ground state metal
ions.

After the metal ions are produced on the filament, they are accelerated,
collimated into a beam, mass analyzed, and injected into a collision chamber
containing the neutral reaction gas. The gas is at ambient temperature with a
pressure which is maintained at less than two millitorr to yield single-collision
conditions. By varying the kinetic energy of the ion beam, it is possible to study
the reaction products as a function of the center-of-mass interaction energy be-
tween the ion and neutral. Unreacted ions and forward scattered products are

extracted from the collision chamber and injected into a quadrupole mass spec-
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Table I

Low-Lying M* Electronic States® and Beam Populations

Ion Beam

Ion Configuration Term E;(Low J)® E.(Ave. J)¢ Populationd
(eV) (eV) (%)
Crt 3d5 aés 0.00 0.00 99.97
3d*4s! a®D 1.48 1.52 0.03
3d*4s? a‘D 2.42 2.46 0.00
348 a'G 2.54 2.54 0.00
3ds a‘P 2.70 2.71 0.00
Mot 4d4°® als 0.00 0.00 99.52
4d*5s! a®D 1.46 1.59 0.34
445 a'G 1.88 1.91 0.08
4d® a*P 1.94 1.95 0.02
44% a*D 2.08 2.11 0.02

® Electronic state information taken from reference 13. ® Relative energy determined
using the splitting between the lowest j level for each state. °© Relative energy
determined using a weighted average over j levels for each state. 9 Populations
determined using a Maxwell-Boltzmann distribution over the energy levels at a
temperature of 1800 K for Crt and 2500 K for Mo™.
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trometer for mass analysis. The ions are detected using a channeltron electron
multiplier and pulse counting electronics. The quadrupole and ion detection

circuits are controlled by an IBM-PC XT computer.

Results

Interaction of Cr* and Mo* with Alkanes. Previous experiments in
our labs,!® coupled with the present work, have shown that Crt is unable to
exothermically activate the C-H and C—C bonds of alkanes. These experiments
have involved a variety of alkanes varying in size from methane to the C; hydro-
carbons n-heptane and 2,4-dimethylpentane. Although many of these systems
exhibit extensive adduct formation at collision energies of less than 1 eV and pres-
sures of 1-2 mtorr (indicating long-lived interaction complexes are being formed),
no reaction products are observed.

In marked contrast to Crt, Mot reacts with alkanes larger than methane.
Table II gives product distributions and total cross sections for these reactions
measured at a center-of-mass collision energy of approximately 0.25 eV. It should
be noted that the reaction cross sections for these processes are quite small,
similar to those seen for reaction of V¥ in the first row,? indicating that Mot
is not as reactive as many of the other transition metal ions which have been
studied.

Methane, Ethane, and Propane. Very few metal ions have been observed
to react with methane exothermically, and Mo™ is no exception. Gas-phase
reactions under single-collision conditions require formation of a neutral product
to satisfy momentum and energy constraints. The most favorable pathway for

reaction with methane is shown in equation 1.
M* + CHy — MCH; + H, (1)

For this reaction to be exothermic, the bond dissociation energy, D(M*-CH,)

must exceed 111 kcal/mol* (this is seen to be the case for Ta').?
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Mot does react with ethane to eliminate both one and two molecules of
H; This requires that the Mo*—ethylene and Mo™-acetylene bonds be greater
than 32.7 kcal/mol and 74.6 kcal/mol, respectively. Similarly, reaction with
propane also generates products corresponding to loss of one and two molecules
of hydrogen, Mo(C3Hg)* and Mo(C3Hy4)™T, the latter is either a metal-allene or a
metal-propyne complex (the energetics of formation of allene and propyne from
propane are 70.5 and 69.2 kcal/mol, respectively).

n-Butane and 2-Methylpropane. As with the smaller molecules, Mot reacts
with n-butane and 2-methylpropane by dehydrogenation. Mo(C4Hg)* is the
only reaction product from n-butane while both Mo(C4Hs)* and Mo(C4He)*t
are formed in the reaction with 2-methylpropane. Formation of a metal-1,3-
butadiene complex from 2-methylpropane requires rearrangement of the carbon
skeleton. This structural rearrangement could account for the difference in prod-
uct distribution for the two isomers. Reaction with n-butane to produce 1,3-
butadiene can proceed with no rearrangement of the carbon skeleton. These
reactions yield a lower limit for the molybdenum-butadiene bond energy of 58.5
kcal/mol.

n-Pentane, n-Hezane, and 2,2-Dimethylpropane. As the size of the alkane
increases, the amount of dehydrogenation is also seen to increase. The reaction

of Mo with n-pentane, eq 24,

M0+ + n—C5H12 —ﬁ%-—f MO(C5H10)+ + H2 (2)
—8—0}—8—) MO(C5H3)+ + 2H, (3)
14% MO(C5H6)+ + 3H, (4)

produces products corresponding to loss of up to three molecules of Hj, the
latter possibly involving cyclization of the carbon chain to produce a Mot-
cyclopentadiene complex with an interaction energy which must be > 67

kcal/mol. In a similar fashion, reaction with n-hexane, eq 5-8,

M0+ + n-CsH14 —%—* MO(CGH12)+ + Hz (5)
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—g%——) MO(C5H10)+ + 2H2 (6)
2%, Mo(CeHas)™ + 3H, (7)
1%, Mo(CeHe)t + 4H, (8)

produces dehydrogenation of hexane with the loss of up to four molecules of
hydrogen in one ion-molecule encounter. The cross section versus collision energy
data are shown in Figure 1. The products show the typical exothermic behavior
with cross sections decreasing with increasing collision energy. If loss of four
molecules of H; produces a metal-benzene complex, the reaction places a lower
bound on the Mo*-benzene interaction energy of 59.7 kcal/mol.

As seen in Table II, the products from reaction with 2,2-dimethylpropane
are distinguished from the linear alkanes by the appearance of C-C bond cleav-
age processes. 1,2 H, elimination, which is prevalent in the reactions of many
metal ions, is impossible. After initial insertion into a C-H bond, there are no
B-hydrogens. Sc™ is seen to undergo a very facile H, elimination reaction with
2,2-dimethylpropane,? part of the evidence put forth in support of a 1,3 dehydro-
genation mechanism for that metal ion. For metals which do not react via this
1,3 mechanism, extensive rearrangement must take place before dehydrogenation
and this allows other reaction pathways to compete, such as the elimination of
CH,4 and H,, as seen here.

Interaction with Cycloalkanes. Crt is unreactive with the C3—Csg cy-
cloalkanes, as it is with the corresponding linear and branched alkanes. Table II
contains the product distributions for the reactions of Mot with cycloalkanes at
a center-of-mass collision energy of approximately 0.25 eV.

Cyclopentane and Cyclohezane. These two reactive systems exhibit chem-
istry similar to that described for the linear alkanes. Both react via dehydrogena-
tion and form almost exclusively Mo(CsHg)" and Mo(CgHs)*, products which
are also obtained with the loss of three and four molecules of hydrogen from

the linear alkanes. The sequential dehydrogenation process favors formation of
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Figure 1: Reaction cross section versus center-of-mass collision energy, Ecy, for
the reaction between Mo and n-hexane. The neutral hexane pressure
was approximately 1.4 mtorr. The most abundant product at low en-
ergy is the metal adduct, Mo(CgH;4)™, with the four dehydrogenation
products at lower intensity. All products show exothermic behavior.

Solid lines are a simple extrapolation between data points.
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Mo(CgHg)* from Mo(CgHs)* due to the —5.5 kcal/mol enthalpic change on
conversion of 1,3-cyclohexadiene to benzene and hydrogen.

Cyclopropane and Cyclobutane. The ring strain in these two cycloalkanes
is seen to increase their reactivity over that of cyclopentane and cyclohexane.
Although dehydrogenation products are seen for both of these molecules, it is
unlikely that these products arise from a process involving initial C~H insertion,
at least not for cyclopropane. The C-H bond strengths of cyclopropane and
cyclobutane are 106.3 and 96.5 kcal/mol, respectively, while the C—C bonds are
much weaker, being only approximately 54 and 55 kcal/mol.!® Schemes I and II
show the expected pathways for production of Mo(C3Hy)* from cyclopropane
and the three products, eq. 9-11,

~

Mo% + ¢-CqHs —22% , Mo(CyHs)* + H, (9)
____izo___) MO(C4H4)+ + 2H, (10)
— 3%, Mo(C,H4)" + C,H, (11)

formed in the reaction with cyclobutane. We also show the C—H insertion process
for cyclobutane since this process could account for the dehydrogenation prod-
ucts. Reaction with both cycloalkanes could proceed through initial insertion
into a C-C bond to form a metallacycle. Two f-H transfers and H; elimination
yield Mot -allene and Mot-butadiene complexes. Subsequent loss of Hy from
Mo(C4Hg)* would yield Mot-cyclobutadiene. Mo(C2H4)* can come from sym-
metric cleavage of the metallacyclopentane to give a bis-ethylene complex and
then elimination of C;Hy4. This is a major product pathway and tends to indicate
that the metal does indeed insert into one of the C-C bonds.

Interaction of Crt and Mo™* with Alkenes. Table III shows the product
distributions for the reactions between Mo with several small alkenes. Product
cross sections are much larger than in the comparable alkane reactions. Although
Mo™ is much more reactive with alkenes than alkanes, Cr* remains unreactive.

Reaction is only seen with cyclohexene, where very small amounts of Cr(CeHg)™
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and Cr(C¢Hg)™ are observed.

Ethylene and Propene. Mo™ was seen to double dehydrogenate ethane.
Thus, it is no surprise that dehydrogenation of ethylene also takes place. The
overall reaction cross section for the process is very small (0.5 A? at a collision
energy of 0.25 eV). The generally accepted pathway for reaction of metal ions
with alkenes?® involves an initial metal insertion into one of the allylic C~H or C-
C bonds. With ethylene this is not possible and the metal must interact with the
stronger vinylic C-H bonds. Reaction of Mo™ with propene can proceed through
initial allylic C-H insertion to yield a hydrido-allyl complex. Subsequent 8-H
transfer to the metal and reductive elimination of H, gives MoT-allene. The
cross section is approximately a hundred times greater than that for the ethylene
reaction as well as the related reaction with propane.

1-Butene and cis-2-Butene. Reaction of Mo with butane yielded MoT—
butadiene as the only product. Reaction with the two butene isomers also gives
this single product by elimination of H;. Reaction cross sections for the two
isomers are very similar and the two reaction processes probably involve the
same hydridoallyl intermediate, Scheme III, after allylic C—H insertion.

1-Pentene, 1-Hezene, and Cyclohezene. Similar to the other cases already
discussed, Mot reacts with the Cs and Cg alkenes to give predominantly H, loss
products. Contrary to the reactions with the comparable alkanes, however, there
are also small amounts of C—C bond cleavage products. Scheme IV shows possible
mechanisms for the products observed in the reaction with 1-pentene. Products
are produced by eitherinitial insertion into an allylic C-H bond followed by 3-H
or 3-CHj shifts and elimination of H, or CHy4 or through initial allylic C-C bond
insertion. An H shift from either the allyl ligand or the ethyl group then leads to
elimination of either C;Hy or C;Hg. In contrast to 1-pentene and 1-hexene, the
reaction of Mo™ with cyclohexene yields only dehydrogenation products (Scheme

V).
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Discussion

Reactivity differences between first and second row transition metal con-
geners is not a fact unique to Cr* and Mo*. Although the reaction types are
similar, the Group 3 metal ions, Sc*, Y*, and La™, to a certain extent, exhibit
quite different product distributions.?'” The differences displayed by the Group 8
(Fet and Ru*) and Group 9 (Cot and RhT) metal ions is much greater than for
Sct and its congeners, with very different types of products.> While products in
which C-C bonds are cleaved are prevalent with Fet and Co™, the interaction of
Rut and Rh* with hydrocarbons leads to almost exclusive elimination of one or
more molecules of H;. In all cases studied thus far, congeners are distinguished
by differences in the relative importance of different reaction pathways. In the
present case there is a difference in overall reactivity, where Cr* is totally un-
reactive while Mo™ activates C—C and C-H bonds. For an explanation of this
behavior, we must understand the differences between the metals in terms of:
(1) electronic structure; (2) bonding characteristics; and (3) the overall reaction
mechanism for hydrocarbon activation. These points are by no means indepen-
dent and all interact to produce the observed results.

As an example of the alkane activation process, we will consider the reaction
of a metal ion with n-butane (Scheme VI) to give 1,2 H; elimination and a M+t~

2-butene product (eq 12).
M+ + C4H10 — M(C4H8)+ + H2 (12)

In the gas phase, for the reaction to occur and exhibit exothermic behavior, the
final product as well as all points on the reaction pathway must be lower in
energy than the initial reactants. Figure 2 shows a recently proposed simplified
potential energy diagram for the dehydrogenation of butane by V* along with
the proposed reaction intermediates.’> The 1,2 mechanism for dehydrogenation
of butane is assumed to take place in four steps. Initial approach of the metal

ion induces a diple in the neutral butane. Interaction of this dipole with the
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Figure 2: Simplified potential energy diagram for the reaction of M* with n-
butane to form a metal-2-butene product and H;. The diagram fol-
lows the reaction pathway of Scheme VI. The diagram was taken from

reference 3 as proposed for the reaction of V*.
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metal ion allows formation of a loose collision complex (I in Scheme VI) with an
interaction energy of possibly 10-15 kcal/mol. In many ion-molecule reactions,
this interaction energy is sufficient to overcome any intrinsic barrier to further
reaction. The second step involves insertion of the metal ion into one of the C—H
bonds to produce new metal-carbon and metal-hydrogen bonds in place of the
original C-H bond (II). Thirdly, transfer of a B-hydrogen to the metal center
forms a dihydrido-metal-butene complex (III). Reductive elimination of H, then
gives the final metal-butene product (IV).

Equations 16-18 give the overall energetics for production of the alkyl and

hydrogen fragments in the two inserted intermediates and the final product.

C4H10 —_ C4H9 + H AH =96 kca.l/mol (13)
— C4Hs +2H = 132 kcal/mol (14)
— C4H3 + H2 =27 kcal/mol (15)

Thus, for the initial insertion step to be exothermic, the sum of the metal-carbon
and metal-hydrogen bonds must be greater than 96 kcal /mol. For the next step,
the sum of the two metal-hydrogen bonds plus the metal-alkene bond must be
greater than 132 kcal/mol. Lastly, for the overall reaction to be exothermic, the
metal-2-butene bond energy must be greater than 27 kcal/mol. Several estimates
have been made on the bond strength between bare metal ions and ethylene. It
has been estimated that the Sc*—ethylene bond strength is on the order of 40
kcal/mol.? Aristov and Armentrout have indicated that V+ binds ethylene with
an energy of approximately 50 kcal/mol.* The MT—ethylene bond strength has
also been estimated, from kinetic energy release data for the reactions of the
first row Group 8-10 metals, as being between 40 and 45 kcal/mol.1” We can
thus assume that the metal-butene interaction is also this strong and that the
overall dehydrogenation reaction of butane by Cr* and Mo* is exothermic. If
we also assume that D(H,M*-C4Hg) = 50 kcal/mol, then the sum of the two

M*-H bonds in the reaction intermediate must be greater than 82 kcal /mol.
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If, as we have suggested, the overall dehydrogenation reaction is exother-
mic, then either the initial insertion step or the #-hydrogen transfer step must
be endothermic for the reaction of Crt and the difference between Cr* and Mo™
must lie in the strengths of the bonds formed to the two metals. As shown in
Table I, the ground and first excited electronic states for Cr* and Mot are the
same with almost identical state splittings. These two states have been shown
to be important in the bonding between the metal ions and hydrogen.!! The su-
perficial similarity between the electronic states of the two metal ions might lead
one to assume that the bonding in equivalent compounds would be very similar.
This, however, is not the case. One must also take other factors into consider-
ation such as the size of the orbitals, the intrinsic bond strengths of hydrogen
and carbon to various orbitals, and the exchange energy between the high spin
electrons. Elkind and Armentrout!® have determined, using guided ion beam
techniques, bond energies for the diatomic metal hydride ions, CrH* and MoHT,
of D2gs(M* — H) = 28.6 + 2 kcal/mol and 42 + 3 kcal /mol, respectively, a fairly
substantial difference. Ab initio theoretical calculations on the two molecules!?
also indicate significant differences in the hybridizations of the bonding orbitals
used by the two metals. In CrH*, the metal bond orbital is hybridized 40.6% s,
12.5% p, and 46.9% d, building in a substantial amount of the 8D excited state.
For MoH", on the other hand, the hybridization is 19.7% s, 7.0% p, and 73.3%

d, with a much greater amount of d (ground state) character.

How does one account for the differences in bonding to the two metals? The
major difference is in the principal quantum numbers for the valence electrons.
The Mo orbitals are larger than the corresponding Cr* orbitals. Hartree-Fock
calculations!! indicate a difference of ~0.29 A in the radii of the 3d and 4d orbitals
(0.75 A versus 1.04 A) and a 0.14 A difference between the 4s and 5s orbitals
(1.73 A versus 1.87 A). Calculations designed to show the trends in “intrinsic”
bond energy of hydrogen to pure s or d orbitals indicate that the optimal size s
orbital is smaller than that of Zn*, 1.49 A, and that the optimum size d orbital
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is larger than the 4d orbitals of Y*, 1.47 A. Thus, the intrinsic bond strengths

predict stronger s-bonding for Cr* and stronger d-bonding for Mo™.

Exchange energy losses are another important consideration. For unpaired
electrons in orthogonal orbitals, high spin coupling is best (Hund’s rule) due to
the energy stabilization from electron exchange. When one of these high spin
electrons is spin paired to another electron to form a bond, it is essentially high
spin coupled to the other metal electrons only one half of the time, causing a loss
of one half of the high spin exchange stabilization due to that electron. For 6S
Cr™, the average d-d exchange energy, Kqq, is 16.5 kcal /mol, while for 5D Crt,
Ksa = 5.1 kcal/mol and Kqq = 18.2 kcal/mol. The exchange terms are inversely
proportional to the distance between the electrons. Thus, for Mo, with larger d
orbitals and a smaller s—d size difference, K44 is smaller than for Crt*, 13.4 and
14.2 kcal/mol (%S and ®D states, respectively), while K4 is larger, 8.5 kcal /mol.
Since the electronic states of the two metal ions are the same, the number of
exchange terms lost on bonding is also the same. Exchange arguments yield the
same trends as the intrinsic bonding arguments, supporting more d-bonding in
Mo™ compounds and more s-bonding in Cr* compounds. For Cr't, however, s-
bonding has the unfortunate energy penalty of involving an electronic state 1.52
eV above the ground state. Thus, exchange energy losses are high on bonding to
the ground state and promotion energy losses are high on bonding to the excited
state, all of which causes the Cr*-H bond energy to be quite weak. Mo*, on the
other hand, loses less energy bonding with its ground state and forms stronger

sigma bonds.

All the reaction intermediates we are dealing with involve not one, but two
sigma bonds to the metal jon. Experiments have not yielded bond energies for
the second metal bond and we must thus estimate the differences in the first
and second bond dissociation energies. The simplest such case is the metal
dihydride. We have previously published a theoretical study on the bonding in
the two metal dihydrides CrHJ and MoH; .11d The second metal-hydrogen bond
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in the molybdenum case is very similar to the first from the standpoint of metal
orbital hybridization. Since the number of high spin coupled electrons is less, the
second bond dissociation energy is found to be slightly higher than the first. In
CrHJ, from an energy standpoint, the second bond can be thought of as being
to an almost pure metal d orbital (although mixing creates two equivalent Crt-
H bonds). As we have just discussed, d-bonding in Cr* is not strong, and the
second metal-hydrogen bond in chromium dihydride is indeed seen to be weaker

than the first by up to 7 kcal/mol.

Activation of the C-H bonds in ethane by Mo™ indicates that the sum of the
metal-hydrogen and metal-ethyl bond energies is at least 98 kcal/mol. The very
small cross section for this reaction suggests that the process may be very nearly
thermoneutral. If we assume a difference of 7 kcal/mol in the bond energies of two
metal-hydrogen bonds (the difference in exchange energy lost on bonding), this
would yield a sum of 91 kcal/mol for two M*-H bonds.!® We must assume, then,
that a metal-alkyl bond is on the order of 7-10 kcal/mol stronger than a metal
hydrogen bond. Making similar assumptions for Cr* leads to a sum of metal-
hydrogen and metal-alkyl bond energies of approximately 59 kcal/mol, much
below the C—C and C-H bond energies of alkanes. Thus, from a bond energy
standpoint, the Mo bond energies are just strong enough to activate C—H bonds
and the reactions are seen to be exothermic with small cross sections. The bonds
formed by Cr* are much too weak for the metal to be reactive with hydrocarbons.
Estimated potential energy curves for the interaction of both Cr* and Mo™ with
n-butane are shown in Figure 3. A previous study!®® supports the estimated
energetics for the Cr*-butane interaction. Collision induced dissociation of Crt—
n-butane and Cr*-2-methylpropane complexes yield, almost exclusively, Cr* and
the neutral alkane. This indicates that the neutrals are only loosely bound to
the metal ion and that the dissociation pathway is lower in energy than reaction

pathways.

Replacing n-butane by 1-butene in the dehydrogenation reaction with Mot
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Figure 3: Estimated potential energy diagrams for the reactions of Crt and Mo™
with n-butane to produce H; and a metal-2-butene product, using the
bond energies discussed in the text. The large endothermicity for

insertion of Cr* into C-H bonds explains the ions unreactivity with

alkanes.
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is seen to make a large change in the reaction cross section (the cross section
increases by a factor of almost 40). This change is brought about by the increased
interaction energy between the ion and neutral due to the presence of the =
system. We have seen that metal-ethylene bonds are on the order of 40-50
kcal/mol. Thus, the initial metal-butene interaction as well as the bonds in the
hydrido-allyl metal insertion complex lower the energy of these species on the
reaction surface and make the reaction more facile. Again, for Crt, the bond
strengths must be too weak for the insertion process to take place.

The types of reaction products observed with Mot are similar to those found
in the reactions of Ru™ and Rh™, almost exclusive elimination of hydrogen and
formation of metal-alkene complexes. First row Group 8-10 metals are seen
to form many products which result from cleavage of C-C bonds. In all cases
studied so far, as one proceeds down a column in the periodic table, the amount
of dehydrogenation increases and the amount of C—C bond cleavage products
decrease. It has been argued by Tolbert and Beauchamp that for the case of Ru™*
and Rh™, this is not due to a difference in the bond dissociation energies to the
metals but to the types of orbitals involved in bonding. If one assumes an initial
interaction with and insertion into a C-H bond, then hydrogen loss products
and alkane loss products must come from a competition between B-hydrogen
versus B-alkyl migrations onto the metal followed by reductive elimination. The
first row metals are seen to use much more s character in bonding than the
corresponding second row metals. It is postulated that the highly directional
nature of the second row metal d bonds favor transfer of a spherically symmetric,
non-directional hydrogen atom while the less directional, s-containing, bonds of
the first row metals allow transfer of alkyl groups with their more directional
carbon p orbitals. Mo™, with its largely d-like bonds falls into the same category
as Ru™ and Rh* and is seen to favor insertion into C-H bonds along with 8-

hydrogen transfer and formation of hydrogen loss products.
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Summary

Previous studies have shown that excited state Cr™ is reactive, even with
methane. The present work shows that ground state Cr* is very unreactive with
small hydrocarbons including alkenes. Mo, although quite similar to Crt from
the standpoint of low-lying electronic states, is seen to activate C—H bonds of
alkanes, cycloalkanes, and alkenes. The reaction products are similar to those
seen with other second row metal ions, Rht and Ru™, although the overall
reactivity is not as great. Theoretical calculations on CrHt, MoH™, CrH;, and
MoH; indicate that the differeces observed between the two metal ions are the
result of the very weak sigma bonds formed by Cr*, causing the insertion of Cr+
into C-H bonds to be endothermic. The larger size of the d orbitals of Mo*, and
the resultant decrease in the d—-d exchange energy lost on forming sigma bonds
to the metal, result in stronger bonds to Mo™, just strong enough to activate the
C-H bonds of alkanes.
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This value is not consistent with the observed reactivity of Mot and we thus

use experimental estimates for the bond strengths.
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Abstract

We present consistent ab initio calculations (generalized valence bond plus
configuration interaction) of the spectroscopic parameters for the ground and low-
lying electronic states of the diatomic transition metal hydrides CaH" through
ZnH*. We examine, in detail, the competing factors affecting metal hydride
bonding: (1) the relative energies of the metal low-lying electronic states; (2) the
intrinsic bond strength of H to various size 4s, 3d, or hybridized metal orbitals;
and (3) the loss of high-spin metal exchange energy on bonding.
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I. Introduction

In the past few years, an ever increasing number of experiments have been
carried out to determine the bond dissociation energies of the first-row transi-
tion metal hydride cations. The various techniques include high pressure proton
transfer,! ion cyclotron resonance,? and ion beam mass spectrometry.> Recent
investigations by Elkind and Armentrout * using “guided” ion beam methods
have produced the most accurate, consistent and complete set of MT—H bond
energies. However, in some cases there remain significant inconsistencies

Additional experiments have been carried out to study the gas phase acti-
vation, at transition metal centers (using atomic metal ions), of alkanes, alkenes,
and cycloalkanes.5 Most of the proposed mechanisms for the observed reactions
involve insertion of the metal ion into either C—-C or C-H bonds of the neutral
species. The reaction intermediates and sometimes the products thus involve
metal systems with metal-ligand o bonds. Studies have also been carried out on
the reactions of the metal hydride ions for the first-row metals of Groups 8-10.%

In order to help understand the reactions of the metal hydrides and of the
bare metal ions, we have carried out theoretical studies of the metal-hydride
bonding in the case of CaH™* through ZnH*, with the emphasis on bond disso-
ciation energies and spectroscopic properties.

The ground states, geometries, vibrational frequencies, and bond dissocia-
tion energies have been summarized previously.” In this paper, we will examine
the competing factors affecting metal hydride bonding in some detail. A detailed
description of the calculational methods (including how the level of elctronic cor-
relation in the wavefunction affects the calculated bond dissociation energies) is
also presented. Some low-lying electronic states of the metal hydride ions are

also described.



Results and Discussion

Calculated total energies for MH* (at Re), M*, and H are presented in
Table I and the resultant MH* bond dissociation energies in Table II. Table III
summarizes the configurations, bond lengths, vibrational frequencies, and exci-
tation energies for various ground and excited state species. A major point of
this paper will be to explain the dramatic variations of the bond energies and
excitation energies in terms of the atomic states and bond character.

Low-Lying Electronic States. The simplest way to understand the bond-
ing in the first row metal-hydride cations, MH", is to start with the 4s!3d»-!
configuration of M* and to spin pair the 4s orbital of Mt with the 1s orbital of
H. The n—1 electrons in d orbitals are then partitioned among the five nonbond-
ing orbitals (predominately d-like) which we will denote as do, dr, and dé and
this d"~! configuration is coupled high spin. In this way, one can predict and
understand the symmetry of the ground and low-lying electronic states.

Thus, for ScH™, there is one nonbonding electron and it can be dé (leading
to the A state), dr (leading to the 2II state), or do (leading to the 2X+ state).
The ordering of states is 2A < 2II < 25+, which can be understood on the basis
of simple electrostatic and orthogonality considerations. Thus, the electrostatic
repulsion between the electron in a d orbital and the electrons in the bond is
lowest for dé and highest for do. In addition, an electron in do must be orthog-
onalized to the orbitals in the bond pair which destabilizes do even more. The
net result is an excitation energy from ?A to 2II of 5.1 kcal/mol and to 257 of
8.0 kcal/mol (see Table III).

Based on the orbital ordering in ScH* (dé < d7 < do), one might expect
that the ground state of TiH* would be (d§)? (leading to a 3L~ state). However,
the electron repulsion between two electrons in d§ orbitals is too high (more than
one electron is localized in the xy plane) and the best energy is achieved with a
(dm)!(dé)! configuration. This configuration leads to both 3® and 3II states but

the #® state is lower in energy due to lower electron-electron repulsion resulting
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Table 1

Total Energies for Ground State MH* (R.), M*, and H

Species State Total Energy (hartrees)®
GVB-PP DCCI-GEOM DCCI

CaH*t Iy+ —676.35376 —676.36760 —676.36760
Ca* 23 —675.79379 —675.79379 —675.79379
ScH* 8% —1759.23792 —759.24271 —759.25453
Sct 3D —-758.66317 —758.66317 —758.66365
TiHt g+ —847.80648 —847.82324 —847.82788
Tit iF —847.23803 —847.23809 —847.23867
VHt inE —942.15893 —942.17786 —942.18614
v+ °D —041.60584 —941.60584 —941.61338
CrHt Sp+ —1042.48981 —1042.51595 —1042.52762
Crt 8s —1041.97641 —1041.97641 —1041.98550
MnH* 8x+ —1148.90683 —1148.92728 —1148.93267
Mnt S —1148.36628 —1148.36628 —1148.36685
FeHt A% —1261.37204 —1261.39378 —1261.40462
Fet 8D —1260.82309 —1260.82415 —1260.82664
CoH* i+ —1380.21703 —1380.24028 —1380.25658
Cot® 5F —1379.66373 —1379.66559 —1379.66836
NiHt A% —1505.54170 —1505.56404 —1505.59710
Ni+® iF —1504.98306 —1504.984130 —1504.99697
CuH* it —1637.49155 —1637.51731 —1637.58045
Cut® 3D —1636.92328 —1636.92427 —1636.94055
ZnH* ly+ —1776.12985 —-1776.14322 —-1776.14797
Zn* ] —1775.55652 —1775.55678 —1775.56091
H ] —0.49928 —0.49928 —0.49928

® For MH™ the total energies are for the calculation levels shown while the M+ and H
total energies are for the calculation levels to which these MH+ molecules dissociate
(see Calculational Details Section of text). ®For these metals, MH* dissociates to
an excited state of M+ as shown.
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Table III

Relative Energies for Some Low-Lying
Metal Hydride Electronic States

Nonbonding Force
Molecule State Configuration R. We Constant® Relative Energy
do dr dé (A) (cm™1) (hartrees/A?) (kcal/mol)
CaH+ Iy+ 000 1.940 1467 0.2859 0.0
ScH+ IAE 001 1.810 1631 0.3571 0.0
I+ 010 1.798 1599 0.3405 5.1
2yt 100 1.822 1591 0.3373 8.0
TiH+* 3p* 011 1.730 1696 0.3868 0.0
3p- 020 1.731 1686 0.3794 2.9
00 2
3£ 011 1.739 1666 0.3703 3.9
110
3A% 101 1.751 1619 0.3497 11.6
VHt AT 021 1.662 1749 0.4115 0.0
41+ 012 1.690 1700 0.3863 4.5
111
- 120 1.750 1570 0.3295 12.1
102
tpt 111 1.735 1537 0.3156 13.8
CrtH* Syt 02 2 1.602 1818 0.4448 0.0
MnH+ ey+ 122 1.702 1570 0.3321 0.0
FeHt 5A% 123 1.653 1657 0.3702 0.0
S+ 132 1.641 1629 0.3552 2.1
Sy+ 222 1.663 1581 0.3345 10.0
CoH* 1p+ 133 1.606 1631 0.3590 0.0
iy- 142 1.602 1619 0.3512 1.3
12 4
4TI+ 133 1.615 1631 3590 6.4
232
iAE 223 1.696 1616 0.3498 14.4
AT 043 1.460 1992 0.5317 17.6
NiHt+ 3A% 143 1.561 1728 0.4029 0.0
31+ 134 1.586 1680 0.3779 8.7
2 33
19+ 04 4 1.442 1980 0.5250 9.1
3y- 2 2 4 1.664 1662 0.3698 18.4
2 42
3p* 2 33 1.652 1642 0.3610 18.9
CuH* 2yp+ 144 1.513 1793 0.4341 0.0
ZnHt Iy+ 2 44 1.545 1868 0.4713 0.0

* Multiply by 4.359 to obtain mdyne/A or by 627.5 to obtain (kcal/mol)/A2.
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from the higher angular momentum. To understand this better, consider the
states of a free Tit ion having two electrons in the d shell. The best state (for
the d shell) is a spin triplet (high spin, Hund’s rule) but there are (5 x 4)/2 = 10
triplet states for d®. Of these, seven (*F) have low energy (less electron-electron
repulsion) and three (*P) have high energy (more electron-electron repulsion).

Writing the seven states of 3F in terms of real d orbitals leads to

Bt [dpadyr_ys — dygdyy] (1)

87 [dpaday + dyedya_ya] (2)

Aty [dadgay] (3)

A7 [dyadyy] (4)

I+ : {(3/5)1/2 [dasdgr_ys + dyeday] + (2/5)1/? [d,,d,,]} (5)
- {(3/5)1/2 [dasday — dyzdya_ys] + (2/5)1/2 [d,,d,,,]} (6)
27 {(4/5) [dusdys] + (1/5)'/* [des_yrdy) ) (7)

all with the same energy. We are using the superscripts * or ~ to indicate state
reflection symmetry or antisymmetry with respect to the xz plane. Of these pure
’F atom states, only 3® and 3%~ include no de electrons. Coupled with the
previous arguments *@ is thus seen to be lower in energy than either 3II or 3% ~.

In VH* the nonbonding configuration is d3 which for a free ion would lead

to a *F ground state for the d shell:

81 {dps[dundyr_y — dyeday] ) (8)
™ {dz: [dz,dzy + dyzdz:_y:]} (9)
AT [dyady,day] (10)

A7 [dzzdyzdzz_y:} (11)
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Tt : {(3/5)"/2 [des [dendarys + dysday) |+ (2/5)1/2 [dysder_yaday] ) (12)
o= {(3/5)1/2 [dz’ [dudcy - dyzdﬂ—y’]] + (2/5)1/2 [d“dﬂ—y’dw] } (13)

270 {(4/8) 2 [dirdar_yadey] + (1/5)/2 [ddyudys] } (14)

The only pure *F state not involving do is of A symmetry and, indeed, the ground
state of VH™ is *A. Similarly, CrH* leads to 5% with a desdmry,déya_y2déyy
nonbonded configuration, leaving do empty.

The above analysis of MH™ is oversimplified. As indicated in Table IV, M*—
H bond pairs have both s and d character. Thus, for ScH™, the configuration on
Sct (including both the bonding and nonbonding valence electrons) is sd for an
s electron in the bond and d? for a d electron in the bond. This is reasonable
since the ground state for Sc* has a s'd? configuration and the lowest electronic
state with a d? configuration is only 0.30 eV higher in energy.® In order for d?
to participate in bond formation, one of the occupied d orbitals must be do (for
bonding to the H). This requires that the nonbonding orbital be d§ or dr. A
bond orbital with both s and d character could be formed in the 257 state by
taking linear combinations of the metal 4s and 3do orbitals. In this case it is
not necessary to add in excited state character to add d character to the bond.
However, this is not a large enough energy saving to offset repulsion between an
electron in a non-bonding sigma orbital and the electrons in the bond pair. The
same analysis for TiH* leads to a mixture of s'd? and d® configurations where
d® must contain an occupied do orbital for the TiH+ bond pair. [The ground
state for Ti* is *F (4s'3d?) with the *F (3d®) state just 0.107 eV higher.]®
Consequently, there is a strong bias for the nonbonding d? configurations to not
use the do orbital and the lowest.three states of TiH™ are seen to use only dr and
dé orbitals for the nonbonding electrons. For V* the exchange stabilization for
high-spin coupled d electrons leads to a d® ground state configuration, °D (3d*),
with the first excited state, °F (4s'3d?), at 0.337 eV above the ground state.?



Hybridization of Metal Bonding Orbital®
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Table IV

Character of Metal

Molecule State Bonding Orbital

%os %p %d
CaHt g+ 60.0 16.3  23.7
ScH* Iax 46.2 135  40.3
TiHT I+ 46.6  14.7  38.7
VH* int 48.5 141 374
CrHt Syt 40.6 125  46.9
MnH* 6+ 76.3 125 11.2
FeHt A% 73.1 12.8  14.1
CoH* 1p+ 74.5 121 13.4
NiH* SA* 76.5  11.0 125
CuH* in+t 70.2 105  19.3
ZnH* 1yt 90.7 8.9 0.4

¢ Results based on the GVB-PP wavefunction.
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However, again, the nonbonding electrons for the lowest two states of VHT avoid
do.

The four systems, ScH*, TiH*, VH*, and CrHT, all have significant d
character in the MH* bond. In contrast, the rest of the transition metal hydrides,
MnH? through NiH* have only about 13%. The reason is that for high spin
s1d"~! the latter four systems must have at least one nonbonding electron in do
[e.g. MnH" is (do)'(dm)?(d6)?] and hence the do orbital is not freely available
for mixing with the bond orbital (this would presumably lead to s character in
the nonbonding orbital and a loss in exchange energy). As a result, the lowest
configurations for the hydrides of Mn, Fe, Co, Ni, and Cu are constructed by
adding (do)!(d7)?(dé)? to the lowest configurations of Ca, Sc, Ti, V, and Cr.

The Metal-Hydrogen Bond. Low-lying Metal Atomic States. The two
main atomic states involved in the bonding of the first row metal ions to hydro-
gen have 3d™ and 4s'3d"~? configurations. Figure 1 shows the relative ordering
of the lowest states with 3d™ and 4s'3d™~! configurations for Cat-Cu*t. Zn* is
not included since its 11 valence electrons preclude it from having a 3d® config-
uration. The trends seen can be explained by several effects. First, as nuclear
charge increases, the 3d orbitals are preferentially stabilized with respect to the
4s orbital, due to the difference in principal quantum number and to differential
shielding effects. Second, the d™ configuration is stabilized due to large exchange
energy stabilization arising from the interaction of d electrons of the same spin.
Third, the two effects stabilizing the d® configuration are counteracted to some
extent in the late transition metals by the electron-electron repulsion due to two
d electrons in the same orbital.

The relative energies of these two states are an important factor in the M*—
H bonding. There are, however, other effects that must also be considered in
analyzing the metal-hydrogen bonding.

Metal Orbital Sizes. The intrinsic strength of a two electron metal-hydrogen
bond is strongly affected by the type of metal orbital (s,d, or hybridized) and the



104

Figure 1: Metal ion dependence of the energy difference between the low-

est metal electronic states with 3d® and 3d®~'4s configurations.

AE = Egn — Ega_1,1.
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relative size of the orbital. We thus expect significant differences in the intrinsic
bond strengths to s or d orbitals due to their differences in size as well as to
the differences in spatial orientation, directionality and ionizability. There can
also be significant differences for the intrinsic bond strengths to the same type

of orbital due to orbital sizes which differ from one metal to another.

Table V gives the average sizes for the 4s and 3d metal orbitals. The radii
are found by taking the square root of the sum of the second moments for the
various Hartree-Fock orbitals of the metal ions. As can be seen from the table,
the 4s orbitals are from 1.5 to 3 times larger than the 3d orbitals. Both s and d
orbitals contract as one goes from left to right across the periodic table but the
3d orbitals decrease in size much faster than the 4s orbitals. For example, the
3d orbital on Cat is 2.5 times larger than the 3d orbital on Nit while the Ca*
4s orbital is only 1.4 times larger than the Nit 4s orbital. This occurs because
the d orbitals have a lower principal quantum number and hence decrease in size

more rapidly as the effective nuclear charge increases.

Inirinsic Bond Strengths. When we speak of an intrinsic s or d bond we mean
a bond formed to a pure s or d orbital with no interaction with any other electrons
in the molecule and no hybridization of the metal bonding orbital. In practice
it is impossible to calculate this intrinsic bonding. We therefore approximate it
by restricting, as much as possible, the orbital hybridization and by adding back
into the bond dissociation energy the amount of energy lost due to exchange and
promotion effects. As described in the calculational details section, we carried
out calculations designed to ensure essentially pure s bonds or pure d bonds
(the intrinsic bonds) to hydrogen with the results indicated in Table VI. The
trends for these intrinsic bonds are shown graphically in Figure 2. The essential
characteristic of the intrinsic s bond is that it is basically independent of metal
from ScH* to CuH", being about 32 kcal/mol. [The slight discontinuity between
CrH* and MnH™ may be due either to the presence of the occupied d,: orbital for
Mn* and metals to the right or a slight change in the calculational method at that
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Table V

Valence Orbital Sizes (A) for First Row Transition Metal Ions

R(3d)*

Ion R(4s)* 3dn—14s! 3dn

(e7)®  (2e7)* (1e7)®  (2e7)
Cat 2.10 1.57
Sct 2.02 1.01 1.15
Tit 1.89 0.87 1.00
vt 1.80 0.78 0.89
Crt 1.73 0.70 0.81
Mnt 1.68 0.67 0.74 0.81
Fet 1.62 0.63 0.66 0.69 0.73
Co™t 1.59 0.60 0.62 0.66 0.69
Nit 1.55 0.57 0.58 0.62 0.64
Cut 1.52 0.54 0.55 0.60
Znt 1.49 0.50
R

b le™ and 2e~ indicate singly and doubly occupied orbitals.
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Table VI

Intrinsic Bond Dissociation Energies

Molecule s-Bond d-Bond
(kcal/mol) (kcal/mol)
CaHt 27.1 76.9
ScHT 32.8 55.0
TiHt 31.1 49.4
VH+ 31.7 44.7
CrH* 33.8 32.6
MnHt 28.2 18.8
FeHt 31.1 15.1
CoHt 32.0 17.0
NiHt 33.3 11.8
CuHt 36.0 0.0

ZnHT 46.6 0.0
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Figure 2: Intrinsic bond strengths of H to metal 4s (circles) and 3d (squares)
orbitals from GVB-PP(1/2) calculations. The intrinsic bond energies
are the diabatic bond dissociation energies of the complex adding back
in any exchange energy lost on bonding. The trends seen should be &

direct result of the changing size of the metal bonding orbitals.
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point.] The slight increase in bond strength from CaHt to ZnH* is associated
with a decrease in the size of the 4s orbital, indicating that the optimum size
for a 4s orbital bonding to H is smaller than the Zn 4s orbital (1.49 A). The
3d bonds show dramatically different trends. The intrinsic bond strength drops
from 77 to 12 kcal/mol from CaH™ to NiH* indicating that the optimum size 3d
orbital for bonding to H is > 1.56 A. Thus the optimum size for both 4s and 3d
orbitals seem to be around 1.5-1.6 A.

Ezchange Energy Considerations. Exchange stabilization plays an important
role in determining the ground configuration of transition metal ions and the
modification of the exchange energies is comparably important in determining
the bonding in the metal hydrides. Bonding to a singly occupied metal orbital
that is high spin coupled to other metal d electrons causes a loss of exchange
energy on the metal center. The bonded electron is now up-spin only half the
time, leading to a loss of half of the exchange energy between it and the other
high spin metal electrons. The larger the exchange stabilization (closer to half-full
shells) the more important the effect (which weakens the bond). The exchange
energy between two orbitals is inversely proportional to the average distance
between the electrons in the two orbitals, and thus, the d-d exchange energies
(Kaa) are much larger than the s-d exchange energies (K,q). Since the sizes of

the various orbitals varies dramatically, so also do the exchange energies.

The exchange integrals (and coulomb integrals) for various d orbitals depend
to some extent on which orbitals are occupied (see Table VII for the variations
on Mnt). For the purpose of the following analysis we use the exchange terms
suitable for the particular metal electron configuration in question. The exchange

energies used were determined by Hartree-Fock calculations on the metal ions.

Table VIII shows the effect of loss of exchange energy on the intrinsic s and
d bonds. As expected, the effect is largest for the d bonds as well as for those
systems which have the highest number of unpaired electrons. As an extreme

example, d-bonded CrH™ loses 32.2 kcal/mol of exchange energy on bonding.
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Table VII

45-3d and 3d-3d Exchange Energies for Mn™

Orbitals 6S (4s13d%) 1D (3d9)
# of Terms K (kcal/mol) # of Terms K (kcal/mol)
s—d 5 4.81 0
Ave. d-d 10 19.81 6 18.10
do—dnr 2 15.02 2 13.76
do-dé 2 24.60 1 22.46
dr—dr 1 21.40 1 19.62
dr-dé 4 21.40 2 19.50
dé—-dé 1 11.83 0
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Species such as Ca™, Zn%, and d° Nit lose no exchange energy due to the
presence of only one unpaired electron on the metal.

Metal Orbital Hybridization. Can the hybridization of the metal bonding
orbital be predicted from corrections to the calculated intrinsic bonding? The
corrections due to loss of exchange energy have been presented. The other major
correction to the intrinsic bond is to subtract out the excitation energy necessary
to promote the metal ion to the state required to form the particular bond (s or
d). The resulting s and d bond energies are shown in Table IX, along with the
actual bond dissociation energies (allowing hybridization) from GVB-PP(1/2)
calculations. The actual metal orbital hybridization (%s, %p, and %d character)
from the GVB Perfect Pairing wave function is shown in Table IV.

From Table IX, we find, as one would expect, a larger bond dissociation
energy using hybridized metal bond orbitals than predicted for either pure s or
pure d bonds. However, the overall trends seen in the pure s and d bonding
are in reasonable agreement with what is actually seen allowing the orbitals to
hybridize.

Table IV does show some unexpected results after analyzing the trends in
pure s and d bonding. For CaH*-CrH* and NiH*, the d-bond strength is seen
to be greater than the s-bond strength. Yet, when the orbitals are allowed to
hybridize, the optimum combination for all of the molecules in the row, except
CrHT, includes more s character than d character. Thus, even when the intrinsic
energy of bonding hydrogen to a metal d orbital is much higher than bonding
to a metal s orbital, as is the case at the beginning of the row, the influences of
the metal excitation energy and loss of exchange energy and finally the orbital
shape changes involved in hybridization all combine to give an optimum orbital
which is more s in character than d or p.

Two cases, NiH* and CuH*, differ in metal hybridization from the other
metal hydrides. As shown in Table IV, both have over 70% s character in the
GVB-PP(1/2) wave function. At this level of calculation, NiH+ has a very weak
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Table IX

Comparison of s, d, and Hybridized Bonding in MH*

Intrinsic Bond Energies

After Corrections for Calculated
Molecule Exchange and Promotion Energies® Bond EnergiesP®
s-bond d-bond (no restrictions)
(kcal/mol) (kcal/mol) (kcal /mol)
CaHt 27.1 37.7 38.1
ScHt 29.2 34.1 47.4
TiHt 254 32.5 43.7
VH* 15.7 22.2 33.8
CrHt -11.5 -0.6 8.9
MnHt 16.2 -47.9 25.9
FeH™* 21.4 -9.7 31.2
CoH™T 14.9 4.2 24.1
NiHt 3.6 11.8 12.1
CuH™* -31.0 0.0 -21.5
ZnHT* 46.6 44.4

* Bond Energy = (Intrinsic Bond Strength) — (Exchange Energy Lost on
Bonding) — (Applicable Metal Promotion Energy). ®GVB Perfect Pairing

wavefunction with no restrictions on orbital hybridization.
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bond while CuH* is actually unbound. At the DCCI level of calculation, a
substantial change is found in the character of the two wave functions. This
change involves the excitation of one of the bond pair electrons into the d,s
orbital on the metal. This, in effect, mixes the metal 3d™ configuration into
the d*~'s! bonding configuration. The wave functions are thus a mixture of a
configuration with a covalent bond between the metal 4s orbital and the hydrogen
1s (with a singly occupied do nonbonding electron) and a configuration with a
doubly occupied do metal orbital and a singly occupied hydrogen 1s orbital.
This mixing is extremely important for CulH* where the excitation energy to the
*D state (4s'3d°) is 2.81 eV, which is larger than any of the bond energies seen
for the first row metal hydrides. Thus, for any bound states to exist for CuH",
they must involve some amount of ground state Cu* character (d!°). Analysis
of the Mulliken populations over basis functions for the CI wavefunctions shows

an increase in the d character to 37% for NiH* and 66% for CuH™*.

Comparison with Other Theoretical Calculations. There has been
only a limited number of theoretical studies of the metal hydride ions, mostly
dealing with CaH* and ZnH*. Floating Spherical Gaussian Orbital (FSGO)
calculations on CaH* by Ray and Mehandru® and by Ray and Switalskil? give
bond lengths of 2.05 and 2.13 A. Dirac-Fock One Center Expansion (DFOCE)
relativistic calculations of Pyykko!! give bond lengths of 1.86 and 1.93 A and
bond energies of 82 and 100 kcal/mol. Probably the best CaH* calculation other
than the present study is by McFarland et al.!? They performed a Hartree-Fock
times singles and doubles CI with excitations from the valence and first core
level orbitals. They obtained an R, of 1.881 A, a D, of 49.9 kcal/mol, and a
vibrational frequency of 1504.4 cm™!. This compares to an R, of 1.940 A from
this work along with a D, of 46.8 kcal/mol, and a vibrational frequency of 1467

cm™?,

Calculations on ZnH™ include DFOCE calculations of Pyykk6!! yielding an
R. of 1.67 A and a D, of 35 kcal/mol. Hartree-Fock calculations of Klimenko
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et al.13 yield a bond length of 1.56 A and a vibrational frequency of 1945 cm 1.
These numbers can be compared to the present results of an R, of 1.545 4, a D,
of 55.1 kcal/mol and a frequency of 1868 cmm ™.

For other metal hydrides of the first row, bond energy values have been
published for MnH™*, ScH*, and CrH*. Vincent, Yoshioka, and Schaefer!4 cal-
culate the bond energy of MnH* as 40.8 kcal/mol (Hartree-Fock times singles
and doubles with Davidson’s correction). Anglada et al.}® performed MRD-CI
calculations on ScH* and TiH* and report a bond dissociation energy of 54.7
kcal/mol for ScH*. High level MCSCF plus singles and doubles calculations of
Alverado-Swaisgood et al.!® yield for ScH* a bond length of 1.822 A and a bond
dissociation energy of 54.8 kcal/mol. The sigma bond is found to be polarized
slightly toward the hydrogen and the metal orbital hybridization is 68% sp and
32% do. Calculations also show the *II state to be 4.8 kcal/mol higher in energy
than the ?A state and the 2Z+ to be 5.9 kcal /mol above the 2A state. For CrH™,
Alverado-Swaisgood et al have found a bond length of 1.63 A and a bond energy
of 25.1 kcal/mol. The bond is found to be covalent (slightly polarized toward
Cr*) with a metal orbital hybridization of 61% sp and 39% d character. These
values are fairly consistent with the present results. The bond lengths for the
two species are slightly longer (1.810 A and 1.602 A in the present work) with a
correspondingly larger amount of sp character and lower vibrational frequency.
The differences in D, are only 2.7 and 1.8 kcal/mol for ScH+ and CrH*. All of
the theoretically determined bond dissociation energies are compared in Table II.

Recent calculations on ScH* through CuH* have been performed by Pet-
tersson et al.!” They find the same ground states for all species and the bond
dissociation energies are in good agreement with those of the present work.

Comparison With Experiment. A comparison of the present theoretical
results with experimental values has been presented previously.” Recent work by
Elkind and Armentrout? has begun to sort out the contributions to ion beam

cross sections from ground and excited state metal ions. This has allowed more
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accurate bond dissociation energies to be obtained. Table II compares these
new values to the theoretical results. Practically all of the experimental values
have decreased from those listed in the previous paper. The average difference
between theoretical and experimental bond dissociation energies is 2.5 kcal /mol.
Spectroscopic values!® for ZnH* lead to an experimental bond length which is
0.03 A shorter than the calculated value and a vibrational frequency which is
about 5% larger than calculated. Similar magnitudes of error would be expected

for the other cases as well.

Calculational Detalils

Electron Correlation. As described previously”, the equilibrium geome-
tries were determined at a level of calculation which involves starting with the
three configurations of the GVB wavefunction and allowing all double excitations
from the bond pair plus all single excitations out of the nonbonding valence or-
bitals [RCI(1/2)x(Dy+Sval]. For purposes of discussion, this calculational level
is labeled DCCI-GEOM. The calculation dissociates to single excitations from
the metal nonbonding valence orbitals. The bond dissociation energy calcula-
tions start with the three configurations of the GVB wavefunction and allow all
single and double excitations out of the bond pair simultaneous with all single
excitations out of the nonbonding valence orbitals. This calculational level will
be referred to as DCCI (for Dissociation Consistent Configuration Interaction).
The molecular calculation dissociates to a limit involving simultaneous single ex-
citations out of the nonbonding orbitals and the metal o bonding orbital. The
bond character for the two systems NiH* and CuH*, as discussed earlier, changes
substantially in the larger CI calculations. In order to allow the orbital shape
changes necessary in these systems, the DCCI-GEOM and DCCI calculations
were both modified to include a complete CI in the valence sigma space.

For molecules where the state splittings are not accurately described, the

bond dissociation energies are obtained as follows. The molecule is dissociated
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diabatically to H atom and metal ion, whether this is the metal ion ground
state or an excited electronic state. If the molecule diabatically dissociates to
the metal ion ground electronic state, this dissociation energy is taken to be
the bond dissociation energy. If the molecule dissociates diabatically to a metal
ion excited state the bond dissociation energy is calculated by subtracting the
experimental state splitting (between the particular excited state and the ground
state) from the diabatic dissociation energy. Thus, for all cases, the molecule
is dissociated consistently so that any basis set errors for a particular metal
electronic configuration will cancel (since they should be similar in both the
molecule and the metal ion) and where necessary, the correct metal ion state

splittings are used to give the dissociation energy to ground state fragments.

MnH* was used as a test case to compare the changes in the bond dissoci-
ation energy to changes in the basis set and in the level of electron correlation.
Table X lists the bond dissociation energy as a function of calculation level.
The bond energies obtained at the DCCI-GEOM and DCCI calculations are the
largest of all the calculation levels examined. These two calculations allow for
a large amount of correlation between the two bonding electrons and also some
correlation between the bonding electrons and the nonbonding valence electrons.
They have thus been used in this study in preference to the other levels. No
effort was made to correlate the nonbonding electrons with one another since

this has relatively little effect on the bond energies calculated.

Basis Sets. As described in the original paper in this series, the calculations
discussed here involve all-electron ab initio wave functions using a basis consisting
of an optimized valence double ¢ contraction on the metal (5 d primitives)!®
and the Dunning/Huzinaga double ¢ basis for H (4s/25)?° supplemented with
one set of p polarization functions optimized for MnH* (a = 0.50). Table XI
shows a comparison of the theoretical and experimental state splittings obtained
with these basis sets. The differences between experiment and theory are not

extremely large until one reaches Mn*. From Mn" to the right, the metal states
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Table X

Calculation Level

Total Energy Bond Energy®

(au) (kcal/mol)
Hartree Fock —1148.887281 13.6
GVB-PP(1/2) —-1148.906828 25.9
GVB-RCI(1/2) —1148.910192 28.0
GVB-RCI(1/2) x Singles from —1148.912038 29.1
the d Orbitals
GVB-RCI(1/2) x Singles from —1148.915426 31.3
the Valence Orbitals
GVB-PP(1/5) —1148.918042 32.9
GVB-RCI(1/5) —1148.920959 34.8
GVB-PP(1/2) x Singles and Doubles —1148.925431 37.6
from the Bond Pair
DCCI-GEOM —1148.927276 38.7
DCCI —1148.932669 41.8

® The bond dissociation energy for all calculational levels except DCCI

were determined by dissociating to the Hartree-Fock atomic limit:

Mnt —1148.366284 au and H —0.499277 au. The Mnt DCCI atomic

limit (Hartree-Fock X singles from the 3d orbitals x singles from the
4s orbital) has an energy of —1148.366850 au.
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Table XI

Metal Low-lying 4s13d"~? and 3d™ States:

Experimental and Theoretical State Splittings

4s13dn-1 34d»
Ion State Configuration State Configuration Relative Energy (eV)®
Exptl> HF DCCI

Cat 2g 4s! 2D 3d! 1.70 2.35 2.35
Sct D 451341 ip 342 0.60 0.46 0.15
Tit 4F 451342 4F 3d3 0.11 0.30 -0.04
v+ 5 451343 5D 3d¢ -0.34 -0.32 -0.51
Crt 8D 451344 8S 3ds -1.52 -1.59  -1.82
Mnt S 4s13d5 5D 3d8 1.81 2.94 2.59
1.06¢
Fe*t D 451348 iF 3d” 0.25 1.27 0.89
0.41°¢
Cot 5p 4s13d7 Sp 3d8 -0.43 1.01 0.53
-0.69¢
Nit 4F 451348 2D 3d°® -1.09 0.25 0.05
-0.71¢
Cut 3D 4s5134° 15 3410 -2.81 -1.69 -2.60°
Zn*t 28 4513410

* Relative Energy of the 3d™ state with respect to the 4s13d™~! state. *Reference 8.
The energies were calculated using a weighted average over J levels for each state.
‘DCCI state splitting with two electrons in the d,: orbital. This is relevant for

mixing of the d™ state into the ground state metal-hydrogen bond.
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involve doubly occupied d orbitals, with the d® configurations containing one
more doubly occupied d orbital than the metal s?’d®~! configurations. Hartree-
Fock calculations do not correctly describe the correlations between the electrons
in the doubly occupied orbitals Thus, the d™ configurations are not described,
1gn-1

theoretically, as well as the s configurations.

Table XII shows the effects on the bond dissociation energy of MnH™, of
adding polarization functions. One set of f polarization functions on Mn™* (a =
0.25) and one set of p polarization functions on H ({ = 0.5) were optimized at the
DCCI-GEOM level. The effect of p functions on H is seen to be more pronounced
than f functions on the metal. At the DCCI level, f functions are seen to give
an increase of 1.4 kcal/mol in the bond dissociation energy. One might expect

similar changes for the other metal hydrides.

Intrinsic Bond Dissociation Energies. To obtain intrinsic bond energies
to metal s and d orbitals we carried out calculations in which little or no mixing
of the metal s and do orbitals was allowed. The calculational method differs
somewhat depending on the position of the metal in the row. For the species
CaH*t-CrH™, s-bonding requires an empty d,s orbital while d-bonding necessar-
ily involves an empty metal 4s orbital. This was accomplished by carrying out
calculations where either the metal 4s or d,» symmetry vectors were removed
such that those particular basis functions could not be used in the bonding. The
optimum energy was then found for this level of calculation by varying the bond
length. The bond energy was found by dissociation to fragments where the same

symmetry vectors were removed from the metal ion calculation.

The s-bonding for MnH*-CuH™* is complicated by the fact that the d,a
orbital is occupied by one electron, and the d,: basis functions cannot be removed
from the calculation. Some d character is used in the bond orbitals depending on
the amount of sd hybridization. This sd hybridization process can be be partially
eliminated by forcing the nonbonding o electron to use a pure d,: orbital and

freezing this orbital in the predetermined shape while the other orbitals on the
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Table XII

Polarization Function Effects on the Mnt-H

Bond Dissociation Energy

Basis Set DCCI-GEOM* DCCI*
VDZP 31.9

VDZ + f 35.0

VDZ + p¢ 38.7 41.8
VDZ + fp* 40.5 43.2

2Bond energies in kcal/mol. PValence Double Zeta basis with
no polarization functions. ¢Valence Double Zeta basis with one
set of f functions on Mn™*. 9Valence Double Zeta basis with
one set of p functions on H. *Valence Double Zeta basis with

polarization functions on both Mn*t and H.
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molecule are allowed to vary. This d,: orbital shape was determined from a
Hartree-Fock calculation on the metal ion. The molecule thus has one electron
in a pure d,: orbital, and the bonding orbitals are forced to use the metal 4s
orbital. For MnH*-CuH*, the d-bond strengths are determined by calculating
the bonding of H to the d® configuration of the metal. For the most part, the
4s orbital is not involved in the bonding since bonding to the 4s orbital leads to
states of different spin.

The intrinsic s-bonding in ZnH™ is taken from a normal GVB-PP(1/2) cal-
culation. The full d shells in the ground state configurations of Zn* and Cu™ pre-
cludes any d contribution to the metal-hydrogen bond and the intrinsic d-bonds
to these species are considered to be 0 kcal/mol. For all the species discussed
here, the calculations are performed on the lowest-lying electronic state possible
for either s- or d-bonds. The actual intrinsic bond dissociation energies given are
determined by obtaining the dissociation consistent bond energy and adding to
that the total amount of s~d or d—d exchange energy lost on bonding (determined

from the metal ion exchange energies and the metal electronic configuration).

Excited States. The relative energies of the low-lying electronic states
of the metal hydride ions are determined by the difference in bond dissociation
energies calculated for the various states. For molecular states which dissociate
to the same state of the metal ion, the bond energies were obtained with DCCI-
GEOM calculations. For comparison of molecular states which dissociate to
different states of the metal ions, bond energies were determined at the DCCI
level. The relative bond dissociation energies were used as a measure of energy
differences for the electronic state since the dissociation consistent nature of these
calculations helps to remove errors inherent in the basis set representations of
the metal ion states.

For TiH*, VH*, CoH*, and NiH" slightly different calculational techniques
were used to determine the state splittings. All of these molecules have a set

of 7 low-lying states which are formed by bonding to one particular metal ion
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electronic state. Omnly two of these seven states can be represented by single-
configuration wavefunctions. The others are mixtures of two or three configu-
rations. To allow for correct mixing of these various configurations, the SCF
calculations used average field techniques placing an average number of electrons
in each d orbital in order to produce cylindrically symmetric sets of d orbitals.
The DCCI-GEOM calculations then used all ten possible d orbital occupations as
starting configurations for the CI’s. For TiH* and VH' the calculations involved
placing electron density in the d,s orbital at the SCF level since several of the
molecular states involved three o electrons. The DCCI-GEOM calculations were
performed using a complete CI in the o space to compensate for orbital shape
changes necessary in those states for which there are only two o electrons. Due
to the nature of the SCF calculations for these four metal hydrides, the excited
state calculations can discriminate slightly against certain electronic states. For
the splitting between the ® and £~ states of TiHT and CoH™ the calculations
were performed using the correct number of do electrons and should thus be more
accurate than the other splittings listed for those molecules. All the excited state
calculations should give a correct representation of the state ordering although

one would expect some error in the actual quantitative splitting energies.

Conclusion

The present theoretical results should prove useful in a variety of ways for
present and future experimental work. Photoelectron spectroscopy of anionic??
and neutral?? transition metal molecules allows one to obtain information on
low-lying states and possibly bond lengths and vibrational frequencies of the
corresponding neutral and ionic species. Future work with neutral MH species
will give experimental results for the MH™ ions. Collisional activation studies
are also being used to study low-lying excited electronic states of metal cationic
species.?? These experimental techniques will provide a necessary check on the
present results and vice versa. Bond dissociation energies and electronic state

splittings will also be useful in analyses of the various gas-phase hydrocarbon
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activation studies.

We have presented a consistent ab initio study of the hydrides of the first
row transition metals. For almost all systems the calculated bond dissociation
energies agree very well with recent guided ion beam studies. The bonding
patterns result from several effects including: (1) the relative ordering of the
low-lying metal electronic states; (2) the intrinsic bond strength of H to various
size 4s, 3d, or hybridized metal orbitals; and (3) the effects of loss of high-spin
metal exchange energy on bonding.

The early transition metals bond with orbitals which are approximately 60%
s and 40% d in character. This is facilitated by small differences in energy of the
low-lying metal electronic states with s1d®~! and d® configurations and a smaller
discrepancy in s and d orbital sizes when compared to the late metals. CaH™ has
a small bond energy due to the more inaccessible d! configuration. As one moves
to the right from ScH* toward CrH* the bond energy drops due to an increasing
energy penalty both to add in s character (due to metal promotion energies) and
d character (due to loss of exchange energy). For MnH* and metals to the right
the bond is mostly s in character due to first a loss of exchange energy in bonding
to the metal d orbital and second to the small intrinsic bond energies to the very
small 3d orbitals. The combination of all these factors produces the oscillations
seen in the metal hydride bond dissociation energies and all must be considered
in order to predict the bonding in transition metal systems.
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Abstract

Generalized valence bond plus configuration interaction calculations have
been carried out on the monopositive diatomic metal hydride ions of the second
transition metal series (YHT-CdH™, including StHT). We analyze the trends in
bond energies, equilibrium geometries, vibrational frequencies and metal orbital
hybridizations. The trends in these quantities can be understood in terms of (1)
the low-lying electronic states of the metal; (2) the orbital sizes of the metal;
(3) the loss of exchange energy on bonding to the high-spin metal; and (4) the
intrinsic bond strengths of bonding H to metal 5s and 4d electrons. We also
present bond lengths, vibrational frequencies, and relative energies for selected

MH™ excited states.
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1. Introduction

Recent studies of gas phase transition metal ion chemistry have focused on
determination of the differences in reactivity of the various metal ions with small
organic and inorganic molecules,! structural determination of reaction products,?
investigation of reaction mechanisms,® and attempts to unravel the differences
in reactivity between ground and excited state species.* Central to analyzing
such chemical reactivity studies is an understanding of various thermodynamic
quantities, particularly the metal-ligand bond dissociation energies. In order to
determine the factors affecting sigma bonding in metal ion systems, we have
performed systematic theoretical studies of the bonding in the first and second
row transition metal hydride ions. Presented here are the results for the second

row systems, the first row results having been published previously.

JI. Results and Discussion

Character of the Wavefunction. Figures 1 and 2 show the generalized
valence bond (GVB) bond orbitals for StH* through CdH* (excluding AgH™).
The GVB orbitals for the bond pairs involve an orbital with one electron cen-
tered on the metal ion and an orbital with one electron located on the hydro-
gen. Figure 3 shows the nonbonding valence o orbitals present in the YHt and
TcH* (singly occupied s~d,2 hybrids) and CdH* (doubly occupied d,s orbital)
molecules. The metal hydrogen bonds of all second-row elements are fairly cova-
lent with an average transfer of 0.08 electrons to hydrogen. The electron transfer
ranges from +4-0.25 electrons transfered to hydrogen in StH* and YHt to —0.12
electrons in PAdH*, thus there is a fair increase in electronegativity from Y+ to
Pd+.

The first row metals bond to hydrogen predominantly with their 4s orbital
rather than the 3d orbitals.® In contrast, the second row transition metals tend
to bond with 4d rather than 5s electrons (see Table I). AgH* is not included
in the table due to the fact that the AgH' bond arises from an ion-dipole type
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Figure 1: GVB bond orbitals (at Re) for: (a) '+ SrH*; (b) 25+ YH™; (c) 2@
ZrH*; (d) *A NbH*; and (e) *Z+ MoH™*. Solid lines indicate positive
amplitude, dotted lines indicate negative amplitude, and long dashed
lines indicate zero amplitude. The spacing between contours is 0.05
au. The contours are plotted in the xz plane with the M*t-H bond
axis along the z axis. The plot limits are -2.0 to 3.5 A for the z axis
and -2.0 to 2.0 A for the x axis.



a)Sr*-H

b)Y*-H

c)Zr*-H

d)Nb*-H
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Figure 2: GVB bond orbitals (at R.) for: (a) *T+ TcH*; (b) 3Z~ RuH™; (c) 2A
RhH*; (d) '£+ PdH?; and (e) 1Tt CdH*. All plotting parameters

are the same as in Figure 1.



a) Tc*-H

b)Ru*-H

¢)Rh*-H

d)Pd*-H

e)Cd*-H
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Figure 3: Nonbonding sigma orbitals for: (a) 2X+ YH* (66.9% s, 2.9% p, and
30.2% d); (b) °Z* TcH* (31.5% s, 0.4% p, and 68.1% d); and (c) 1=+
CdH* (0.8% s, 0.1%p, and 99.1% d). All plotting parameters are the

same as in Figures 1 and 2.
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Table I

Character of Metal Charge

Molecule® State Bonding Orbital Overlap Transfer
%s %p %d to H
StHt (d°) 1p+ 56.3 14.2 29.5 0.755 0.25
YH+ (d?) 2pt 31.9 10.2 57.9 0.760 0.25
ZrHt (d?) 3p 36.0 10.6 53.4 0.757 0.17
NbH* (d3) At 30.0 9.3 60.7 0.743 0.13
MoH™ (d*) Spt 19.7 7.0 73.3 0.703 0.09
TcHt (d%) 8o+ 40.5 7.0 52.5 0.751 0.11
RuH* (d¢) 3Z- 9.0 3.9 87.1 0.622 —0.05
RhH* (d7) A% 7.0 3.0 90.0 0.595 —0.09
PdHT (d?) 1p+ 5.1 2.1 92.8 0.572 ~0.12
CdHt (d19) 1+ 90.4 9.2 0.4 0.674 0.04

2 Nonbonded d orbital occupation given in parentheses
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interaction which does not lead to a “normal” pair of bonding electrons. With
the exception of StH* and CdH™ all species studied have over 50% d character
in the metal bonding orbital (92.8% in the case of PdHT™).

Electronic Configuration. In order to understand the trends it is impor-
tant to keep in mind the number of nonbonding d electrons on the metal, and
we will thus indicate the nonbonding orbital occupation in parentheses. Thus,
TcH* (d°) indicates five electrons in nonbonding orbitals (coupled high spin).
For ZrH*(d?) through PdH*(d®), all but one case have the nonbonding d elec-
trons in dr or dé orbitals (see Table IX) so that the metal do and s orbitals are
free to mix in forming the bond pair. The exception is TcH*(d®), where the ex-
change coupling stabilizes the high-spin state having a nonbonding do electron.
AgH?*(d®) necessarily has a do orbital. YH*(d!) also has a do nonbonding

electron for reasons discussed below.

Spectroscopic Properties. The spectroscopic properties calculated for
the metal hydrides (bond length, vibrational frequency, ground state symmetry,

and bond dissociation energies) are given in Table II.

Bond Lengths. The trend in bond lengths for the second row metal hydrides
(Table III) parallels that for the first row metal hydrides® (with the exception
of AgH*). The bond lengths decrease a total of 0.5 A as one moves from SrH*
to PAH*. As indicated in Table III, this follows the trend of decreasing size in
the metal orbitals. Indeed, the MH™* bond length is systematically about 0.17 A
smaller than the Mt 5s orbital. Three exceptions to this decreasing bond length
are TcH* (d°), CdH* (d'?), and AgH* (d?). The increase in bond length upon
reaching Tct and Cd* is due to the completion of stable half-full or completely
full 4d shells (of nonbonding electrons) and the concomitant large increase in s
character in the bond. For Ag™, the d!° configuration of the ion is so stable that
AgH* does not make a covalent bond in its ground state and thus does not fit
into the bonding trends. Rather, AgH" makes an ion-dipole bond, 50% longer
than the bond in PdHT,
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Table III

Valence Orbital Sizes (A) for Second Row Transition Metal Ions, R = 1/(¢|r2|¢)

R(4d) Change on
Ion R(5s) 4dn—15s1 44 Bonding MH*
(1e7)* (2e7)* (le”)® (2¢7)* Re—R(5s) Re—R(4d)

St 2.37 1.93 —-0.29 0.15
Yt 2.14 1.38 1.47 —0.25 0.42
Zrt  2.00 1.21 1.30 —-0.14 0.56
Nb*+ 1.94 1.11 1.17 —0.18 0.59
Mot 1.87 1.02 1.06 —0.16 0.65
Tet  1.79 0.95 0.99 1.04 -0.07 0.73
Rut 1.72 0.88 0.91 0.93 0.96 —0.14 0.65
Rht 1.68 0.84 0.85 0.87 0.89 ~0.14 0.67
PdT 1.64 0.80 0.80 0.82 0.85 -0.13 0.69
Agt  1.64 0.75 0.76 0.80 0.79

Cd*+ 1.60 0.73 0.11

® le~ and 2e” indicate singly and doubly occupied orbitals.
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Theoretical calculations have been previously reported for StH* and CdHt
(Dirac-Fock One Center Expansion)® yielding bond lengths 2.10 A and 1.82 A
respectively in reasonable agreement with our values of 2.08 and 1.71 A. For
AgH™* Preuss et al.” (using a one valence electron effective core potential for Ag,
but allowing for core polarization effects) calculate a bond length for AgH* of
2.24 A (we obtain 2.43 A). Only for CdH" is there an experimental bond length,?
1.667 A, in comparison with our value of 1.709 A and the Pyykkd value of 1.82
A. The calculated bond length should decrease as further electron correlation
is included, and our theoretical values are probably generally about 0.03 A too
long.

Vibrational Frequencies. The vibrational frequency for a bond is often con-
sidered to increase with bond strength; however no such correlation is seen be-
tween various transition metal hydrides. The vibrational frequencies do follow
an inverse correlation with the length of the metal-hydrogen bond. Proceeding
from SrH* (d°) (2.079 A, 1346 cm™!), the vibrational frequency increases as
the bond length decreases, reaching a maximum for PdH* (d®) (1.512 A, 2127
cm™!). Again, discontinuities in the smooth increase of the vibrational frequen-
cies are seen for TcH* (d®), AgH* (d®), and CdH* (d!°), corresponding to
the bond length discontinuities. Thus, higher vibrational frequencies are seen
for shorter bonds, not necessarily for stronger ones. As with the bond lengths,
the vibrational frequency is known experimentally for only CdH*.8 The spec-
troscopic value of 1772 cm™! is 4.5% larger than the theoretical value of 1691
cm™! (consistent with the shorter experimental bond length). It is reasonable to
assume that our theoretical vibrational frequencies are also 5% too low for the
other systems.

Bond Dissociation Energies. Total energies for the metal hydrides (at Re)
for three calculation levels (GVB-PP(1/2), DCCI-GEOM, and DCCI) are shown
in Table IV. Comparisons of the present theoretical results and the available

experimental bond dissociations energies are shown in Table II and in Figure 4.
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Table IV

Total Energies for Ground State MH* (at R.), M*, and H

Species State Total Energy (hartrees)®
GVB-PP DCCI-GEOM DCCI
StH+ i+ —30.48147 —30.49560 —30.49560
Sr+ 23 —29.92310 —29.92310 —29.92310
YHt in+ —37.85232 —37.86748 —37.87067
Y+®° 3p —37.26855 —37.26855 —~37.26974
ZeHt 3p* —46.35635 —46.37277 —46.37720
Zrt iF —45.78547 —45.78569 —45.78714
NbH*t 1A —56.02195 —56.94132 —56.04840
Nbt ) —55.46008 —55.46008 —55.46732
MoH* 5yt —67.20265 —67.22531 —67.23292
Mot s —66.67212 —66.67212 —66.67981
TcH+ ey + —79.70781 —79.73303 —79.74350
Te* 7S —79.16302 ~79.16302 —79.16644
RuH* Iin- —93.39360 —93.43920

Rut 4p —92.88143 —92.88407 —92.89714
RhH* IAE —108.99231 —109.01912 —109.03192
Rht 3F —108.45712 —108.45803 —108.47233
PdH* typ+ —126.17678 —126.20089 ~126.21456
Pd+ ’p —125.62886 —125.62941 —125.64562
AgHt ipt —145.16705 ~145.16806
Agt s —144.66317 —144.66460
CdH* iy+ —46.85635 —46.87106 —46.88990
Cdt 2g —46.29916 —46.30065 —46.31982
H 23 —0.49928 —0.49928 ~0.49928

® For MH* the total energies are for the calculation levels shown while the M*
and H total energies are for the calculation levels to which these MH* molecules
dissociate (see Calculational Details Section of text). ®The 2+ state of YH* does
not dissociate to ground state Y* (!S) but to 3D Y* as shown here.
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Figure 4: Comparison of experimental and theoretical bond dissociation en-
ergies [D.(M*-H)]: present work (circles); Mandich, Halle, and
Beauchamp—reference 9 (triangles); Elkind and Armentrout—
reference 10 (closed squares); and Huber and Herzberg—reference 8

(open square).
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Just as for the first row metal hydrides, the trend in the bond energies can be
understood in terms of the balance between s and d bonding and the character
of the ground state, however these trends are not obvious from a plot such as
Figure 4. The highest bond energies occur for the very early metals Y+ (d?),
Zr* (d?), and Nb* (d?®) where (i) the s and d orbitals are close in size and
energy and readily hybridized and (ii) there is little exchange energy lost on
bonding. The smallest bond energy is found for AgH' due to the closed shell
d1® configuration of Ag* and the high promotional energy just to obtain a state
(s'd® configuration) with singly occupied orbitals. The bonding thus results
from small ion-dipole interactions rather than normal covalent bonding. The

bond energies of other systems oscillate between these two extremes.

For the first row metal hydrides®, our theoretical bond dissociation energies
compare very well with the ion beam results of Elkind and Armentrout!® with
an average difference of 2.5 kcal/mol. The overall bond energy trends for the
second row metal hydrides correspond fairly well between experiment and theory
but the actual quantitative values differ more substantially than for the first row.
Although the experimental and theoretical results for YHt and ZrH' are within
1 kcal/mol, the average difference between the present results and the experi-
mental values is 6.7 kcal/mol. However, we should emphasize two points. First,
inclusion of f functions on the metal (tested in the case of MoHt) can increase the
theoretical values by as much as 3 kcal/mol. Second, the experimental bond ener-
gies for these systems involve analysis of the threshold for M+ + H, - MH™* + H
and require correction for excited Mt in the beam. As a result, reanalysis of the
experiments for the first row metal hydrides has led to decreases of up to 5 or
even 10 kcal/mol in some of the experimental values. Thus, the present results,
representing a consistent set of calculations for all of the second row metals, may
help with the analysis of experimental results (which are less complete than for

the first row counterparts).

Other theoretical bond dissociation energies have been reported for StHt
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(81.6 kcal/mol versus our value of 45.0 kcal/mol),® CdH* (33.9 kcal/mol versus
our value of 42.9 kcal/mol and the experimental value of 49.3 kcal/mol),® and
AgH" (6.7 keal/mol versus our value of 3.0 kcal/mol and an experimental value
of 1543 kcal/mol).” Recent calculations by Pettersson et al.!! on YH+ through
AgH? yield bond dissociation energies that are very comparable for the early
metal hydrides. For the later metal hydrides their bond energies are from 4-7
kcal/mol larger than those in the present study.

Analysis of the Metal Hydrogen Bond. The major factors affecting
the bonding of hydrogen to the second row metal ions are:

1) the orbital character of the low-lying metal electronic states;

2) the relative sizes of the metal s and d orbitals;

3) the intrinsic bond strengths to pure s or d orbitals;

4) the effects of changes in exchange energy of the nonbonding d orbitals;
and

5) the effects of metal orbital hybridization.

Low-lying Metal Electronic States. To analyze the low-lying electronic states
we start with the orbital configuration of the ground electronic state of the ion.
This generally involves either a d® or d*~!s? valence electronic configuration.!2
Our working hypothesis is that the ground configuration or a low lying excited
configuration must have a singly occupied s orbital in order to make an s-like
bond or a singly occupied d orbital to make a d-like bond (for Y+, the ground
state electronic configuration is s? but the ®D state (s'd?) is only 0.16 eV higher
in energy).!! Figure 5 shows the relative difference in energy between the lowest
electronic states formed from the 4d™ and 4d®~!5s! configurations for the second
row transition metals. The general trend is for the state with the d® configuration
to be stabilized, with respect to the state with the d"~!s! configuration, as one
proceeds from left to right. Starting with Tct the d® configuration requires
doubly occupying one of the d orbitals leading to an increase of electron-electron

repulsion energy and a jump in the d® — d®~!s! separation.
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Figure 5: Trends in the difference in energy between the lowest metal electronic
states arrising from 4d™ and 4d®~15s! configurations for the second

row transition metal monopositive ions.'? AE = Egn — Ega-1,:.
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The 5s orbital is more stable than 4d at the left of the row, but proceeding
to the right leads to continuous stabilization of the d orbitals with respect to
the s orbital due to differential shielding effects of 4d versus 5s. The d® con-
figurations are also stabilized due to larger d-d exchange energies as compared
to s-d exchange. These exchange effects are greatest for the half-filled (d°) and
fully-filled (d!°) shells. Thus, for Ag™®, the 1S (d!°) state is over 5 eV lower in
energy than the 3D (d%s!) state.

Metal Orbital Sizes. The size of the metal orbitals is intimately related to
the shielding by electrons in other orbitals (the effective nuclear charge) and
thus to the electronic configuration and relative energies of the electronic states.
The relative energy between the lowest electronic states with d® and d»—1s!
configurations for the late transition metals of the second row increases much
more rapidly than for the first row. This is largely due to the reduced electron-

electron repulsion resulting from the increased size of the second row d orbitals.

The size of the metal orbital also affects its overlap with a neighboring H
atom, which should also affect the bond energies. Table III shows the root mean
square radii found from Hartree-Fock wavefunctions for the atomic metal ions.
As expected, both s and d orbitals contract in size going from left to right along
the row, but the d orbitals contract faster. The ratio of size (Rs/Rq) for Sr¥ is
1.23 while for Ag™ it is 2.18. In comparison, the first row metals Ca® and Cu™
have size ratios of 1.33 and 2.81, respectively.’ This results in average differences
between orbital sizes for first and second row metals of 0.13 A for s orbitals and
0.30 A for d orbitals (second row orbitals larger). Thus, for the second row,
the size of d orbitals with respect to s is larger than for the first. As shown in
Table III, the bond distances of MH* track very well with changes in the size of
the metal s orbitals. Thus, for StHt through PdH* (all of which have significant
d character), the MH* bond distance averages about 0.17 A shorter than the size
of the s orbital. For CdH* with no d character, the bond is 0.11 A larger than
the size of the s orbital. Similarly, for YH* through PdH™*, the bond distance
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averages about 0.62 A larger than the size of the d orbital.

Intrinsic Bond Strengths. It is useful to establish an intrinsic bond strength
for the MH* bond by making corrections for the energy required to promote
the metal to the bonding state and for the exchange energy changes due to the
nonbonding orbitals. In order to establish the trends in bond energy to s and d
orbitals, we carried out calculations on the metal hydrides in which the mixing
of s and d character in the bond was not allowed. The results are tabulated in
Table V and presented graphically in Figure 6. The intrinsic s bond is fairly
constant over the whole range of metals, increasing approximately 10 kcal/mol
between SrtH* and CdH*. The discontinuities seen between MoH* and TcH*
and again between AgHt and CdH* are due to occupation of a do nonbonding
orbital to which the bond pair must become orthogonal. The intrinsic d bonding,
on the other hand, varies considerably with a value of 75.0 kcal/mol for StHt
versus 30.8 kcal/mol for PdH'. The decreasing intrinsic d bond strength on
moving across the row seems to indicate that the optimum size for a d orbital for
bonding H is at least 1.9 A. The intrinsic s bond trend implies that the optimum
size of a 5s orbital for bonding H is smaller than that of Cd* (less than 1.6 A).
It should be emphasized here that to exact such the intrinsic bond energies we
used GVB-PP(1/2) calculations; thus, the relative values and trends should be
reliable, but quantitative values should be too small by ~10-15 kcal/mol.

Ezchange Energy Considerations. Loss of exchange energy plays an im-
portant role in moderating the bond energies to high spin species.!> When a
singly-occupied orbital of a high-spin atom is used in a bond, the spin coupling
in the new bond is such that this orbital has the same spin as the nonbonding
orbitals only one-half the time. Thus, approximately one half of the exchange
energy between the bonding elec.;tron and the other high spin electrons on the
atom is lost, effectively lowering the bond energy. This effect is largest for ele-
ments with the highest numbers of high-spin coupled electrons, i.e. toward the

middle of the row.
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Table V

Intrinsic Bond Dissociation Energies®

Molecule s-Bond d-Bond
(kcal/mol) (kcal /mol)
SrH+t 26.8 75.0
YHt 29.7 61.2
ZrHt 28.9 54.5
NbH* 29.5 48.5
MoH* 32.7 40.7
TcHT 21.1 39.0
RuHt 23.0 33.9
RhHT 23.8 32.7
P4dH* 25.2 30.5
AgH* 25.6 0.0
CdHt+ 36.4 0.0

® The trends in these numbers should be valid. However,
in order to extract separate contributions, restrictions
were made in the wavefunctions that make all numbers

too low by ~10-15 kcal /mol.



154

Figure 6: Intrinsic bond strengths of H to metal 5s (circles) and 4d (squares)
orbitals from GVB-PP(1/2) calculations. The intrinsic bond energies
are the diabatic bond dissociation energies of the complex (allowing no

hybridization) adding back in any exchange energy lost on bonding.
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The exchange energy between two electrons is inversely proportional to the
average distance between the electrons, and thus depends on the orbital sizes.
The d-d exchange energies (K4q) are consistently much larger than the s-d ex-
change energies (Kqa). Consider, for example, Y+ and Pd*. The 3D (d's?) state
of Yt has K,q = 9.87 kcal/mol, while the 3F (dod§) state of Y* has Kgq =
11.65 kcal/mol. For the *F (d%s?) state of Pd*, Keq = 7.15 kcal/mol and Kgsas
= 21.14 kcal/mol. Thus, as the orbitals become smaller (with the d orbitals
contracting faster), the K,q values decrease, while the Kqq values increase. [As
indicated in Table VI for Tct, the exchange energy also varies somewhat with
orbital occupation.] Comparing the average Kqa and K,q for the ®S state of
Tct (Kea = 8.28 kcal/mol, Kgq = 15.32 kcal/mol) to those of Mn™t (K,q = 4.81
kcal/mol, Kqq = 19.81 kcal/mol),® we see that for the second row, K.q is larger
and Kqq is smaller. The smaller d orbital size and larger Kqq for the first row is
partly responsible for the dominance of s character in the metal-hydrogen bond.
For the second row, Table VII shows the change in the intrinsic bond strengths
due to loss of exchange energy. Lower K44 values and higher K,q values for the

second row tend to favor bonding to d electrons.

Metal Orbital Hybridization. Table VIII shows the intrinsic bonding after
correcting for exchange energy loss and the necessary promotion energies of the
metals. We compare these values to those obtained from GVB-PP(1/2) calcu-
lations (which allow optimal metal orbital hybridization). For every case, the
d-bond energy is larger then the s-bond energy. This coincides, for all cases
except StH™*, with the actual hybridizations shown in Table I. As expected, the
bond energies for the hybridized species are greater than for the unhybridized
species. For both the first and second row metals the strongest bonds are found
for those metals whose admixture of s and d character is allowed by the ground

state configuration while species where this is not possible tend to have weaker

bonds.

Low-lying MH* Electronic States. For the first row metal hydrides,



157

Table VI

5s-4d and 4d-4d Exchange Energies for the S and *D States of Tc™

Orbitals 85 (5s14d?®) 4D (4d%)
Number K (kcal/mol) Number K (kcal/mol)
s—d 5 8.28 0
Ave. d-d 10 15.32 6 15.19
do—dmw 2 11.76 2 11.20
do-dé 2 18.88 1 17.95
dr—dmw 1 16.51 1 15.73
dm-dé 4 16.51 2 15.66
dé-dé 1 9.38 0
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Table VIII

Comparison of s, d, and Hybridized Bonding in MH™

Intrinsic Bond Energies

After Corrections for Calculated
Molecule Exchange and Promotion Energies® Bond Energies®
s-bond d-bond (no restrictions)
(kcal /mol) (kcal/mol) (kcal /mol)
StHt 26.8 32.8 37.1
YHt 24.8 35.1 49.3
ZrH* 19.8 36.6 44.9
NbH* 8.7 31.7 39.3
MoH* -20.9 13.8 19.6
TcHT 0.4 7.0 28.6
RuHt —16.9 18.6 18.6
RhH* —36.2 22.5 22.5
PdH* —55.6 30.5 30.5
AgH*t ~95.9 0.0 0.0
CdH* 36.4 36.4

* Bond Energy = (Intrinsic Bond Strength) — (Exchange Energy Lost on
Bonding) — (Metal Promotion Energy). ® GVB Perfect Pairing wavefunction

with no restrictions on orbital hybridization.
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one can predict the ground state configuration by spin pairing the H to a sigma
electron of the lowest metal state with a 4s'3d®~? configuration and then taking
into account the intraatomic electrostatic interaction of the nonbonding valence
electrons. This predicts the correct ground state even for species in which the
lowest metal ion state does not have a 4s'3d™~? configuration (e.g. CoH* and
NiH*). The increased importance of the d orbitals for the second row metals
shows up as changes in the metal orbital hybridizations and also in the relative

energies of some of the MH* low-lying electronic states.

As a illustrative example of differences between the first and second row
metal hydrides we compare TcHt and MnH*. Both of these metals have a 7S
ground state with a d®s? valence electronic configuration. The ®D (d®) state for
Tct is 0.51 eV higher in energy while for Mn* this state is 1.81 eV above the
ground state. Both metal hydrides have ®Z+ ground states, however, the metal
bond orbital hybridizations are quite different. The d character in the metal
bonding orbitals is seen to be 52.5% and 11.2% for Tct and Mnt respectively.
This difference can be attributed to the factors discussed previously. Comparing
the lower limits for the s and d intrinsic bonding in TcHt we find that the
intrinsic d bond is on the order of 19 kcal/mol stronger than an s bond. If the
hydrogen atom is bonded to the s electron of 7S Tc™, there will be a loss of
approximately 20.7 kcal/mol of exchange energy, while if a bond is formed to
a d electron, approximately 34.8 kcal/mol of exchange energy is lost. Taking
into account both the difference in exchange energy lost and the difference in
intrinsic bond strengths, one would predict close to a 50-50 s/d hybridization.
For MnH*, the lower limit for the intrinsic s bond is 28.2 kcal/mol while the
lower limit for the d bond is 18.8 kcal/mol. Thus, there is a reversal between the
two bonds for the first and second row species. Again looking at bonding H to
the 7S state, one would predict a loss of 12 kcal /mol on bonding to an s electron
and 42 kcal/mol on bonding to a d,: electron. Thus, for Mn*, s character in the

bond is overwhelmingly favored from the standpoint of both the intrinsic bond
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Table IX
Relative Energies for Some Low-Lying Metal Hydride Electronic States

Nonbonding Force
Molecule State Configuration R, We Constant® Relative Energy
do dr dé (A) (cm~1) (hartrees/A?) (kcal/mol)
SrHt 19+ 000 2.079 1346 0.2457 0.0
YHt int 100 1.892 1639 0.3645 0.0
LG 001 1.954 1554 0.3275 8.3
=+ 010 1.949 1530 0.3176 15.2
Z:Ht 3+ 011 1.857 1658 0.3731 0.0
3A%E 101 1.843 1680 0.3830 1.5
3y- 020 1.866 1658 0.3729 2.3
00 2
s+ 011 1.856 1655 0.3717 3.8
110
NbH+ AT 021 1.764 1805 0.4425 0.0
411 012 1.788 1763 0.4220 1.9
111
4x- 120 1.808 1673 0.3800 8.7
102
1+ 111 1.780 1719 0.4012 10.0
MoH* 5yt 022 1.708 1826 0.4536 0.0
5AT 121 1.728 1752 0.4170 25.1
ST+ 112 1.730 1711 0.3977 37.2
TcH* 63+ 122 1.719 1737 0.4099 0.0
AT 023 1.664 1886 0.4831 24.0
41+ 032 1.641 1879 0.4796 26.4
RuH* 3y~ 0 42 1.581 1986 0.5361 0.0
024
3p= 033 1.601 1932 0.5070 0.2
5A: 123 1.696 1775 0.4283 6.7
s+ 033 1.614 1869 0.4747 9.0
sp 132 1.664 1828 0.4541 9.0
Sp+ 222 1.711 1733 0.4081 15.7
RhHT IAE 043 1.539 2125 0.6138 0.0
I+ 0 3 4 1.588 1716 0.4002 19.5
PdH+ 1y+ 04 4 1.512 2127 0.6323 0.0
AgH™ 3+ 144 2.428 372 0.0186 0.0
1A 2 43 1.745 1587 0.3424 80.3
I+ 2 34 1.782 1553 0.3279 81.5
CdH* iyt 2 4 4 1.709 1696 0.3912 0.0

®* Multiply by 4.359 to obtain mdyne/A or by 627.5 to obtain (kcal/mol)/A2.
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energies and the loss of exchange energy. An important point to note from the
TcH? results is that s—d,s hybridization can and does take place when bonding
an H atom to a metal state which contains singly occupied s and d,s orbitals.
The two metal orbitals can be hybridized to form two orbitals, one of which has
electron density primarily located along the z axis and the other of which has
electron density located in a torus in the xy plane. Orbitals of this type can be
seen in the orbital plots, Figures 1-3.

The lowest-lying electronic states for the two MHT species are quintet states
formed by bonding the hydrogen to the d® configuration of the metal. For TcH*,
the A and *II states are found at 25.1 and 37.2 kcal/mol, respectively, above the
ground state. For MnH™, the state splittings have not been calculated, however,
due to the lower bond strength to the Mn d,: orbital and the 1.3 eV increase
in the metal promotion energy, these states are expected to be much higher in
energy than seen for the TcH* molecule.

The splitting between the lowest lying electronic states of Zr+ (d?), Nb+
(d?), and Mot (d*) is similar to that for Tit, V*, and Cr+ and as expected
the ordering of states is similar. For these early transition metals, the bonding
metal orbitals use large amounts of both s and d character (as seen in TcH™).
For metals where the difference in energy of states with d® and s'd®~! config-
urations is fairly small, this hybridization will usually come from a mixing of
the two configurations. For these configurations to be compatible, the s!d>~!
configuration must have an empty d,» orbital, but this is possible for each of
these metals. Indeed, even the order of the low lying excited states can often be
predicted from examining the optimum states for the s'd®~! configurations of
the ion and determining whether the d,» orbital is empty, as will be examined
next.

For Zr*, examining the d shell, the d? (3F) configuration leads to seven

states of 3F symmetry, which, in terms of real d orbitals, can be written as

§+ H [dx.dx:_yz -_ dy,dxy]
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@7 :  [dredxy + dyadya_ya]
At [dadays] (1)
AT [dpdy]
I+ {(3/5)2 [daadurys + dyaday] + (2/5) [dyrd] }
O™ {(3/5)/? [duadsy — dyadays] +(2/5)"/2 [dudya] }

57 {(4/5)/ [deadys] + (1/5)1/2 [dga_yady] J

Of these, only the *® and 3Z~ states have an empty d,: orbital, and hence
we expect them to be lower in energy. The 3® state should be lower since one
nonbonded electron is always 7-like and the other §-like, while in the 32~ state
80% of the time the two electrons are both in the 7 orbitals (increasing the
electron-electron repulsion with the bond pair) and 20% of the time they are
both in the § orbitals which place the two electrons in the same plane. Based
on the d,s occupations, one would expect the *II state next highest in energy,
with the 3A state higher yet. This ordering is correct except that the 3A state
is actually lower in energy than the Y~ state. The electronic configurations
for the *A states involve singly occupied s and d,: orbitals which can mix as
seen in TcHY. However, occupation of a nonbonding o orbital leads to higher
electron—electron repulsion with the bonding electrons. Thus, although the 3A
states can add in d character without use of the excited state configuration, the
increased electron-electron repulsion raises the energy sufficiently such that the
3% state is the ground state.

For Nbt, the three electrons of the d shell lead to seven *F states:
§+ . {d,: [dx,dxz_yz - dy,dxy]}

¢ {d,: [dx.dxy + dy,dx:_yz]}

AT [dx-dyldxy] (2)



164
AT [deadygdys_ya]
I {(3/5) [des [daadrys + dyaday] | + (2/5)72 [dyadir_ydy] )
I {(3/5)2 [das [danday — dyadarya] | + (2/5)'/2 [duair_ydy] )

= {(4/5)1/2 [dysdya_ysdyy] + (1/5)1/2 [d,zdx,dy,]}

Here the ordering of states can be predicted on the basis of d,2 occupation in
the s'd"~? configurations (A% < *II* < £~ < *&*), leading to a A ground
state. This sequence is the same as that for VH*. The s—-d,» hybridization seen
for the 3A states of ZrH* and the ®X state of TcH* is not important in NbH™*
due to the importance of the d-bonding and the presence of a d* configuration
in the ground state of the metal ion.

For MoHt, we analyze the bonding using the d orbital occupations for s1d?.
The d hole can be either do, dn, or d6 leading to 1, 5II*, and A< states.
The *T state is expected to be the ground state since this state can be formed
by bonding the hydrogen to either the ground or first excited state of the metal
and both d° and s!d* configurations of the metal ion can readily mix. The °II
and ®A states are expected to be higher in energy since they cannot be formed
by bonding hydrogen to ground state Mot and require promotion to an excited
state of the metal ion (®D-1.59 eV higher in energy than the S ground state
of Mot) Indeed, the ®A state is found to be over 25 kcal/mol above the ground
SE* state with the °II state at over 37 keal/mol.

Y™ is the only metal which does not have a ground state with either a d®
or s'd®~? electronic configuration. The Yt ground state configuration is 5s2
with no 4d electrons. One cannot form a bond to the YT ground state without
first uncoupling the two s electrons and adding in a higher electronic state of
the metal such as the *P state (s!p?). We will thus analyze the bonding in a
similar fashion to the other early metals. The 3D (s!d!) state of Y+ lies 0.16
eV above the ground state. The lowest state with a d? configuration is 0.88 eV
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higher in energy. If one considers bonding hydrogen to *D Y™, there are three
possible symmetries 2A%, 2II*, and X7 resulting from placing the nonbonding
electron in either the dé, dm, or do orbitals. The energy ordering is expected to
be 2A < 211 < 2% as seen for ScHT, which presumably results from the decreased
electrostatic interaction of the § orbital with the electrons of the bond pair. One
might have expected the do to be stabilized because of less shielding, but it must
also be orthogonalized to the bond pair. Table IX shows the energy ordering for
these three states of YHT. Although the A state is lower than 2II, the ground
state is 2X7*. There are two reasons for this difference between ScHt and YH*.
The most important is the presence of the !S (s?) ground state of Y* which
mixes into the 2¥ wavefunction and lowers the energy. The lowest state of Sct
with an s? configuration is 1.44 eV above the ground state and thus does not
play much of a role. The second factor is the importance of d character in the
second row bonding and the ability to mix singly occupied s and d,s orbitals as
seen for other second row metals. The bonding orbitals and singly occupied o
orbitals shown in Figures 1 and 3 show this hybridation. The nonbonding orbital
shows very few contours in the region of the torous in the xy plane due to the

very diffuse nature of the 5s orbital.

The second row group 8-10 hydrides exhibit much different bonding com-
pared with their first row cogeners. This is basically a consequence of the greater
stability of the d® configuration with respect to the s}d®*~! configuration for the
second row (Figure 5). For the first row, the lowest state with an s'd®~1 config-
uration is 0.25 eV above the lowest state with a d™ configuration for Fet. The
ordering is reversed for Co™ and NiT with the d® configuration lower in energy
by 0.43 and 1.09 eV respectively. For all three second row metal ions, Rut-Pd™,
the d® configuration is lower with energy differences of 1.09, 2.13, and 3.19 eV
respectively. Due to the stronger intrinsic s bonds for the first row metals, they
bond with an orbital predominantly s in character (the ground state for NiH™ is

the *A state arriving from bonding to Ni* s'd®). The second row groups 8-10
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metals bond primarily with d electrons (bonding is to the d® metal configuration).
For RuH*, the d7 (3F) configuration leads to the same configuration of singly-
occupied orbitals as in eq.(2), but now we want a singly-occupied d,: orbital for
the bond. This leads to 3£~ and 3®% states that are within 0.1 eV. Other triplet
states of RuH* are higher in energy (the 3II* states are at 9.0 kcal/mol) since
these have configurations with two electrons in the metal d,s orbital. The 5A
state (the ground electronic state for FeH'), expected to be the lowest of the
quintet states, is found at 6.7 kcal/mol above the ground state. The °II and 3%
states are found at 9.0 kcal/mol and 15.7 kcal/mol respectively. For RhH*, the
best Rh d® (*F) configuration has singly-occupied d,» and dé orbitals leading to
a 2A state. For d° Pd™, the only configuration with a singly-occupied d,: orbital
leads to a It state for PAHT. The quartet states of RhH* and triplet states of
PdH™T are expected to be much higher in energy due to the large d™ to s'd®~?
promotion energies (2.13 and 3.19 eV for Rh* and Pd*, respectively).

Ag™ hasa 1S (d'%) ground state, with the first excited state, 3D (s!d®), 5.03
eV (116 kcal/mol) higher in energy. The states possible for AgH* from these two
metal configurations are 2X+, 2IT*, and 2A*. The 2II and 2 A states necessitate
bonding to *D Ag*. Although the 2A state has a bond of 38.3 kcal/mol with
respect to dissociation to *D Ag? and %S H, this is 77.7 kcal/mol above the
ground state fragments. The 2II states are even higher in energy. A 2%t state
can be constructed by bonding the H either to a !S or 3D configuration; however,
the 3D state is too high in energy to contribute. The difference in IP’s of Ag
(7.574 eV) and H (13.595 eV) also rules out a resonant three-electron bond.
One is left with a bond arising from interaction of the Ag* ion and an induced
hydrogen dipole, leading to a long (2.428 A) weak bond of only 2.6 kcal/mol.

For Sr* and Cd*, bonds involve primarily 5s character due to the high

promotion energy in Sr* and the doubly occupied d,» orbital of Cdt.
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II1. Calculational Details

Basis Sets. In these studies, the 28 electrons associated with the n=1,
2, and 3 metal core orbitals have been replaced with the the ab initio effec-
tive core potentials of Hay and Wadt!* which include relativistic effects in the
core electrons. Thus the 4s, 4p, 4d, 5s, and 5p electrons are considered explic-
itly (e.g., 14 electrons for Tc*). The basis set is contracted valence triple zeta
(5s,5p,4d/4s,4p,3d). For Sr*, the published Hay and Wadt basis does not in-
clude d basis functions, and therefore a set of four 4d functions was added and
contracted triple zeta (Table X).15 For Cd* we also used the Hay and Wadt!®
effective core potential, where the full Kr core (36 electrons) was replaced by
the EP (leaving 11 electrons to be considered explicitly), and this basis was con-
tracted (3s,3p,4d/3s,3p,3d). Table XI shows a comparison between experimental
and theoretical state splittings obtained using these basis sets. For hydrogen, we
used the unscaled Dunning/Huzinaga!? double zeta basis (4s/2s) supplemented
with one set of p polarization functions. The p functions (a = 0.50) are the same
as those used for calculations of the first row metal hydrides.> No f polarization
functions have been included on the metal ions. To estimate the effects on the
bond dissociation energies of including f functions, one set of f functions was
optimized for MoH* (a = 0.48) at the optimum geometry and at the DCCI-
GEOM level of calculation. The polarization functions were found to increase
the bond dissociation energy by about 3 kcal/mol.!® This same effect would also
be expected for the other second row metal hydrides.

Wave Functions and Electronic Correlation. Spectroscopic Parame-
ters. For the second row metal hydrides, the same calculational methods were
used as for the first row metal hydrides. For the Mt—H bond dissociation ener-
gies we use the DCCI level of cé.lculation (dissociation consistent configuration
interaction). This involves starting with the configurations of a GVB-PP(1/2)
wavefunction (where the bonding electrons form the GVB pair). From a re-

stricted Cl in bond pair orbitals (GVB-RCI(1/2)) we allow all single and double
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Table X

The d basis for Sr*.2 Gaussian Primitive Functions with

Exponents (a;) and Contraction Coeflicients (C;).

o C;
8.186 -0.004582513
2.749 0.009945296
0.5851 1.000000000
0.09465 1.000000000

* From unpublished calculations by Rappé and Goddard, ref. 15.
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Table XI

Low-lying 5s'4d®~! and 4d™ States of Metal Cations:

Experimental and Theoretical State Splittings

5s'4dr—!? 34»
Ion State Configuration State Configuration Relative Energy (eV)®
Exptl> HF DCCI

Srt ) 5s? 2D 4d? 1.83 227 227
Y+© 3D 5sl4d!? i 4d? 0.88 0.86 0.83
Zrt iF 5s14d? iF 4d3 0.31 0.31 0.17
Nb* ’F 5s14d3 °D 444 —0.33 —-0.31 -0.30
Mo ‘D 5s14d4 6s 4d5 ~1.59 —1.82 —1.74
Tct S 5s14d5 5D 448 0.51 1.48  1.22
Rut D 5s14d® iF 4d” —1.09 —-0.59 —0.82
Rht 5F 5s14d" 3F 448 —2.13 -1.61 —1.83
Pd+t iF 551448 2D 4d? -3.19 —2.61 —2.64
Agt D 5s14d°® 1S 44*? —5.03 —4.95 —4.90
Cd+t 2 55144310

® Relative Energy of the 4d™ state with respect to the 5s14d®~! state. PReference
12. The energies were calculated using a weighted average over J levels for each
state. “The ground state of Y* is !S (5s%) which is 0.16 eV lower in energy than
the *D state. GVB(1/2) calculations puts the 1S state 0.43 eV higher than the 3D

state.
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excitations from the bond pair times all single excitations out of the nonbonded
valence orbitals. The molecular calculation dissociates to a limit involving a free
H atom plus a metal wavefunction having simultaneous single excitations out of
the nonbonding orbitals and out of the metal ¢ bonding orbital. The equilibrium
geometries and vibrational frequencies were determined at the DCCI-GEOM cal-
culation level. This involves starting with the GVB-RCI(1/2) configurations and
allowing all single and double excitations out of the bond pair plus all single
excitations out of the nonbonding valence orbitals. This calculation dissociates
to a Hartree-Fock hydrogen atom and a metal ion with single excitations from

the nonbonding orbitals.

For molecular states involving several occupations of the nonbonding or-
bitals, the GVB calculation was altered to place an average number of electrons
in each nonbonded d orbital and thus produce a set of cylindrically symmet-
ric d orbitals. The CI calculation then started with configurations representing
all possible occupations of these nonbonding orbitals, allowing the normal level
of excitation and selecting for proper symmetry of the resultant configurations.
This allows mixing in of the two or three major configurations necessary for the

particular electronic state with no discrimination due to orbital shapes.

For the 2Z* state of AgH™, to allow the necessary polarization in the o
system, the calculations were modified. For this d'° configuration the GVB pair
consists of in/out correlation of the d,» electrons rather than a “normal” bond
pair and has the unpaired electron located on the hydrogen rather than in a
metal d orbital. In order to not bias against other bonding configurations, the
CI calculation for this molecule involves all triple and lower excitations from
these three o orbitals.

Bond dissociation energies are determined by dissociating the molecules dia-
batically to H atom and metal ion. For all cases except YH™, the metal hydrides
dissociate smoothly to ground state fragments and the bond dissociation energy

is given by the difference in energy between the molecule at its equilibium geom-
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etry and the energy of the separated atoms in their ground states. For YH™, the
diabatic dissociation limit is the 3D (s'd!) state. The bond energy is thus taken
to be this diabatic dissociation energy minus the experimental state splitting
between the 'S and 3D states of Y*. This allows for consistent dissociation of
the molecule and cancellation of basis set errors plus the use of the correct metal
state splitting.

Full DCCI calculations for RuH" were excessively large and were not per-
formed. The bond energy for RuH" was obtained as follows. The difference
between the DCCI-GEOM and DCCI bond energies for other largely “d bonded”
species is 1.6 kcal/mol for PdH*, 1.0 keal/mol for RhH*, and 0.9 kcal/mol for
MoH* (with the DCCI-GEOM bond energies larger than the DCCI results).
Thus, RuH* was assigned a difference of 0.5 kcal/mol which was subtracted
from the DCCI-GEOM result.

Intrinsic Bond Dissociation Energies. To obtain intrinsic s-like or d-like
bond dissociation energies, the mixing of s and d character must be restricted
while allowing other orbital readjustments to occur. The calculation method
thus depends on the particular system. For StH*-MoH™*, formation of an s-bond
leads to an empty d,a orbital while formation of a d-bond leads to an empty s
orbital. The calculations were thus carried out by eliminating the 5s or 4d,. basis
functions. The bond length was then optimized under these conditions and the
bond dissociation ‘energy determined by dissociating the molecule to fragments

where the same basis functions were removed from the metal ion calculation.

For TcH*-CdH™ the state involving an s-bond is complicated by the pres-
ence of nonbonding o electrons. The d,: basis functions could thus not be re-
moved. For TcH*-AgH™ the rehybridization process was effectively removed by
placing one electron in a d,» orbital optimized for the corresponding state of the
metal ion and freezing this orbital in the predetermined shape while allowing the
other orbitals on the molecule to vary. The bonding orbital is thus forced to
become orthogonal to the d,» orbital. For CdH* the GVB-PP(1/2) results are
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used since very little d character is present. The d-bonding for TcHT-PdH™ is
determined by bonding hydrogen to the d™ configuration of the metal, while for
AgHt and CdH™ there is effectively no d-bonding due to the full d!° shell.

These restricted calculations are at the GVB perfect pairing level and not the
DCCI level used for reliable bond dissociation energies. Only the trends involved
should be considered. The actual intrinsic bond energies presented in Table V are
obtained from the GVB-PP calculations plus adding in the total amount of s-d or
d-d exchange energy lost on bonding (determined from the metal ion exchange
energies and the metal electronic configuration) and any electronic promotion
energy.

MH* Electronic State Splitting Calculations. The relative energies of the
low-lying electronic states of the metal hydride ions are determined by the dif-
ference in bond dissociation energies calculated for the various states at the
DCCI-GEOM level of calculation. The relative bond dissociation energies were
used as a measure of energy differences for the electronic states since the disso-
ciation consistent nature of these calculations helps to remove errors inherent in

the basis set representations of the metal ion states.
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IV. Conclusion

The results presented here for the second row transition metal hydrides form
a consistent and systematic set of data which should be helpful both for under-
standing the complex factors involved in metal bonding'and as a contribution to
the increasing data base of thermodynamic and spectroscopic values for metal
compounds. The ideas used to discuss the bonding in the metal hydride di-
atomics are also applicable for other more complicated metal containing species.
The consistent nature of the data for the entire row should be useful in helping to
extract further reliable thermodynamic information from ion beam studies, in-
crease understanding of the differences in reactivity of ground and excited states,
and shed light on the reactivity differences of the different transition metals.
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Abstract

The electronic and geometric structure of two transition metal dihydride
cations, CrH] and MoH7, has been studied theoretically using generalized va-
lence bond and configuration interaction methods. MoH} is found to have two
equally favorable geometries: R, = 1.705 A, 6, = 64.6°; and R, = 1.722 &, 4. =
112.3°. These lead to bond energies of D.(HMo*-H) of 35.1 kcal/mol and 34.7
kcal/mol, respectively, compared with D.(Mo*-H) = 33.8 kcal/mol. CrHJ leads
to an open geometry with R, = 1.635 A and 6, = 107.5°. The bond energy is
D.(HCrt-H) = 19.4 kcal/mol compared with De(Crt-H) = 26.9 kcal /mol.
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I. Introduction

The gas phase activation of hydrocarbons by transition metal positive ions is
an active area of research.!~% The proposed first step for most of these reactions

after initial association is
M* + R—H — R—M* —-H — Products (1)

where the initial reaction step involves the insertion of the metal ion into a C—
H bond. The initial intermediate thus involves two species sigma bonded to
the metal ion. There is a growing amount of data, both experimental?®6:7 and
theoretical® 1%, dealing with the bond dissociation energies for single species
bound to transition metal ions. Little is known, however, about the geometries
of these metal insertion products or the strengths of the second bonds formed to
the metals’!*2, both of which are important for an understanding of these metal
ion reactions.

As a step toward understanding species formed on metal insertion into sigma
bonds and to compare first and second row metal ions, we investigated the two
species CrHy and MoH]. The similarity of the Cr* and Mo™ electronic states
allows comparison of bonding differences due to orbital size differences of the two
metals. The ground state symmetries, geometries, and bond strengths should be
useful in helping to explain differences in the reactivities of the two metal ions.
Extension can also be made to predict the geometries and bonding in other

transition metal systems of the first and second transition series.
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II1. Calculational Detalils

A. Basis Sets. The basis sets for the present study are identical to those
in previous work on metal hydride cations.® For Cr™, the all-electron basis in-
volved an optimized valence double zeta contraction (13s,10p,5d/5s,4p,2d).1® For
Mo, the Ni core was replaced with an ab initio effective core potentiall* so
that Mo™ has 13 explicitly treated electrons. A valence triple zeta contraction
(5s,5p,4d/4s,4p,3d) of the ab initio basis was used. The hydrogen basis was the
unscaled Dunning/Huzinaga double zeta basis!® supplemented with one set of p
polarization functions (a = 0.5).18

B. Geometry Optimization. The geometries for the two metal dihydrides
were optimized using a two step process. The metal-hydrogen bond lengths were
fixed at the optimum value found for the diatomic ions (1.602 A for Cr*—H and
1.708 A for MoT-H) and the H-M*-H angle was varied to find the optimum
angle. The metal-hydrogen bond lengths were then varied at the optimum bond
angle for the complex. With this procedure, the optimum bond length for the
dihyride complex was found to change only slightly from the value of the mono-
hydride and thus the calculated geometries should be fairly close to the optimum
geometries for the two complexes.

C. Wavefunctions. Four different types of wavefunction were used in
this study of the bonding in CrH and MoH7: GVB-PP(2/4), GVB-RCI(2/4),
RCI(2/4)x[Ds1+Do2+Sm+ val)s and D1 X[Dya + Sm+,val]. These wavefunctions
are described below.

1. GVB-PP(2/4). Generalized valence bond calculations allow the two
electrons of each bond pair to use different (optimized) one-electron orbitals
(generally these optimized orbitals are located primarily on opposite bonding

centers), leading to a valence bond (VB) like wavefunction of the form

[41(1)¢-(2) + ¢-(1)¢1(2))(aB — Ber) (2)

where ¢; and ¢, are the optimized one-electron orbitals and o and 8 are spin
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functions. In this simplest GVB wavefunction, only the two bond pairs are so
correlated (with four orbitals total, hence 2/4) and the other electrons on the
molecule are calculated self-consistently. Since the two bond pairs have the simple
VB form (2) (one VB structure), this is referred to as the perfect-pairing (PP)
wavefunction. As one M*-H bond is broken, the molecule dissociates smoothly
to a GVB-PP(1/2) description of MH* and an H atom.

2. GVB-RCI(2/4). The PP wavefunction does not allow the other spin
couplings required to describe the high spin of the separated ions. To include
such spin couplings and to allow instantaneous correlation between the electrons
of different bond pairs, we allow the two electrons in each bond pair to occupy the
two orbitals of this pair in all three possible ways, (nine spatial configurations for
two bond pairs). This restricted configuration interaction (RCI) approximates
the full GVB wavefunction in which spin coupling is optimized. This calculation
level was used for the MHJ geometry optimizations. For bond energy purposes
it dissociates smoothly to a GVB-RCI(1/2) description of MH* and an H atom.

3. RCI(2/4)x[Dg1 + Doz + Sp+ val]. Starting with the nine spatial configu-
rations of the RCI wavefunction, we allow all single and double excitations from
each metal-hydrogen bond pair to all virtual orbitals. All single excitations from
the metal nonbonding valence orbitals (d orbitals) are also allowed. This calcu-
lation dissociates smoothly to the RCI(1/2)X[Dy+Sp+ va1] description of MH*
(previously called DCCI-GEOM?®) and an H atom.

4. Dy1 X [Dg2 + Sp+,val]- For the metal hydrides, MH*, a calculation level
involving single and double excitations from the bond pair simultaneous with
excitations from the valence orbitals (Dg X Spr+ v, also called DCCI®) was used
to determine the metal hydride bond dissociation energies. Using the differ-
ence in first and second metal-hydrogen bond energies found in the calculation
level described in 3 (for the metal dihydrides) and D.(M*-H) from the DCCI
calculations, we estimate D.(HM*-H) for a calculation involving simultaneous

single and double excitations from both bonds plus single and double excitations
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from the bond being broken times single excitations from the nonbonding valence

orbitals.

ITI. Results

Table I presents the main results for both the monohydrides and dihydrides
including the optimum geometries, metal orbital hybridizations, and bond disso-
ciation energies. Table II gives information on the configurations, total energies,
and bond energies for the various levels of calculation performed on the metal
species.

A. Metal Hydride Cations. The bonding of H to the first and second
row transition metal hydrides has been described in previous papers.® The results
obtained for CrH* and MoHt are summarized here.

1. CrH*. The optimum bond length for the 5Z* state of CrHt was found
to be 1.602 A and the vibrational frequency is 1818 ecm™1. The calculated bond
dissociation energy is D.(Cr*-H) = 26.9 kcal/mol which corresponds to Do(Crt-
H) = 24.3 kcal/mol. These values are in good agreement with the recent “guided”
ion beam experiments of Elkind and Armentrout” which give a bond dissociation
energy of Do = 27.7 + 2 kcal/mol. Although the Cr* ion has a ground state
valence electron configuration of 3d® the metal hydride builds in more than 50%
4s and 4p character in the metal bonding orbital (40.6% s, 12.5% p, and 46.9%
d).

2. MoH*. MoHY is calculated to have an optimum bond length of 1.708
A and a vibrational frequency of 1826 cm™!. The theoretical bond dissociation
energies are D.(Mo*-H) = 33.8 kcal/mol and Dy(Mo*-H) = 31.2 kcal/mol. Ion
beam experiments of Elkind and Armentrout give a value of Do(MoT-H) = 41
+ 3 kcal/mol.” The lowest-lying electronic state of Mo* is the same as that
for Crt, however, the character of the metal bonding orbital in MoH* differs
markedly from that of CtH*. For MoH™ there is less than 30% sp character in
the metal bonding orbital (19.7% s, 7.0% p, and 73.3% d) compared to the greater
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than 50% seen for CtH*. Figure 1 shows the GVB orbitals for the two metal
hydrides. Both metal orbitals are seen to be polarized toward the hydrogen atom
using atomic p character. The bonding lobe of the Cr* orbital is more diffuse
than that for Mo™ due to the larger amount of s character in the bond.

B. Metal Dihydride Cations. For purposes of discussion, we assume a
C2y geometry with the metal ion at the origin, the z axis is the symmetry axis,
and the atoms are in the yz plane.

1. CrH}. The ground electronic state of Crt is S (3d®).1" The lowest
excited state, ®D (3d%4s!) lies 1.52 eV higher in energy. Bonding two atoms of
hydrogen covalently to S Cr™, one is left with three unpaired 3d electrons on
the metal. The bonding orbitals can use only combinations of the three orbitals
in the yz plane, d;2, d;a_ys, and dy;, leaving unpaired a; (xy), by (xz), and
a; orbitals. This leads to a *B, state of the molecule. For CrHT we found a
large amount of 4s character in the metal-hydrogen bond and expect the same
for CrHJ. This requires s!d* (°D) character, where the 4s electron must arise
from excitation of an electron out of either the 3d,: or 3d,a_,2 orbital.

Figure 2 shows the angular energy dependence for Cy, CrHJ with a Crt-H
bond distance of 1.602 A. The optimum angle found from the GVB-RCI(2/4)
calculations is 107.5°. Optimization of the bond lengths at this angle yields a
Cr*-H bond length of 1.635 A. The GVB orbitals for CrH are shown in Figure 3
along with the nonbonding (singly-occupied) a; orbital. The Crt-H bonds are
fairly covalent, with about 0.23 electrons transferred to the Crt. The bond pairs
have an overlap of 0.617. The hybridizations of metal bonding orbitals are 20.4%
s, 9.5% p, and 70.1% d character. Dissociation of CrHJ to CrH* and H leads to
D(CrH*-H) = 4.1 kcal/mol at the GVB-RCI calculation level and D.(CrH*-
H) = 17.8 kcal/mol at the RCI(2/4)x[Do14+Dys2+Snm+ val] level as compared to
D(Cr*-H) = 11.2 kcal/mol and D.(Cr*-H) = 25.3 kcal /mol for the dissociation
of the diatomic at the same calculation levels.

2. MoH]. The ground state of Mo% is 8S (3d5).17 The first excited state
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Figure 1: GVB bond orbitals for CtH* (a) and MoH* (b). R.(Cr*-H) = 1.602
A and the Crt orbital is found to be 40.6% s, 12.5% p, and 46.9% d.
R.(Mo*-H) = 1.708 A and the Mo™ bond orbital is 19.7% s, 7.0%p,
and 73.3% d. On all plots long dashes indicate zero amplitude and the

spacing between contours is 0.05 au.
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Figure 2: Dependence of the CrH] total energy (at the GVB(2/4) and GVB-
RCI(2/4) levels) on the H-Cr*t-H bond angle. The Cr*-H bond dis-
tance is fixed at 1.602 A, the optimum value found for CrH+. The

optimum energy is found at 107.5°.
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Figure 3: (a) GVB bond orbitals for the Cr*-H; bond pair. (b) GVB bond
orbitals for the Cr*-H; bond pair. (c) Cr* singly occupied a; orbital
which is seen to be mostly d,: in character. The Crt bond orbitals

are found to be 20.4% s, 9.5% p, and 70.1% d.
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is D (4d*5s!) at 1.59 eV, very close to the splitting for Crt. As with CrHJ,
the ground state for MoH] is expected to be the *B, state. Figure 4 shows
the angular energy dependence for the molecule at the two levels of calculation.
The MoH] molecule differs from its chromium counterpart by exhibiting two
distinct minima, at 64.6° and 112.3°, with only a small energy barrier between
them (transition state at 88.1° with a height of less than 1.5 kcal/mol, probably
less than the zero point energy). Although CrHJ has only one minimum (at
107°), it does have some bonding tendency at small angles. Due to the very flat
nature of the potential wells observed for both CrH; and MoHj, the bending
and symmetric stretching vibrations of the two molecules should be quite strongly
coupled. Bond length optimization at the two optimum angles gives bond lengths
of 1.705 A and 1.722 A, respectively. The bond orbitals for these two geometries
are shown in Figures 5 and 6. The bonding is fairly similiar for both minima
in MoHJ. At 64.6°, the overlap of the bonding orbitals is 0.684, with 0.03
electrons transferred to each hydrogen. The hybridization for the Mo™ bonding
orbitals is 13.0% s, 5.4% p, and 81.6% d character. At the 112.3° geometry,
the bond orbital overlaps are 0.687 with 0.06 electrons transferred from Mo™ to
each hydrogen. Here the metal orbital hybridization is 15.4% s, 7.7% p, and
76.9% d. The bond energy, D.(MoH*-H), for the two cases is calculated to be
24.3 kcal/mol and 24.5 kcal/mol, respectively, at the GVB-RCI level and 35.1
kcal/mol and 34.7 kcal/mol respectively at the RCI(2/4)%[Dy1+Do2+Sm+ vall
level of calculation. The bond dissociation energies for MoH*, D.(Mo*-H), at
similar levels of calculation, are 22.2 kcal/mol and 33.8 kcal/mol.
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Figure 4: Dependence of the MoH] total energy (at the GVB(2/4) and GVB-
RCI(2/4) levels) on the H-Mo*-H bond angle. The Mot-H bond
distance is fixed at 1.708 A and minima are found at 64.6° and 112.3°
(GVB-RCI). The energy is seen to increase sharply as the bond angle
is opened past 120°. Also shown is the angular energy dependence for
d-bonded MoH; where the use of 5s and 5p functions is restricted.
Optimum angles are found at 56.5° and 119.3°. Total energies should
not be compared since the Mot energy is higher due to the orbital

restrictions in the d-bonding case.
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Figure 5: Orbital plots for small-angle MoHZ. (a) Mo*-H; bond pair orbitals.
(b) Mo*-H; bond pair orbitals. (c) Singly occupied Mo* a; orbital
showing d,» characteristics. The Mo* bond orbitals are hybridized
13.0% s, 5.4% p, and 81.6% d.
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Figure 6: Orbital plots for large-angle MoH7}. (a) Mo*-H; bond pair orbitals.
(b) Mo*-H; bond pair orbitals. (c) Singly occupied Mo™ a; orbital
showing d,. characteristics. The Mot bond orbitals are hybridized
15.4% s, 7.7% p, and 76.9% d.
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IV. Discussion

The metal-H, interaction in CrH; and MoH;’ differs markedly from that
seen in the saturated systems. Group 6 metal complexes involving two hydrogen
atoms have been studied in rare gas matrices, rare gas solutions and in organic
solvents. Cr(CO)s(Hz) has been observed in Hy-saturated hydrocarbon solution
at room temperature'®!? and in Ar matrices at 20 K.2° Cr(CO)s(H;), as well
as Mo(CO)s(H;) and W(CO);(Hz), has also been produced in liquid xenon (at
70 K) by photolysis of M(CO)g in the presence of high pressures of H,.1%:21 IR
characterization of these molecules show them to be metal dihydrogen species
with intact H-H bonds. n%?-bonded H, is also seen in M(CO)2(PR3)2(Hz) (M =
Mo, W; R = Cy, i~Pr).?? Neutron diffraction studies of W(CO),(P-i-Pr3);(H;)
give the H-H distance as 0.84 A, slightly larger than for free H, (0.74 A). Ab initio
Hartree-Fock calculations on the model compound W(CO);(PHj3)2(H;) yield an
H-H distance of 0.79 A.2* Our calculations show that the unsaturated systems
form two covalent metal hydrogen bonds rather than an ?-H,; complex. Thus,
even in MoHJ, with a bond angle of 64.6°, the H-H distance is 1.822 A.

For CrH* and MoH™, we have shown that there are two important metal
electronic configurations involved in bonding, d* and s'd*, where the optimum
bond involves both do and s character on the metal. These two configurations
are also found to be important in the bonding of the metal dihydrides.

If the optimum bond of a hydrogen atom to a metal is to a d orbital, we
expect the optimum bond to require a symmetric (d,: or do) orbital to get the
largest overlap with the H.?* Thus, two strong sigma bonds to two d orbitals of
the d® metal configuration would require two orthogonal orbitals, each of which is
do about its bond axis. This requires bond angles of either 54.7° or 125.3°. [Two
orthogonal orbitals of do type can be formed in the yz plane by taking linear
combinations of the d,s, dy., and d,2_,2 atomic orbitals, leading to major axes
at an angle of 54.7° (each orbital lying along one of the other’s nodal surfaces).]

If the optimum bond of a hydrogen atom to a metal is to an s orbital,
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the largest amount of s character can be incorporated in two metal hydrogen
bonds by forming two sd hybrid orbitals (e.g., s & dys). This would yield an
optimum H-M-H angle of 90°.2® Factors other than optimum hybridization, such
as hydrogen-hydrogen repulsion, will modify these bond angles. Examples of s-d
and d-d metal hybrid orbitals are shown in Figures 7 and 8. In CrHJ and MoH7,
the four orbitals (s, dys, dy2_y3, and d;2) overlapping the two hydrogens are
mixed to yield the three orbitals required to describe the three electrons involved
in the two metal-hydrogen bonds and the a; nonbonded d electron. The Mulliken
population analysis indicates that for both species, the actual metal hybridization

is somewhere in between the sd and dd hybrid limits.

Calculations on ScH] by Alvarado-Swaisgood et al.!? found one minimum on
the angular potential surface (optimum angle of 106.7°) and a metal hybridization
with approximately 40% sp character. Our GVB-RCI calculations for CrH;
(29.9% sp character) hint at a second well at small angle but indicate only one
optimum geometry, 107.5°. The MoH] molecule (18.4% or 23.1% sp character at
the two optimum geometries) shows the double well behavior. These observations
support the models presented; sd hybridization leads to one minima near 90°
while two bonds to pure do orbitals would lead to a double well angular potential
with optimum bonding at angles near 54.7° and 125.3°. The optimum bond
angles for MoH] are 64.6° and 112.3°. Both calculated angles are shifted towards
90° from the pure d-d values. To test whether this shift is due to the 4s and
4p character in the wavefunction, calculations were performed where the three
outermost s and p basis functions were removed. [Other s and p basis functions
cannot be removed due to the presence of the 4s and 4p core electrons; thus, some
amount of s and p character can still be used in the wavefunctions]. Figure 4
shows the results of these calculations. Again, a double well in the angular
potential is found with the optimum angles of 56.5° and 119.3° shifted toward
the values (54.7° and 125.3°) of the d-d model.

The bond in MoH™ involves a Mo orbital with 73.3% d character (compared
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Figure 7: Cr* hybrid orbitals. (a) s+d,, hybrid orbitals which point at 90° from
each other. (b) d-d hybrids made up using the d,z, d;, and d,s_,:
orbitals. Each orbital is d,s-like with respect to its axis, leading to an
angle between their major axes of 54.7°. The s—d hybrids are more

diffuse than the d—d hybrids due to the larger size of the s orbital.
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Figure 8: Mo™ hybrid orbitals. (a) s+d,; hybrid orbitals pointing at 90° from
each other. (b) d-d hybrids made up using the d.2, dyz, and d 2_,3
orbitals. Both orbitals are d,s-like and the angle between their major
axes is 54.7°. The Mot orbitals are seen to be more diffuse than the

Cr* hybrid orbitals (Figure 7) due to their larger size.
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with 46.9% for CrH*). If the second metal-hydrogen bond was to a pure d
orbital, the two resulting equivalent bonds would have 86.7% d character. The
calculational results suggest that the actual values are in between these two
results with slightly more s character present in the 112.3° geometry (76.9% d)
than in the 64.6° geometry (81.6% d). The shape of the dihydride bond orbitals
is thus seen to be quite close to that found for the monohydride with just slightly
more d character. For Crt, on the other hand, a second metal-hydrogen bond to
a pure d orbital would yield two equivalent bonds each with approximately 73%
d character, very close to what is actually calculated.

Given the significant amount of sd hybridization in the bonds of MoHt
and CrH*, a second bond to a primarily d-like orbital would be expected to be
weaker than the first metal-hydrogen bond. On the other hand, little electronic
excitation energy is expected to be lost on formation of the second bond and, at
the same time, the reduced overall spin for MoH* and CrH* relative to Mo™ and
Cr* would be expected to yield decreased exchange penalties. Table III presents
the s—d and d-d exchange energies calculated for Crt and Mo™*. Estimates
of the energy lost on bonding to CrH* are 40 and 26 kcal/mol for the first
and second hydrogens respectively?® and for Mo™*, approximately 35 and 21
kcal/mol?7, leading to second bonds about 14 kcal/mol stronger. In fact, for
MoH7, we find the second bond is stronger than the first by about 1.3 kcal /mol,

suggesting that these two factors are comparable.

Assuming that higher levels of electronic correlation will have the same effect
on bond dissociation energies for both the first and second bonds (our calcula-
tions support this assumption to about 1 kcal/mol), we can estimate the best
theoretical bond energies for the dihydrides using the best theoretical values
calculated for the monohydrides. The monohydride values are 33.8 kcal/mol
for D.(Mo*-H), and 26.9 kcal/mol for D.(Crt-H), both at the Do XSn+ val
level of calculation. This leads to estimated bond energies (D, x (Doz+Sn+ val))
D.(MoH*-H) of 35.1 kcal/mol and D.(CrH*-H) of 19.4 kcal/mol. This can be
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Table 111

Crt and Mo™* Exchange Energies®

Crt Mot
BS BD GS 6D
K,q 5.12 8.47
Kdd 16.54 18.20 13.44 14.20
Kox 12.51 10.29
Kos 20.56 16.59
K. 17.88 19.88 14.49 15.40
Kxs 17.88 19.88 14.49 15.29
K&E 9.82 10.91 8.19 8.61

¢ Exchange energy values taken from Hartree Fock

calculations on the atomic ions.
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compared with D.(Sct-H) = 54.7 kcal/mol and D.(ScH*-H) = 51.7 kcal /mol
calculated by Alvarado-Swaisgood et al.!? Thus, although the bonds in the Sct
systems are substantially stronger, the bond strength for the second hydrogen
is calculated to be lower than for the first, as seen in CrH;'. As a check on
the present calculations versus those of Alvarado-Swaisgood et al., we have also
performed similar calculations on ScH;'. We obtain an optimum geometry with
R. = 1.762A and 6. = 105.8° (compared to 1.745 A and 106.7°). Bond disso-
ciation energies for the two levels of calculation, RCI(2/4)x[Dg1+Dos +SM+,val
and Dg1X[Dsz + Sm+,val] are 51.5 and 52.4 kcal/mol, respectively, in very good
agreement with the Alvarado-Swaisgood et al. value of 51.7 kcal/mol.

What kind of predictions can be made about metal ion reactivity based
on the geometric and energetic results for the metal dihydrides? The sum of
the first and second metal-hydrogen theoretical bond dissociation energies for
Cr* and Mo* are 46.3 kcal/mol and 68.9 kcal/mol, respectively. Since typical
C-H or C-C bonds are worth 95-105 and 80-90 kcal/mol, respectively, these
results suggest that neither metal in its ground state should insert into bonds of
hydrocarbons. As a second estimate, we can use the theoretical differences in first
and second bond strengths with the experimental values for the monohydrides
to give estimates for the sums of the two bond energies of 48 kcal/mol and 83
kcal/mol for Cr* and Mo™, respectively. Assuming that the metal-carbon bond
is stronger than the metal-hydrogen bond (as reported for some metal species?)
and that the metal-carbon bond increases in strength as the carbon chain length
increases (better stabilization of metal charge), it is possible that ground state
Mot would react with hydrocarbons. The bond energies to Crt are too low to
expect insertion into normal C-C or C-H bonds. The presence of a potential
minimum at low bond angle for Mo* would also help stabilize the intermediates
as the reactant species come together, favoring insertion. Of equal importance
with the energetics is the problem of spin conservation. The stable dihydrides

have S = 3/2, whereas the reactants have S = 5/2. Since a change in total spin is
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unlikely during a single collision, we expect that the observed chemistry involves
either (i) excited S = 3/2 ions in the beam or (ii) formation of a long-lived
complex involving nearly degenerate S = 3/2 and S = 5/2 states. The lowest
excited S = 3/2 state is 56.7 kcal/mol and 44.0 kcal/mol!” above the ground
state for Cr* and Mo, respectively. The lower value for Mo*, along with the
increased spin orbit coupling for the heavier metal, also favors higher reactivity

for Mo™ versus Crt.

Current experimental ion beam studies on the reactions of Crt and Mot
with alkanes and alkenes?® are in agreement with these expectations. While
Cr* beams produced by electron impact on Cr(CO)g (containing excited state
Cr* ions) will react with methane,?® ground state Cr* produced by surface
ionization yields no exothermic products with alkanes of up to seven carbons
in length. On the other hand, ground state Mot reacts exothermically with
straight chain alkanes, butane or larger, to give metal alkadiene ion products
and hydrogen. Mo™ is also seen to dehydrogenate alkenes while Cr+ only reacts
with larger alkenes such as the reaction with cyclohexene or cyclohexadiene to
produce Cr(benzene)*. Cr* insertion into C-H bonds in these cases is facilitated
by the complexation due to the double bonds in addition to formation of the M—H
and M-C sigma bonds.

The current results on Cr* and Mot systems can also be used for predic-
tions about other metal dihydrides. Bonds of hydrogen and carbon to first row
transition metals involve the 4s orbitals. Thus, we expect that the metal di-
hydrides of the first row will tend to have geometries with bond angles slightly
greater than 90°. Also, due to the fact that the second bond must be formed
to an orbital having greater d character than for the first metal-hydrogen bond,
the second bonds are expected té be weaker than the first (due to non-optimum
hybridization and loss of d-d exchange energy). (Experimental results suggest
D(ScH*-H) to be greater than D(Sc*-H) by 3.1 kcal/mol3?). The second row
metal ions form bonds principally with their 4d electrons rather than their 5s



209

electrons. We thus expect such second row metal dihydrides (YHS to RhH]) to
be similar to MoH7 with two possible minima, one at small bond angle (~60°).
This angle would be expected to vary depending on the electron configuration
of the metal. As an example, theoretical calculations by Rappé and Goddard?!
on Cl;TiH; show that the two hydrogen atoms bond to Ti d orbitals (the two
Cl atoms effectively remove the two metal s electrons), leading to a bond angle
of 74.9°. The optimum angle for two pure do-like orbitals is 54.7°, while the
optimum placement of the two electrons in d orbitals from the standpoint of low-
est electron-electron repulsion is dodé with the two electrons in orbitals at 90°.
The resultant bond angle is thus a compromise between these two effects. Sum-
marizing we find that for d-bonding situations the ground state metal electronic
configuration plays an essential role in determining the geometry and energetics.
Since both bonds to the second row metals are generally to d» configurations,
the second bonds should be comparable in strength or possibly stronger than the
first (due to a smaller amount of exchange energy being lost, but tempered by

non-optimum metal hybridization).
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V. Summary

We find that for second row transition metals, hydrogen tends to bond to 4d
orbitals rather than 5s. This differs dramatically from transition metal hydride
cations of the first row which bond primarily using their 4s orbitals. This differ-
ence arises primarily from the difference in size of the s and d orbitals where for
the second row the d orbitals are more diffuse and closer in size to the large s
orbitals. These size differences affect the metal electronic levels, electron-electron
repulsion and exchange energies, and the overlaps resulting from bonding. These
effects play a similiar role in the dihydrides CrHF and MoH;. The low-lying
electronic states are similar, both having a d° electronic configuration in the
ground state. However, MoHJ has stronger overall bonds dominated with more
d-bonding character than CrH7, and leading to strong bonding at both small
(65°) and large (112°) angles. The larger d—d exchange energies on Cr* and need
for s character to produce stronger bonds causes the second Cr*-H bond to be
very weak. These general trends, along with consideration of the specific metal
electronic states, should prove useful in predicting relative bond strengths and
geometric structures for other metal species where the metal is sigma bonded to
two hydrogen or alkyl ligands.
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Abstract

Selected transition metal methyl cations have been studied using ab initio
generalized valence bond and configuration interaction methods. We present
equilibrium geometries and bond dissociation energies and analyze the character
of the wavefunction for the ground state MCHJ species. The present calculations
are compared with previous studies of the corresponding MH* molecules. MCH;
is similar to MH™ from the standpoint of orbital hybridization, electron transfer,
bond orbital overlap, and bond dissociation energy. Thus, we find bond energy
differences, D(M*-CH;3) — D(M™*-H), ranging from —3.6 kcal/mol for M = Mo
to +6.0 kcal/mol for M = Zn, whereas the total bond energy is calculated to
range from 24 to 60 kcal/mol. Experimental estimates suggest that D(M+-CHj3)
is, on the average, about 6 kcal/mol larger than D(M*-H).
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1. Introduction

Bond dissociation energies are extremely important in chemistry for use in
designing syntheses, predicting stable molecular structures, and predicting and
analyzing reactions mechanisms and products. Although a large number of bond
energies have been determined for organic compounds, relatively few are known
quantitatively for organometallic compounds.!=® Even for these few, many of
the bond energies are known only as averages of several metal-ligand bonds
rather than as a bond energy for a particular metal-ligand bond. Recently,
there have been a number of experimental determinations of bond energies for
neutral”® and jonic® ~'* gas-phase metal compounds. In the field of hydrocarbon
activation, the important bonds are sigma bonds formed to the metal center
by hydrogen and carbon atoms of the organic species. Experiments suggest
that in saturated metal systems the metal hydrogen bonds tend to be much
stronger (approximately 15-25 kcal/mol) than the metal carbon bonds.15-18 In
unsaturated metal systems, however, such as bare transition metal ions in the
gas phase, metal methyl bond strengths have been found, experimentally, to
be greater than or equal to those for the metal hydrides (differences of from 0
kcal/mol for Ti%t to 14 kcal/mol for Pd*) in all cases studied. The explanation
for this difference between saturated and unsaturated metal systems is variously
given as steric weakening of the metal alkyl bonds in saturated molecules!® or as
increased charge stabilization of the metal ion by the alkyl group, as compared
with a hydrogen atom, in the unsaturated ionic systems.!?

In order to help explain the difference in sigma bonding between a metal and
either carbon or hydrogen, we have performed ab initio theoretical calculations
on a series of MCHY species for representative metals of the first or second
transition metal series. The metal ions used were chosen because they offer a
wide variety of metal bond orbital sizes and hybridizations (from almost totally
s-bonding for Zn* and Cd* to d-bonding with Pd*). These results are compared

with similar calculations on the metal hydrides.2°
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I1. Results and Discussion

Bonding in the Metal Methyl Ions. The bond between between a
transition metal ion and the methyl radical can be visualized as spin-pairing of
an electron in a metal sigma orbital (a hybrid containing s, d;3, and p, character)
with the unpaired electron of CHj; (in a carbon hybrid orbital containing s and
ps character). The interaction of the metal nonbonding electrons in the metal
methyls was found to be very similar to that seen for the metal hydride ions, and
we considered the electronic state corresponding to the ground state of MH™.
Under C3, symmetry, the metal s and d,: orbitals are of a; symmetry while the
dyy, dys_y3, dxs, and dy, orbitals are of e symmetry. The hydrides of the metal
ions in this study are all of £t symmetry (except ScH*, which is II), and the
corresponding methyls have A; symmetry (E symmetry for ScCHY).

Traditional oxidation state formalism describes the metal methyl species
in terms of M2t interacting with CH;. However, a series?!?? of generalized
valence bond calculations suggests the alternative (GVB) formalism where one
starts with every ligand as neutral and bonds this ligand to the ground atomic
configuration for the metal in the appropriate charge state of the metal (+1 in
this case). This covalent view of the bonding to alkyl, aryl, and hydride ligands
is supported by the ab initio GVB calculations. Thus, for M*(CHj;), we find a
charge transfer of —0.26 e~ (Pd) to +0.33 e~ (Sc) from the M* to the neutral
CHj;. The GVB bond orbitals (each with one electron) for various Mt-R species
are shown in Figures 1-5. In each case the two GVB orbitals are localized with
one on each of the two atoms. Each figure depicts the bond orbitals from both
MCH; and MH* for the corresponding first and second row metals. The C-H
orbitals for all species are essentially the same and are shown for only PACH
(Fig. 5). |

Geometries. The theoretically determined metal methyl geometries are
given in Table I. The C-H bond lengths have been held at the value in CH4?3,
1.094 A, and we constrained the metal methyl ions to have Cs, symmetry (the



Figure 1: (a) GVB orbitals for ScH*. The Sc*-H bond length is 1.810 A and
the metal orbital hybridization is 46.2% s, 13.5% p, and 40.3% d. (b)
GVB orbitals for YH*. The Y*-H bond length is 1.892 A and the
metal orbital hybridization is 31.9% s, 10.2% p, and 57.9% d. (c) GVB
orbitals for the metal carbon bond in ScCH] with a metal carbon bond
length of 2.233 A and a metal-carbon-hydrogen angle of 111.0°. The
orbital hybridizations are: Sct - 45.7% s, 8.1% p, and 46.2% d; and
C - 28.5% s 71.3% p, and 0.2% d. (d) GVB orbitals for YCH] with a
metal carbon bond length of 2.298 A and an M+t-C-H angle of 110.9°.
The orbital hybridizations are: Y+ - 25.5% s, 6.8% p, 67.7% d; and
C -27.5% s, 72.3% p, 0.2% d. For the orbital plots in this and the
other figures positive contours are solid, negative contours are dotted,
nodal lines are shown by long dashes, the atomic nuclei are indicated

by asterisks, and the spacing between contours is 0.05 a.u.
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Figure 2: (a) GVB orbitals for CtH*. The Crt-H bond length is 1.602 A and
the metal orbital hybridization is 40.6% s, 12.5% p, and 46.9% d. (b)
GVB orbitals for MoHt. The Mot-H bond length is 1.708 A and
the Mo™* orbital hybridization is 19.7% s, 7.0% p, 73.3% d. (¢) GVB
orbitals for the metal carbon bond in CrCH; with a metal carbon
bond length of 2.074 A and a metal-carbon-hydrogen angle of 108.4°.
The orbital hybridizations are: Cr* - 41.9% s, 9.6% p, 48.5% d; and
C - 15.3% s, 84.2% p, 0.5% d. (d) GVB orbitals for MoCHJ with a
metal carbon bond length of 2.201 A and an M*-C-H angle of 108.1°.
The orbital hybridizations are: Mot - 15.6% s, 3.3% p, 81.1% d; and
C -16.9% s, 82.7% p, 0.4% d.
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Figure 3: (a) GVB orbitals for MnH*. The Mn*-H bond length is 1.702 A
and the metal orbital hybridization is 76.3% s, 12.5% p, and 11.3% d.
(b) GVB orbitals for TcH*. The Tct-H bond length is 1.719 A and
the Tct orbital hybridization is 40.5% s, 7.0% p, 52.5% d. (c) GVB
orbitals for the metal carbon bond in MnCH; with a metal carbon
bond length of 2.241 A and a metal-carbon-hydrogen angle of 105.5°.
The orbital hybridizations are: Mn* - 86.5% s, 6.2% p, 7.3% d; and
C - 11.1% s, 88.5% p, 0.4% d. (d) GVB orbitals for TcCH{ with a
metal carbon bond length of 2.209 A and an M+-C-H angle of 107.7°.
The orbital hybridizations are: Tct - 40.2% s, 3.0% p, 81.1% d; and
C - 21.4% s, 78.1% p, 0.5% d.
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Figure 4: (a) GVB orbitals for ZnH*. The Zn*-H bond length is 1.545 A and
the metal orbital hybridization is 90.7% s, 8.9% p, and 0.4% d. (b)
GVB orbitals for CdH*. The Cd*-H bond length is 1.709 A and the
Cd* orbital hybridization is 90.4% s, 9.2% p, 0.4% d. (c) GVB orbitals
for the metal carbon bond in ZnCH with a metal carbon bond length
of 2.020 A and a metal-carbon-hydrogen angle of 106.3°. The orbital
hybridizations are: Znt - 94.8% s, 4.7% p, 0.5% d; and C - 12.6% s,
86.9% p, 0.5% d. (d) GVB orbitals for CACH; with a metal carbon
bond length of 2.275 A and an M*t-C-H angle of 104.5°. The orbital
hybridizations are: Cd*+ - 95.6% s, 4.0% p, 0.4% d; and C — 9.9% s,
89.6% p, 0.5% d.
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Figure 5: (a) GVB orbitals for PdH*. The Pd*-H bond length is 1.512 A and
the metal orbital hybridization is 5.1% s, 2.1% p, and 92.8% d. (b)
GVB orbitals for the metal carbon bond in PACH; with a metal car-
bon bond length of 2.123 A and an M+-C-H angle of 103.5°. The
orbital hybridizations are: Pd* - 4.4% s, 1.9% p, 93.7% d; and C
- 5.3% s, 93.5% p, 1.2% d. (c) GVB orbitals for the C-H bond in
PACH{ with a C-H bond length of 1.094 A.
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coordinate system is chosen with the carbon atom at the origin and the metal ion
along the positive z axis). Figure 6 shows potential curves for MnH* and MnCH]
for motion of the H or CHj group with respect to the metal ion. The geometry
of the CH; group is kept fixed in a tetrahedral arrangement so that dissociation
is to a pyramidal methyl structure rather than the ground state planar geometry.
Curves are shown for both the GVB-RCI(1/2) and RCI(1/2)X[Dy + Spy+ yal] lev-
els of calculation. The geometry found using the latter calculation level involves
an Mn*-C distance of 2.124 A and an Mn*-C-H angle of 107.3 degrees (com-
pared to 2.188 A and 106.1° for the GVB-RCI(1/2) calculations). The bond thus
shows the normal contraction with higher levels of electron correlation (a change
of 0.064 A) and the angle opens up by about one degree. Similar effects are
expected if this level of correlation were to be used for the other metal methyl
species. The metal-carbon bond length is found to vary considerably from metal
to metal, depending upon the size and hybridization of the metal orbital. The
second row metals tend to show a longer metal-carbon bond length than the first
row metals of the same column, with the difference ranging from 0.25 (Cd) to
—0.04 (Tc). However, the bond lengths tend to emphasize the difference in metal
orbital hybridization between the two rows more than the differences in metal
orbital size, although both are important.

M-C-H angles are largest (111°) for the early metals (Sc and Y), with the
most charge transfer to the ligand (0.33 and 0.29), and smallest (104°) for the
metals (Pd and Cd), with charge transfer to the metal (—0.22 and -0.06) (Cr is a
slight exception). The hybridization of the carbon bond orbital varies also with
the charge transfer (28% s for Sc and Y and 5 to 10% s for Pd and Cd). Bond
trends are consistent with a more tetrahedral geometry for the CHj3 anion and a
more planar geometry for the CH; cation.

“Agostic” interactions?? between C-H sigma bonds and metals have been

shown to be important in some metal complexes. These interactions require

empty metal orbitals which can interact with the doubly occupied sigma C-H
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Figure 6: Potential energy curves showing energy versus MT~R bond distance
for: (a) MnH*; and (b) MnCHY. Curves are shown for both the GVB-
RCI(1/2) and RCI(1/2)x[Dg + Sn+,val] levels of calculation. For
MnCH;, the H-C-H angles remain fixed at 109.5° for the entire po-
tential curve. Thus the molecule dissociates to pyramidal CH; rather
than the lowest energy planar configuration. The curves should thus
not be used for obtaining values for the Mnt—-CHj bond dissociation

energy.
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orbital. We thus feel that if agostic interactions are important in the present
systems, they should be seen in the early metal systems where there are the
largest number of empty metal d orbitals. We have thus performed test cal-
culations on ScCHf. Three levels of calculation (GVB(1/2), GVB-RCI(1/2),
and RCI(1/2)x[Dy + Spm+ val]) Were used. Symmetry was restricted to C, and
the H-C-H angles were kept fixed. The geometry was changed by changing the
Sct—C-H angle in the xz plane. These test calculations show the Cj, symmetry
to be lowest in energy and we thus conclude that agostic interactions are not

important in these ionic systems.

Bond Orbital Hybridization. We find the bonding in the metal methyl
and metal hydride systems to be quite similar, with metal orbital hybridizations
(Table I) generally changing only a few percent upon replacing CH; for H. For
all cases, the amount of p character in the metal methyl bond is about half that
of the hydrides. This seems to result from the directional nature of the carbon
bonding orbital (sp hybrid). The metal adds in p character to polarize the bond
in the direction of the ligand. With the nondirectional hydrogen 1s orbital, this
effect is more important than with the directional carbon 2p orbital. For the
first row metal ions the 4s orbital is more important in bonding than the 3d,:
orbital, while for the second row metals the 4d orbitals are more important than
the 5s. The general trend in sd hybridization is that, for metal-carbon bonds, the
dominant orbital in the hybrid becomes even more dominant as the p character
is decreased. The hybridization of the carbon orbital is governed by the charge
transfer and the metal atomic configuration. Thus, ScCHf and YCH; with
charge transfers to CH; of 0.29 and 0.33 lead to 28% s character in the C orbital,
(much like the CH3 anion), whereas PACHY and CdCHJ with transfers of 0.22
and 0.06 away from CHj; lead to 5 and 10% s character (much like CHj radical).
The atomic character on the metal ion plays a dominant role. Thus Znt and Cd+
(both strongly d'%s?) lead to bonds with 95% s character. Similarly, Mn*t (which
strongly prefers d®s!) leads to 87% s character in the bond. On the other hand,
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Mot (strongly d%) and Pd* (strongly d°) lead to 81% and 94% d character in
the bond. For Yt and Tct, the d*~1s? to d™ state splittings are 0.88 eV and 0.51
eV?® respectively (the Yt ground state is !S (s?), 0.16 eV below the *D (s!d!)
state), however, the strong d bonding in the second row leads to d character of

68% and 57% in the bonds. Cr*, like Mo™, is strongly d°, however, loss of high

spin exchange energy and strong first-row s bonds decrease the d character to

49%. For Sct, the d®~!s? to d® state splitting is only 0.6 eV and the s and d

character in the bond is similar, ~46%.25
Bond Energies. We used MnH* and MnCH{ as the prototypes for study-

ing the effects of various levels of electron correlation on bond energy. Table II

shows the bond dissociation energies for these molecules at various levels of cal-

culation. [The generalized valence bond and configuration interaction (CI) wave-
functions are described in the Calculational Details section of the paper.] Major
points are:

(1) Proper dissociation: Electron correlation in the bond being formed is es-
sential for proper dissociation to fragments [cf. HF to GVB-PP(1/2)] (see
Figure 6).

(2) Spin coupling on the metal: Some triplet character in the bond is induced
by spin coupling to the d® nonbonding configuration [cf. GVB-PP(1/2) to
GVB-RCI(1/2)]. This leads to a 2-3 kcal/mol increase in bond energy for
both cases.

(3) M-C and C-H correlations: For MnCHY, the correlation in the three C-H
bonds adjacent to the Mn*-C bond is important [cf. GVB-RCI(1/2) to
GVB-RCI(4/8)]. It is the instantaneous motion of the two electrons in the
M-C bond simultaneously with two electrons in the C-H bond

H H

ya and
M-—C M—C

that is important, since there is no difference between GVB-PP(1/2) and
GVB-PP(4/8). This is worth 3.6 kcal/mol for the MT~CH; case (there is
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no effect in MHTY).

(4) Full correlation of bond pair: The fully correlated bond pair (within the
basis) is obtained with RCI(1/2)xDg,. This increases the bond energy by
9.6 kcal/mol for MH* and 5.5 kcal/mol for MCH. This does not allow for
instantaneous correlations in either the metal d electrons or the C-H bonds.

(5) M-R and Md correlations: The -RCI(1/2)x[D, + Sy+] allows for readjust-
ment of the metal d orbitals simultaneous with correlation of the electrons
in the bond pair. This increases the bond energy 1.1 kcal/mol for M*-H
and 1.2 kcal/mol for M+*—CHj.

(6) M-R and C-H correlations: The RCI(1/2)x[Dy + Sp+,vai] improves upon
(5) by allowing readjustment in all valence electrons simultaneously with
correlation in the M~C pair [as in (3)] leading to a 7.1 kcal/mol effect for
MCH;.

(7) The M-H and M-C bond energies are very similar with M-C about 1.7
kcal/mol stronger.

(8) The simplest wavefunction with accurate relative bonding energies is GVB-
RCI(4/8) (only 81 spatial configurations) which leads to a 1.8 kcal/mol
stronger M*—C bond.

The best bond energy estimates come from the RCI(1/2)x[Do + Sp+ yal] calcu-

lations which involve correlation of both the C-H and M valence electrons and

are equivalent to the DCCI-GEOM?? calculations used for geometry optimization
and state splitting calculations on the MH™ species. For methane this calcula-
tion level?® leads to, D.(H — CH3) = 110.5 kcal/mol, only 1.7 kcal/mol below
the experimental value of D, = 112.2 & 0.5 kcal/mol. This calculation level was

used for all bond energy discussions of MHt and MCH; .

Table III contains the calculated total energies for several calculation lev-
els for MCH;, MHt, M+, CHj, and H (at the equilibrium geometries for the
molecular species). The calculated bond dissociation energies D.(M*-CHj;) are
presented in Table IV. The bond energies cover a range 35 kcal/mol with a high
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of 60.7 kcal/mol for ZnCHY and a low of 24.1 kcal/mol for CrCHY. As with
the metal hydrides, the variation in bond dissociation energies is due to several
interrelated factors. The methyl group can be thought of as having a certain
“intrinsic” bond energy when bonded to pure metal s, p, or d orbitals. The
“intrinsic” bond energies are then moderated by: (1) the energy gained from
orbital hybridization; (2) the promotion energy cost to promote the metal ion
to an electronic state having the proper metal orbital for bonding to the ligand;
and (3) the amount of energy lost due to loss of atomic electron exchange energy
(favoring high spin) upon decoupling one metal electron from the others to form
the bond.

“Intrinsic” bond energy trends for the metal hydrides?® indicate that as one
moves from left to right in a given row of transition metals, the bond energy to
a metal s orbital slowly increases as the s orbital size decreases while the bond
energy to a metal d orbital decreases rapidly as the d orbital size decreases. Due
to the larger size of the orbitals of the second row metals, s-bonds tend to be
slightly weaker and d-bonds (at least toward the later metals) tend to be stronger
than for the first row. The general trends are expected to be similar for the metal
methyl molecules. This is partially born out by the fact that the strongest bonds
are formed by very early (e.g. Sct and Y*) or very late (e.g. Znt and Cd¥)
metals, where the early metals use significant amounts of d character and Zn*

and Cd* use almost all metal s character

The strong bonds formed to the early metals are also due to the presence
of low-lying metal electronic states allowing extensive s—d hybridization. This is
complimented by the small amounts of exchange energy lost on bonding. The
low bond energies for CrCH] and MoCH7 (both d®) are due to the large amount
of exchange energy lost on bonding and by the inaccessability of the metal ¢D
(d*s!) state, which is over 1.5 eV above the ¢S (d®) ground state.?’

One must be careful in comparing theoretical and experimental differences

between metal hydride and metal methyl bond dissociation energies. The theo-
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retical bond energies are D. values while the experimental values are generally
determined at ~298 K. Thus we must estimate the difference between D. and
D3gg for MH* and MCH{. Assuming an ideal gas with only translational and
rotational degrees of freedom active, the differences in bond dissociation ener-
gies between 0 K and 298 K are: Do(M*-H) = Dgs(M*-H) — 0.9 kcal/mol and
Do(M*-CH;) = D2gs(M1-CH;)—1.5 kcal/mol. Our calculations yield the metal-
hydrogen or metal-carbon vibrational force constants and also the CH3 umbrella
mode force constant (see Table I), but we did not allow other metal methyl mo-
tions in our calculations. The average zero point energy for the hydrides of the
nine metal ions in this study is D — Dy = 2.5 kcal/mol. Frequencies have been
measured experimentally for CuCH;?", and ZnCH;3%® (in a BH; ZnCH] salt).
CH;3Br and CH3I?? should also give good estimates for vibrational frequencies.
Zero point energies for the four species vary from 21.2 to 22.6 kcal/mol with an
average of 22.1 kcal/mol. The experimentally determined vibrational frequencies
for the methyl radical?® lead to a zero point energy of 18.2 kcal/mol. For the
MCH{ species, the zero point energy leads to D, — Dy ~ 3.9 kcal/mol. Thus,
for MHt, D2gs = D — 1.6 and for MCHY, Djgg = D, — 2.4. Thus Dygs(M+-C)
— D29s(M*-H) = D,(M*-C) — D, (M*-H) — 0.8.

By and large, the theory leads to similar M*-H and M*-C bond energies
(average difference: 0.4 keal/mol in favor of M*-C). The values range from 3.6
kcal/mol weaker (MoCHY) to 6.0 kcal/mol stronger (ZnCHJ). On the other
hand, experimental studies!3?*3° find metal methyl ion bond dissociation en-
ergies to be stronger than that for the corresponding metal hydrides by about
6 kcal/mol on the average. Indeed, using bond dissociation energies for Sct-
Mn* from the most recent ion beam studies,!®14 the average difference in metal
methyl and metal hydrogen bond strengths is 1.7 kcal/mol. For Fe™, Co™t, NiT,
and Zn* the average experimental difference is 9.9 kcal/mol. Less is known ex-
perimentally about the second row transition metals. YCH] and RhCHJ bond

energies’?* are found to be 5 kcal/mol stronger than the respective hydrides,
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while RuCHf and PACH{ are reported 13 and 14 kcal/mol stronger.!?

Table IV compares the theoretical and experimental bond dissociation en-
ergies for various MH* and MCHJ . It should be pointed out that the CI values
for D(M*-H) are for the RCI(1/2)X[Dg + Sp+,va1] (DCCI-GEOM calculations
of reference 20) which correspond to the calculations on MCHY and not to the
highest level of calculation performed on the metal hydrides (DCCI calculations
of reference 20). The numbers presented here will thus be slightly different than
the bond dissociation energies published elsewhere?°. It should also be empha-
sized that there remain significant uncertainties in the experimental numbers.
Most of the M* 4 H; reactions used for determining D(M*-H) have been exten-
sively reevaluated to determine the role of excited state metal ions in the beam.!?
This has led to decreases in the experimental M*t-H bond energies by up to 10
kcal/mol (in the case of FeH*). Similar reevaluation has not been made for most
of the metal methyl experiments (the values for VCH; and ZnCH; are probably
the best) so that the experimental bond energies may yet be closer to the metal
hydride bond energies (and closer to the theoretical values).

For saturated metal systems, the few molecules where directly compa-
rable bond energies for M~CH; and M-H bonds have been determined, all
lead to much stronger metal hydrogen bonds, with an average difference of
18 kcal/mol. The systems (differences in bond dissociation energies) are:
Cp2MoR; (23 keal/mol),'® Cp; WR; (23 keal/mol),'® Cp3ThR; (13 keal/mol),}"
and Mn(CO)sR (15 kcal/mol)!® where Cp is the cyclopentadienyl ligand, Cp*
is the pentamethylcyclopentadienyl ligand, and R is CH; or H. Bond energies
to larger alkyl fragments have generally been found to be quite weak (on the
order of only 20 kcal/mol in some Co systems).’ In general, the low M~C bond
energies are attributed to steric factors, although it could also be due partly to
the relaxation energies of the alkyl radical (which is absent in the M—H bond
breaking process).

Several theoretical calculations comparing M—H and M—CHj; bonds in neu-
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tral metal systems have also been carried out. Low and Goddard?®! studied
PdR; and PtR; (R = H, CHj3), finding average bond energy differences of 14.2
and 15.7 kcal/mol for Pd and Pt respectively (M-H stronger than M-C), whereas
for (PH3);PdR; and (PH3):PtR; they find differences of 17.3 and 18.7 kcal /mol.
These calculations did not correlate the CH bonds (although they did correlate
the d orbitals) and hence may be biased against the M-C bonds. Carter and
Goddard?® studied several CIRu-R systems, which yielded Ru-H and Ru-CH,4
bond energies that are within 0.2 kcal/mol of each other when electron correlation
is included between the M—C and C-H bond electrons, while the Ru—~CH; bond
energy is weaker than the Ru-H bond energy by 13 kcal/mol when this electron
correlation is not included. Calculations on Cr*-R without correlation of the
C-H electrons®? lead to a chromium methyl bond energy which is 7.1 kcal/mol
lower than the chromium hydrogen bond energy while the present study (includ-
ing this correlation) gives a bond energy difference of only 1.2 kcal/mol. Thus,
for bond energy purposes, correlation of the C—H electrons with the electrons
in the bond being broken is very important (5-13 kcal/mol). Summarizing, the
calculations suggest that the M-C and M-H bonds are very similar in systems
with little or no steric hindrance.

For the metal ion systems, the “increased” strength of the metal carbon
bond is usually explained as due to stabilization of the ionic charge by either
resonance effects

Mt—CH; «— M—CH}

or through an ion-induced dipole interaction. The latter effect can be estimated

using
—e2a 166a
VO = 3r7 = RS

kcal /mol

where R, is the internuclear separation in A, a is the ligand polarizability in
A3, and e is the unit charge of the electron.33 Average values of o for H and

CHj are 0.4 A% and 1.95 A3, respectively.333 Although this equation does not
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take into account covalent bonding interactions or electron-electron repulsion, it
does give some idea as to the stability that could be imparted due to dipolar
effects. Setting Ro equal to the calculated bond lengths for the species, the
average difference in V(r) for M*-H and M*-CH; is only 5.5 kcal/mol. Thus it
is possible that ion-induced-dipole effects could play a small part in the bonding.
However, the charge transfer from the metal to the ligand for MH* and MCH
is quite similar, and differences in charge transfer do not correlate with increased

metal methyl bond energies.

III. Summary

We report ab initio theoretical calculations on MCHY for nine transition
metal systems representing a variety of bonding conditions. In all instances the
metal methyl bonds are very similar to the sigma bonds found in MH* systems.
This similarity includes bond orbital overlaps, charge transfer, and metal orbital
hybridization. A comparison of M*-C and M*-H theoretical bond energies also
shows that the two types of sigma bond are very similar (the average difference

for the nine metal systems being ~0.4 kcal/mol).
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IV. Calculational Details

Basis Sets. The same metal basis sets have been used as in the previously
published metal hydride calculations. The first row metals are described by
the all electron valence double-zeta (VDZ) basis sets of- Rappé and Goddard??
(13s,10p,5d/5s,4p,2d). The second row metals, except Cd, are described using
the effective potential basis sets of Hay and Wadt,3® which treat the 4s, 4p,
5s, 4d electrons explicitly (5s,5p,4d/4s,4p,3d). The Cd basis is also a Hay and
Wadt effective potential basis,3” however, the 4s and 4p electrons are included in
the effective core potential (3s,3p,4d/3s,3p,3d). The Dunning/Huzinaga3® VDZ
bases were used for C (9s,5p/3s,2p) and H (4s/2s), where { = 1.2 for H bonded to
C and ( = 1.0 for H bonded to M. One set of d polarization functions is included
on C (¢ =0.64).3°

Geometry Optimization. The metal methyl ion geometries were opti-
mized at the GVB-RCI(1/2) level of calculation (generalized valence bond re-
stricted configuration interaction). The geometry was optimized as follows. The
orientation around the carbon was initially fixed (C3y symmetry) using tetrahe-
dral bond angles (109.5°) and the methane bond length (1.094 A). The metal-
carbon bond length was then optimized. Using this new M*t—C bond length the
optimum M*-C-H angle was found. If the bond angle changed by greater than
5°, a second bond length optimization was performed. The C-H bond distance
remained fixed throughout the geometry optimization.

Wave Functions. Bond dissociation energies were calculated at the
GVB-PP(1/2), GVB-PP(4/8), GVB-RCI(1/2), GVB-RCI(4/8), RCI(1/2) x D,
RCI(1/2)x[Dy + Sm+), and RCI(1/2)X[Dy + Spr+ val) levels of calculation. A
comparison of the bond energies for MnH* and MnCH; at the various levels
is presented in Table II. The CI bond energies presented in Table IV for all
species is at the RCI(1/2)x[D, + Sy+ vai] level, which allows the molecules to
dissociate smoothly to the metal ion and the ground state of the ligand. All

molecules dissociate to the ground electronic state of the metal ion except for
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YCH] which dissociates to CH; and 3D Y*. In this case the bond energy is
determined by subtracting the experimental state splitting between the 3D and
1S states from the diabatic dissociation energy. A description of the various SCF
and configuration interaction calculations follows:

1) GVB-PP(1/2) and GVB-PP(4/8): In the perfect pairing (PP) approach
to GVB, each bond pair is assumed to have pure singlet spin pairing (as in a
simple VB spin function), but all orbitals are optimized. For N bond pairs, this
leads to 2N configurations.

2) GVB-RCI(1/2) and GVB-RCI(4/8): Restricted CI calculations allow the
two electrons of each GVB bond pair to occupy the two orbitals in all three possi-
ble ways, allowing either covalent or ionic bonding. This allows all spin couplings
(different VB structures), a particularly important effect for atoms with partially
filled d configurations. For a wavefunction with N GVB pairs, this leads to 3V
configurations and hence three configurations for (1/2) and 81 configurations for
(4/8). These calculations are dissociation-consistent: GVB-RCI(1/2) dissociates
to a Hartree-Fock (HF) description of both M* and CHjy; GVB-RCI(4/8) disso-
ciates to an HF description of M* and a GVB-RCI(3/6) description of CH3. For
the metal hydrides the GVB-RCI(1/2) calculations dissociate to HF fragments.

3) RCI(1/2)xD,: From the three RCI configurations all single and double
excitations are allowed out of the metal-ligand o bond to all virtual orbitals.
This calculation allows for all correlation between the two electrons of the bond
pair. It dissociates to an HF xS, description for both the metal ion and the
CH; fragments (the single excitation is from the s or d,: orbital on the metal,
depending on which is used for bonding, and from the p, orbital on CH;). Metal
hydrides dissociate to an HF xS, description of MT and an HF H atom.

4) RCI(1/2)x[D, + Sm+): To the configurations of (3) we add all those
formed by starting with the RCI configurations and allowing single excitations
from the metal nonbonding valence orbitals (to all occupied and virtual orbitals).
This calculation dissociates to an HF calculation on the ligand and an all singles



246

CI for the metal valence orbitals.

5) RCI(1/2)x[Ds + Sm+ va1): This calculation is similar to (4) except that
the single excitations are allowed out of all valence orbitals, not just those of the
metal ion. For the metal hydrides the two calculations are the same. The metal
methyls dissociate to an HF xS,,) description on both fragments. This leads to
an overcorrelation of the fragments in some cases (if single excitations on the
metal lead to an energy lowering, e.g., ZnCHY, PdCH;’, and CdCH;’) and hence
to a calculated dissociation energy that may be slightly too low. This effect
is not large and calculations by Carter and Goddard?? on RuCH; involving a
similar dissociation error show that the bond energy is underestimated by ~0.2
kcal/mol. We expect a similar error in our cases. As a test of the adequacy
of this level of electron correlation, Carter and Goddard?® performed a similar
calculation breaking the C-H bond in CH4. The theoretical bond dissociation
energy was calculated at 110.5 kcal/mol in comparison to an experimental D,
of 112.240.5 kcal/mol. The calculated bond dissociation energy is thus only
1.7 kcal/mol lower than the experimental value, suggesting that our comparable
calculations on MCHJ species should be quite adequate.
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