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Abstract 

Ab initio molecular electronic structure theory has been applied to the 

family of transition metal tetrahydrides TiH4 through NiH4 . For the TiH4 

molecule a wide range of contracted gaussian basis sets has been tested at 

the self-consistent-field (SCF) level of theory. The largest basis, labeled 

M(14s IIp 6d/10s 8p 3d), H(5s lp/3s lp), was used for all members of the 

series and should yield wave functions approaching true Hartree-Fock quality. 

Predicted SCF dissociation energies (relative to M + 4H) and M-H bond distances 
o 0 0 

are: TiH4 132 kcal, 1. 70 A; VH4 86 kcal, 1. 64 A; CrH4 65 kcal, 1. 59 A; MnH4 
o 0 0 0 

-36 kcal, 1.58 A; FeH4 0 kcal,. 1.58 A; CoH4 27 kcal, 1.61 A; NiH4 18 kcal, 1.75 A. 

It should be noted immediately that each of these SCF dissociation energies will 

be increased by electron correlation effects by perhaps as much as 90 kcal. 

For all of these molecules except TiH4 excited states have also been studied. 

6ne of the most interesting trends seen for these excited states is the 

shortening of the M-H bond as electrons are transferred from the antibonding 

4t2 orbital to the nonbonding Ie orbitals. 
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Introduction 

The first organometallic transition metal hydride, H2Fe(CO)4' was 

reported in 1931 by Hieber and Leutert. 1 The most common of these transi-

tion metal hydrides have typically only one hydrogen atom, for example 

HMn(CO)s and HCO(CO)4' The structures of a fair number of these compounds 

have been determined experimentally, 2 with the Mn-H distance in'HMn(CO)S' 

3 0 

for example, being 1.60 A. Many transition metal hydrides with more 

than two hydrogen atoms (attached to a single transition metal) have also 

been synthesized,4 for example RuH4 [P(C6HS)3]3
S 

and ReH7 [p(C6HS)3]2
6

• 

However truly homo1eptic (i.e., having only one type of ligand R in 

MR ) transition metal hyarides are very rare. The best known exception n 
2-is the spectacular ReH9 dianion, discovered in 1969 by Ginsberg, Miller, 

7 2-
and Koubeck. ReH

9 
has two chemically different types of hydride ligands 

8 
in the solid, and the analogous technetium complex has also been prepared. 

A rather different sort of homoleptic transition metal hydride, TiH4, 

9 has also been reported, but no spectroscopic or structural characterization 

has appeared to date. We should be quick to point out that the experimental 

observation of TiH4 in a mass spectrometer does not necessarily imply that 

TiH4 lies lower in energy than Ti + 2H2. This would require that each Ti-H 

10 
bond energy be ~ 54 kcal, which is rather unlikely. Instead the existence 

of TiH4 probably means that there is a local tetrahedral minimum, higher in 

energy than Ti + 2H2 but separated from the latter by a distinct barrier. 

Such a situation will not surprise the reader if he recalls that formaldehyde, 

11 a very stable molecule by most criteria, lies energetically slightly above 

• 
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We suspect that other homoleptic transition metal hydrides will be 

synthesized and characterized during the next decade. The most encouraging 

evidence that this is likely is the recent synthesis of a number of homo-

1 · i . 1 lk 1 12,13 P h h 1 f h ept1c trans t10n meta a y s. er aps t e most spectacu ar 0 t ese 

14 15 . 15 
compounds have been W(CH3)6' Nb(CH3)5' and Ta(CH3)5' since it is 

generally conceded that the transition metal alkyls MR with the smallest 
n 

ligands R are particularly interesting from a theoretical perspective. 

The existence of the above three molecules leads to the obvious question of 

whether the analogous hydrides WH6 , NbH5 , and TaH5 might also be synthesized 

under suitable conditions. The plausibility of this suggestion is in turn 

supported by the fact that the preparation of TiH49 followed that of 

Ti(CH3)4l6-l8 by only four years. 

In this paper we present detailed ab initio theoretical studies of the 

homoleptic transition metal hydrides MH4, for M = Ti-Ni. As such this is 

19 perhaps the first systematic theoretical study of a series of polyatomic 

molecules incorporating most of the first row transition metal atoms. Of 

these seven molecules, only TiH4, as noted above, has been prepared 

experimentally. However, a series of MR4 transition metal alkyls, with 
, ,20 

R = l-norbornyl =Nor, was reported in 1972. Of these Nor4Ti, Nor4V, 

Nor4Cr. Nor4Mn, Nor4Fe. and Nor4 Co maybe modeled in the simplest picture 

by the first six molecules studied here theoretically. For this reason 

" 

we hope that the present paper will play a constructive role in the unfold-

ing story of organometallic chemistry. 



-4-

Selection of Basis Sets 

21 
As we have noted elsewhere, a serious weakness of many previous ab 

initio studies of transition metal systems has been the use of rather 

restricted basis sets. Although such compromises are inevitable for large 

22 organometallic systems, for the simple molecules studied here we can 

employ relatively extravagant basis sets. Therefore, we began by testing 

a number of basis sets for the closed-shell TiH4 molecule. 

The first Ti atom basis set adopted was the (12s6p4d) set of Roos, 

Veillard, and Vinot.
23 

Th ' . . . 11 d24 8 4 2d 1.S was 1.n1.t1.a y contracte to s p in the 

most obvious way, i.e., the five s, three p, and three d primitive gaussian 

functions with largest exponents were grouped into single linear combinations, 

respectively. The same general scheme, which provides maximum flexibility 

in the valence region, was used in all contracted basis sets employed in 

this work. In conjunction with the Roos Ti basis, the standard
24 

(4s/2s) 

basis was adopted for each hydrogen atom. 

One of the more serious weaknesses of the above basis is the lack of 

basis functions to describe the 4p orbital of titanium. This weakness is 

overcome in entry 2, where two sets of more diffuse (exponents given in Table I) 

p functions have been added. It is seen that this extension of the basis lowers 

the total TiH4 energy significantly, by 0.042 hartrees. Following a 

23 suggestion by Roos, Veillard, and Vinot (RVV), the outermost s function 

was then deleted (entry 3), under the assumption that a precise description 

of the metal atoms 4s orbital is less important for the molecule than for 

the free atom. The wisdom of RVV's proposal is seen clearly in Table I, 

the energy loss upon deletion of the final s function being only 0.0002 
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hartrees. In a similar manner the sixth p function was thereupon deleted, 

but the energy loss here is notably larger, 0.006 hartrees. 

The most dramatic energy lowering in the series of calculations 

beginning with the RVV basis occurred upon making theTis contraction 

slightly more flexible, from (11s/7s) to (11s/8s). This change alone 

(entry 5) lowered the total energy by 0.132 hartrees. The comparable 

relaxation of the p basis contraction lowered the total energy (entry 6) 

by only 0.011 hartrees, and this additional flexibility in the d basis 

set was of virtually no importance at all (energy lowering 0.00003 hartrees, 

entry 7). The last entry in this series concerns the addition of a more 

diffuse set of d functions. This extension of the metal atom basis was 

first suggested by RVV23 and has been shown25 ,26 to be very important in 

reproducing the energy difference between the s 2dn , sdn+l , and s Odn+2 

configurations of the first transition series. In this case the energy 

lowering is relatively small, 0.003 hartrees (entry 8). 

The second series of TiH4 basis set tests began with the larger metal 

atom set of Wachters: 27 Ti(14s9p5d), flexibly contracted to (10s7p2d). 

This is complemented by a larger hydrogen s set, (5s/3s). Due to the 

improved description of the Ti atom, the TiH4 total energy now (entry 9) 

is 0.35 hartrees below the comparable RVV result. From this starting point, 

the same (as described in the above two paragraphs) general pattern of 

basis function deletions and additions was performed. The only addition 

not previously attempted was that of a set of optimized p polarization 

functions on each H atom. These additional 12 basis functions lowered the 

total energy by 0.013 hartree (compare entries 13 and 10). 
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The size basis set finally adopted for all the metal hydrides was the 

1 °d d ( 15) I ° 1 d W h 1 b ° 27 argest one conS1 ere entry • t 1nc u es ac ters arge aS1S, 

flexibly contracted and augmented by two sets of p functions and one set 

of d functions on the metal; and t~e hydrogen 5s/3s set augmented by p 

polarization functions. Although it may reasonably be argued that this 

basis is actually larger than required for the ground state of TiH4' it 

was chosen because we cannot be certain that the smallest acceptable basis 

set (entry 5) for TiH4 would be equally suitable for the ground and 

excited states of the other MH4 molecules (M = Ti, V, Cr, Mn, Fe, Co, 

Ni). 

A few more details concerning the basis sets for the other metal 

atoms should be filled in here. The added p and d basis functions were 

V(0.175, 0.068; 0.0820), Cr(0.192, 0.075; 0.0912), Mn(0.2l0, 0.082; 0.1054), 

Fe(0.23l, 0.0899; 0.1133), Co(0.2458, 0.0967; 0.1219), and Ni(0.264, 0.104; 

0.1316). These p functions were appended to the existing Wachters (9p) 

sets
27 

using the even-tempered criterion of Ruedenberg, Raffenetti, and 

28 Bardo. The exponents for the additional sets of more diffuse (spatially 

extended) d functions were those suggested ·by Hay25 to be used in conjunction 

with the original Wachters (5d) sets. Finally, for all MH4 molecules, 

the hydrogen p function orbital exponents a were chosen to be 0.5, based 

on the TiH4 optimization. 

For 5n Cr(4s2 3d4), 6S Mn (4s2 3d5), and 5n Fe(4s2 3d6) the total atomic 

SCF energies obtained with the above basis sets were -1043.2860, -1149.8363, 

and -1262.4073 hartrees, respectively. These energies are in turn higher 

than the analogous near Hartree-Fock results of Clementi and Roetti29 
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by 0.0235, 0.0294, and 0.0359 hartrees. The remaining errors are quite 

small for transition metals, are primarily due to the incompleteness of 

our basis in the region close to the nucleus, and lead us to conclude 

that our basis sets are of near Hartree-Fock quality in the valence region. 
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Electronic States of MH4 Molecules 

The electron configuration for the ground state of TiH4 is relatively 

unambiguous: 

(1) 

However, for VH4 and the higher members of the tetrahedral series the 

lowest electron configuration is less obvious. This is due, in retrospect, 

to the near degeneracy of the Ie and 4t2 molecular orbitals. For example, 

for VH4 there are two possible ground state electron configurations 

and 

2 6 •...•. 4al 3t2 Ie 

leading to 2E and 2T2 electronic states, respectively. The present 

theoretical research predicts, as seen in Figure 1, that the 2E state 

lies lower by ~ 36 kcal/mole. 

(2) 

(3) 

Even if we assume that the Ie orbital lies slightly below the 4t2 

orbital, it is not completely clear what is the lowest electron configura-

tion for the CrH4 molecule. Although the obvious choice is 

262 . . . . •• 4a
l 

3t
2 

Ie 

a plausible second choice is 

(4) 

... 
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Z 6 •••••• 4al 3tz Ie 4tz (5) 

3 We find the CrH4 ground state to be of AZ symmetry, arising from (4), and 

that states arising from (5) lie higher. Specifically, there are two 

3 3 triplet states ( Tl and TZ) which arise from electron configuration (5) 

3 and the average energy of the two lies ~ 50kcal above the AZ ground state. 

1 
The first excited state of CrH4 actually arises from (4), is of E symmetry, 

and lies at 47 kcal, as seen in Figure 1. 

For MnH4 the above discussed dilemma becomes even more acute 

placing a third electron into the Ie orbital 

since 

Z 6 3 
•••••• 4a

l 
3tz Ie 

yields the first low spin electronic state of the series. Restricted 

Hartree-Fock theory predicts the 4Tl state arising from 

Z 6 Z 
•..••• 4al 3tz Ie 4tz 

(6) 

(7) 

Z to lie 19 kcal below the E state. However, one anticipates that electron 

Z correlation will be more important for the E state, and the exact splitting 

will be significantly smaller (with the possibility of sign reversal). 

Th 1 4 Z f" " 1 "d d d h f h 4T e e t z con 19urat10n was a so conS1 ere an t e average 0 tel 

and 4TZ SCF energies found to lie ~ 50 kcal above the ground state. 

Again for FeH4 , SCF theory favors the high spin 5TZ state arising from 

over the closed shell 

2 6 2 Z •..••• 4a
l 

3t
Z 

Ie 4tz (8) 
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264 •..•.• 4a
1 

3t2 1e 

1A1 state. This 5T2-1A1 separation is predicted to be ~ 23 kca1, a 

number which again will surely decrease when electron correlation is 

taken into consideration. A third electron configuration 

4ai 3t~ 1e 4t~ 

(9) 

(10) 

is also competitive, with its 5E state lying 48 kca1 above the 5T2 state 

in the present Hartree-Fock study. For completeness the average of the 

3T and 3T states arising from 1 2 

5 
were also considered and found to lie ~ 40 kca1 above T2 . 

Although it would have been desirable to perform separate SCF 

(11) 

calculations on the latter two states, this is not possible with the present 

methods. The problem is that the individual 3TI and 3T2 energy expressions involve 

two-electron integrals of greater complexity than the simple shell-averaged J and 

K " . 1 31,32h " h hId" h 1 I " 1ntegra s,' w 1C were t e on y ones use 1n t ese ca cu at10ns. 

For CoH4 the electronic ground state is unambiguously predicted to 

be the high spin 6A1 state, arising from 

(12) 

4 
The Al state illustrated in Figure 1 is an alternate space-spin 

coupling of (12). The low-spin configuration 

(13) 

• 

- , 
i 
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(2T electronic state) is predicted to lie 66 6 ground 2 kcal above the Al 

state. The average of the 4Tl and 4T2 states .. f 32 1 ar1s1ng rom e t2 was a 'so 

examined and found to lie 'V 60 kcal above the ground state • 

The final member of the series, NiH4 , displays a near degeneracy 

of electronic states quite similar to that seen for VH4, the first,open

shell member of the series. For NiH4 the question is, given that both 

the Ie and 4t2 orbitals are half-filled for CoH4 , which orbital will 

"attractll the last electron? If the Ie orbital succeeds, in analogy 

with VH4 , the ground electronic state will be of 5E symmetry, arising 

from 

The other possibility, which actually lies lower by 11 kcal in SCF 

theory, is the 5T2 state, in which the 4t2 orbital becomes quadruply 

occupied 

The energetically highest electronic state considered in Figure 1 for 

NiH4 is the low spin 3Tl state, arising from 

(14) 

(15) 

(16) 

In summary then, we have shown that Hartree-Fock theory predicts high 

spin ground states for all the tetrahedral metal hydrides MH4 • The Ie 

and 4t2 orbitals are nearly degenerate, with the Ie orbital energy lying lower 
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for all members of the series. Despite this consistent orbital energy 

ordering, however, for the final member NiH4 of the series, the fractional 

occupation of the Ie orbital (1/2) is less than that of the 4t2 orbital (2/3). 

I 
i; 
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Bond Energies and BondD~stances -
Before attempting an .analysis of the molecular orbitals of the MH4 

molecules, let us gather some more information concerning the observable 

properties of these species, of which only TiH4 has been synthesized9 to 

date. For this purpose, Table II collects the predicted equilibrium near 

Hartree-Fock M-H bond distances and dissociation energies. 

A more sweeping view of the predicted ground state bond distances 

and dissociation energies is seen in Figur~ 2. There it is seen that 

the predicted ground state r (M-H) plotted vs. atomic number appears e 

somewhat parabolic, with the minimum re(M-H) occurring for MnH4 • This 

is initially rather surprising since the Hartree-Fock dissociation 

energy is smallest for the manganese compound. It is thus clear that 

for the MH4 family the traditional maxim 

short bond ~ strong bond 

does not apply. 

A second very unconventional result is that for NiH4' as seen in 

(17) 

Table II, the excited electronic states all have shorter bond distances 

than the ground state. It is clear from Table II that transfer of electrons 

from the 4t2 orbital to the Ie orbital may be correlated with the decreas

ing NiH4 bond distances. This point will be dealt with more satisfactorily 

in the following section. 

Prior to any discussion of the MH4 dissociation energies it must be 

emphasized that the Hartree-Fock approximation will inevitably predict 

De values that are too small. Since there is no correlation energy at all 
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for the hydrogen atom, the entire extramolecular correlation energy33 

will contribute additively to the predicted dissociation energy. If 

one places a very rough upper limit of one eV per electron pair bond, 

it is seen that the true MH4 dissociation energies could be as much as 

4 x 23 = 92 kcal/mole greater than the Hartree-Fock values of Table II. 

As implied in the introduction, a dissociation energy of ~ 216 

kcal is required for the absolute thermodynamic stability of MH4 relative 

to M + 2 H2 . Of the seven MH4 molecules studied here, only TiH4 comes 

close to having a predicted dissociation energy this large. It should 

be reiterated, of course, that absolute thermodynamic stability is by 

no means a prerequisite for the preparation and characterization of a 

molecular species. 

In this light, we suspect that VH4 and CrH4 could be prepared in 

the laboratory, in the near future, under appropriate conditions. The 

remaining four molecules MnH4, FeH4 , CoH4, and NiH4 will probably remain 

hypothetical for the indefinite future, unless some alternate geometry 

(e.g., square planar) should prove energetically more favorable. Their 

hypothetical nature notwithstanding, molecules such as CoH4 should still 

be considered as reasonable zeroth order molecules for the more complicated 

stable transition metal alkyls such as Co (l-norbornyl) 4. 
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Electron Correlation and High Spin-Low Spin Energy Differences 

34 As noted above, one intuitively expects the Hartree-Fock approxima-

tion to be a better one for high spin systems than for the comparable 

closed-shell molecular states. To explicitly test the magnitude of this 

differential correlation effect, it was decided to examine the vertical 

5T2-lAl energy separation for FeH4 in more detail. 

For this purpose a much smaller basis than our standard set was 

adopted. For the iron atom this smaller basis may be designated 

Fe(lls 8p 4d/8s 5p 2d), while for hydrogen a simple double zeta set 

(4s/2s) was chosen. Clearly this smaller basis is much less complete and 

flexible than that used for the SCF calculations reported in Table II. 

However, since the energetic quantity of interest here is the difference 

~E(5T2-lAl)' it was hoped that the basis set deficiencies would be roughly 

comparable for the two states. 

At the SCF level, the new smaller basis set yields total energies of 

-1264.05639 (5T2 ) and -1264.01239 (lAl) hartrees. The SCF energy separation 

5 1 thus obtained is ~E( T2- AI) = 27.6 kcal, or 4.4 kcal greater than predicted 

using the larger near Hartree-Fock basis set. 

Configuration interaction (CI) was carried out including, with some 

restrictions, all single and double excitations. First among the restrictions 

was the fact that the argon core was "frozen" with respect to correlation 

effects. That is, the lal , 2al , lt2 , 3al , and 2t2 orbitals were fully 

occupied in all configurations. Secondly, the highest five virtual orbitals, 

corresponding roughly to the counterparts of the atomic Fe Is, 2s, 2p 

orbitals, were .deleted from the CI. 
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The CI energies obtained in this manner were -1264.28863 (5T2 ) and 

1 -1264.27335 ( AI) hartrees. The predicted CI ~E value is thus 9.6 kcal, 

a full 18 kcal less than the comparable SCF result. It is readily seen 

5 that the T2 state is indeed much better described within the single 

configuration approximation. If we subtract the same 18 kcal from the 

near Hartree-Fock ~E(5T _lA ) value of 23.2 kcal (Table II), a final 2 1 

prediction of ~ 5 kcal for ~E may be made. 
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Interpretation: Electronic Structure Considerations 

An understanding of the nature of the MH4 molecular orbitals is 

sufficient to explain most of the qualitative predictions presented 

here. To aid in this effect, MH4 orbital energies £i are listed in 

Table III and illustrated in Figure 3 as a function of atomic number. 

Further, Mulliken atomic populations are given in Table IV. 

A striking result of Table III and the analogous Figure 3 is 

the fact that the 4t2 , Ie orbital energy splitting is consistent with 

simple crystal field theory. As will be noted later, the 4t2 orbital 

is antibonding in character and this in turn rationalizes its higher 

orbital energy and the small dissociation energies of MnH4 and FeH4 • 

As one moves across the series to NiH4 and 4t2 orbital becomes more 

strongly bound and the M-H bond strength increases accordingly. This 

argument, of course, is oversimplified and it might also be mentioned 

that the fully occupied 3t2 orbital also has a higher orbital energy for 

MnH4 and FeH4 than for the other members of the series. 

The Mulliken populations provide a remarkably coherent and continuous 

description of the MH4 electronic structures. Most notably, all seven 

. +0 -0/4 
ground state molecules are somewhat polar ln the M (H )4 sense. TiH4 

is the most "ionic" with the Mulliken description placing 1. 29 electrons 

on each H atom. This hydrogen population decreases monotonically across 

the series and is only 1.13 electrons in NiH4• 

The metal s orbital populations are also nearly monotonic, although 

over a rather small range. That is, the metal 4s population increases 

from 0.60 Mulliken electrons to 0.75 e. It is certainly interesting 
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that ligands as inocuous as atomic hydrogen are rather effective in 

Zl 
removing metal 4s character. The metal 4p character is roughly 

comparable to 4s, ranging from 0.51 e for TiH4 to 0.84 e- for FeH4 . 

Metal 3d populations are usually only slightly reduced from the sZd
n 

levels observed for the free atom. Thus a rough idea of the metal atom 

0.6 0.6 dn hybridization for MH4 molecules is s p • 

The most important qualitative trends to explain are those seen in 

Figure Z, perhaps most notably the decrease in M-H bond distance when electrons are 

transferred from the 4tz orbital to the Ie orbital. The abinitio 

correlation diagram of Figure 4 explains this trend in a simple manner. 

Figure 4 shows that the 4tz orbital is an antibonding combination 

of metal 3d and hydrogen Is atomic orbitals. On the contrary the Ie 

orbital is purely metal 3d-like in the simplest picture and hence non-

bonding. Thus it may be expected that transferring electrons from an 

antibonding (4tZ) orbital to a nonbonding (Ie) orbital will shorten the 

observed bond distances. Actually, Figure 4 is potentially confusing, 

since the bonding 3tZ orbitill.l energy lies above the antibonding 4tz orbital 

energy. Howelller, as tUscussed elsewhere, 35 this inversion is a consequence 

of the open shell character of the Fe atom, and does not affect the expected 

eharacter of the 3tZ and 4tz orbitals. Note finally in Figure 3 that the 

ordering of the 3t2 and 4tz orbitals resumes the expected one for the CoH4 

and NiH4 molecules. 

A two-fold argument may be used to rationalize the roughly parabolic 

shape of the r vs. atomic number curve in Figure Z. In the first half e 

of the series the primary effect is the shrinkage (vs. atomic number) 

of the size of the metal atom. However, in the second half of the series 
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this effect is overcome by the gradual filling of the antibonding 4t2 

orbital. 
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Concluding Remarks 

The present study of tetrahedral transition metal hydrides MH4 is 

intended to serve as a model for the corresponding transition metal alkyls. 

It is clear, of course, that there will be significant differences, for 

example, between CrH4 and Nor4Cr. But this model study should provide 

reasonable guidelines with respect to trends in such quantities as bond 

energies, bond distances, and high spin-low spin energy differences. 
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Figure Captions 

1. Predicted energetic positions of several of the lower electronic 

states of MH4 molecules. 

2. Near Hartree~Fock bond distances and dissociation energies for tetra-

hedral metal hydride ground electronic states. 

3. Valence orbital energies for the Hartree-Fock ground electronic states 

of tetrahedral transition metal hydride molecules MH
4

. 

4. Correlation diagram relating the Fe atom (5D ground state), FeH4 

molecule (5T2 ground state), and four hydrogen atoms. 
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Table I. Comparison of different contracted gaussian basis sets in SCF calculations on tetrahedral 

TiH4 with bond distance r(Ti-H) = 3.2 bohr radii. 

Titanium Basis Hydrogen Basis 

1. l2s 6p 4d/8s 4p 2d 4s/2s 

2. l2s 8p 4d/8s 6p 2d 4s/2s 

3. lIs 8p 4d/7s 6p 2d 4s/2s 

4. lIs 7p 4d/7s sp 2d 4s/2s 

5. lIs 8p 4d/8s 6p 2d 4s/2s 

6. lIs 8p 4d/8s 7p 2d 4s/2s 

7. lIs 8p 4d/8s 7p 3d 4s/2s 

8. l2s 8p sd/8s 6p 3d 4s/2s 

9. l4s 9p sd/lOs 6p 2d ss/3s 

10. l4s lOp 5d/lOs 70 2d 5s/3s 

11. l3s lOp 5d/9s 7p 2d 5s/3s 

12. l3s lOp sd/9s 7p 2d 4s/2s 

13. l4s lOp 5d/lOs 7p 2d ss lp/3s lp 

14. l4s IIp sd/lOs 8p 2d ss lp/3s lp 

15. l4s IIp 6d/lOs 8p 3d 5s lp/3s lp 

Remarks Energy (hartrees) 

Original Roos basis set -850.22268 

Add p functions (to describe -850.26466 
4p orbital) with a = 0.2338, 
0.0917 

Delete s basis function in #2 -850.26450 
with smallest exponent 

Delete s basis function in #3 -850.25825 
with smallest exponent 

Make s basis contraction in #3 -850.39665 
more fl exib Ie 

Make p basis contraction in #5 -850.40757 
more flexible 

Make d basis contraction in #6 -850.40760 
more flexible 

Add diffuse d function (a -850.26744 
0.0729) to 112 

Original Wachters basis set -850.57136 

Add p function (a 0.156) 
to #9 

Delete s basis function in 
#10 with smallest exponent 

Use smaller hydrogen s set 
than in #11 

Add and optimize (a = 0.5) p 
functions on hydrogen 

Add second p basis function 
(a = 0.0611) to describe 
Ti 4p 

Add diffuse d function (a 
0.072) to #14 

-850.58824 

-850.58812 

-850.57926 

-850.60089 

-850.60096 

-850.60127 
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Table II. Bond distances and energetic information for tetrahedral transition metal 

hydride molecules. 

Electronic State 

VH4 2E e 

2T t 
2 

3 2 CrH4 A2 e 

1E 2 e 

MnH4 4T 
1 t e 2 

2 
2E 3 e 

FeH
4 

5T 
2 

t 2 2 
2 e 

1A 4 
1 e 

5E 

CoH4 
6A 1 

3 2 
t2 e 

4A 
1 

3 2 
t2 e 

2T t 2e 4 
2 

4T t 3e2 

NiH4 
5T 2 

4 2 
t2 e 

5E 3 3 
t2 e 

3
T 1 

2 4 
t2 e 

1A 
1 

2 4 t e 2 

3
A t 4e2 

2 2 

o 
re (M-H), A 

1.637 

1.588 

1.583 

1.659 

1.577 

1.537 

1.580 

1.494 

1.642 

1.607 

1.676 

1.489 

1. 751 

1. 622 

1.500 

1.487 

1. 657 

Total Energy 
(hartrees) 

-945.00223 

-1045.38918 

-1045.31463 

-1045.24645 

-1151. 77884 

-1151. 74885 

-1264.40580 

-1264.36877 

-1264.32865 

-1383.41103 

-1383.35335 

-1383.30486 

-1508.84464 

-1508.82767 

-1508.76287 

-1508.66163 

-1508.65379 

Se1f-Cons~stent Field 
Dissociation Energy 

(kca1/mo1e) 

86 

65 

36 

0 

27 

18 

Relative Energy 
(kca1/mo1e) 

0 

0 

47 

90 

0 

19 

0 

23 

48 

0 

36 

67 

0 

11 

51 

115 

122 
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Table III. Predicted orbital energies (in hartrees) for MH4 Hartree-Fock ground electronic states at 

their respective equilibrium geometries. 

la
1 

2a
1 1t2 3a

1 2t2 4a1 3t2 4t2 Ie 

TiH4 1A 
1 -183.438 -24.624 -17.990 -3.027 -1. 939 -0.482 -0.453 

VH4 2E e -201. 663 -24.068 -20.214 -3.326 -2.153 -0.492 -0.462 -0.582 

CrH4 
3 

A2 e 
2 

-220.744 -26.621 -22.545 -3.629 -2.372 -0.502 -0.468 -0.668 

MnH4 
4 2 

T1 t 2e -240.720 -29.325 -25.027 -3.974 -2.628 -0.518 -0.501 -0.518 -0.751 

2E 3 -240.694 -29.297 -24.999 -3.941 -2.598 -0.509 -0.475 -0.637 e 
I 

5 2 2 
N 

FeH
4 . -261. 551 -32.140 -27.617 -4.325 -2.891 -0.532 -0.545 -0.565 -0.830 " T2 t 2e I 

1 
Al e 

4 -261.497 -32.082 -27.560 -4.260 -2.829 -0.516 -0.481 -0.659 

CoH4 
6A t3 2 

1 2e -283.168 -34.985 -30.238 -4.612 -3.092 -0.521 -0.605 -0.513 -0.825 

NiH4 
542 

T2 t 2e -305.671 -37.973 -33.000 -4.939 -3.331 -0.504 -0.735 -0.408 -0.824 



Table IV. Mulliken atomic populations for tetrahedral transition metal hydrides MH4• 

Metal s Metal p Metal d Hydrogen s Hydrogen p 

TiH4 
1 
Al 6.60 12.51 1.67 5.16 0.062 

VH4 2E e 6.61 12.57 2.81 4.96 0.064 

CrH4 
3 

A2 e 
2 6.61 12.62 3.90 4.81 0.064 

MnH4 
4 2 6.67 12.75 4.83 4.69 0.067 

I 
T1 t 2e N 

00 
I 

2E 3 6.60 12.61 5.03 4.69 0.067 e 

FeH4 
5T 2 

2 2 t 2e 6.72 12.84 5.75 4.63 0.065 

1A 4 6.59 12.60 6.13 4.61 0.067 1 e 

CoH4 
6A 1 

t3 2 
2e 6.71 12.74 6.93 4.55 0.058 

NiH4 
5T 4 2 6.75 12.74 7.96 4.51 0.039 2 t 2e 

~. 
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