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Abstract: We present here consistent ab initio calculations (generalized valence bond plus configuration interaction) on the
11 molecules MH* with M = Ca through Zn. The ground-state symmetry, bond distance, vibration frequency, and bond
energy are reported. The character of the wave function is used to analyze the bond energy and to rationalize the ground-state
symmetry and spectroscopic properties. Excellent agreement (average error = 3.5 kcal) is found with recent experimental

bond energies.

In order to understand the bonding in transition metals, it is
important to disentangle several competing terms: (a) the relative
intrinsic strength of bonding to metal s and d orbitals, (b) ad-
ditional hybridization stabilization resulting from mixing of s, p,
and d orbitals, (c) the availability of the optimal-bonding orbital
ot combination of orbitals (it is sometimes necessary to excite the
atom to obtain the optimum orbital), and (d) the role of atom-
ic-exchange energies! in moderating the intrinsic bond energy.
Because of the large amount of experimental data becoming
available,> systematic theoretical studies on transition metal
hydride cations, MH™*, would be most valuable. Toward this end
we have carried out a sequence of consistent ab initio calculations
on the 11 transition-metal systems from CaH* to ZnH*. Here
we report the spectroscopic properties for the ground states of
systems at the highest level of calculation; a subsequent paper will
present further results on excited states and the results for lower
levels of calculation.

Calculational Details

All calculations involve all-electron ab initio wave functions
with a basis consisting of an optimized valence double-{ contraction
on the metal'®(5 d primitives) and the Dunning/Huzinaga double-{
basis!! for H (4s/2s) supplemented with one set of p polarization
functions optimized for MnH?* (¢ = 0.50). The starting point for
each calculation was a generalized valence bond (GVB) wave
function with the valence bond spin eigenfunction [GVB-PP-
(1/2)).1? Several higher-order calculations were carried out, each
designed to dissociate properly to the comparable level calculation
on the atoms. These higher-order calculations are based on the
procedures developed by Bair and Goddard!® and denoted as
GVB-DCCI (for dissociation-consistent configuration interaction).

The bond dissociation energy calculations involved starting with
the three configurations implied by the GVB wave function and

(1) Goddard W. A, III; Harding, L. B. Annu. Rev. Phys. Chem. 1978, 29,
363.

(2) Stevens, A. E; Beauchamp, J. L. Chem. Phys. Lett. 1981, 78, 291.

(3) Armentrout, P. B; Halle, L. F.; Beauchamp, J. L. J. Am. Chem. Soc.
1981, 103, 6501.

(4) Aristov, N.; Armentrout, P. B. J. Am. Chem. Soc. 1984, 106, 4065.

(5) Tolbert, M. A.; Beauchamp, J. L. J. Am. Chem. Soc. 1984, 106, 8117.

(6) Klein, F. S.; Beauchamp, J. L, unpublished results.

(7) Elkind, J. L.; Aristov, N.; Georgiadis, R.; Sunderlin, L.; Armentrout,
P. B., unpublished results.

(8) Po, P. L; Radus, T. P,; Porter, R. P. J. Phys. Chem. 1978, 82, 520.

(9) Bartmess, J. E.; Kester, J. D. Inorg. Chem. 1984, 23, 1877.

(10) (a) Rappe, A. K.; Goddard W. A., III, to be published. (b) Rappé,
A. K.; Smedley, T. A.; Goddard W. A., III J. Phys. Chem. 1981, 85, 2607.

(11) Huzinaga, S. J. Chem. Phys. 1968, 42, 1293, Dunning, T. H,, Jr.
Ibid. 1970, 53, 2823.

(12) Bobrowicz, F. W.; Goddard, W. A., III In “Modern Theoretical
Chemistry: Methods of Electronic Structure Theory”; Schaefer, H. F., III,
Ed.; Plenum Press: New York, 1977; Vol. 3, Chapter 4.

(13) Bair, R. A;; Goddard, W. A, II1 J. Phys. Chem. submitted for pub-
lication. Bair, R. A. Ph.D. Thesis, California Institute of Technology, Pas-
adena, California (1981).

0002-7863/86/1508-0582801.50/0

Table I. Character of Wave Functions for MH* from GVB
Calculations?

character of metal

bonding orbital trzgsgcegx'eto
molecule state %s %p %d overlap H
CaH* 13 600 163 237 0.749 0.19
ScH* 2A 46.2 135 403  0.763 0.22
TiH* 39 46.6 147 38.7 0.755 0.08
VH* ‘A 485 141 374 0.753 0.07
CrH* iz 406 125 469 0.734 0.07
MnH* 63 76.3 125 11.3  0.718 0.08
FeH* SA 73.1 12.8 141 0.732 0.06
CoH* ‘P 745 12,1 134 0730 0.03
NiH* 3A 76.5 11.0 125 0726 0.02
CuH* z 70.2 105 193  0.750 0.03
ZnH* 1z 90.7 8.9 0.4  0.690 0.07
av Ca-Zn 0.73 0.08

Ca-Cr 48 14 38
Mn-Cu 74 12 14

9 All results based on the GVB-PP wave function.

allowing all double excitations out of the bond pair simultaneous
with all single excitations out of the other nonbonding valence
orbitals. At R = «, this dissociates to a limit involving simul-
taneous single excitations out of the nonbonding orbitals and the
metal o orbital (the one associated with the bond). For various
C-H, N-H, O-H, and F-H bonds, Bair and Goddard!? found
that this procedure leads to bond energies about 3 kcal smaller
than the experimental. We anticipate similar accuracy for MH™*
and indeed find an average error of 3.5 kcal.

The equilibrium geometry and vibrational frequencies were
determined at a slightly lower level of calculation. This involved
starting with the three configurations of the GVB wave function
and allowing all double excitations from the bond pair plus all
single excitations out of the nonbonding valence orbitals. This
dissociates to single excitations from the nonbonding orbitals on
the metal ion.

Results

A. Character of the Wave Function. All MH™ bonds are quite
covalent, with an average of 0.08 e~ transferred from M* to H.
The GVB bond pair involves one electron in an orbital mainly
localized on the H and one electron in an orbital mainly localized
on the M*, as indicated in Figure 1. The overlap of this GVB
pair averages 0.73, typical for a strong covalent bond. For CaH*
through CrH™, there are zero to four nonbonding electrons, and
the ground state has all nonbonding electrons in = or é orbitals.
In this case, the bond orbital on M* has a significant amount of
do character (the average is 48% 4s, 14% 4p, and 38% 3do), as
indicated in Table I. However, for MnH* through CuH* there
are five to nine nonbonding electrons, leading always to one
nonbonding electron in do. In this case the M*-like orbital of
the bond pair is nearly 4s-like (74% 4s, 12% 4p, and 14% 3dg).
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Table IL. Spectroscopic Properties of MH*
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ground state

bond energies (kcal/mol)

config of nonbonded bond
sym- electrons distance vib freg® theory expt (Dsgs)

molecules metry H ) LI o R, (A) w, (em™h) D, Dy Digg b ¢
CaH* iz* 0 0 0 0 0 1.940 1467 46.8 44.7 454 459 £ 2
ScH* 5% 1 0 0 0 0 1.810 1631 57.5 55.2 56.1 54 4 56.2 £ 2
TiH* 3p* 1 0 1 0 0 1.730 1696 56.4 54.0 54.9 5602
VH* AT 1 0 1 1 0 1.662 1749 46.1 43.6 445 482 £ 2
CrH* sz 1 1 1 1 0 1.602 1818 26.9 243 252 354 2832
MnH* 63+ 1 1 1 1 1 1.702 1570 41.8 39.6 40.5 5343 523£2
FeH* Sat 2 1 1 1 1 1.653 1657 49.4 47.0 479 S8£5 5492
CoH* ‘gt 2 1 2 1 1 1.606 1631 45.9 43.6 445 524 484 £ 2
NiH* 3a% 2 1 2 2 1 1.561 1728 38.2 357 36.6 43 £ 2 3902
CuH* 3+ 2 2 2 2 1 1.513 1793 235 20.9 21.8 30£3 2122

ZnH* iz 2 2 2 2 2 1.545 1868 55.1 52.4 533 57.74
(1.514)¢ (1916)4 57+ 17¢
49 £ 17

4 From harmonic force constant at R,. ®Caltech (1978-1984); see ref 2, 3, 5, and 6. ©Berkeley (1982-1984); see ref 4 and 7. 4 Experimental

values; ref 14, ¢Reference 9. /Reference 8.
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¢ Mn' - H d,2 ORBITAL

Figure 1. Orbitals for * CrH* and SS* MnH* at the respective
equilibrium geometries. (a) GVB orbitals for the Cr*-H ¢ bond. The
Cr* orbital is hybridized 40.6% s, 12.5% p, and 46.9% d. (b) GVB
orbitals for the Mn*-H ¢ bond. The Mn* orbital is hybridized 76.3%
s, 12.5% p, and 11.2% d. (c) The MnH™ singly-occupied d,2 orbital.
Long dashes indicate zero amplitude; the spacing between contours is
0.05 au.

For ZnH", there is a 3d' set of nonbonding orbitals so that there
is essentially no d character in the bond (90.7% 4s, 8.9% 4p, and
0.4% 3d).

B. Bond Energies. The calculated bond energies show sys-
tematic fluctuations that are mirrored by the experimental results,
as indicated in Figure 2 and Table II.

The simplest starting point for examining the bonding of H to
M is to consider M* in the (4s)!(3d)"! state and then to spin-pair
the M* 4s and H 1s orbitals to form the o bond. In some cases
the ground state of M* is (3d)” so that the AE promotion energy
is required (weakening the bond). This causes particularly low
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Figure 2. Comparison of experimental and theoretical bond dissociation
energies: [Dygs(M*—H)] present work (closed circles); Beauchamp et al.,
ref 2, 3, 5, 6 (closed triangles); Armentrout et al., ref 4, 7 (closed
squares); Herzberg, ref 14 (open square).

bond energies for CrH* and CuH* since the Cr*(d®) and Cu*(d'?)
states are particularly stable with respect to s'd* and s'd®, re-
spectively.

If the s'd™' state were always the ground state and if the
intrinsic M—H bond energy were the same for all bonds, there
would be a gradual decrease in bond energy for Ca—Mn and a
gradual increase from Fe to Zn because of changes in exchange
terms. For example, in Mn*, the high-spin ground state (s'd%)
has a total exchange energy of

X = '—Sst - lOKdd

but spin-pairing of the Mn 4s orbital with H Is leads to an
intraatomic exchange energy of

E* = —%Kq— 10Ky
This results in a weakening of the bond by

AE® = %K 4 = 12.0 kcal

On the other hand, for Sc* (s'd') the loss in exchange energy upon
bonding is only

AE* = Y,K,y = 3.6 keal

Making such adjustments for AEy and AE®* leads to the
predicted intrinsic bond energies, Dy, in Table III. Excluding
the three atoms with very strong preference for d¥ (Cr*, 36.7 keal;
Ni*, 25.1 kcal; and Cu*, 64.8 kcal), we find nearly constant Dyy:
59.7 (Sc), 60.6 (Ti), 60.5 (V), 52.5 (Mn), 57.7 (Fe), 61.9 (Co),
and 53.3 (Zn). This leads to an average D,y of Dy = 58.0 kcal.
For CaH* we obtain Dy = 45.4 kcal/mol, indicating that the
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Table III. Analysis of the Bond Energies for MH*
D298(M+_H) AEexca Astb Dyy*

CaH* 454 0.0 0.0 45.4
ScH* 56.1 0.0 3.6 59.7
TiH* 54.9 0.0 5.7 60.6
VH* 44.5 7.8 8.2 60.5
CrH* 25.2 35.1 10.2 70.5
MnH* 40.5 0.0 12.0 52.5
FeH* 47.9 0.0 9.8 57.7
CoH* 44.5 9.9 7.5 61.9
NiH* 36.6 25.1 4.8 66.5
CuH* 21.8 64.8 2.2 88.8
ZnH* 533 0.0 0.0 53.3

aExperimental excitation energies for the 3d™!4s! state obtained
from ref 15 by using the average of the observed j states derived from
each Russell-Saunders term. ?Change in s—d exchange energy as-
suming a metal 4s-H 1s o bond. <D,y = Dyee(M*-H) + AE,, . +AKy.

bonding in Ca is significantly different from that in Sc, etc. [This
probably arises from the high energy of the 3d orbital in Ca as
compared with the transition metals.] For CrH* and NiH*, the
AE 4 corrections lead to somewhat larger bond energies (70.5 and
66.5 kcal, respectively), indicating that a higher fraction of d”
character may be involved in the bond. For CuH*, the d'° to s'd®
excitation energy is quite large (64.8 kcal), and the estimated
intrinsic Dy is no doubt too large. Even with the apparent ov-
erestimate for Cr*, Ni*, and Cu*, it is clear that the AE,4 and
AE® corrections take the wildly fluctuating set of MH* bond
energies into a rather smooth set of intrinsic bond energies. This
validates the overall picture of bonding.

The theoretical bond energies are in particularly good agreement
(average error 3.4 kcal) with the recent experimental results from
the Armentrout group (Berkeley),” with differences (kcal/mol)
of 0.4 (Ca), 0.1 (Sc), 1.1 (Ti), 3.7 (V), 3.1 (Cr), 11.8 (Mn), 7.0
(Fe), 3.9 (Co), 2.4 (Ni), 0.6 (Cu). For ZnH? the theoretical
results lead to a bond energy 4.4 kcal weaker than experimental
spectroscopic results.'* The Armentrout experimental results are
extracted from threshold extrapolations of studies on

M* + H, - MH* + H

an extrapolation that is complicated by uncertainties in the amount
of excited M* in the beam, in the form of the energy dependence
of intensity near threshold, and in corrections for temperature
broadening. Since the residual error in the theoretical calculations
should be rather independent of metal, the theoretical results may
help in designing more refined procedures of analyzing the ex-
perimental results.

C. Electronic Configuration. The electronic configurations for
the nonbonding orbitals of MH* (see Table II) are easy to un-
derstand. The general pattern is that the number of electrons in
o nonbonding orbitals is minimized. Thus, all nonbonding elec-
trons are = or & for the sequence Sc—Cr, while all nonbonding
electrons but one are « or & for the sequence Mn—Cu. The
explanation of the preferences between 7 and 4 is as follows: The
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Washington, D. C., 1971; Vol. I and II.
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first electron goes into a § orbital to minimize electron repulsion
with the electrons in the ¢ bond. However, the second electron
is = since two electrons in 8 orbitals, both being in the xy plane,
would have high electron repulsion. The third electron goes in
the other = orbital since this puts all three nonbonding electrons
in different planes (xz, yz, and xy). Thus, denoting the four
orbitals as 4, 8, 7, and #, the sequence of configurations is 3, é,
om#, and 63,m#% for Sc, Ti, V, and Cr, and the sequence for
doubly-occupying orbitals is the same for Fe, Co, Ni, and Cu. For
the &= configuration there are two states, ® and II, but ® is lower.

D. Spectroscopic Parameters. The trend in calculated bond
distances is a gradual decrease from 1.94 A (CaH*) to 1.60 A
(CrH*), a jump to 1.70 A (MnH"), and a gradual decrease to
1.51 A (CuH"), and then a jump to 1.55 A (ZnH*). This trend
parallels the trend in atomic sizes where for Ca* to Cr* the atomic
4s orbital is Jarger than the MH™* bond distance by 0.16, 0.21,
0.16, 0.14, and 0.13 A, respectively (average 0.16). Similarly,
for Mn* to Cu* the atomic 4s orbital is smaller than Ryy+ by
0.02, 0.03, 0.02, 0.01, and —0.01, respectively (average 0.01). For
ZnH", the bond distance is 0.06 A larger than the atomic 4s
orbital. These trends correlate with the number of electrons in
nonbonding do orbitals. One electron in do increases the bond
distance by 0.15 A; two increases it by another 0.07 A.

There is an experimental value of R, only for ZnH™; it is 1.514
A, which is 0.03 A smaller than the calculated value.!* The
theoretical R, should be slightly long (residual electron correlation
would generally allow a contraction in various pair orbitals), and
it is reasonable to assume about the same error for the other cases.

The origin in the trend for vibrational frequency is less clear.
There is a big jump (1467 to 1631 cm™?) for CaH* to ScH* and
then a gradual increase to 1818 cm™ for CrH*. In this range
there is a steady decrease in Ryy+, and the intrinsic bond energy
remains rather constant (the adiabatic bond energy decreases from
Sc to Cr). There is a big drop to 1570 cm™ for MnH* (corre-
sponding to occupying a nonbonding do orbital with a concomitant
decrease of d character in the bond pair), even though the adiabatic
bond energy increases dramatically. A reasonably steady increase
is observed for the sequence Mn (1570 cm™) to Zn (1868 cm™).
The experimental value'* for ZnH"* is 1916 cm™, about 5% larger
than the calculated value. The theoretical value should be slightly
too small (residual electron correlation would allow a deepening
and shortening of the potential well leading to a higher force
constant) and a similar error might be expected for other cases.

Summary

The GVB qualitative description of bonding allows reliable
prediction of the symmetries of various MH™* systems and provides
a useful interpretation of the bond energies. In addition, the
quantitative results are in excellent agreement with the experiment.
These methods are quite practical for other MR* systems involving
second- and third-row transition metals and should help in ex-
tracting reliable thresholds from experimental studies.
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