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Abstract The dissociation energies of MH4 (M = La,
Hf–Hg) were computed using full optimized reaction space
(FORS) multi-configuration self-consistent field (MCSCF)
and second-order multi-reference Møller–Plesset perturba-
tion methods with the SBKJC basis sets augmented by a set of
polarization functions (SBKJC(f,p)). It was shown that of the
molecules examined, only four tetra-hydrides HfH4, TaH4,

WH4, and OsH4 with Td symmetry are lower in energy
than the corresponding dissociation limits. For WH4 and
OsH4, the potential energy surfaces from the D4h to the Td

structure were explored from both theoretical calculations
and symmetry arguments based on the pseudo-Jahn- Teller
effect. As for WH4, it is found that the ground state could
be 3Eg, 3A2g, or 3B2g at the D4h structure. The present cal-
culations suggest that the ground state is 3Eg, and that this
state is stabilized by the eu deformation into a C2v structure
(3B1) and then sequentially to the most stable Td structure
(3A2). If the molecular system is promoted to the lowest 3B2g

state, the D4h structure can directly deform into the most sta-
ble Td structure along the b2u vibrational mode. For OsH4,
the ground state (5B1g) at the D4h structure deforms into a
D2d structure and the resulting 5B2 state strongly interacts
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with the lowest 3E and 1A1 states due to the spin-orbit cou-
plings (SOCs). As a result, it was shown that the relativistic
potential energy of the lowest spin-mixed state (ground state)
monotonically decreases along the D2d deformation path
from the D4h to the Td structure.

Keywords Pseudo-Jahn-Teller deformation ·
Tetra-hydrides of third-row transition elements · Spin–orbit
coupling

1 Introduction

Recently, much attentions have been paid to relativistic
effects in molecules [1–7]. These effects frequently play
important roles in studying chemical reactions, especially of
heavy metal compounds. Although several research groups
tried to solve the two-component or even four-component
Dirac equations of molecules and reported interesting results
[8–16], relativistic effective core potential (RECP) and model
core potential (MCP) methods have been employed in most
theoretical studies [17–28]. In the RECP and MCP stud-
ies, the spin-independent parts (mass-velocity and Darwin
terms) of the relativistic effects are included in the core poten-
tials and the spin-dependent parts (spin–orbit and spin–spin
couplings) are additionally included after orbital optimiza-
tion. The spin–orbit couplings (SOCs) are rather interesting
since they explain the electronic transitions between states of
different spin multiplicity; this is the so-called “intersystem
crossing.” Our research group reported the basic results of
transition metal hydrides using the effective nuclear charge
(Zeff) approximation for the Breit-Pauli Hamiltonian [29–
37] and discussed the reliability of this approximation. We
also applied this method to explain the emission processes
of organic electro-luminescence (EL) and the design of more
effective EL compounds [38,39].
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We have also investigated the geometrical deformation
paths of conjugated hydrocarbons on the basis of the pseudo-
Jahn-Teller (or second-order Jahn-Teller) theory over the
last two decades [40–51]. Our recent investigations have
been concerned with the non-planarity of conjugated mol-
ecules [49–51], and the origin of force driving molecular
systems to their final geometries has been clarified in order to
apply them to the analysis and/or design of geometrical struc-
tures for large-sized conjugated hydrocarbons and carbon
nanotubes.

Our recent interests are focused on the geometrical struc-
tures of transition metal complexes. As described above, the
SOC effects play significantly important roles in determining
the reaction mechanisms of such heavy metal compounds,
especially those of the third-row transition elements. It is
interesting to examine why the compounds containing heavy
elements have complicated structures. During the first step
of these investigations, the geometrical structures of simple
hydrides should be investigated and, if some kinds of rules or
trends can be obtained, they will be applied to the studies of
larger molecular complexes. We have reported the spin-orbit
splittings of low-lying electronic states in the first-, second-,
and third-row transition elements [32,33] and the relativistic
dissociation potential energy curves of low-lying electronic
states in their mono-hydrides [34–37]. In these studies, an
averaged error of 20 – 30% is found for the spin–orbit split-
tings obtained using the Zeff approximation in the SOC cal-
culations.

It is noted that the tungsten and osmium compounds are
well-known catalyses for hydrogenation of certain
compounds [52–55]. Also, the tungsten and osmium hydrides
are used for hydrogen adsorption reactions, exchange reac-
tions of hydrogen-deuterium, and hydrogen abstractions in
alkenes [56–58]. Theoretically, the geometrical structures of
WH4 and OsH4 have been studied by Bayse et al. [59] by
means of the MP2 method with Christiansen’s RECP basis
sets [21,22]. They concluded that the most stable structures
of WH4 and OsH4 are of D2d and Td symmetry, respectively.
Experimentally, on the other hand, Wang et al. observed the
IR spectrum of tungsten hydrides in low-temperature matri-
ces and reported that WH4 has the ground state 3A1 at the Td

structure with the help of a DFT vibrational analysis [60].
Under these circumstances, we study here the ground-state

electronic structures of tetra-hydrides of third-row transi-
tion elements. As will be shown below, since the four tetra-
hydrides HfH4, TaH4, WH4, and OsH4 are lower in energy
than their corresponding dissociation limits, we examine the
stable geometrical structures of WH4 and OsH4 using the
multi-configuration self-consistent field (MCSCF) method
and employing the Zeff approximation for the Breit-Pauli
Hamiltonian to estimate the SOCs. It is remarked that to the
best of our knowledge, no relativistic studies have yet been
performed on these hydrides. On the basis of the pseudo

Jahn-Teller effect, it will be shown that the structural changes
for WH4 and OsH4 are explained within the adiabatic and
relativistic pictures, respectively.

2 Methods of calculation

The optimization of the stationary structures for MH4 (M =
La, Hf–Hg), as well as MH2, was performed using the full
optimized reaction space (FORS) MCSCF method [61,62]
with the SBKJC basis sets for the transition elements [17–
20] and the 31G(p) basis set for the hydrogen atom. The
MCSCF active space includes ten orbitals correlating to the
5d and 6s orbitals of a transition element and 1s orbitals of
hydrogen atoms in the dissociation limit of MH4. The dis-
sociation limit was assumed to be placed at the distance of
30 Å between the transition element and the mass centers
of hydrogen molecules. Since it is difficult to estimate basis-
set superposition error (BSSE) using MCSCF methods, the
BSSE was not considered and the binding energies could be
overestimated in such investigations. This method is referred
to as MCSCF/SBKJC in the following discussion.

The relative energies of these structures were re-estimated
at the FORS MCSCF and MRMP2 levels of theory using the
SBKJC basis sets augmented by a set of polarization func-
tions, where a larger active space has been used (including
5d, 6sp, and hydrogen’s 1s orbitals in the dissociation limit)
and MRMP2 is the abbreviations for the multi-reference
second-order Mφller–Plesset perturbation theory [63]. These
methods are referred to as MCSCF/SBKJC(f,p) and
MRMP2/SBKJC(f,p).

In order to construct the SOC matrices, the MCSCF/
SBKJC optimized orbitals were employed, in which these
matrix elements were computed using the Zeff approxima-
tion [29–31]. In order to keep the size of the matrices compu-
tationally tractable, SOC matrices include the adiabatic states
whose energies are lower in energy than a specific upper limit
of energies: the upper limit was set to −69.120 (WH4) or
−92.530 (OsH4) hartree along the entire deformation paths
of the molecular structures. All these calculations were car-
ried out using the GAMESS suite of program codes [64].

3 Results and discussion

3.1 Highest symmetrical structures of MH4

The trivial high symmetry for MH4 must be Td and D4h. The
Td and D4h geometrical structures of MH4 are optimized
for states of various multiplicities and symmetries using the
MCSCF/SBKJC method. Table 1 lists the ground-state sym-
metries and the internuclear distances of the M–H bonds.
Since the Td and D4h symmetries were maintained during
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Table 1 M–H distances (Å) and state symmetries of the ground states at the high symmetric structures of MH4 obtained using the MCSCF/SBKJC
method

MH4 Td D4h MH2 + H2 H − M − H

LaH4 2.274 2T2 2.241 2Eu 2.158 2 A1 111.6

2.104a

HfH4 1.871 1A1 1.916 1A1g 1.858 1A1 123.8

1.865a

TaH4 1.804 2E 1.862 2A1g 1.824 4A2 119.5

WH4 1.746 3A2 1.821 3Eg 1.766 5B2 117.6

1.717a

ReH4 1.684 2E 1.802 6Eu 1.812 6�+
g 180.0

1.745a

OsH4 1.630 1A1 1.748 5B2g 1.636 3B1 106.5

IrH4 1.622 2T2 1.716 2A2u 1.584 2A1 90.1

PtH4 1.640 3T2 1.683 3Eu 1.549 1A1 84.8

1.521a

AuH4 1.735 4A1 1.673 2Eu 1.647 2B2 126.7

1.619a

HgH4 1.904 1E 1.672 1A1g 1.692 1�+
g 180.0

1.642a

For MH2, M–H distances (Å), ground-state symmetries, and H–M–H angle (deg.) are listed. Previously reported data: La–H = 2.08 Å(MCSCF+SOCI)
[71]. Hf–H = 1.907 for HfH4 [65]. Ta–H = 1.763–1.776 Å(MP2/ECP) [73]. W–H = 1.720 Å(B3LYP) for WH2 and W–H = 1.712 Å(B3LYP) for
WH4 [60]. W–H = 1.84–1.99 Å(DFT) [74]. Re–H = 1.753 Å(B3LYP) for ReH2 and Re–H = 1.649 Å(B3LYP) for ReH4 [67]. Os–H = 1.615–1.693
Å(B3LYP) or 1.580–1.616 Å(MP2) [72]. Ir–H = 1.570 Å(4 ∑−, B3LYP) for IrH+ [70]. Au–H = 1.619 Å(B3LYP) for AuH2 and Au–H = 1.649
Å(B3LYP) for AuH−

4 [68]. Au–H = 1.59–1.62 Å(CASSCF) [69]
a See [65] M–H bond lengths were obtained using the BPW91 method

geometry optimizations, specific structures were obtained as
shown in Table 1. These results indicate that the Td and D4h

structures are explicitly lower in energy than M + 4H (or their
atomization energies are positive). The present investigation
employs MH2 + H2 and M + 2H2 as the dissociation limits.
The bond length (0.753 Å) of the hydrogen molecules and
the geometrical structures of di-hydrides (MH2) in the disso-
ciation limit were also optimized for their ground states at the
MCSCF/SBKJC level of theory (see Table 1). The geometri-
cal structures and their ground-state symmetries for MH2 are
mostly in agreement with those reported by Andrews [65]1.

Table 2 lists the relative energies of the Td and D4h struc-
tures to the corresponding dissociation limits (MH2 + H2)

obtained using the MCSCF/SBKJC(f,p) and MRMP2/
SBKJC(f,p) methods. The table shows that HfH4, TaH4,

WH4, and OsH4 could be formed as stable tetra-hydrides with
Td structures. The normal mode analyses proved that their
Hessians are positive definite. It also suggests that the other

1 The present calculations provide that HfH2 and ReH2 have a singlet
ground state at a bent structure and a sextet ground state at a linear
structure, respectively (see Table 1). However, Andrews concluded that
the HfH2 ground state is triplet (3B1) and a bent structure (6A1) is more
stable in ReH2.

Td and all D4h structures are explicitly higher in energy than
the corresponding dissociation limits, MH2 +H2 and/or M+
2H2. Therefore, these would easily dissociate into MH2 +H2

or M + 2H2 along C2v or lower symmetrical paths, and
it should be difficult to experimentally detect these tetra-
hydrides. To the best of our knowledge, few experimental
reports have been found for tetra-hydrides of the third-row
transition elements, even though several experimental and
theoretical reports can be found for di-hydrides and their
ions [66–74].

These results can be explained as follows: the M–H bonds
in a Td structure are constructed by the hybridization of the
M’s 6s, 5dxy, 5dxz, and 5dyz orbitals and by four hydrogen
1s orbitals. These bonds correspond to the highest and next
highest occupied molecular orbitals, t2 (HOMO) and a1 (next
HOMO). For HfH4, the main electron configuration of the
ground state has a closed-shell structure,

1 A1 : (core)(Hf5s)2(Hf5p)6(a1)
2(t2)

6.

This is consistent with the result of Bayse et al. [63] and
experimental results [75], where Bayse et al. discussed the
geometrical structures of MHn (n = 3–9) using the
“Orbitally Ranked Symmetry Analysis Method” (ORSAM).
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Table 2 Relative energies (kcal/mol) of the high symmetric structures of MH4 obtained using the MCSCF/SBKJC(f,p) and
MCSCF+MRMP2/SBKJC(f,p) methods

Td D4h MH2+ H2 M + 2H2 Ma

LaH4 (51.4) 2T2 63.0 2Eu 0.0 2A1 17.9 2D

(51.5) 60.8 0.0 12.3

HfH4 −40.0 1A1 16.3 1A1g 0.0 1A1 27.8 3F

−38.0 14.5 0.0 24.1

TaH4 −39.2 2E 2.8 2A1g 0.0 4A2 2.2 4F

−37.4 11.1 0.0 8.0

WH4 −19.3 3A2 53.3 3Eg 0.0 5B 20.7 5Db

−24.6 54.5 0.0 23.3

ReH4 29.7 2E 55.0 6Eu 0.0 6 ∑+
g −5.4 6S

11.4 44.8 0.0 −2.7

OsH4 −29.5 1A1 9.2 5B2g 0.0 3B1 −2.0 5D

−42.8 15.9 0.0 5.4

IrH4 13.0 2T2 77.6 2A2u 0.0 2A1 11.0 4F

−0.1 77.1 0.0 32.2

PtH4 64.8 3T2 70.2 3Eu 0.0 1A1 36.6 3Dc

61.3 74.4 0.0 54.1

AuH4 78.5 4A1 42.3 2Eu 0.0 1 B2 −18.5 2S

70.1 34.6 0.0 −9.3

HgH4 136.5 1E 58.1 1A1g 0.0 1 ∑+
g −30.3 1S

132.7 48.0 0.0 −26.1

1st row = MCSCF, 2nd row = MCSCF+MRMP2. D(La–H)=60.0 kcal/mol (MCSCF) [71]. D(W–H)=3.6–9.8 kcal/mol (BP86) [74]. The values in
parentheses are obtained using the MCSCF and MRMP2/SBKJC methods. The state degeneracy was broken, when the SBKJC(f,p) basis sets and
the larger MCSCF active space were employed
a Ground state in atom (M)
b The 7S state in W atom is calculated to be lower in energy than 5D by 6.3 (MCSCF) or 8.2
(MRMP2) kcal/mol, but the 5D2 spin-mixed state is the ground state in relativistic calculations [36]
c The ground state in Pt atom is calculated to be 3F at the MCSCF/SBKJC(f,p) level of theory, but the MRMP2 calculation makes 3D the ground
state

Accordingly, LaH4 should have an open site in the t2 orbitals,
and, as a result, this molecule (2T2) must be unstable. This is
the reason why LaH3, instead of LaH4, has been investigated
[76]. HfH4 has vacant 5d z2 and 5d x2−y2 orbitals, and these
orbitals are classified into non-bonding molecular orbitals
(NBMOs) and belong to the “e” irreducible representation in
the Td symmetry. These orbitals are the lowest unoccupied
molecular orbitals (LUMOs). This explains the stabilization
of TaH4, WH4, ReH4, and OsH4. The main electron config-
urations in their ground states are:

TaH2,
2E : (core)(Ta5s)2(Ta5p)6(a1)

2(t2)
6(e)1

WH4,
3A2 : (core)(W5s)2(W5p)6(a1)

2(t2)
6(e)2

ReH2,
2E : (core)(Re 5s)2(Re 5p)6(a1)

2(t2)
6(e)3

OsH4,
1A1 : (core)(Os5s)2(Os5p)6(a1)

2(t2)
6(e)4

The 5d z2 and 5d x2−y2 orbitals, or NBMOs of MH4, are
fully occupied in OsH4. As shown in Table 2, both WH4 and

OsH4 have the most stable Td structures, but Bayse et al. [59]
concluded that WH4 has a D2d structure. Since the DFT cal-
culations and the IR spectroscopy reported by Wang et al. [60]
suggested that WH4 has a Td structure, we would conclude
here that WH4 is not a Jahn-Teller molecule and has the most
stable Td structure.

The Td structure of ReH4 is calculated to be higher in
energy than the dissociation limit ReH2 + H2 using the
present methods of calculation. Even though the Hessian can-
not be computed for this degenerate state 2E using
GAMESS, it is found that this molecule is a Jahn-Teller mol-
ecule and slightly deforms into a D2d structure. The degen-
erate ground state splits into 2A1 and 2B1 and the latter
becomes the ground state at the D2d optimized structure.
The energy difference between the 2E(D4h) and 2B1(D2d)

states is calculated to be rather small at the MCSCF/SBKJC,
MCSCF/SBKJC(f, p), and MRMP2/SBKJC(f, p) levels of
theory. Additionally, the stabilization energy is also estimated
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to be less than one kcal/mol at these three levels, and the D2d

structure is still higher in energy than the dissociation limit
ReH2 + H2. Since Wang and Andrews reported that ReH4

has a binding energy of about 26 kcal/mol [77], more sophis-
ticated calculations might need to be performed.

On the basis of the above discussion, additional electrons
in IrH4, PtH4, AuH4, and HgH4 must occupy the anti-bond-
ing orbitals of M–H bonds and make these molecules unsta-
ble. These results suggest that IrH3, PtH2, and AuH may be
stable. In fact, IrH3, PtH2 and AuH have been investigated
by several research groups [78–86], even though the other
kinds of hydrides may exist such as AuH2 [65,68,69].

All the D4h structures are higher in energy than the dissoci-
ation limit MH2+H2 as shown in Table 2. OsH4 has relatively
small energy difference between its D4h structure and the cor-
responding dissociation limit OsH2 +H2. The main electron
configuration of the ground state 5B1g at the D4h structure is

(core)(Os5s)2(Os5p)6(a1g
)2(b1g

)2
(eu)

4(eg
)2(a1g

)1(b2g
)1

.

The a1g and eu orbitals have large coefficients of H’s 1s orbi-
tals, and the Os’s 6s and 5d z2 orbitals slightly contribute to
the a1g orbitals. The b1g orbital is the bonding M–H orbital
consisting of Os’s 5d x2−y2 and H’s 1s orbitals. The eg orbi-
tal is principally a set of Os’s 5dxz and 5dyz orbitals, and the
singly occupied a1g and b2g orbitals are Os’s 5d z2 and 5dxy,
respectively, where all these orbitals are NBMOs. Thus, the
M–H bonding is mainly contributed by H’s 1s orbitals and
only by the Os’s 6 s and 5d x2−y2 . This seems to be the main
reason why such planar tetra-hydrides are unstable.

In the following sections, we discuss the calculated results
for the geometrical deformation of WH4 and OsH4. The geo-
metrical structures of HfH4, TaH4, and ReH4 are being cur-
rently investigated in our laboratory, and the results will be
reported in our forthcoming papers.

3.2 WH4

As described in the previous section, the planar D4h struc-
ture is much less stable than the corresponding Td structure
and is even less stable than the dissociation limit WH2 + H2

(see Table 3). The present section discusses the deformation
path from the D4h to the Td structure on the basis of the
pseudo-Jahn-Teller theory.

The ground state at the most stable Td structure is 3A2

and its Hessian matrix is positive definite as mentioned in
the previous section. The main configuration of the ground
state is

(core)(W5s)2(W5p)6(a1)
2(t2)

6(e)2.

From this configuration, electronic states 1A1 and 1E also
arise. These singlet states are higher in energy than the 3A2

state even after considering the effects of dynamic electron

Table 3 Relative energies (kcal/mol) of the stationary structures
in WH4 and OsH4 obtained using the MCSCF/SBKJC(f,p) and
MRMP2/SBKJC(f,p) methods

MCSCFa MCSCF+MRMP2

WH4 D4h
3Eg 0 0
3A2g +1.8 (3) +4.3
3B2g +8.7 (3) +10.8

D2d
3E −28.8 −36.5

C2v
3B1 −40.0 (1) −43.2

C4v
3B2 −53.6 (1) −61.1

Cs(1) 3A′ −56.2 (1) −61.0

Td
3A2 −71.0 (0) −79.1

WH2 + H2 C2v
5B2 −53.3 (0) −54.5

W + 2H2
5D −32.5 −31.2

OsH4 D4h
5B1g 0 (3) 0
1A1u +67.7 +60.9

D2d
5B2 −7.7 (1) −17.6

C4v
5B1 −8.2 (1) −20.1

Cs (1) 5A′ −10.7 (0) −21.4

C2v
5B2 −8.0 (1) −17.3

Cs(2) 5A′′ −12.6 (0) −21.6

Td
1A1 −38.7 (0) −58.8

OsH2 + H2 C2v
3B1 −9.2 (0) −15.9

Os + 2H2
5D −11.2 −10.5

a The number in the parenthesis indicates the number of imaginary-
frequency modes obtained using the MCSCF/SBKJC method

correlation. Wang et al. [60] reported that the ground state is
3A1 at four DFT levels of theory. Unfortunately, the present
methods predict that the lowest 3A1 state is explicitly higher
in energy than the 3A2 state.

It is rather difficult to determine which state is the true
ground state at the D4h structure, since this structure is very
high in energy and several low-lying electronic states are
close in energy to each other. As shown in Table 3, the
MCSCF/SBKJC(f,p) calculations indicate that the ground
state is 3Eg, but the energetic order of the low-lying states
could be changed easily by the effects of dynamic electron
correlation. The main configuration of the 3Eg state is

(core)(W5s)2(W5p)6(a1g
)2(b1g

)2
(eu)

4(eg
)1(a1g

)1
.

The singly occupied a1g orbital principally consists of W’s
5d z2 and the lowest vacant b2g orbital is the W’s 5dxy orbital.
The main configuration of the lowest 3A2g state is

(core)(W5s)2(W5p)6(a1g
)2(b1g

)2
(eu)

4(eg
)2

.

This state is only 1.8 kcal/mol higher than the ground state at
the MCSCF level of theory, and the effects of dynamic cor-
relation make the energy difference become slightly larger

123



90 Theor Chem Account (2008) 120:85–94

(4.3 kcal/mol; see Table 3). Based on this electron config-
uration, three more singlet states (1A1g,

1 B1g, and 1B2g)

also arise. The 3A2g state is the lowest among these states,
which obeys Hund’s rule even after including the effects
of dynamic electron correlation at the MCSCF + MRMP2
level of theory. The third state 3B2g is higher in energy than
the 3Eg state only by 8.7 (MCSCF) or 10.8 (MRMP2)
kcal/mol.

Unfortunately, GAMESS cannot generate a Hessian
matrix for the degenerate state 3Eg. If this is a Jahn-Teller
molecule, the geometry deformation takes place only in the
molecular plane (eg ⊗ eg = a1g + a2g +b1g +b2g) and never
directly deforms into a non-planar Td structure. The Hessian
for the 3A2g state provides three imaginary-frequency modes
(377i (a2u), 924i (b2u), and 488i (eu)cm−1), where the prin-
cipal axis (z axis) is perpendicular to the molecular plane
and the C′

2 axes are on the linear H–W–H; the displacements
along these vibrational modes derive the C4v, D2d, and C2v

structures, respectively (Fig. 1). Note that the Hessian for the
3B2g state also provides three imaginary-frequency modes
(836i (a2u), 1068i (b2u), and 487i (eu)cm−1).

If the second lowest state 3A2g strongly interacts with
3B1u states, then the pseudo-Jahn-Teller theory predicts that
the deformation along the b2u mode occurs and that the 3A2g

state correlates to the 3A2 state at the D2d structure. The
present results show that only a shallow minimum exists on
the lowest 3A2 potential curve along this vibrational mode.
The third state 3B2g(

3B1 in D2d) is rapidly stabilized along
the b2u mode by the interaction with 3A1u states and directly
reaches the ground state 3A2 at the most stable Td struc-
ture after geometry optimization within D2d symmetry. The
ground state 3Eg(

3E in D2d) is also moderately stabilized
along this vibrational mode by the interaction with 3Eu states,
but the optimized geometry still has a D2d symmetry and is
42.2 (MCSCF) or 42.6 (MRMP2) kcal/mol higher in energy
than the ground state 3A2 at the most stable Td structure
(see Table 3). Thus, only when the molecular system is pro-
moted to the 3B2g state at the D4h structure, the deforma-
tion along the b2u vibrational mode makes the molecular
system be stabilized into the most stable Td structure (see
Scheme 1).

As mentioned above, both the 3A2g and 3B2g states at the
D4h structure have two more imaginary-frequency modes
(a2u and eu). The displacement along the a2u mode ener-

MH H

H

H b2u

MH H

H

H a2u

MH H

H

H
eu

M HH

H

H

Fig. 1 Vibrational modes at the D4h structure, where symmetry oper-
ations C′

2 and σv are taken on linear H–M–H bonds

3Eg (D4h)

3A2g (D4h) 3A2 (D2d)

3E (D2d)

3E (C4v)

3A2 (C2v)
+

3B1 (C2v) 3A' (Cs(1))
3A2 (Td)

3A2 (C4v)

3B2 (C2v)

eu

b2u

a2u

eu

b2u

a2u

b1 a"

3B2g (D4h) 3B1 (D2d)
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Scheme 1 Geometrical deformation paths from the D4h structure to
the Td structure in WH4

getically stabilizes the molecular system into a C4v (square
pyramid) structure (see Fig. 2). This is also explained by
the pseudo-Jahn Teller theory as illustrated in Scheme 1;
this deformations in the 3Eg state is caused by the inter-
action with Eu states (a2u ∈ Eg ⊗ Eu), while those in the
3A2g and 3B2g states are caused by the interaction with 3A1u

states (a2u ∈ A1u ⊗ A2g) and 3B1u states (a2u ∈ B1u ⊗ B2g),
respectively. Along such deformation path, the 3Eg,

3 A2g,
and 3B2g states at the D4h structure correlate to the 3E,3 A2,
and 3B2 states at the C4v structure, respectively (see
Scheme 1). The ground state is 3B2 at the C4v structure,
and it is lower than the ground state 3Eg at the D4h structure
by 53.6 (MCSCF) or 61.1 (MRMP2) kcal/mol. This ground
state is calculated to have one imaginary-frequency mode.
Accordingly, this structure sequentially deforms into the Cs

structure (the 3A′ ground state; denoted by Cs (1) in Fig. 2).
Furthermore, the Cs structure has one imaginary-frequency
mode and deforms into the most stable Td structure via a
non-symmetrical path.

The last path is the deformation along the eu mode (488i
cm−1) from the D4h structure. This deformation provides
two identical C2v planar structures in which the molecular
plane is taken as the yz plane. When the 3Eg state at the
D4h structure suffers the eu deformation, this state is split
into A2 and B1 at the C2v structure, while the 3A2g and 3B2g

states in D4h correlate to the 3B2 and 3A1 states at the C2v

structure, respectively. The ground state at the C2v structure
is not 3B2 nor 3A1, but 3B1. Again, the ground state 3B1

at the C2v structure also has one imaginary-frequency mode
(493i cm−1) and its geometry deforms into a Cs structure
and consequently into the most stable Td structure via a non-
symmetric path. Thus, it is found that the ground state 3Eg

at the D4h structure can be stabilized into the most stable Td

structure along the eu mode (see Scheme 1).
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Fig. 2 Stationary structures
illustrated by ChemCraft and
their notations

3.3 OsH4

The energy difference between the D4h and Td structures is
much smaller than that for WH4 (see Table 3). The energy
difference between the D4h structure and the dissociation
limit OsH2 +H2 is also much smaller than that for WH4, and
the binding energy of the Td structure is rather high.

At the most stable Td structure of OsH4, the ground state
1A1 has a closed-shell configuration,

(core)(Os5s)2(Os5p)6(a1)
2(t2)

6(e)4.

Its Hessian matrix is positive definite. The dissociation energy
to OsH2 + H2 is calculated to be 29.5 (MCSCF) or 42.8
(MRMP2) kcal/mol. Note that this dissociation energy to
OsH2 + H2 is as high as that to the atomic Os and two H2

molecules.

The ground state of the D4h structure is 5B1g and the main
electron configuration is

(core)(Os5s)2(Os5p)6(a1g
)2(b1g

)2
(eu)

4(eg
)2(a1g

)1(b2g
)1

.

From this configuration, eight electronic states (1A1g, 1A2g,
3B1g, 1B2g, 3A1g, 3A2g, 5B1g, and 3B2g) arise and the cal-
culated result is consistent with Hund’s rule, even after the
effects of dynamic correlation are considered at the MRMP2
level of theory. The spin multiplicity of this ground state is
interestingly high and intersystem crossings apparently need
to occur from the quintet state into a triplet and sequentially
into a singlet in order to reach the ground state 1A1 at the
most stable Td structure.

The MCSCF/SBKJC force constant matrix for the ground
state at the D4h structure provides three imaginary-frequency
modes: a2u (675i cm−1), b2u (704i cm−1), and eu (779i cm−1),

123



92 Theor Chem Account (2008) 120:85–94

5A' (Cs(2))

5B1g (D4h) 5B2 (D2d)

5B1 (C4v)

5B2 (C2v)
5A" (Cs(1))

eu
b1

e

b2u

a2u
e

Scheme 2 Geometrical deformation paths from the D4h structure to
the Td structure in OsH4

where these modes are illustrated in Scheme 1. The geo-
metrical deformations along these modes provide C4v, D2d,
and two identical C2v structures, respectively, as discussed in
the previous section. The geometrical optimizations of these
lower symmetrical structures give the stabilization energies
of only 20.1 (C4v), 17.6 (D2d), and 17.3 (C2v) kcal/mol
at the MRMP2 level of theory, respectively. Their ground
states are assigned as 5B1(C4v),

5 B2(D2d), and 5B2(C2v).
These geometrical deformations can be explained by the
pseudo-Jahn-Teller theory within the adiabatic picture. At the
D2d structure, the ground state 5B2 still has one imaginary-
frequency mode (e, 405i cm−1) and its structure is deformed
into two identical Cs structures (denoted as Cs(2) in Scheme 2
and Fig. 2). The Hessian in the ground state 5A′ of this Cs

structure is positive definite. At the C4v structure, there is one
imaginary-frequency mode (e, 315i cm−1) and its structure
is similarly deformed into two identical Cs structures. These
are actually Cs(2) illustrated in Fig. 2. The C2v structure also
has one imaginary-frequency mode (b1, 369i cm−1) and its
structure is deformed into a different Cs structure (denoted
as Cs (1) in Scheme 2 and Fig. 2). The Hessians of these Cs

structures are positive definite. Thus, there is no path to reach
a Td structure on the potential energy surface of the lowest
quintet state.

In order to reach the ground state of the Td structure,
the lowest singlet potential energy surface needs to be con-
sidered; the lowest singlet state (1A1u) at the D4h struc-
ture is higher in energy than the ground state by more than
60 kcal/mol. This state belongs to B1 at the D2d structure
and never reaches the ground state 1A1 at the Td structure.
Since the heavy element Os is included, a fast intersystem
crossing is expected to occur in this molecule. Therefore,
the relativistic potential energy curves were calculated along
the deformation path from the D4h to the Td structure with the
Zeff approximation for SOC effects in the present investiga-
tion. The deformation path is defined as two H–Os–H angles
and the Os–H bond lengths are simultaneously and linearly
changed from the D4h to the Td structure, where this path
is often called a linear synchronous transit. Along this path,
the two H–Os–H angles perpendicular to each other are 180◦
at the D4h and 109.5◦ at the Td structure, and the molecular
symmetry is kept as D2d along this deformation path.

The MCSCF orbitals were optimized with state-averaged
technique for the lowest 1A1g(

1A1),
3 Eg(

3E), and 5B1g(
5B2)

states at the D4h(D2d) structure, along the deformation path.
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Fig. 3 Potential energy curves along the D2d deformation path from
the D4h structure to the Td structure in OsH4 obtained using the
MCSCF/SBKJC method: a adiabatic curves and b relativistic curves.
The definition of the path is described in the text

As depicted in Fig. 3a, the energy minimum on the low-
est adiabatic quintet state 5B2 appears at the H–Os–H angle
of about 150◦. At this geometry, the 5B2 state is still the
ground state in the molecular system, but the potential energy
curves of the lowest 1A1 and 3E states are rapidly lowered
along the deformation path as shown in Fig. 3a. The potential
energy curves of these three states run across each other at
the H–Os–H angle of about 145◦. When the SOCs are con-
sidered, the potential energy curve of the lowest spin-mixed
state monotonically decreases along this path, as shown in
Fig. 3b. The avoided crossing between the spin-mixed states
whose main components are the lowest 5B2 and 1A1 states,
can be explained as follows: the spin-lowering operator in the
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Breit-Pauli Hamiltonian provides the interactions between
quintets and triplets:

�+s− = (
�x + i�y

)
s− = �x s− + i�ys−

=
(

y
∂

∂z
− z

∂

∂y

)

s− + i

(

z
∂

∂x
− x

∂

∂z

)

s−

Since (x, y) ∈ E and z ∈ B2 in the D2d symmetry, the one-
electron spin-orbit integrals are non-zero between the 5B2

and 3E states: the present calculations provide
∣
∣
∣
〈
3E(ms = 1)|HSO|5B2(ms = 2)

〉∣
∣
∣ = 1, 206 cm−1,

∣
∣
∣
〈
3E(ms = 0)|HSO|5B2(ms = 1)

〉∣
∣
∣ = 853 cm−1, and

∣
∣
∣
〈
3E(ms = 1)|HSO|5B2(ms = 0)

〉∣
∣
∣ = 492 cm−1,

where the same values were obtained for negative ms values.
Furthermore, one-electron spin-orbit integrals are also non-
zero between the 3E and 1A1 states: the present calculations
provide
∣
∣
∣
〈
1A1(ms = 0)|HSO|3 E(ms = 1)

〉∣
∣
∣ = 2, 122cm−1,

where the same values were obtained for negative ms values.
As shown in Fig. 3a, the potential energy curve of the 3E
state comes closer in energy to those of both the 1A1 and
5B2 states in the area of 130–160◦. As a result, the in-direct
couplings between the 5B2 and 1A1 states via the 3E state
occur and provide avoided crossings among the low-lying
spin-mixed states, as illustrated in Fig. 3b. In fact, the lowest
spin-mixed state at H–Os–H=145◦ has a large contribution
of triplets: singlets of 40%, triplets of 38%, and quintets of
22%. Thus, the SOC effects play important roles in driving
the geometrical deformation into the most stable singlet state
at the Td structure in OsH4.

4 Summary

The dissociation energies of MH4 (M = La, Hf–Hg) were
computed using the FORS MCSCF/SBKJC(f,p) and MRMP2
methods at the MCSCF/SBKJC optimized structures. The
present calculations showed that of the molecules examined,
only four molecules HfH4, TaH4, WH4, and OsH4 with Td

symmetry are lower in energy than the corresponding dis-
sociation limits. As for ReH4, however, it seems that more
sophisticated study needs to be performed to obtain more
definite evidence for the relative energy of interest. In the
present investigation, the potential energy surfaces from the
D4h to the Td structure in WH4 and OsH4 were explored
from both theoretical calculations and symmetry arguments
based on the pseudo-Jahn- Teller effect. As for WH4, it is
found that the ground state could be 3Eg,

3 A2g, or 3B2g at
the D4h structure. The present calculations suggest that the
ground state is 3Eg, and that this state is stabilized by the eu

deformation into a C2v structure (3B1) and then sequentially
to the most stable Td structure (3A2). If the molecular sys-
tem is promoted to the lowest 3B2g state, the D4h structure
can directly deform into the most stable Td structure along
the b2u vibrational mode. For OsH4, the ground-state D4h

structure (5B1g) deforms into a D2d structure and the result-
ing 5B2 state strongly interacts with the lowest 3E and 1A1

states due to the SOCs. Accordingly, the relativistic potential
energy of the ground state (lowest spin-mixed state) results
in a decrease monotonically along the D2d deformation path
from the D4h to the Td structure. The theoretical study on
HfH4, TaH4, and ReH4 is being achieved and will be reported
in the near future.
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