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True Boundary for the Formation of Homoleptic Transition-Metal

Hydride Complexes™*

Shigeyuki Takagi, Yuki lijima, Toyoto Sato, Hiroyuki Saitoh, Kazutaka lkeda, Toshiya Otomo,
Kazutoshi Miwa, Tamio lkeshoji, Katsutoshi Aoki, and Shin-ichi Orimo*

Abstract: Despite many exploratory studies over the past
several decades, the presently known transition metals that
form homoleptic transition-metal hydride complexes are
limited to the Groups 7-12. Here we present evidence for the
formation of Mg;CrHyg, containing the first Group 6 hydride
complex [CrH,’~. Our theoretical calculations reveal that
pentagonal-bipyramidal H coordination allows the formation
of o-bonds between H and Cr. The results are strongly
supported by neutron diffraction and IR spectroscopic meas-
urements. Given that the Group 3-5 elements favor ionic/
metallic bonding with H, along with the current results, the true
boundary for the formation of homoleptic transition-metal
hydride complexes should be between Group 5 and 6. As the H
coordination number generally tends to increase with decreas-
ing atomic number of transition metals, the revised boundary
suggests high potential for further discovery of hydrogen-rich
materials that are of both technological and fundamental
interest.

Hydrogen, despite being the simplest element, has a rich
chemistry which allows it to form various chemical bonds in
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materials. The flexibility of hydrogen results in a varied set of
functionalities, including hydrogen storage,! superconductiv-
ity,?! fast ionic conductivity,”! magnetism, and metal-
insulator transitions.”) Besides the technological importance,
there is current interest in unraveling the interplay between
compositions, structure, and chemical bonding associated
with hydrogen that often provokes controversy.’) This is
particularly stimulated by recent findings regarding hydrogen
incorporated in oxide hosts, which revealed the true oxidation
state of hydride ions hidden by hydroxide ions.”!

The flexibility of hydrogen appears prominently in hydro-
gen—metal interactions. In particular, hydrogen as a ligand
(hydride ligand) is extremely versatile,! forming a varied set
of homoleptic transition-metal hydride complexes that dis-
play a remarkably rich variety of H coordination modes,
ranging from twofold to ninefold.”) These complexes are
stabilized by charge transfer from electropositive counterions
to form insulating hydrides (complex transition-metal hydri-
des).""!"a The versatility of the hydride ligand is derived
mainly from the specific electronegativity of H, which is much
closer to those of transition metals, as compared with typical
electronegative elements, such as nitrogen, oxygen, and
fluorine."” This then allows for substantial hybridization
between the H 1s and transition-metal spd orbitals to form
strong o-bonds with the aid of ligand field effects.

At the same time, despite a number of exploratory studies
over the past several decades, the presently known elements
that form such complexes are limited to transition metals
ranging from Group 7-12.”) One possible explanation of this
limitation is that the electronegativity in the periodic table
tends to decrease when going from right to left along a period;
thus, the relatively electropositive early transition metals
favor ionic/metallic bonding with hydrogen, instead of
covalent bonding as in hydride complexes. In fact, Group 3—
5 elements form stable binary metal hydrides, in which
hydrogen interstitially incorporates into the metal lattice
(interstitial H), which would be an undesired competing
reaction to the formation of hydride complexes. Furthermore,
it was reported that these elements also form ternary metal
hydrides with magnesium instead of transition-metal hydride
complexes, even under high temperature and pressure (on the
order of several GPa)."¥! These experimental data imply the
difficulty in formation of early transition-metal hydride
complexes; however, the possibility for the formation of
Group 6 hydride complexes cannot be ruled out.

Generally the H coordination number tends to increase
with decreasing valence electron count of transition metals to
accommodate the 18-electron rule. Indeed, the highest H
coordination number known is found only in Group 7 hydride
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complexes, [TcH,]*~ and [ReH,]>".! Thus, if the Group 6
elements prove to form the hydride complexes, the higher H
coordination number than ever can be expected. Such the
hydrogen-rich materials would be of interest from a point of
view of high-T, superconductivity, because the H 1s derived
states, which dominate the valence bands, have already
undergone a form of chemical precompression,! leading to
the metallization at a pressure much lower than that predicted
for pure hydrogen;®! for example, BaReH,, containing
[ReH,]*", was theoretically predicted to turn metallic with
evolution of discrete H, units in the structure above
51 GPa.l"

In this communication, we theoretically examine the
possibility for the formation of homoleptic hydride complexes
of the Group 6 element chromium, using first-principles
density-functional theory (DFT) calculations, followed by
experimental examination. Mg was chosen as a counterion
because it stabilizes the hydride complexes of 3d transition
metals from Group 7-10, forming complex transition-metal
hydrides:  Mg;MnH, (Mg*;[MnH,>"H"), Mg,FeH,
(Mg**;[FeH¢]*"), Mg,CoHs (Mg”,[CoH;]*), and Mg,NiH,
(Mg?*,[NiH,]*").’! These hydrides show an increasing trend
in H stoichiometry with decreasing atomic number of
transition metals. From this, we speculate that eight H
atoms will stabilize our current material. Furthermore,
given that a sevenfold H coordination!"! and incorporated
H~ ions!'1% stabilize the transition-metal hydride complexes,
the composition of the current material can be expected as
Mg;CrH; (Mg**5[CrH, " H).

We first performed structure determination of hypothet-
ical Mg;CrHj using first-principles calculations (see Section 1
in the Supporting Information (SI) for details of the
procedures); Figure 1a illustrates the calculated crystal
structure. The material has a pentagonal-bipyramidal CrH,
unit, with Ds, point group symmetry (Figure 1b), and an
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Figure 1. Calculated crystal structure of hypothetical Mg;CrHj.

a) Mg;CrH; occurs in an orthorhombic structure with space group
P2,2,2, (No. 19). Mg atoms are shown by large orange spheres, Cr by
medium red spheres, H coordinating Cr by smaller blue spheres and
isolated H by large blue spheres. b) Pentagonal-bipyramidal CrH; unit
with sevenfold H coordination of Cr.

isolated H atom, occurring in an orthorhombic structure. The
average Cr—H length in the CrH, unit is 1.67 A, which is
comparable to those in other transition-metal hydride com-
plexes.”’) The H-H nearest neighbor distance on the pentag-
onal plane of the CrH, unit is 1.96 A. This is much shorter
than those in most metal hydrides, which generally have a H—
H distance longer than 2.1 A (Westlake criterion!"")), indicat-
ing a different type of chemical bonding from interstitial H.
These results support that the bonding in the CrH; unit is
similar to those in other transition-metal hydride complexes.
The calculated crystallographic parameters are summarized
in Table S1.

To obtain a better understanding of the cohesion, we
examined the electronic structure. Figure 2a shows the
calculated electronic density of states (DOS). We checked
for the magnetic state, but found no magnetic ordering.
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Figure 2. Calculated electronic structure of hypothetical Mg;CrH;. a) Electronic DOS. The Cr 3d, Cr 4p, Cr 4s, H(1) 1s, and H(2) 1s projections
along with total DOS. b) Schematic depiction of the formation of electronic structure. Zero energy is set at the valence-band maximum.
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As can be seen in the rightmost panel of Figure 2a, the
valence bands are divided into three parts. These are the
lowest-lying DOS from —9.8 to —7.3 eV, the medium-lying
DOS from —7.2 to —2.4 eV, and the highest-lying DOS from
—1.5 eV to the valence band edge. These are separated from
the conduction bands by a gap of 1.7 eV. The lowest-lying
DOS is derived from mixing of the 1s orbital of seven H atoms
coordinating Cr (H1-H7 in Figure 1, hereafter referred to as
H(1)) and Cr 4s orbitals, as can be seen from the H(1) 1s and
Cr 4s characters in the corresponding DOS. There is also
a strong mixing of the H(1) 1s, Cr 3d, and Cr 4p orbitals in the
medium-lying DOS. Meanwhile, the 1s orbitals of isolated H
(H8 in Figure 1, hereafter referred to as H(2)) do not
hybridize with the Cr orbitals, as is evident from the absence
of any band splitting, giving rise to the DOS peak centered at
—2.6 eV. Similarly, the highest-lying DOS consists of mostly
Cr 3d character without noticeable contributions from H 1s
orbitals.

The above-mentioned features of the electronic structure
can be understood on the basis of ligand field effects, as
schematically illustrated in Figure 2b. In the pentagonal-
bipyramidal ligand field, the Cr orbitals are split into a total of
six states consisting of: a,” and e,” symmetry states derived
from the Cr 4p orbitals, a," symmetry state resulting from the
Cr 4s orbital, and a//, e,’, and e,” symmetry states split away
from the Cr 3d orbitals. Meanwhile, the seven H(1) 1s orbitals
form a linear combination of e, +a,” +a,’+e/+a,. The
states possessing the same symmetry hybridize to form five
manifolds of bonding states comprised of ¢, a,”, a/’, e,, and
a,’, and the corresponding antibonding states. The Cr 3d
derived e,” states and H(2) 1s orbitals remain nonbonding
because of the absence of orbitals of the same symmetry, and
occur between the bonding and antibonding states. As the
current material contains 20 electrons, all the bonding and
nonbonding states are fully occupied and the Fermi level falls
in the gap between the nonbonding e, and antibonding states.
The absence of occupation of any antibonding states suggests
that a covalent bond is formed between Cr and H(1), whereas
H(2) exists as H™ ion because the nonbonding H(2) 1s derived
state is filled with two electrons, giving it an additional
electron. The electropositive Mg orbitals occur further above
the antibonding states and are not shown here. Thus, the basic
building blocks of Mg;CrHg are a covalently bonded [CrH;]*~
unit and an isolated H™ ion, stabilized by charge transfer from
Mg to form an ionic configuration of Mg*"5[CrH;]> ' H™, as
expected. This is reminiscent of the ionic configuration of
Mg;MnH;, which also has a 20-electron count with an isolated
H~ ion.d

We then demonstrated the formation of the homoleptic
hydride complex of Cr experimentally. A mixture of Cr
powder and MgH, (MgD,) was hydrogenated (deuterated)
under 5 GPa at 973 K for 4 h. The obtained sample had a dark
red color, implying the insulating character. The deuteride
recovered at ambient pressure and temperature was charac-
terized by powder neutron diffraction (PND), and the
obtained profile is depicted in Figure 3b along with the
profile simulated using the DFT structure of deuterium-
substituted hydride (Figure 3a). As can be seen in Figure 3,
the two profiles are practically identical, indicating the
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Figure 3. PND profiles of Mg;CrDs. a) Simulated profile from hypo-
thetical DFT structure of deuterium-substituted hydride. b) Experimen-

tal profile. The positions of Bragg reflection (tick marks) are shown for
Mg,CrD; (upper, 79.99(14) wt%) and MgO (lower, 20.01(14) wt %).

successful synthesis of the theoretically predicted Mg;CrHg.
We performed Rietveld refinement on the profile and
obtained a structure very similar to the one obtained from
DFT calculations."® The procedures for syntheses and PND
measurement are shown in Section 1, and the refined
crystallographic parameters are summarized in Table S2 in
the SI.

Figure 4a and b shows the theoretical and experimental
IR spectra of Mg;CrHg, respectively, along with the exper-
imentally measured spectrum of Mg;CrDg depicted in Fig-
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Figure 4. Theoretical and experimental IR spectra. a) IR spectrum of
Mg,CrHg obtained from DFT calculations. All the zone-center optic
phonon frequencies (144 modes), including those of IR-inactive
modes, are shown by tick marks as a reference. b) Experimental IR
spectrum of Mg;CrH,. c) Experimental IR spectrum of Mg;CrDs.
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ure 4 ¢ (see Section 1 in the SI for details of the procedures).
As the primitive cell consists of 48 atoms, there is a total of
141 zone-center optic phonon modes (36A +35B,+35B,+
35B;), as shown by tick marks in Figure 4 a. Among them, the
modes with frequencies ranging from 1550 to 1700 cm™
originate from the Cr—H stretching vibrations, whereas
those in the frequency range between 500 and 1110 cm ™' are
related primarily to the H-Cr—H bending vibrations. It is
worth noting that the modes associated with the isolated H
motions are well separated from the Cr—H stretching and H—
Cr—H bending vibrations, and falls in the gap between them at
around 1270 cm™'. This reflects the coexistence of two
different chemical bonds related to hydrogen in the material.
The modes from 350 and 500 cm ' are assigned as the CrH,
librational motions and the remaining modes are related to
the metal motions.

Among the zone-center optic phonon modes, there are
a total of 105 IR-active modes (35B; + 35B, + 35B5), which
provide six H-related peaks in the calculated IR spectrum in
Figure 4a. This is in excellent agreement with our exper-
imental measurements, as is evident from a comparison of
Figure 4a and b. We also confirmed experimentally that these
peaks are indeed associated with the H vibrations through the
peak shifts upon deuteration that are approximately scaled by
afactor of 1 / /2, as indicated in Figure 4b and c. These results
strongly support the formation of the first Group 6 hydride
complex [CrH,]*.

In summary, we have successfully synthesized the complex
transition-metal hydride Mg;CrHg, containing the first
Group 6 homoleptic hydride complex [CrH;]’~, based on
first-principles prediction. We found strong hybridization
between the 1s orbitals of seven H atoms and Cr spd orbitals
in the CrH; unit, which is induced by the pentagonal-
bipyramidal ligand field. In addition, the absence of occupa-
tion of any antibonding orbitals suggests covalent bonding
between seven H atoms and Cr, which enables the formation
of [CrH,]>".

Given that the 4d and 5d transition metals have more
extended d-orbitals that are expected to enhance the cova-
lency with hydrogen, the above discussion would be true for
the other Group 6 elements, molybdenum and tungsten.
Furthermore, given that the early transition metals ranging
from Group 3-5 favor ionic/metallic bonding with hydrogen,
the true boundary for the formation of homoleptic transition-
metal hydride complexes should lie between Groups 5 and 6.
The current results will provide a crucial insight into the
systematic understanding of the chemical bonding associated
with hydrogen and pave the way for further discovery of
hydrogen-rich materials that are of both technological and
fundamental interest.

Keywords: chromium - hydride ligands - hydrides -
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