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ABSTRACT: The structure of the novel compound La,MoOg has Prismatic / Mo 3+ Mo 5+ / Octahedral
been solved from powder X-ray and neutron diffraction data and [ S T— :

belongs to the tetragonal space group P4/m (no. 83) with a = 6/6* — &/6*
12.6847(3) A and ¢ = 6.0568(2) A and with Z = 8. It consists of equal © = = n*
proportions of bioctahedral (Mo,0,,) and square prismatic (Mo,Og) "* —  — : g*
dimers, both of which contain direct Mo—Mo bonds and are arranged 6* = % R 7
in 1D chains. The Mo—Mo bond length in the Mo,O,, dimers is & R T A== == =—— 5
2.684(8) A, while there are two types of Mo,0Oj dimers with Mo—Mo

bonds lengths of 2.22(2) and 2.28(2) A. Although the average Mo & o

oxidation state in La,MoOg is 4+, the very different Mo—Mo
distances reflect the fact that the Mo,0,, dimers contain only Mo®*
(d"), while the prismatic Mo,Og dimers only contain Mo>* (d?), a
result directly confirmed by density function theory calculations. This is due to the complete disproportionation of Mo*, a
phenomenon which has not previously been observed in solid-state compounds. La,MoOy is diamagnetic, behavior which is not
expected for a nonmetallic transition-metal oxide whose cation sites have an odd number of d-electrons. The resistivity displays
the Arrhenius-type activated behavior expected for a semiconductor with a band gap of 0.5 eV, exhibiting an unusually small
transport gap relative to other diamagnetic oxides. Diffuse reflectance studies indicate that La,MoOj is a rare example of a stable
oxide semiconductor with strong infrared absorbance. It is shown that the d-orbital splitting associated with the Mo,Og and
Mo,0, dimeric units can be rationalized using simple molecular orbital bonding concepts.

B INTRODUCTION molecular dinuclear chromium diazadiene complex.'” Other
short bond lengths, typically 2.0-2.2 A, are observed in
canonical molecular inorganic compounds with quadruple and
quintuple bonds.'"'> While M—M bonding in molecular
compounds has been extensively studied, only handful of
solid-state oxide compounds with M—M bonds have been
discovered, most of which include the early transition metals
Mo or Re. An overview of the electron configuration and
experimentally determined bond lengths for solid-state oxides
of Mo and Re with dimeric M—M bonding is provided in Table
1. These compounds represent an intriguing interface between
the science of molecular compounds and that of extended

Transition-metal oxides comprise a multifunctional class of
materials whose many useful properties are generally derived
from the behavior of their d electrons, which can strongly
hybridize with oxygen 2p states." While ligand field theory
generally provides a good framework for understanding the
electronic states of transition metal oxides,” we are broadly
interested in a special subset of transitional metal oxide
compounds which contain direct metal—metal (M—M) bonds
that have the potential to introduce radical changes in the
electronic structure of oxides that may lead to enhanced
functionality. Direct M—M bonds are most commonly found in

early 4d and Sd transition metals (with M = Mo, Re, or Ru) solids. ) ) o

that have a small number of electrons in d-orbitals (d'—d*). Th.e physical properFles of compounds with d_1rect M._M
Some examples include the compounds LnMogO,, (Ln = La, and19g can strongly differ from those of conventional oxides
Ce, Pr, Nd, Sm),** LnMo.O; (Ln = La, Ce, Pr, Nd, Sm, Eu, with similar electron counts. For example, M—M bonds can
Gd), Nd,;Re,0,,° Ln,RecO;, (Ln = La, Pr, Nd), and suppress paramagnetism in nonmetallic compognds. The
La,Rug0,5.%" The clearest signature of direct M—M bonds is C(.)mpounc; Ln,ReO; (Ln‘ = S.m,. Ey, Gd) C(Z);ltams Re, 04
the short distances between the metal participating in the dlmers, W'lth Re—Re bonding v.mth1.n thesdlmer. The average
bonding, as these bond lengths are far shorter than the M—M Re oxidation state is 4+, resulting in a d° configuration that is
distances that are typically seen for the same compounds in the
absence of M—M bonding (>3 A). The shortest M—M bond Received: October 31, 2014
distance reported is a Cr—Cr bond, 1.8028(9) A, found in a Published: December 31, 2014
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Table 1. Some Dimeric M—M (M = Mo, Re) Bonds

compound ox. state d" M-M (A) dimer
La,Mo,0,; [ref 13] S+ d! 2.5905(5) Mo,04,
Y;Mo,0,, [ref 14] 4.5+ drs 2.496(1) Mo,0,,
LagMo,0,4 [ref 15] 425+ drrs 2.406(1) Mo,0,,
La,Mo,0, [ref 16] 4+ & 2.478(4) Mo,0,,
La;Re, 0 [ref 17] 5.5+ drs 2.484(1) Re,04
Nd,Re,0,, [ref 6] 5+ & 2.421(1) Re,0
LagRe, O [ref 18] 5+ & 2.456(5) Re,04
HogRe,0,, [ref 19] 4.5+ s 2.436(2) Re,0
La,;Res0,, [ref 20] 433+ &9 2.422(7) Re,04
Sm,ReOy [ref 21] 4+ & 2.251(1) Re,Oq
LagRe,Oy [ref 18] 4+ & 2.235(6) Re,O;
La,ReOq [ref 22] 4+ & 2.259(1) Re,O4

generally expected to lead to unpaired electrons and para-
magnetism. However, this nonmetallic compound is observed
to be diamagnetic. Unusual properties for the metallic members
of the general class of compounds with M—M bonding have
also been reported. The compound La,RusO,y was the first
oxide compound reported to exhibit non-Fermi-liquid behavior,
an effect ascribed in part to the exceptionally high density-of-
states (very reminiscent of f-electrons) that results from the
direct M—M bonding.g’9 While there have been a number of
reports of intriguing properties for compounds with M—M
bonds,'”**** a general framework for comprehensively under-
standing the influence of these bonds on the overall electronic
structure remains elusive.

The present work is concerned with the compound
La,MoOs, which has an average oxidation state of Mo 4+.
Another lanthanum molybdate with a 2:1 cation ratio is
La,MoOy, which contains fully oxidized Mo 6+ cations, and can
be readily synthesized in air.*® This compound has isolated
MoO, tetrahedra and crystallizes in the tetragonal space group
I4,/acd with a = 5.80 A and ¢ = 32.04 A. There have been a few
prior reports of reduced compounds with the general
composition of Ln,MO; (Ln = La, Y, Ce—Lu; M = Mo, Re),
though most of these studies were carried out decades ago.”” "
The original report of Ln,MOj phases with the a-Nd,ReO;
structure type suggested a body-centered tetragonal cell with a
=8.81 A and ¢ = 5.89 A for Nd,ReO;. The atomic arrangement
of this structure type remained unknown until the growth of
crystals allowed the structure of La,ReOj to be solved using
single crystal X-ray diffraction (XRD) techniques.”**> In prior
work, this lanthanum compound was referred to as La,[Re,]-
O)y to emphasize the Re,Og square planar dimers in this
structure. Later, other types of molybdate Ln,MoO; com-
pounds were also discovered.>**' These compounds were
either reported in a cubic fluorite-type unit cell (a ~ 5.7 A)*® or
in a more complex monoclinic unit cell which has curiously
been ascribed to both Ln,MoOg and LngMo,0;, composi-
tions.'*** A recent investigation of the fluorite-related structure
type by powder neutron diffraction and thermogravimetric
analysis found a variable stoichiometry ranging from Ln,MoO, ¢
to Ln,MoOj,, with good oxygen anion conductivity at elevated
temperatures resulting from the abundant oxygen vacancies
relative to the ideal fluorite composition of Ln,MoOg.

In the present work, a novel polymorph of La,MoOj is
reported and its structure has been solved from powder
diffraction data. This compound is demonstrated to adopt a
new structure type which is crystallographically related to that
of tetragonal La,ReO;. The physical properties of this
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compound have been measured, and are unexpected for a
compound whose average Mo oxidation state is 4+. The band
gap of this compound is much smaller than for other
semiconducting molybdates, resulting in the substantial
absorption of infrared light. Density function theory (DFT)
studies have been carried out to understand the role of metal—
metal bonding in determining both the novel structure type and
the unexpected physical properties, and the observed physical
properties of this phase can be readily understood in terms of
its electronic structure. It is shown that the DFT-calculated
energy levels can be simply rationalized in terms of bonding
and antibonding orbitals generated through a molecular-orbital
analysis of the dimeric units in La,MoOs.

B EXPERIMENTAL SECTION

La, 04 (99.99%, Alpha Aesar) and MoOj (99.95%, Alpha Aesar) were
used as starting materials, with La,O; dried at 900 °C for several hours
before being weighed to eliminate absorbed moisture. La,MoOg4 was
prepared by grinding stoichiometric amounts of the starting materials
using an agate mortar and pestle. This powder was then placed in a
dense alumina crucible (CoorsTek) and reacted in air in a box furnace
at 950 °C for about 12 h. La,MoOj was synthesized by heating a ~1 g
1/2 in. pellet of La,MoOg in a 1 in. ID quartz tube under a flowing gas
mixture of 5% H,/95% N, (60 mL/min, passed through a line drier)
in a Lindberg/BlueM Mini-Mite furnace at temperatures of 900—950
°C for about 3 days with intermediate grinding. Upon completion of
the reaction, the powder was slate gray in color.

Laboratory XRD data were collected using a Bruker D8 Advance
diffractometer with a nickel-filtered Cu K, source. Data were collected
over a 26 scan range of 7—140° using a step size of 0.02° a fixed
divergence slit of 0.3°, and Soller slit widths of 2.5°. Synchrotron XRD
were collected at the APS 11-BM beamline. Powder samples were
packed into 0.8 mm Kapton capillaries. A wavelength of 0.41333 A was
used to collect data over a 26 scan range of 1—50° using a step size of
0.001°. Time of flight (TOF) neutron powder diffraction measure-
ments were collected at both 12 and 300 K on the POWGEN
beamline located at the Spallation Neutron Source (SNS) of Oak
Ridge National Laboratory during run cycle 2013A. Samples,
approximately 2 g in mass, were loaded into an 8 mm diameter
vanadium can which was placed in the FERNS cryogenic sample
changer. Data were collected using a repetition rate of 60 Hz in frame
1.5, corresponding to a d-spacing range of 0.28—3.09 A, with a total
proton charge of 3.6 to 7.2 X 10" (1-3 h collection time). All
diffraction data were analyzed using the TOPAS software package
(V4.2, Bruker AXS).

Magnetic susceptibility measurements were done in a Quantum
Design Physical Property Measurement System (PPMS) using a
vibrating sample magnetometer (VSM) attachment. The magnetic
response was measured over the temperature range of 2—350 K with
applied magnetic fields of 1000, 10,000, and 50,000 Oe. Both field-
cooled (FC) and zero-field-cooled (ZFC) sweeps were conducted.

Optical absorbance measurements were done using a two-beam
PerkinElmer Lambda 950 UV—vis/NIR spectrometer with a 60 mm
diameter Spectralon-coated integrating sphere to collect diffuse
reflectance data. Undiluted samples were packed about 10 mm deep
into black metal sample holders with a 1.5 mm thick quartz window
(16.60 mm in diameter). Ground BaSO, powder (Alfa Aesar 99.99%)
was used as a 100% reflectance standard. The Kubelka—Munk
transform was used to calculate relative absorbances from the
reflectance data through the relationship axy = a/s = (1 — R)*/
(2R), where ay,, is a relative absorbance, a is the absolute absorbance,
s is an generally unknown scattering coefficient, and R is the
reflectance measured in the spectrometer.

Four-probe resistivity measurements were carried out on bar-shaped
samples cut from a sintered 1/2 in. diameter pellet. The most distant
ends of the bar were coated with silver epoxy (EPOTEK, H20E) to
provide the current contacts, while voltage was measured on two in-
line point contacts on the top of the sample. A custom sapphire stage
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with Cu pads was used to support the sample during measurements. Pt
wires (0.025 mm) were used to connect the sample to the stage with
contacts made using silver epoxy, while metal-to-metal pressure
contacts connected the stage to external cables leading to the Kiethley
2636 source meter used to control the resistivity measurements (which
were typically done at an applied voltage of about 25 V). The sample
stage was mounted inside a controlled-atmosphere rapid-thermal-
annealing chamber (MBE Komponenten GmbH) in which an inert Ar
atmosphere was maintained. A typical sweep was performed by first
stabilizing the sample temperature at 30 °C for several minutes,
ramping up to 300 °C in 30 min, holding for 10 min, and finally
ramping down to 30 °C at the same rate.

Thermogravimetric analysis (TGA) was used to determine the Mo
oxidation state in La,MoO; using a TA Instruments QS000 IR
instrument. A powder sample (10—20 mg) was heated in a 100 uL
alumina pan under flowing O, (25 mL/min) with a continuous ramp
rate of 1 °C/min during both heating and cooling, and with additional
holds at 150 °C (2.5 h) and 950 °C (4 h). In order to minimize errors
due to buoyancy and surface-adsorbed moisture, the mass change was
determined by comparing the sample mass at 150 °C before and after
cooling.

DFT calculations using the linear muffin tin orbital (LMTO) 47c
code were carried out in order to obtain an understanding of the
metal—metal bonding through a “fatbands” analysis of orbital
contributions.>® The program uses a LMTO approach within a
tight-binding approximation and an atomic sphere approximation to
model voids within the unit cell using empty spheres. Lattice
parameters and atomic positions taken from Rietveld refinement
results were used as input for the calculations and integration over k
space was performed with a 6 X 6 X 12 grid of 77 irreducible k points.

Further DFT calculations were performed with the projector
augmented wave method® as implemented in the VASP code®”*
using the local density approximation (LDA)***® and with the LDA
+U method.*' For the latter, the U and ] parameters were applied to
the Mo d-states with values 3.0 and 0.3 eV.* Initial lattice parameters
and atomic positions were taken from the experimental structural
refinement. Electronic and optical characteristics were calculated
following internal relaxation of the atomic positions with lattice
parameters held fixed. Structural properties were assessed by
performing total energy calculations for a series of cell volumes over
a range from approximately —24% to +12% relative to the measured
cell volume while allowing the c/a ratio and internal coordinates to
relax at each point. Final cell parameters were determined by a fit to
the Murnaghan equation of state.**

B RESULTS AND DISCUSSION

In the course of materials discovery efforts within the La—Mo—
O phase space, it was discovered that the high temperature
reduction of the precursor phase La,MoOg resulted in the
formation of a novel reduced lanthanum molybdate. The
powder XRD pattern for this new phase (Figure 1) could not
be indexed using the cell parameters previously reported for
known phases such as cubic or monoclinic La,MoOg but was
found to closely resemble the XRD pattern of tetragonal
La,ReOs, which crystallizes in the tetragonal space group I4/m
(no. 87) with unit cell dimensions of a = 8.935 A and ¢ = 6.011
A. As illustrated in Figure 1, this La,ReOjs structure contains
isolated Re,Og square prisms which have very short Re—Re
bond lengths of 2.26 A, reflecting the strong metal—metal
bonding in this phase.””

All of the major diffraction peaks in the lanthanum
molybdate diffraction pattern could be well modeled in both
Le Bail and Rietveld fits using the analogous La,ReOj structural
model as a starting point, suggesting that the stoichiometry of
this novel phase is La,MoQOjs. The refined molybdate lattice
parameters using this I4/m structural model were a = 8.958 A
and ¢ = 6.051 A, with additional crystallographic parameters

1247

e
Tb_’ .,T \ LazReO5
3 f-‘.
oW,
e 26 A
o ) | 2.26 A
OLa _a® 9 =)
ORe © @' \e © )
@0 L e

8ox10° FF ' ' ' =
> 60 .
2
§ 40 -
0 J\ JbL | AL, L)L ‘rlLJb A
(@ 20 30 40 50 60
20

25

30
20

(b) 20 40

Figure 1. Top: Structure of La,ReOs, with an isolated dimeric Re,Og
square prism also shown to illustrate the short Re—Re bond distances.
Bottom: Two different views of the Rietveld refinement of laboratory
powder XRD data for La,MoO; using the La,ReO; (I4/m)
approximant structural model, with refined lattice parameters of a =
8.96 A and ¢ = 6.05 A. Data are shown in blue, the modeled intensities
in red, the difference pattern in gray, and the predicted reflection
positions in green. The fit is very good in most aspects but misses a
series of weak peaks (*) that can be fit in the true \/2 X \/2 X 1
superstructure (P4/m).

given in Table S1. However, there are some subtle indications
that this proposed structure is incorrect. While an of 5.37
can be achieved through a Le Bail fit, the best Rietveld fit with
this model gave an R, of 6.98, suggesting that peak intensities
were not optimally modeled. A close look at long scans
collected in a laboratory X-ray diffractometer with good signal-
to-noise ratios indicated the reproducible presence of additional
weak peaks (marked with asterisks) that cannot be indexed
using the La,ReOs-type structural model or by plausible
impurity phases, a result which was confirmed in follow-up
high-resolution synchrotron diffraction studies with reduced
peak widths and improved signal-to-noise ratios. These peaks
could, however, be fit with a 4/2 X 1/2 X 1 superstructure of
the I4/m symmetry cell. Furthermore, when the Mo valence
was calculated from the Mo—O bond distances in this
La,MoOj structural model using bond valence sum methods,
the resulting Mo valence of +3.15 was not consistent with the
expected stoichiometry.

DOI: 10.1021/ja511218g
J. Am. Chem. Soc. 2015, 137, 1245-1257


http://dx.doi.org/10.1021/ja511218g

Journal of the American Chemical Society
T T T T T
B 103.31%
103 Js00
_|
3
gmz - 6003
® o
g £
€| ] 400%
S}
100 La,MoOs La,MoOy 1%°
99.89% | | .
0 500 1000 1500 2000 2500

Time (minutes)

Figure 2. TGA data showing the mass changes (red) as La,MoOj is
thermally oxidized to La,MoOg over the programmed temperature
profile (blue). The sample % mass at 150 °C before and oxidation is
indicated.

TGA oxidation experiments (Figure 2) were used to directly
probe the oxidation state of Mo and to thereby probe the
composition of this phase. The mass gain during oxidation was
calculated from the difference in masses during extended holds
at 150 °C before and after thermal oxidation to eliminate
potential errors from both buoyancy and from surface-adsorbed
water. The final product after oxidation at 950 °C was found by
XRD (Figure S1, Table S2) to consist of single phase La,MoO,
confirming that there was no cation volatility during the original
synthesis or during the subsequent TGA oxidation experiments.
The observed mass change (3.53%) is in good agreement with
the expected mass change (3.42%) for a sample with the
stoichiometry La,MoQOj and a 4+ average Mo oxidation state.

With this basic knowledge, structure determination was then
attempted. Charge flipping methods were used to first assign
the heavy atom (La and Mo) positions using synchrotron XRD
data. Peaks positions and intensities from a Le Bail fit were used
as input, and trial calculations were performed both with and
without symmetry constraints. The SUPERFLIP symmetry
analysis indicated that the highest of the three possible space
group symmetries consistent with the diffraction data (P4/m)
was preferred, and this space group was used throughout the
remainder of the structure solution process.** It was found that
the heavy atom positions in La,MoOg were essentially
unchanged relative to the La,ReOs-type subcell. Next, oxygen
positions were determined from neutron data and Fourier
difference maps. All atomic sites were found to be fully
occupied. The final structure refinements were carried out using

only neutron diffraction data (which provided good sensitivity
to all atoms) in space group P4/m, since the lower symmetry
space groups (P4 and P4) with the same systematic absence
conditions were found to produce negligible improvements in
the refinement quality while exhibiting substantially increased
statistical uncertainties in atom positions, reflecting the
correlation effects that occur when symmetry-equivalent
atoms are independently refined. The final refinement results
are presented in Table 2, while selected bond distances are
given in Tables 3 (for Mo) and S3 (for La). Similar quality fits

Table 3. Mo—O and Mo—Mo Bond Distances

atom 1 atom 2 mult distance (A)
Mol 02 X 4 2.010(6)
Mol (short) X 1 2.22(2)
Mol (long) X1 3.83(1)
Mo2 o1 x 4 1.994(5)
Mo2 (short) X 1 2.28(2)
Mo2 (long) X 1 3.78(1)
Mo3 04 x 2 1.866(5)
0s X2 2.000(6)
06 x 2 2.135(5)
Mo3(short) X 1 2.684(8)
Mo3(long) X1 3.369(6)

were also obtained using synchrotron diffraction data (Table
$4), and the refined synchrotron lattice parameters of a
12.66871(6) and ¢ = 6.05048(3) are expected to be more
accurate than those of the neutron diffraction data due to the
paralle] beam and fixed diffractometer geometry used in the
synchrotron data collection.

The final refined structure of La,MoQs is shown in Figure 3.
Although the arrangement of heavy atoms (La, Mo) is
essentially the same as in the La,ReOy structure, a set of new
Mo coordination environments are observed due to some
oxygens in the superstructure moving to significantly different
positions (~1.5 A away from the analogous positions in
La,ReO;) in the superstructure. This results in La,MoOj
having two different types of coordination polyhedra (Mo,Oq
square prisms and Mo, O, edge-sharing bioctahedra, present in
equal amounts), in contrast to La,ReO;, which has only Re,Oy
prisms. The alternating pattern of these two building blocks
gives rise to the \/ 2 X \/ 2 superstructure of La,MoOs.

While there are only two different types of Mo bonding
environments, there are three different crystallographic Mo

Table 2. La,MoOj; Crystallographic Parameters and Atomic Sites (P4/m)

atom Wykoff
crystal system tetragonal Lal 4
space group P4/m (no. 83) La2 4j
Z 8 La3 4k
radiation neutron (TOF) La4 4k
temperature 300 K Mol 2g
A (A) 1.066 (center) Mo2 2h
range of collection 028 < d < 3.09 Mo3 4i
lattice parameters (A) a = 12.6684(4) o1 8l
¢ = 6.0526(2) 02 8l
cell volume (A3) 971.37(7) [OX) 8l
P (g/em®) 6.2054(5) 04 8l
Rirage 248 05 4
Ry, 3.39 06 4k
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x y 74 B
0.2041(4) 0.1093(4) 0 0.73(8)
0.3005(4) 0.3901(4) 0 0.39(6)
0.2719(4) —0.0961(4) 1/2 0.51(6)
0.3871(4) 0.2220(4) 1/2 0.51(5)

0 0 0.316(2) 0.55(9)

1/2 1/2 0.312(2) 0.44(8)

0 1/2 0.2217(7) 0.51(4)

0.3518(4) 0.5417(4) 0.7561(6) 0.58(5)
—0.0433(5) 0.8533(4) 0.7711(5) 0.76(7)
0.2546(4) 0.7555(4) 0.2532(5) 0.59(4)
0.0497(4) 0.6378(4) 0.2528(5) 0.93(6)
0.4616(5) 0.8894(5) 0 0.73(7)
0.4655(6) —0.0976(5) 1/2 0.74(7)
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J. Am. Chem. Soc. 2015, 137, 1245-1257


http://dx.doi.org/10.1021/ja511218g

Journal of the American Chemical Society

Figure 3. Top left: The tetragonal P4/m La,MoOjs unit cell is displayed with the boundary of the I4/m subcell of La,ReO; (dashed lines)
superimposed. Top right: Chains of Mo,0g (Mol and Mo2 site) and Mo,0,, (Mo3 site) dimers in La,MoOj are shown with Mo—Mo bonds drawn
with solid blue lines and nonbonding Mo—Mo neighbors connected with dashed orange lines. Bottom: Local geometry of the three Mo sites and the

nonstandard coordinate axes used to define their d-orbitals.

sites. The Mol and Mo2 sites sit at the 2g and 2h Wykoff
positions which both have four-fold rotational symmetry along
the Mo—Mo bond axis, resulting in perfectly square arrange-
ments of oxygens around these square prismatic sites. These
two sites are found in separate Mo,Og dimers with Mo—Mo
bond lengths of 2.22(2) and 2.28(2) A, respectively. The Mo3
site (41 Wykoff position) has a lower two-fold rotational
symmetry, as four-fold rotational symmetry is not compatible
with the formation of the octahedra in these edge-sharing
bioctahedral Mo,0,, dimers. These octahedral dimers have
much longer Mo—Mo bond lengths of 2.684(8) A, an
indication that the Mo—Mo bond order is reduced in the
Mo,0,, octahedral dimers relative to the Mo,Og prismatic
dimers. Since all of the Mo—Mo bonds in both the octahedra
and in the square prisms are oriented parallel to the c-axis, the
structure can be considered to have chains of both types of
polyhedral units running parallel to the c-axis, as illustrated in
Figure 3. The sum of the Mo—Mo bond length and the
nonbonded Mo—Mo distance is necessarily equal to the c-axis
length for both the prismatic and octahedral chains.

The two crystallographically distinct types of Mo,0Oy square
prisms both have a single type of Mo—O bond length due to
the four-fold symmetry of the structure, and this length is
~2.00 A for each site. In contrast, the Mo,O,, octahedral
dimers have a wider distribution of Mo—O bond lengths (1.87,
2.00, and 2.13 A) that may either be indicative of a second-
order Jahn—Teller distortion® of the central Mo cation or
might just reflect the symmetry breaking caused by the
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alternating short and long Mo—Mo distances in the octahedral
chains. An additional important building block within the
La,MoOj structure is the OLa, tetrahedra, which have an O3
site at their center. The bond distances within OLa, tetrahedra
are in general known to be shorter than typical O—La bonds,
and indeed short bond distances of ~2.4 A are found for these
tetrahedra. If La cations are drawn at the center of coordination
polyhedra, environments of distorted LaOg cubes or LaO,
monocapped trigonal prisms are observed. The bond distances
in these polyhedra are generally short (2.4—2.7 A).

It is well established that the experimentally determined
bond lengths can be utilized to obtain reasonable estimates of
ion valences through the bond valence sum method.**™* The
contribution of each individual bond to the total valence of a
Mo cation can be obtained through the relationship: v, =
e~ R)/b \ihere the valence contribution from the i ligand
can be calculated from its bond distance, R, based on two
parameters R, and b for which tabulated values are typically
available based on empirical analyses of the prior crystallo-
graphic literature. The experimental bond distances (R;) for
La,MoO; were determined through Rietveld refinement of
neutron powder diffraction data (Table 3). The best choice of
Ry and b is not clear since these parameters are often valence-
specific, and the thus the choice of an expected valence will
affect the valence calculated using BVS methods. When a
variety of BVS parameters suggested for Mo cations are
investigated (Tables SS and S6), it is robustly found that there
is a very large difference (1.5—2 valence units, v.u.) in the
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valence predicted for the prismatic and octahedral sites. This
suggests that charge disproportion is occurring, with the
expected Mo valence of 4+ not observed for any site. Instead,
the prismatic sites are found to have Mo 3+ (d®), while the
octahedral sites have Mo 5+ (d'). Final valences (Table 4) were

Table 4. Bond Valence Sum Analysis

Mo site O site  bond length  site type  valence/bond  valence/site
Mol 02 2.010 prism 0.62 2.49
Mo2 O1 1.994 prism 0.65 2.59
Mo3 04 1.866 Oct 1.03 4.51

oS 2.000 Oct 0.72
06 2.135 Oct 0.50

therefore calculated using Mo 3+ BVS parameters for the
prismatic sites and Mo S5+ BVS parameters for the octahedral
site (Mo3), and the difference in valence between the two sites
when calculated in this manner was 2.0, a value which suggests
complete disproportionation. This represents the first example
of the disproportionation of Mo* within any solid-state
structure.

The bond valence sum analysis also highlights another
unusual aspect of bonding within this system. The calculated
valence for all three of the Mo sites is reduced relative to the
formal oxidation state by about 0.5 valence units. This is a very
large and systematic difference that indicates significant
variations in the observed Mo—O bond lengths relative to
those generally expected for other compounds with the same
Mo oxidation state and coordination number. The BVS
parameters can also be used for the reverse process of
predicting what the average bond length should be for a
given valence (Tables S7—S9), and it can be seen from this
analysis that the Mo—O bonds in La,MoOj are about ~0.05 A
longer than would normally be expected based on their
oxidation state (Table 5). This demonstrates that the presence

Table 5. Refined vs Ideal Mo—O Bond Lengths (A)

refined distance ideal distance (BVS) A(distance)
Mol 2.01 1.94—-1.97 +0.04—0.06
Mo2 1.99 1.94—1.97 +0.02—0.05
Mo3 2.00 1.94—-1.95 +0.05—0.06

of metal-metal bonding results in a substantial weakening of
Mo—O bonds within these dimeric units relative to expect-
ations for isolated polyhedra. Metal—-metal bonding therefore
offers the opportunity to tune bond strength in a manner that
may be useful for applications such as catalysis, where
performance in many cases directly correlates with bond
strength.

Although disproportion of ions in the solid state is
uncommon, it is in many cases associated with intriguing
functionality. We first note that even though the change in
oxidation state is often referred to as “charge disproportiona-
tion”, the term “charge” is very misleading as changes in
oxidation state need not be accompanied by changes in the
electrostatic charge associated with ions,*”" as has been very
effectively demonstrated in some recent theoretical inves-
tigations.”" Instead, disproportionation refers to a change in the
integer “formal charge” of ions, which is more commonly called
an oxidation state, and thus should be thought of as “formal
charge disproportionation”. The oxidation state of ions is often
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the same as their valence state (which corresponds to the
number of orbitals involved in chemical bonding), though this
need not be the case as has been described in a recent
overview.* The real charge of ions can only be clearly assigned
integer values for isolated gas phase ions, and as such, it is not
sensible to think of solid-state compounds in terms of integer
charges.

Typically, disproportionation is driven by an energetic
impetus to satisfy Hund’s rule, which specify that closed shell
electron configurations are particularly stable and that half-filled
shells are next most stable. The energetic advantages conferred
by achieving a closed shell are clearly seen in the stable valences
of many p-block cations, such as Bi**/Bi**, Pb*/Pb**, TI**/TI*,
Sb>*/Sb**, and Sn*"/Sn**. These valence states can coexist in a
single compound, as exemplified by the compound Sb,O,
which contains only Sb** and Sb**, which can be considered
to be an example of disproportionation since the average Sb
oxidation state is 4+°> Sb,0, is therefore necessarily an
example of a mixed valence compound in which different
valences states of the same element coexist in a compound.
Interestingly, it has been reported that the intermediate 4+
oxidation state of Sb and Bi can be stabilized by dilution,” and
it has been hypothesized that the strong tendency of electrons
in the nominal 4+ state of these ions to disproportionate leads
to a tendency for electrons to pair in a manner that facilitates
the superconductivity at temperatures up to 30 K in perovskite
compounds such as Ba(Pby,sBiy,5)0; (T. ~ 12 K),*
Bay (K, 4BiO; (T, ~ 30 K),** as and Ba(Pby,sSby,5)0;5 (T, ~
3 K).* There has been resurgent interest in halide analogues of
this system®® due to the prediction of superconductivity at
about 20 and 30 K for CsTICly and CsTIF,, respectively.®

Unlike the p-block elements, disproportionation in transition
metals can be driven by the electron configuration rearranging
so that the resulting electronic states are either half-filled or
completely filled (or a combination of these two cases for the
two different valences that result from disproportionation). The
electron configurations which lead to disproportionation will
vary with the local geometry of the transition metal due to the
different degrees to which ligand field effects can lift the native
five-fold degeneracy of d-orbitals expected for an isolated atom
and are of course affected by the spin state (high spin/low spin)
of the cation as well. Thus, the tendency of the high spin
octahedral d* configuration to disproportionate drives both the
2 Fe*" — Fe’* + Fe’' speciation in the unusual solid-state
compound CaFeO;*® as well as the well-known instability of
Mn®" ions in aqueous solution, which is relevant to the modern
design of oxygen evolution reaction (OER) electrocatalysts.>
Disproportionation is also known to occur for octahedral d’
ions, resulting in the 2 Ni** — Ni** + Ni*' speciation in
perovskites such as NdNiO;.% While octahedral disproportio-
nation examples are probably most common due to the
predominance of this coordination environment, disproportio-
nation can occur in nonoctahedral geometries such as the
trigonal prismatic d® Co®* sites in Sr;Co,0,5.°" Although
examples for the later 4d and Sd transition metals are less
common than for the 3d transition metals described above,
examples such as AgO* and CsAuCL,* are known.

While Hund’s rule typically provides the driving force for
transitions between integer valence states, similar speciation
processes have been reported for transition metals in
noninteger valence states, such as the 2 Fe>** — Fe?* + Fe*
speciation reported for Fe,BO,*™% and the 2 Ir*** — Ir** +
Ir** speciation reported for Culr,S,°*®” and of course the
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classic Verwey transition of Fe;O, whose precise nature has
been much debated.®*””° Such compounds are often said to be
“charge ordered”, though of course the same qualifiers on the
use of the term charge apply. These compounds do not
represent the disproportionation of ions (as the ground state of
an atom does not have a half-integer number of electrons).
These speciation reactions are better considered to be an
example of a thermally driven transition between a mixed
valence state (where electrons are localized on one ion) and an
intermediate valence state (where electrons are delocalized over
multiple ions), with the former state being enthalpically favored
and the latter being entropically favored. As such, these
transitions are perhaps better thought of as the “charge
disordering” of the native mixed valence ground state.

In this context, the compound La,MoO; is a particularly
interesting example of charge disproportionation given the
scarcity of other examples among the early 4d and 5d transition
metals. Furthermore, even though the Mo®" and Mo®* sites that
result from disproportionation could be equivalent in a
hypothetical compound in which all Mo cations possessed
the average 4+ state (as is the case for the Re*" cations in the
closely related structure of La,ReQs), the coordination of the
two Mo cations in disproportionated La,MoOjs is completely
different as these cations are either square planar (CN 4) or
octahedral (CN 6) in their local geometrical environment even
though the stoichiometric ratio of Mo:O atoms is identical in
both the prismatic and octahedral columns. This difference in
geometry is structurally accommodated by the motion of two
oxygen anions by about 1.5 A, a massive structural rearrange-
ment. As such, it seems likely that any dynamic changes in
valence caused by the motion of electrons will necessarily lead
to strong changes in local coordination environments, giving
rise to exceptionally strong coupling between the lattice and
electronic degrees of freedom in this compound and likely
leading to polaron formation. It is therefore expected that the
disproportionated state cannot easily be disrupted, and physical
properties measurements (discussed next) show no evidence
for transitions out of the disproportionated state up to the
maximum temperature studied (300 °C).

It is of great interest to understand both the crystal chemical
forces that permit the stabilization of the mixed valence
structure of La,MoQO; and the manner in which the mixed
valence ions will influence the electronic structure of this
compound as well as the dependent physical properties, such as
resistivity, magnetic susceptibility, and optical absorption.
Magnetic susceptibility measurements generally provide a
robust method of probing the number of unpaired electrons
at transition-metal sites. The measured magnetic susceptibility
(Figure 4) is essentially temperature independent and indicates
that La,MoOj should be considered to be diamagnetic. There is
a very weak paramagnetic signal which is about 50 times weaker
than that expected for a single unpaired electron (S = 1/2)
which obeys the Curie law and is therefore tentatively
attributed to contributions from a minor impurity phase.
When explicitly fit to a Curie—Weiss law of the form y = y, +
C/(T — ©), the refined value for the temperature independent
susceptibility y, is 1.3 X 107 emu/mol, the Curie constant C is
1.18 X 1072 emu/(mol K), and the Curie—Weiss © is —7.4 K,
supporting this assignment. As shown in Figure 4, this
diamagnetism is very different from the expectations for a d'
cation in octahedral coordination (S = 1/2) or for a d* ion in
square planar coordination (S = 1/2) and indicates that the
direct metal-metal bonding must strongly impact the
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Figure 4. Magnetic susceptibility of La,MoOj (red points) obtained in
field cooled measurements with B = S T is much less than expected for
an S = 1/2 jon (dashed line) and indicates this phase is diamagnetic.
Fits to the small temperature-dependent susceptibility (blue line) are
characteristic of a small amount of a paramagnetic impurity.

electronic structure of La,MoOjs and provide a mechanism

for pairing all of the valence electrons.
Temperature-dependent resistivity measurements (Figure S)

indicate that La,MoOj is nonmetallic with a large resistivity of
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Figure S. Resistivity of La,MoO; decreases exponentially with
increasing temperature, as seen in plots against linear axes (top) and
in plots rescaled to be linear when this dependence is followed
(bottom). A bandgap of 0.49 eV is obtained from fits to this data
(dashed black line).

2.0 X 10° © cm at room temperature that drops by 2 orders of
magnitude on heating to 300 °C. This behavior is consistent
with the magnetic susceptibility data, as the complete pairing of
electrons generally precludes the observation of metallic
behavior. The temperature dependence exhibits Arrhenius
behavior and corresponds to a band gap of 0.49 eV if this
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compound is behaving as a conventional thermally activated
semiconductor following the relationship p = Poe BT or a
simple thermal gap of 1.0 eV for an alternate type of thermally
activated process such as polaronic hopping which is a strong
possibility given the very large lattice distortions (oxygen
displacement) that accompany the charge disproportionation in
this compound.

It is very unusual to find small band gaps in diamagnetic
oxide semiconductors. For example, the band gaps of the
thermodynamically stable compounds of MoO; (2.93 eV),
Fe,0; (2.2 eV), TiO, (3.0 eV), and Cu,O (2.0 eV) are all much
larger. The wide band gaps of oxide semiconductors are
typically due to the substantial electronegativity difference
between oxygen and the cation, though the energy scales
associated with alternate mechanisms for band gap formation in
oxide semiconductors without closed shells (ligand field
splitting and/or electronic correlations) also tend to be large.
The industrially important small gap semiconductors used for
infrared detectors, such as InGaAs,’' PbS,”> and InSb,”
incorporate later p-block anions that are typically susceptible
to oxidation in air and often have high toxicity.”* The
availability of small band gap oxide semiconductors for infrared
applications may therefore offer many advantages over existing
p-block semiconductor systems.

The absorption properties of La,MoO; were directly
evaluated using diffuse reflectance data, which were measured
over the energy range of 0.5 to S eV (Figure 6). It is difficult to
resolve the band gap of La,MoQj from the present data, but it
appears likely that it falls between 0.4 and 0.7 eV. While it is
nontrivial to obtain absolute absorption coeflicients, it is
expected based on a comparison with other oxide semi-
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Figure 6. Relative absorbance spectra of La,MoOj obtained from a
Kubelka—Munk transform of diffuse reflectance data (top) and with an
expanded view of the low-energy infrared response (bottom).
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conductors measured in the same instrument that the absolute
absorption between 0.75—1.00 eV is strong and that this phase
will have a good cross-section for the absorption of infrared
light in this energy range. Unlike conventional oxide semi-
conductors whose spectra typically exhibit only one or two
features associated with absorption across a direct or indirect
gap, the absorbance spectra of La,MoOjg exhibit many
overlapping optical features which cannot be easily resolved.
These features cannot be trivially interpreted, and a deeper
understanding of the influence of metal—metal bonding on the
electronic structure of La,MoQg is therefore required to
understand this data.

Initial insights into electronic structure were obtained
through calculations using the LMTO47c¢ code, which is very
effective for obtaining insights into the orbital contributions,
but which less robust for the determination of band gaps
relative to more conventional plane wave codes. The density of
states (DOS) and band structure obtained in this manner are
plotted in Figures 7 and 8. The dense manifold of orbitals
found at energies below —2 eV (relative to the top of the
valence band) is assigned to the O 2p states that typically make
up the valence band of oxide semiconductors but which do not
serve this role in La,MoQ;. Both the valence and conduction
bands are comprised of Mo 4d states, which are the primary
contributor to the active bands between —2 and +4 eV. These
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Figure 7. Total (black) and Mo d orbital site-specific (blue/purple/
green) DOS for La,MoO;.
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Figure 8. LMTO-calculated band structure of La,MoOg showing a
band gap of 0.69 eV between the valence and conduction bands. The
orbital splitting diagrams were assigned based on “fatbands” plots,
provided in the Supporting Information.

d-electron bands are essentially flat in most reciprocal space
directions but are sometimes strongly dispersed in the z-axis
direction (e.g, G —» Z, A > M), likely reflecting the c-axis
alignment of the polyhedral chains and the Mo—Mo bonds.
The lack of dispersion in other directions leads to some very
sharp peaks in the DOS associated with the Mo d-electrons,
which approach the high DOS values observed for f-electron
states. It might therefore be expected that the valence electrons
in La,MoOj do not behave like typical d-electrons and may
exhibit phenomena such as heavy Fermion behavior that are
only commonly observed for f-electron systems. The band gap
obtained through these calculations is 0.69 eV, a value which is
consistent with the optical measurements, and which is far
smaller than typical oxide semiconductors.

An examination of the integrated density of states (IDOS)
fully confirms the valence assigned from BVS methods, as the
octahedral site (Mo3) is found to have a d' configuration, while
the prismatic sites (Mol and Mo2) both have a d°
configuration (Figure 8). The prismatic Mol and Mo2 sites
have similar but not identical electronic states, reflecting the
symmetry breaking that occurs in this \/ 2 X 4/2 super-
structure. Based on these calculations, the Mo—Mo bonds in
Mo, O can be assigned a bond order of three (triple bond) and
those of the Mo,0;, octahedral dimers a bond order of one
(single bond).

In order to assign the orbital character of the occupied and
unoccupied d-electron states, “fatbands” calculations were
carried out. A condensed description of these results is
provided in Figure 8, while the full analysis (five individual
sets of fatbands for each of the three types of Mo sites) is given
in Figures S3—S6. In general, it can be seen that each type of
dimeric Mo site gives rise to more than five d-orbital states.
This indicates that a single-ion analysis is incomplete and that
the 10 combined molecular orbitals that can be derived from
the d-orbitals on a pair of Mo cations must be considered.

The Mo,0,, dimers are built from Mo cations on the Mo3
site. Although these Mo3 cations can be assigned a d'
configuration based on their oxidation state, they do not have
one single unpaired d-electron residing in the lowest energy d-
orbital of the t,; manifold as would typically be expected for an
isolated MoOyg octahedron in the single-ion picture. Instead, the
lowest energy t,, orbital (with d,> symmetry, when described
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using the nonstandard axis choices most relevant to the dimer
shown in Figure 3) for the Mo3 site is split into a separate
bonding and antibonding pairs when the two orbitals of this
symmetry (one for each Mo3 in the dimer) are allowed to
hybridize. The lower energy bonding orbital contains two
paired electrons (one electron from each Mo3 site in the
Mo,0;, dimer) and will therefore have a closed shell. Similarly,
the higher energy antibonding orbital is completely empty and
will also be diamagnetic in character. These bonding and
antibonding orbitals are given the labels o and ¢*, using the
standard chemistry terminology to describe the direct overlap
of their lobes. The 10 d-orbitals associated with the Mo,0,,
and Mo,0Oy4 dimers can therefore be assigned both single-ion
labels (d,, d,,, d.,, d_? d.?) and molecular orbital labels (o,
o*, m, ©*, 8, 6*), which are marked in Figure 9. The relative
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Figure 9. Molecular orbital ordering diagram for the d electrons
involved in forming the metal—metal bond for both the Mo,0,, and
Mo,0Oy dimer types.

energies of these orbitals can be clearly enumerated in most
cases, though for highly dispersed orbitals, the midpoint energy
of the orbital is an inadequate descriptor of the wide range of
energies at which the orbital contributes to the overall DOS.
Although predictions about the physical properties of
La,MoOg made using only the single-ion picture are clearly
inaccurate, the single-ion model still provides a good starting
point for estimating the energies of the molecular orbitals
(MOs), and these MOs are very effective for describing the
electronic properties of this phase. For example, in the single
ion picture for the Mo3 site, an octahedral ion with the
nonstandard choice of reference axes given in Figure 9 will be
split into lower energy triply degenerate t,, (dy, d,., dxy) and
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higher energy double degenerate e, (d;_ d,.) states. The
higher energies of the e, orbitals result from the stronger
repulsive interactions with the ligand electrons for the d-orbitals
which have lobes oriented toward those ligands, and it is
sensible that these repulsions persist even after the d-orbitals
from two different Mo cations hybridize to form MOs. The
molecular orbitals observed for La,MoO; maintain the same
general arrangement, as the 6 MOs (o, 6%, 7, 7%, §, 6*) derived
from t,, states are substantially lower in energy than the 4 MOs
(n, 7*, 5, 6*) derived from e, states. The hybridization that
results from the metal—metal bonding will result in each single-
ion d-orbital being split into bonding and antibonding pairs,
with the o orbitals (d,?) having a very large splitting, the #
orbitals (d,,, d,,) having a smaller but still very substantial
splitting, and the & orbitals (d,,, d,>_,?) having minimal splitting.
When these two primary factors (relative energies of single ion
orbitals and the relative degree of hybridization for molecular
orbitals) are considered together, accurate predictions can be
made about the relative energies and splitting of the 10 d-
orbital-derived MOs associated with the Mo,0,, dimers.

A similar analysis can be made for the square prismatic
Mo,Og dimers. The two types of dimers (with Mol and Mo2
sites) have nearly identical local environments, and thus the
splitting of the Mo d orbitals occurs in the same manner for
these two sites. The starting point for understanding the
Mo,0; energy levels is the single ion picture, and each Mo
cation resides in what is effectively a square planar environ-
ment. The relative energies of the S d-orbitals in the square
prismatic ligand field environment can be understood by
thinking of the prisms as octahedra in which the repulsive
interactions in the z-axis direction have been removed due to
the lack of axial ligands in this direction, resulting in d-orbitals
being stabilized (moving to lower energy) in proportion to
their z-axis component. Thus, the d;: orbital is strongly
stabilized, the d,, and d,, orbitals are modestly stabilized, and
the d,, and d_> orbital energies are essentially unchanged
relative to an ideal octahedron with the difference in their
relative energies remaining that of the octahedral crystal field
splitting, Ao (as shown in Figure S7). Since the prismatic sites
have four-fold rotational symmetry along their z-axis, the d,,
and d,, orbitals are necessarily identical in energy and are
completely degenerate in the single-ion picture.

The 7 and 7* MOs derived from the d,, and d,, orbitals do
not break the four-fold symmetry and thus preserve this
degeneracy of their parent orbitals. As a result, the d-orbital
states associated with the Mo,0g dimers will form MOs with 8
different energies, in contrast to the 10 nondegenerate MOs
that form for the Mo,0,, bioctahedra. Although the d orbital
has only the third-lowest energy in the single-ion picture, the o-
bonding MO derived from this orbital will have the lowest
energy among the MOs associated with the Mo,Og dimers and
will be fully occupied. The other two fully occupied MOs will
be the degenerate 7-bonding orbitals derived from the d,, and
d,. single-ion orbitals, which have both the lowest energy in the
single ion picture and the second-highest degree of hybrid-
ization in the presence of metal-metal bonding. The lowest
unoccupied molecular orbital (LUMO) is expected to be the 5-
bonding orbital derived from the single-ion d,, orbital, followed
by the 6%, 7*, and o* antibonding orbitals at somewhat higher
energies, and the 0 and 6* orbitals derived from the d,
orbital at much higher energy.

The initial orbital assignments obtained using simpler LMTO
methods on unrelaxed structures were confirmed when further
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LDA and LDA+U calculations using the projector augmented
wave method that incorporated internal structural relaxation
were carried out. The band gaps obtained using LDA (indirect
0.50, eV; direct, 0.64 eV) and LDA+U (indirect 0.68, eV; direct,
0.81 eV) are roughly consistent with both the LMTO result
and the experimental onset of absorption. The LDA+U results
were then used to directly calculate the optical response
expected for La,MoO; (Figure 10) in order to better
understand the manner in which metal—metal bonding affects
the optical response of this compound.

This optical response is nontrivial to interpret since Mo ions
are found in three spatially distinct crystallographic sites with
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Figure 10. Top: Projected d,, and d,, DOS for the prismatic Mol and
Mo2 sites (red) and for the octahedral Mo3 sites (blue). Center:
Projected d? states. Bottom: Calculated (LDA+U) absorption cross
section including contributions from direct, dipole allowed transitions.
While most d—d excitations are predicted to be very weak, strong
o—o* transitions of the octahedral d  states are clearly seen for photon
energies of 2.5-3.5 eV.
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two different types of local coordination geometries. An
analysis of the LDA+U results finds that the highest occupied
states are mainly on the prismatic Mol and Mo2 sites (d,, and
d,, 7-bonding states), while the lowest unoccupied states of
minimal energy are associated with a number of different orbital
states with 77 and 6 character on all three types of Mo sites. As a
result, all of the possible optically induced transitions among
these frontier orbitals involve weakly overlapping d-electron
states with 7 and 0 character. This is reflected in the weak
optical response due to dipole allowed transitions calculated for
energies below 2.5 eV.

Around 2.5 eV, calculations predict the onset of an intense
response originating from strongly coupled ¢ and o* states
associated with the octahedral dimers of the Mo3 site. A
similarly intense response is also seen for the Mol and Mo2
sites, though with a higher onset energy of ~3.5 eV that likely
reflects the stronger hybridization associated with the much
shorter bond length of the prismatic dimers. This intense c—o™*
excitation occurs for d, orbitals aligned along the axis of the
Mo—Mo bond in the dimers and presumably reflects the fact
that this specific transition is no longer symmetry forbidden
when the ideal symmetry of each component MoOg octahedra
is strongly broken in this direction due to the anisotropy
induced by dimerization. The optical response associated with
this 6—o™ excitation is essentially fully polarized in the z-axis
direction (Figure S8), reflecting the nature of the orbital
contributions.

The fact that the calculated LDA+U optical response (Figure
10) appears very different from the experimentally measured
optical response (Figure 6) can also be ascribed to symmetry
breaking effects. The LDA+U calculations suggest a very weak
absorption at low energies followed by an abrupt onset of
strong absorption around 2.5 eV, in contrast to the
experimental data which show a roughly linear increase in the
intensity of absorption from the band gap up to the upper limit
of the measurements (~5 eV). The DFT calculations were
done for a frozen lattice with no account of vibrations,
conditions under which the coordination polyhedra should
have a reasonably ideal geometry based on the bond lengths
(Table 4) determined from the average atomic positions (Table
3). The experimental optical data were collected at room
temperature, and the mean displacements for Mo and O ions
are expected to be about 0.08—0.11 A at this temperature based
on estimates from the relationship B,, = 87°(u’). The thermal
vibrations of these ions are therefore expected to cause very
substantial distortions of the local symmetry, and optical
transitions which are symmetry forbidden at low temperature
should become much more allowed at room temperature. It is
therefore anticipated that agreement between theoretical
predictions and experimental observations would substantially
improve if DFT calculations were carried out for trial structures
with thermal displacements of ~0.1 A or if the 0 K DFT results
were instead compared to optical data collected at cryogenic
temperatures for which phonons and their accompanying
thermal displacements are effectively suppressed.

One curious aspect of the experimentally determined
La,MoOj structure is the substantially different refined Mo—
Mo bond lengths for the Mol site (2.22 A) and the Mo2 site
(2.28 A), both of which have prismatic local environments that
are equivalent and identical in the parent La,ReOj structure
type. These two Mo—Mo bond lengths have unusually large
estimated standard deviation of ~0.02 A that are about 4 times
larger than those of the Mo—O or La—O bonds, and which can
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be confirmed to reflect strong correlations in the refined
positions of these two distinct Mo sites by an examination of
the correlation matrix of the structure refinement. It is therefore
unclear if these differences in bond length are real or reflect an
artifact of the refinement. This quandary was addressed through
further LDA calculations in which full structure relaxation was
carried out by fitting the volume dependence of total energy to
the Murnaghan equation of state (Figure S9). The equilibrium
lattice parameters obtained in this manner were about 1.5%
smaller than then experimentally determined values, as is
typically observed for LDA calculations for compounds which
do not exhibit strong correlation effects. The Mo—Mo bond
lengths calculated for the fully relaxed DFT structure are 2.21,
2.25, and 2.62 A for the Mo1, Mo2, and Mo3 sites, respectively.
The experimental conclusion of a shorter bonds at the Mol site
than at the Mo2 site is therefore supported by theory and likely
occurs as a result of the slightly different alignment of the two
prismatic sites relative to the octahedral chains that occur at the
Mo3 site. The different alignments are made possible by the
reduction in symmetry of the octahedral Mo3 sites (two-fold)
relative to the four-fold symmetry found in the exclusively
square prismatic sites in the parent La,ReOj structure.

B CONCLUSIONS

It is demonstrated that the novel structure of La,MoOjs
corresponds to a superstructure of the parent La,ReOjq
structure in which charge disproportionation occurs, leading
to equal amounts of Mo®" ions occurring in Mo,Oy square
prismatic dimers and Mo®" ions occurring in Mo,O,
octahedral dimers. This is the first example Mo charge
disproportionation observed in a solid-state compound. The
presence of direct metal—metal bonding in these dimers lifts
the d-orbital degeneracy for the Mo cations in the dimers,
resulting in 8 different sets of orbital states for the Mo,Og
prisms and 10 for the Mo,0,, dimers. Through bond valence
sum calculations it is shown that the presence of Mo—Mo
bonding results in the weakening of Mo—O bonds. Although
the electronic structure associated with La,MoOj is complex, it
is demonstrated that its main features can be readily explained
within a molecular orbital picture in which the energy states
expected for a single-ion configuration hybridize to form
bonding (o, 7, §) and antibonding (%, 7*, §*) states which are
roughly centered about the single-ion levels from which they
are derived. This hybridization causes La,MoOj to become a
small band gap semiconductor which has very substantial
infrared absorption at room temperature, unlike the vast
majority of oxide compounds. The structure—property relation-
ships developed here provide a general framework for
interpreting the complex behavior of compounds with metal—
metal bonding and for predictively harnessing the unusual
electronic states of these oxide materials for technological
applications.
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