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Abstract: Tetraborides of chromium and manganese exhibit an
unusual boron-atom framework that resembles the hypothet-
ical tetragonal diamond. They are believed to be very hard.
Single crystals of MnB, have now been grown. The compound
crystallizes in the monoclinic crystal system (space group
P2,/c) with a structure that has four crystallographically
independent boron-atom positions, as confirmed by ''B
MAS-NMR spectroscopy. An unexpected short distance
between the Mn atoms suggests a double Mn—-Mn bond and
is caused by Peierls distortion. The structure was solved using
group-subgroup-relationships. DFT calculations indicate Mn'
centers and paramagnetism, as confirmed by magnetic meas-
urements. The density of states shows a pseudo-band gap at the
Fermi energy and semiconducting behavior was observed for
MnB,

M anganese tetraboride, MnB,, has been known to exist in
the form of multiphase crystalline powders for more than
50 years.!! It was proposed to exhibit a framework very
similar to that of CrB,*% which in turn is proposed to
resemble a hypothetical tetragonal diamond.*! Super-hard-
ness in Mn and Cr tetraborides was also predicted.’
Recently, we were able to grow single crystals of CrB,,
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which contains an unusual boron-atom arrangement with
distorted BB, tetrahedra that are corner- and edge-connected
in all three dimensions. We also reported the experimental
hardness,'®"" which was then confirmed from ab initio
calculations.'” Herein, we present the first single-crystal
growth, crystal-structure determination using group-subgroup
relationships,'! "B NMR spectroscopy, and electronic-struc-
ture calculations of the title compound.

MnB, was found to crystallize in a monoclinic structure
with a short Mn—-Mn contact that suggests a multiple Mn—Mn
bond. According to density functional theory (DFT) calcu-
lations, the Mn-Mn pairs in the structure (here called
dimerized) result from a Peierls distortion, and the manga-
nese atoms are in an oxidation state near+ 1. Compounds
with Mn' are rare, example include alkali-metal hexacya-
nomangantes(I)™ and manganese carbonyls (example
in Ref.[15]), as well as nitridometalates like Li,-
[(Lilfonx)N] '[16]

Gray single crystals (Figure 1) and microcrystalline pow-
ders of MnB, were synthesized from the elements by solid-

Figure 1. Crystals of MnB,.

state reaction at high temperatures. According to X-ray
powder diffraction (see Supporting Information), the samples
are single phase. The powder pattern contains small reflec-
tions that were inconsistent with the cell parameters and the
C-centered space group C2/m published earlier for MnB,."!
Rather it can be indexed on basis of a larger primitive unit cell
than originally anticipated (@’ =2c¢, b’ = —b, ¢’ =a, compared
to Ref. [2,3])."” Group-subgroup relationships between CrB,
and MnB, gave the initial parameters for a structure refine-
ment in space group P2,/c as well as the twin law (Figure 2 and
Supporting Information). The monoclinic structure of MnB,
(Figure 3A) is characterized through a three-dimensional
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Figure 2. Group-subgroup relationships between CrB, and MnB,,
derived according to Ref. [13].

269.6(1)

Figure 3. A) Unit cell of MnB,, showing B black spheres, and Mn gray
spheres (anisotropic ellipsoids of the displacement parameters are set
at 95% probability). B) MnB;, coordination sphere, and c) Mn—Mn
distances. Distances are given in pm.

framework of distorted BB, tetrahedra. Four boron atom
positions were identified. The coordination environments of
B1 and B2 are almost tetrahedral but B3 and B4 exhibit (3 +
1) coordination, which takes the structure far from the ideal
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tetragonal diamond framework previously discussed.”! The
boron framework is of covalent character and the distances
are only slightly longer than typical B—B bonds. The metal
atoms are almost in the center of the B,, cages formed from
two boat-like six-rings. The displacement from the center of
the cage is shown in Figure 3B, and Mn-B contacts vary
between 207.8(7) pm and 233.7(7) pm. There are two metal—
metal distances observed in MnB,, 269.61(7) pm and
320.33(7) pm (Figure 3 C), which is in contrast to the equally
spaced metal atoms in CrB,. Compared to diamagnetic MnP,,
which has an oxidation state of Mn", MnB, shows even
shorter Mn-Mn distances (in MnP,, Mn-Mn distances are
greater than 292.1 pm!'®!). The Mn—Mn bond in [Mn,(CO),,]
is also longer (292.3 pm) than the one observed in MnB,.['")

To understand the distortion in this compound, electronic
structures were calculated based on density functional theory
for the experimentally observed structure with Mn—Mn pairs
(dimerized) as well as a hypothetical, “un-dimerized” struc-
ture. The density of states (DOS) for the “un-dimerized”
structure model displays a large peak at the Fermi level
indicating an electronic instability. Examining the band
structure, it is found that the peak arises from a doubly
degenerate band with (x* + y?) and z* character occurring at T.
These bands are prone to a Peierls-type distortion that splits
the degeneracy and opens up a deep pseudo gap in the DOS
of the real, dimerized compound as observed in Figure 4 A.
Because compounds that contain a magnetic atom (such as
Mn) can also electronically rearrange through a Stoner-like
mechanism, the energy stabilization due to spin-polarization
was also calculated. With spin-polarization, a pseudo-gap at
the Fermi level (Figure 4 B), with a corresponding decrease in

A) observed, dimerized

T I T T T

B) hypothetical, "un-dimerized”
— spin-up '
spin-down

energy (eV)

Figure 4. Densities of states of MnB, in the A) real, dimerized struc-
ture with a deep pseudo gap and B) hypothetical, “un-dimerized”
structure (gray) that shows a maximum at E¢. The spin polarized
calculation (black and white) also results in a pseudo gap, but is not
favored as a result of the total energy. This situation indicates that

a Peierls-like distortion with concomitant dimerization results from the
electronic structure.
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total energy of 145 meV per computed unit cell, is observed;
however, the decrease in total energy due to Peierls-distortion
is nearly two times what is observed from introducing
spin-polarization; it is about 335 meV lower than the
“un-dimerized” structure. The result is a breaking of the
degenerate bands at I" through a structural distortion, giving
rise to the observed monoclinic structure with Mn—-Mn pairs.
Moreover, the monoclinic (dimerized) structure is nearly
560 meV lower in energy compared to an optimized ortho-
rhombic MnB, structure, indicating the strong energy prefer-
ence for the experimentally observed monoclinic structure.

Further indication of the Mn—-Mn contact corresponding
to a real interaction comes from an examination of the
electron localization function (ELF) and crystal orbital
Hamilton population (COHPs) as displayed in Figure 5A
and B. While metal-metal bonding is normally not easily
identified from an ELF analysis, the total ELF in the plane
containing the Mn atoms shows a distinct difference between
the short and long Mn—Mn contacts. The ELF value is low but
comparable to what has been identified to be a bonding Mn-
Mn attraction in LigCa,[Mn,Ng].?! The COHP (Figure 5B)
suggests significant Mn—Mn interactions in the short Mn—-Mn
contact. Indeed, the Mn—Mn contact in MnB, is short enough
to be considered a double bond, consistent with expected
isolobal analogy rules for d® Mn'.”"! The observations made
herein are in agreement with a series of recent calculations on
Mn' carbonyl compounds.

0.6 T T T T T T T

0.4 —
0.2
0

—COHP

-0.2

"un-dimerized"
— dimerized, short
+~—— dimerized, long

04|

0.6 —

w 1 | L | 1 1 |
0 '8~6 -4 -2 0 2

energy (eV)

Figure 5. A) Total ELF (core + valence) contours in the plane of the
Mn—Mn bond, showing slight localization within the dimers (empha-
sized by the blue connectors) that is absent between the dimers, that
is, in the longer Mn—-Mn distance. The valence-only ELF isosurface at
a value of ELF =0.80 suggests the highly localized B—B bonding in the
boron framework. B) Calculated COHPs for the Mn—Mn interaction in
the “un-dimerized” (hypothetical) and dimerized (experimental) struc-
tures. The large antibonding COHP at E; is relieved by the Peierls
distortion.
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Figure 6. ''B MAS NMR spectrum of MnB,.

"B NMR spectroscopy (Figure 6) did not show much sign
of paramagnetic broadening or shift of the resonance signals
in contrast to what has been reported for ''B NMR spectra of
paramagnetic iron compounds.”® The presence of four signals
in the spectrum arises from the four crystallographic inde-
pendent boron atoms. Although assigning the measured
peaks empirically would be impractical, the Bader charges
from the DFT calculations can aid in the assignment. Such
a correlation between Bader charges and NMR chemical
shifts has been employed in a study of the Al NMR spectra
of aluminum oxides.”"! As given in Table 1, increasing Bader

Table 1: "B NMR data.

Site Population Chemical shift [ppm] FWHME! [ppm] Bader charge

B1 2438 69.6 0.30 —0.09
B2 244 75.6 0.30 —0.08
B3 236 33 0.47 —0.26
B4 272 20.9 0.18 —0.22

[a] Full width at half maximum.

charge on a boron atom corresponds to more shielded "B
nuclei, thus, resonating at lower frequency, that is, more-
negative chemical shifts. The chemical shifts fall in the range
of "B chemical shifts for other systems with nearly elemental
boron atoms (oxidation state 0), such as in boron-doped
diamond.™ Additionally, the four B sites are present in
a nearly 1:1:1:1 ratio, consistent with the crystallographic
structure.

The magnetic susceptibility of MnB, (see Supporting
Information), acquired upon field-cooling under a 10 kOe
field, displays a behavior that can be fitted with high certainty
through the entire temperature range as the sum of a temper-
ature-independent term yx, and a temperature-dependent
Curie term, C/T. The value of the temperature-independent
term, without accounting for sample and holder diamagnet-
ism, is y,=44.6 pemumol ' Oe~!, which is consistent with
metallic paramagnetism. Using pu.=2.84 C'? in the Curie
term suggests a magnetic moment near 0.64, which is the
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moment that would be obtained from approximately 0.2
unpaired electrons and is consistent with a Mn' center in
a low-spin, d® state. The relatively small paramagnetic
moment explains the absence of strong broadening of the
NMR signals and the ease with which the sample could be
spun in a magnetic field in the solid-state NMR experiments.
The small value of u. also explains the absence of a magnetic
transition above 5K in this compound. The absence of
magnetic ordering, also suggested by an effective Weiss
temperature @ =0, is consistent with the small moment and
the low dimensionality of the structure.

The electrical properties of MnB, were investigated
between room temperature and 373 K using a specially
designed two-probe set-up and very small crystals (edge
lengths <100 um). The title compound turned out to be
a semiconductor with an energy of activation as low as
approximately 0.04 eV, determined by an Arrhenius plot (see
Supporting Information).

In conclusion, we would like to emphasize that our
investigation of compounds with the hypothetical tetragonal
diamond framework led to the identification of monoclinic
MnB,, which was for the first time obtained in form of crystals
and pure powders. Its crystal and electronic structures allow
for insights into fascinating details, such as a short Mn—-Mn
contact. Further experimental investigation of hardness will
follow as soon as larger crystals can be grown.

Experimental Section

Manganese (279.5mg, Aldrich, 99.99%) and boron (222.9 mg,
Chempur, 99.995 % ) were mixed. A cold-pressed pellet of the starting
materials was placed in a silica ampoule with freshly sublimated
iodine (97 mg; Merck, double sublimated) as mineralizer. The
ampoule was heated to 1273 K for 28 days (single crystals, Figure 1)
or fourteen days (crystalline powders) and then quenched to room
temperature. X-ray powder diffraction data were collected at room
temperature using a powder diffractometer (STOE Stadi P, 1K-
Mythen detector) with CuKa, radiation (Ge monochromator, A=
1.54056 A, flat plate sample holder, transmission geometry). Single-
crystal data was collected on an IPDS2 diffractometer (MoKa, Stoe,
Darmstadt, Germany) at ambient temperature. The size of the MnB,
single crystal was 0.2 mm x 0.10 mm x 0.05 mm. Structure refinement
was performed using the program SHELX.®! A numerical absorption
correction was applied using X-RED and X-SHAPE software.””) The
high-resolution solid-state NMR experiments were carried out under
conditions of 50 kHz magic angle spinning (MAS) at 300K on
a Bruker AVANCE IPSO NMR spectrometer, with an 11.7 T wide-
bore (89 mm) superconducting magnet, operating at a frequency of
160.419 MHz for "'B. A Bruker 1.3 mm H-X double-resonance MAS
probe head was used with zirconia rotors and Kel-F caps. A 22.5°
pulse was used to ensure quantitative measurements, with a pulse
length of 2.1 us and a recycle delay of 2s. A total of 2560 transients
were collected, and a 15 kHz line broadening was applied to the free
induction decay. Chemical shifts were referenced to BF;Et,O at
0 ppm. The program dmfit was used to fit the NMR data.”® The
conductivity of MnB, was measured by the two-probe technique in
a specially designed micro apparatus. A polytetrafluorethylene tube
with an inner diameter of 0.6 mm was filled with several crystals. Two
gold-plated pistons (diameter 0.55 mm) were inserted from both
sides. The crystals were compacted by mechanical treatment and
finally formed a layer of 0.1 mm thickness between the two electro-
des. Conductivity was determined by applying either constant
currents or constant voltages of 0.1 V. Temperature variation was
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achieved by external heating up to 373 K using a micro oven. Several
cycles of heating and cooling and inversion of polarity were applied to
the sample. Magnetic susceptibility data was acquired under a 10 kOe
field while cooling under field, between 300K and 42K on
a Quantum Design MPMS 5XL SQUID magnetometer. Electronic
structure calculations were performed using the Vienna ab initio
Simulation Package (VASP)**! employing the projector-aug-
mented wave (PAW) method®-*? and the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA) of exchange
correlation functionals.” Structures were optimized including
volume, c/a ratio, and atomic positions to ensure that they are in
their electronic ground state. Because the optimization of the
hypothetical “un-dimerized” structure led to a dimerization, the
positions of the Mn atoms were held static to maintain the equal (i.e.,
non-alternating) Mn-Mn bond lengths. Charges on Mn and B were
determined by the Bader method with the aid of the Bader analysis
program,* based on the atoms in molecules (AIM) theory.** The
Stuttgart-LMTO-ASA program® was employed to calculate the
crystal overlap Hamilton populations (COHP)®” and the electron
localization function (ELF).P!
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