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ABSTRACT: New complex manganese vanadate materials were synthesized as high-
quality single crystals in multi-millimeter lengths using a high-temperature, high-
pressure hydrothermal method. One compound, Mn(VO,),(OH),, was grown from
Mn,0; and V,05in 3 M CsOH at 580 °C and 1.5 kbar. Changing the mineralizer to 1
M CsOH/3MCsCl leads to the formation of another product, MnsO(VO,),(OH).
Both compounds were structurally characterized by single-crystal X-ray diffraction
(Mny(VO,),(OH): C2/m, Z =2, a = 9.6568(9) A, b =9.5627(9) A, c = 5.4139(6) A,
B = 98.529(8)°; Mn,O(VO,),(OH): P2,/m, Z = 2, a = 89363(12) A, b = 6.4678(8)
A, ¢ = 10.4478(13) A, p = 99.798(3)°), revealing interesting low-dimensional
transition-metal features. Mn(VO,),(OH), possesses complex honeycomb-type
Mn—O layers, built from edge-sharing [MnOg4] octahedra in the bc plane, with

Mn(VO,),(OH),

Mn;O(VO,);(OH),

bridging vanadate groups connecting these layers along the a-axis. MnsO(VO,),(OH) presents a more complicated structure

with both octahedral [MnOg] and trigonal bipyramidal [MnOjs] units. A different pattern of planar honeycomb sheets are formed
by edge-shared [MnOg] octahedra, and these sublattices are connected through edge-shared dimers of [MnOs] trigonal
bipyramids to form corrugated sheets. Vanadate groups again condense the sheets into a three-dimensional framework. Infrared
and Raman spectroscopies indicated the presence of OH groups and displayed characteristic Raman scattering due to vanadate
groups. Temperature-dependent magnetic studies indicated Curie—Weiss behavior above 100 K with significant anti-
ferromagnetic coupling for both compounds, with further complex magnetic behavior at lower temperatures. The data indicate
canted anti-ferromagnetic order below 57 K in Mny(VO,),(OH), and below 45 K in Mn,O(VO,),(OH). Members of another
class of compounds, K,M;(VO,),(OH), (M = Mn, Co), also containing a honeycomb-type sublattice, were also synthesized to
allow a comparison of the structural features across all three structure types and to demonstrate extension to other transition

metals.

1. INTRODUCTION

The pentavalent vanadate unit (VO,’”) is an excellent building
block for a wide variety of metal complexes. The vanadium ion
usually adopts a tetrahedral oxide environment and can serve in
a wide variety of bridging arrangements creating chains, layers,
and other complex solid structures.' > In this way it can serve
as a transition-metal surrogate for the extensive collection of
metal phosphates. In addition, the vanadate can sometimes
form oligomeric and polymeric groups, which further increase
the structural options.”” Though not producing a direct
contribution to any magnetic signal, the vanadate tetrahedra
can indirectly impart interesting magnetic behavior in materials
by allowing magnetically active transition metals to assemble as
low-dimensional structural features in a lattice. The rich
structural behavior can include threefold clusters, chains, and
layers and often leads to a variety of complex magnetic effects
including spin frustration®™'> and multiferroic behavior."®
These resulting complex vanadates can exhibit bridging either
directly through oxygen atoms (M—O—M) or through the M—
O—V—0-M linkage. In the latter case it can serve as a super-
superexchange group (SSE)'*" and induce a reversal of the
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usual Goodenough—Kanamori—Anderson exchange parame-
ters.'

Our original interest in this area was driven by the
performance of YVO, as a laser host material, and we
undertook an investigation of the hydrothermal synthesis of
single crystals of the material.'” This was successful,""” but the
development of the hydrothermal method also opened some
considerably more complex chemistry of rare earth vana-
dates.””~** The rich trove of rare earth vanadate chemistry in
hydrothermal fluids encouraged us to extend this chemistry to
first-row transition-metal vanadates to provide a comparison to
the results from more classical thermally driven synthesis
methods. Indeed we found that the transition-metal vanadate
chemistry is very extensive when using a high-temperature
hydrothermal synthetic approach, and a wide variety of new
compounds is emerging.””** One particular advantage of this
synthesis method is the tendency to form fairly large single
crystals (1—2 mm). As a result, the method is particularly

Received: May 27, 2016

DOI: 10.1021/acs.inorgchem.6b01286
Inorg. Chem. XXXX, XXX, XXX—XXX


pubs.acs.org/IC
http://dx.doi.org/10.1021/acs.inorgchem.6b01286

Inorganic Chemistry

amenable for magnetically interesting materials, since single-
crystal neutron and magnetism studies can be undertaken. The
complex structures emerging in this area suggest that many new
solid-state compounds await discovery. We continue to mine
the area and explore the descriptive phase space by systemati-
cally varying reaction conditions. In this paper we describe
several new manganese vanadates as high-quality single crystals
with fairly complex structures, all representing different
variations on a honeycomb-type lattice. Their structures are
examined in detail, and their initial physical and magnetic
properties are reported.

2. EXPERIMENTAL METHODS

2.1. Hydrothermal Crystal Growth. Compounds were synthe-
sized using a high-temperature hydrothermal technique in sealed silver
ampules. Approximately 0.2 g of reactants along with the desired
aqueous mineralizer (~60% fill) were placed in 2.5 in. long silver
ampules with an outer diameter of 1/4 in. The silver ampules were
welded shut and placed in a Tuttle cold-seal style autoclave and filled
with distilled water at 80% of free volume, to provide suitable counter
pressure. The autoclave was heated to 580 °C for 7 d at a typical
pressure of 1.5 kbar. The crystals were retrieved after washing with
deionized water. The chemicals used in this study were used as
received, without further purification: K,CO; (Alfa Aesar, 99.997%),
Cs,CO; (Alfa Aesar, 99%), CsOH-xH,0 (Alfa Aesar, 99.9%), CsCl
(Alfa Aesar, 99.9%), Mn,0; (Alfa Aesar, 98%), Co;0, (Alfa Aesar,
99.7%), and V,05 (Alfa Aesar, 99.6%).

2.2. Synthesis of K,M;(VO,4),(OH), (M = Mn and Co). Crystals
of K,Mn;(VO,),(OH), and K,Co4(VO,),(OH), were isolated using S
M KOH as the mineralizer. A total of 0.2 g of K,CO; (0.0578 g),
Mn,0; (0.0661 g), and V,0; (0.0761 g) were mixed in a 1:1:1 molar
ratio with 0.4 mL of S M KOH in each reaction. After the reaction
period brown platelike crystals (Figure S1) were recovered (~70% of
the total product), along with additional crystals of Mn(OH), and
MnO. Similar reaction conditions were applied to synthesize
K,Co,(VO,),(OH),. Herein, Co;0, was used as the cobalt source.
A lower yield of the target crystals was obtained (~10% of the total
product), along with CoO powder.

2.3. Synthesis of Mns(VO,),(OH), and MnysO(VO,);(OH). In a
typical 7 d reaction, a mixture of Cs,CO;, (0.0979 g), Mn,05 (0.0474
g), and V,0; (0.0547 g) was used in a molar ratio of 1:1:1 with the
appropriate mineralizer. Dark red columnar crystals of
Mny(VO,),(OH), were obtained using 0.4 mL of 3 M CsOH as
the mineralizer (Figure la). Alternatively, brown columnar crystals of

Figure 1. Hydrothermally grown crystals of Mng(VO,),(OH), (a) and
Mn,O(VO,);(OH) (b).

MnyO(VO,);(OH) were obtained using 0.4 mL of 1 M CsOH/
3MCsCl as a mixed mineralizer (Figure 1b). In both cases, a minor
amount (~5—10%) of Mn(OH), was observed as a side product.
2.4. X-ray Diffraction. Single-crystal X-ray intensity data of the
title compounds were collected using a Rigaku AFC8 diffractometer
with a Mo Ka (4 = 0.710 73 A; graphite monochromated) sealed tube
source and a Mercury CCD detector. Data were collected using w-
scans with a width of 0.5 degrees. Data were processed and corrected

for absorption, Lorentz, and polarization effects using the CrystalClear
software package.”> Space group determinations were made based on
the systematic absences. The structures were solved by direct methods
and subsequently refined using full-matrix least-squares techniques
within the SHELX software suite.”® All non-hydrogen atoms were
refined anisotropically. Initial structure refinements were considered
with the infrared spectroscopic analysis (see below), and elemental
analysis was completed by energy dispersive X-ray analysis
(Supporting Information Table S1) and indicated that hydrogen
atom identification was required to obtain appropriate charge balance.
Bond valence analyses were used to confirm the divalent oxidation
states of the transition metals and to identify underbonded oxygen
atoms suitable for hydrogen atom assignment.””** Hydrogen atoms
were then identified from the difference electron density map and
restrained to an appropriate distance from the parent oxygen atom.
Crystallographic data from the refined structures is given in Table 1.

All powder XRD (PXRD) measurements were performed using a
Rigaku Ultima IV diffractometer equipped with Cu Ke radiation of 1 =
1.5406 A*’ Powder diffraction patterns were collected in 0.02°
increments over the 20 range of 5°—65° at a rate of 0.1° min™".
Comparisons of the observed and calculated PXRD patterns for
hydrothermal reactions producing Mng(VO,),(OH), and MnsO-
(VO,);(OH) are shown in the Supporting Information, Figure S2.

2.5. Magnetic Property Characterization. Magnetization
measurements were performed using a Magnetic Property Measure-
ment System (Quantum Design) using collections of many small
randomly oriented crystals of Mns(VO,),(OH), and Mn4O-
(VO,);(OH) with total masses of 5.8 and 6.6 mg, respectively.
Temperature-dependent measurements were conducted on cooling
from 300 to 2 K in applied fields of 1 and 10 kOe. Isothermal
magnetization curves were recorded upon decreasing the field from 50
kOe to zero at temperatures of 2 and 300 K.

2.6. Spectroscopic Characterization. Selected single crystals of
Mn4(VO,),(OH), and MnsO(VO,);(OH) were ground to powder
form and used to perform the vibrational spectroscopic studies. To
obtain infrared spectrum the ground single crystals were mixed and
ground together with KBr before pressing into a pellet. The infrared
spectra were collected using a Nicolet Magna IR Spectrometer 550 in
the frequency range from 400 to 4000 cm™* with a 4 cm™ resolution.
To obtain Raman scattering, the ground powders of single crystals
were loaded into glass capillary holders. A 514.5 nm wavelength Ar
laser (Innova 200, Coherent) was used with 90 mW to obtain the
excitation of Raman scattering. Raman scattering was collected using a
camera lens of f/1.2 in a 1808 backscattering geometry and analyzed
by a triple spectrometer (Triplemate 1877, Spex) equipped with a
charge-coupled device (CCD) detector (iDUS 420 series, Andor)
cooled to 60 °C. A typical spectrum acquisition time was 10 s. The
Raman spectrum of indine and the Raman spectrum of a 5:2 mixture
of chloroform/bromoform was used for spectral calibration.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Phase Stability. The synthetic
approach for single crystals of the title compounds was drawn
from recent synthesis of other transition-metal vanadates
possessing low-dimensional structural features.””** As a general
approach, those studies involved the hydrothermal reactions of
varying stoichiometries of AEO (AE = Sr, Ba) with M,0; (M =
V, Mn, Fe) and V,0Oq in alkali hydroxide mineralizers. In the
resulting structures, Sr** or Ba®* cations were present as a
primary structural building block. In the present study, such
alkaline earth metal components were absent from the reaction,
leading to different chemistry. By varying the mineralizer
between KOH, CsOH, and CsCl we observed the three
different products K,M;(VO,),(OH), (M = Mn, Co),
Mn,(VO,),(OH),, and Mns,O(VO,);(OH), respectively. De-
spite the presence of excess Cs in the synthesis reactions of the
latter compounds no Cs-containing product was observed.
Here, the Cs" ions strictly served as mineralizing counterions
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Table 1. Crystallographic Data for K,Mn;(VO,),(OH),, Mny(VO,),(OH),, and Mn,0(VO,);(OH)

empirical formula K,Mn;(VO,),(OH),
FW 506.92

crystal system monoclinic

crystal dimension, mm 0.28 X 0.16 X 0.14
space group, Z C2/m (No. 12), 2
T, °C 25

a, A 15.184(5)

b, A 6.1578(19)

¢ A 5.3916(19)

B, deg 105.326(9)

v, A3 486.2(3)

D(calc), Mg/m® 3.463

u (Mo Ka), mm™" 6.535

Tmin 0.6801

Tmax 1.0000

20 range 3.59-25.04

No. of reflns. 2061

unique reflns. 488

observed reflns. (I > 26(I)) 479

R(int) 0.0285

No. of parameters S3

final R [I > 26(I)] R1, wR2 0.0279/0.0680
final R (all data) R1, wR2 0.0282/0.0683
GOF 1.154

largest diff. peak/hole, e/A° 0.879/-0.773

Mn(VO,),(OH), Mn,O(VO,),(OH)
572.61 707.47

monoclinic monoclinic

0.18 X 0.06 X 0.04 0.12 X 0.03 X 0.02
C2/m (No. 12), 2 P2,/m (No. 11), 2
25 25

9.6568(9) 8.9363(12)
9.5627(9) 6.4678(8)
5.4139(6) 10.4478(13)
98.529(8) 99.798(3)
494.42(9) 595.06(13)

3.846 3.948

8.047 8.462

0.7894 0.5741

1.0000 1.0000
3.01-25.24 2.31-25.24

2128 5127

475 1168

448 1110

0.0261 0.0467

54 131

0.0426/0.0988 0.0321/0.0815
0.0441/0.1018 0.0335/0.832
1.147 1.144
1.152/-2.396 1.051/-0.941

Figure 2. Long-range structural comparison of (a) K,Mn;(VO,),(OH),, (b) Mny(VO,),(OH),, and (c) MnsO(VO,);(OH). Manganese and
vanadium are depicted as blue and yellow polyhedra, respectively. Oxygen atoms are shown as red spheres, potassium atoms as gray spheres, and

hydrogen atoms as black spheres.

and remained in solution. Both compounds contain transition-
metal ions that were reduced from their initial trivalent state in
the feedstock material to a divalent state in the resulting
crystals. Note that Mng(VO,),(OH), is actually a stoichio-
metric form of the very rare arsenic-substituted mineral

reppiaite, Mng(VygoAso1;),(OH),.”" In addition, the structure
of K,Mn;(VO,),(OH), has been briefly reported as made by a
high-temperature melt reaction,” but to our knowledge there
have been no follow-up reports. No chemistry of any other
similar compounds has been reported, nor have any physical
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properties been determined. Thus, a brief comparison of these
structures is instructive both in regard to the preparation of
other transition-metal analogues (such as K,Co;(VO,),(OH),
in the present study, Supporting Information Table S2) and for
a direct structural comparison of the structural relationships
between K,Mn;(VO,),(OH),, Mn(VO,),(OH),, and Mn,O-
(VO,);(OH) to provide a broader understanding of transition-
metal vanadate crystal chemistry.

3.2. Structural Relationships in K,Mn;(VO,),(OH),,
Mn;5(VO,),(OH), and MngO(VO,),(OH). We will first briefly
describe each structure and then examine some interesting
relationships between them, using the Mn-containing com-
pounds as the representative examples for ease of comparison.
The structure of K,Mn;(VO,),(OH), (and the analogous Co
species) can be described as alternating layers of transition-
metal vanadates with potassium ions (Figure 2a). The
transition-metal vanadate layer consists of two unique
[MnOg] octahedra (both in the form of MnO,(OH),, where
the oxo groups are from the vanadates) and one unique [VO,]
tetrahedron. The [MnOQjy] units form a sheet in the bc plane via
shared oxygen edges, and the [VO,] units extend from this
sheet along the g-axis. The sheets are completely isolated from
one another by layers of potassium ions, which satisfy the
remainder of the valence of the vanadate-bound oxygen atoms.
These sheets of edge-shared [MnOg] units form a honeycomb-
like arrangement in the bc plane that will be described in greater
detail below as it relates to similar features in
Mn(VO,),(OH), and Mn,O(VO,),(OH).

The key structural feature of Mng(VO,),(OH), is again
marked by a two-dimensional transition-metal sheet in the bc
plane, but here the sheets are condensed through the vanadate
tetrahedra extending along the a-axis (Figure 2b). The absence
of an alkali metal layer in this structure requires that the
vanadate oxygen atoms satisfy their valence in some other way,
namely, by connecting to the next transition-metal oxide layer.
Overall, the Mng(VO,),(OH), structure is considered a three-
dimensional transition-metal vanadate framework, but it retains
the two-dimensional character with respect to the manganese
oxide network. Similar condensation of manganese oxide layers
occurs between zigzag layers through the orthovanadate groups
in Mn,(VO,),.* Connectivity of distorted octahedral [MnOg]
units (as [MnO4(OH),] and [MnO,(OH),]) within the layers
again occurs via edge-sharing but forms a different honeycomb
arrangement than that of K,Mn;(VO,),(OH), (see below).
Interestingly, K,Mn;(VO,),(OH), and Mn4(VO,),(OH),
share certain similarities in that they are both based on a
two-dimensional transition-metal oxide sheet, but they are quite
distinct in the nature and connectivity of the sheets due to the
presence/absence of the alkali metal as well as the Mn/V ratio
in their formulas. This marks the first fundamental structural
distinction between K,Mn;(VO,),(OH), and
Mny(VO,),(OH),. The stoichiometric distinction is especially
apparent when comparing the unit cell projections along their
respective a-axes (Figure 3).

The structure of MngO(VO,);(OH) differs somewhat from
these first two structure types (Figure 2c). Two-dimensional
manganese oxide layers are again observed to connect through
vanadate groups to form a three-dimensional manganese
vanadate framework as in Mng(VO,),(OH),. In this case
however the structure is considerably more complicated in its
construction. One difference is that the MnsO(VO,);(OH)
structure contains five unique Mn atoms that are either five- or
six-coordinate, accounting for four different Mn(II) coordina-

Figure 3. Projection of K,Mn3(VO,),(OH), (a) and
Mn(VO,),(OH), (b) along [100]. C-centering places the individual
layers in a staggered arrangement relative to one another along the a-
axis.

tion environments as [MnOs], [MnOg], [MnOs(OH)], and
[MnO4(OH),]. The six-coordinate Mn atoms (Mn(2), Mn(3),
and Mn(4)) are edge-sharing to form a planar substructure that
contains the honeycomb-like feature (discussed below). This
substructure can be thought of as resembling a Kagome strip
lattice,” with three chains (propagating by oxygen edge sharing
along the b-axis) of the six-coordinate Mn(4), Mn(3), and
Mn(4) units that are linked by Mn(2), again by oxygen edge-
sharing to form discrete planar subsheets (Figure 4). The
planar substructures are then connected to one another
through [Mn,Oyg] dimers of the trigonal bipyramidal [MnOs]
units Mn(1) and Mn(S), by both edge and corner sharing
(Figure S). The result is a corrugated manganese oxide sheet
that approximately bisects the ac plane (Figure 2c). This sheet
is heavily decorated by vanadate tetrahedra, which provide
connectivity to the neighboring corrugated sheets aligned in an
interlocking manner.

These basic structural observations may provide some insight
into the descriptive chemistry observed. When K' ions are
employed in the synthesis the alkali ions become incorporated
between the layers as part of the structural unit. When the
mineralizer contains cesium, we may postulate that the
K,Mn;(VO,),(OH), structure type may not be stable due to
the larger size of the Cs* cation, where the reactions instead
produce Mns(VO,),(OH), or Mn,O(VO,);(OH). Alterna-
tively, the Cs* ions may be more stable as solvated aquo ions
and prefer to remain in solution rather than the lattice. The role
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Figure 4. Planar manganese oxide substructure of MnsO(VO,);(OH)
comprised of edge-sharing [MnOg] units.

of the alkali metal as a structural spacer is also evident, in that
the manganese vanadate layers are isolated from one another in
K,Mn;(VO,),(OH),. When an alkali metal ion is not present,
the manganese oxide networks remain two-dimensional in
Mn,(VO,),(OH), and Mn,O(VO,);(OH) but are condensed
through the vanadate tetrahedra. An interesting crystal chemical
comparison is found in Mn,(VO,) (OH),** where the presence
of both trigonal bipyramidal and octahedral Mn environments
results in a corrugated layer structure, similar to Mn4O-
(VO,);(OH) that also contains both types of building blocks.
The layers in Mn,(VO,) (OH) are also similarly condensed
through the vanadate groups. Typical Mn(II)—O bond lengths
were observed in all of the structures in this study (Table 2,
Table S3).

The six-coordinate [MnOg] units of K,Mn,(VO,),(OH),,
Mn,(VO,),(OH),, and Mn,O(VO,);(OH) possess average
Mn—O distances of 2.188(3), 2.205(4), and 2.208(3) A
occurring over ranges from 2.098(3) to 2.245(2), from
2.087(3) to 2271(3), and from 2.059(2) to 2.472(3) A,
respectively. In general, Mn—O bonds to f;-oxo vertices
correspond to the shortest bonds in those ranges (excepting
O(1) in Mny(VO,),(OH),, where O(1) is held at a longer
distance from Mn by the bridging vanadate group). The
resulting Mn—O—Mn bond angles for the edge-sharing
connections of [MnOg4] groups range from 83.51(10)° to
99.32(11)° in K,Mn,;(VO,),(OH),, from 84.75(14)° to
101.70(14)° in Mns(VO,),(OH),, and from 87.37(8)° to

Mn(1)

Figure S. Perspective view of the structural connectivity of planar
MnOg-based units (shown as polyhedra) through MnO;g-based
[Mn,Og] dimers. (inset) Edge-sharing connectivity within the dimers.

102.39(15)° in MnsO(VO,);(OH). As an additional note on
the interatomic relationships in [MnOg] units, the longer
Mn(2)—0(9) bonds of 2.472(3) A in MnO(VO,),(OH)
indicate a high degree of distortion about the [Mn(2)Oq]
octahedron, where such long bonds are necessary to mitigate
the acute O(9)—Mn(2)—0(9) bond angle of 66.17(12)°. The
Mn—O bond lengths of the [MnO;] groups in MnsO-
(VO,);(OH) range from 2.021(4) to 2.261(3) A, with an
average of 2.118(4) A. The Co?" analogue to
K,Mn;(VO,),(OH) exhibits similar trends in its interatomic
distances and angles (Table S2), with correspondingly shorter
values, as expected based on the Shannon radii.”” In all cases
the V—O bond lengths all fall within the range from 1.665(4)
to 1.787(4) A, typical for V>*.*°

3.3. Honeycomb Variations in K,Mn;(VO,),(OH),,
Mn;5(VO,),(OH);, and MngO(VO,),(OH). All three com-
pounds highlighted here contain triangular [Mn;0,;] building
blocks that are responsible for constructing the two-dimen-
sional manganese oxide networks. This recurring pattern is
worthy of further structural comment, especially since it could
represent a potential magnetically frustrated system with a
pattern of honeycomb-like hexagons.*® The prototype
[Mn;0,;] triangular unit was originally observed in
K,Mn;(VO,),(OH),*" and the present study demonstrates
its application to other transition metals such as Co*". This also
provides an interesting comparison point between
K,Mn;(V0O,),(OH),, Mns(VO,),(OH),, and MnO-
(VO,),(OH).

The edge-sharing [MnOg] octahedra in K,Mn;(VO,),(OH),
and Mny(VO,),(OH), form triangular Mn—Mn interactions
([Mn;0,;] triangular units) alternating along [010] (Figure
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Table 2. Selected Interatomic Distances (A) and Angles (deg) for Mng(VO,),(OH), and Mn,O(VO,);(OH)

Mns(VO4)z(OH)4
Mn(1)Oq Mn(3)O4
Mn(1)-0(2) x 2 2.269(3) Mn(3)-0(1) x 2 2.253(4)
Mn(1)-0(3) x 2 2.175(3) Mn(3)-0(2) X 4 2.150(3)
Mn(1)-0(4) x 2 2.126(3)
Mn(2)Oq4 v(1)0,
Mn(2)-0(1) X 2 2.270(3) V(1)-0(1) 1.748(4)
Mn(2)-0(2) x 2 2.259(3) V(1)-0(2) x 2 1.708(3)
Mn(2)-0(4) x 2 2.087(3) V(1)-0(3) 1.722(4)
Mn(1)-Mn(1) 2.9312(17) Mn(1)—0(3)—Mn(1) 84.75(14)
Mn(1)-+-Mn(2) 3.1362(5) Mn(1)-0(2)—Mn(2) 87.69(10)
Mn(1)--Mn(3) 3.3158(9) Mn(1)-0(4)—Mn(2) 96.23(12)
Mn(2)-+-Mn(2) 3.4642(15) Mn(1)—0(4)—Mn(3) 101.70(14)
Mn(2)--Mn(3) 3.2137(5) Mn(2)-0(1)—Mn(2) 99.44(17)
Mn(2)—0(1)—Mn(3) 90.55(12)
Mn(2)-0(4)—Mn(3) 98.67(12)
Mn(O(VO,);(OH)
Mn(1)O; Mn(5)0;
Mn(1)-0(3) 2.082(4) Mn(5)-0(2) 2.261(3)
Mn(1)-0(8) x 2 2.151(3) Mn(5)-0(3) 2.021(4)
Mn(1)—0(6) 2.102(4) Mn(5)-0(6) 2.123(4)
Mn(1)-0(10) 2.087(4) Mn(5)-0(9) x 2 2.097(2)
Mn(2)Og v(1)0,
Mn(2)-0(1) 2.116(4) V(1)-0(5) x 2 1.708(2)
Mn(2)-0(4) 2.106(3) V(1)-0(6) 1.691(4)
Mn(2)-0(7) X 2 2.136(3) V(1)-0(11) 1.699(4)
Mn(2)-0(9) x 2 2.472(3) v(2)0,
Mn(3)O4 V(2)-0(4) 1.787(4)
Mn(3)-0(1) x 2 2.118(2) V(2)-0(7) x 2 1.696(3)
Mn(3)-0(7) x 2 2.320(3) V(2)-0(8) 1.728(4)
Mn(3)-0(11) x 2 2.127(2) V(3)0,
Mn(4)O4 V(3)-0(2) 1.753(4)
Mn(4)-0(2) 2.252(2) V(3)-0(9) x 2 1.738(3)
Mn(4)-0(3) 2.059(2) V(3)-0(10) 1.665(4)
Mn(4)-0(4) 2.275(3)
Mn(4)-0(S) 2.144(2) Mn(1)—0(3)—Mn(4) 98.16(12)
Mn(4)-0(8) 2.184(2) Mn(1)—0(5)—Mn(4) 93.56(10)
Mn(4)-0(9) 2.288(2) Mn(1)—0(3)—Mn(5) 98.60(15)
Mn(1)—0(6)—Mn(3) 94.84(15)
Mn(1)---Mn(4) 3.1296(8) Mn(2)—0(1)—Mn(3) 99.42(12)
Mn(1)-+-Mn(S) 3.1112(11) Mn(2)-0(7)—Mn(3) 92.79(10)
Mn(2)--Mn(3) 3.2296(7) Mn(2)—0(4)—Mn(4) 97.31(12)
Mn(3)---Mn(3) 3.2339(4) Mn(2)—0(9)—Mn(4) 87.37(8)
Mn(4)--Mn(4) 3.2092(10) Mn(3)—0(1)—Mn(3) 99.55(14)
Mn(3)-0(11)—Mn(3) 98.98(15)
Mn(4)—0(2)—Mn(4) 92.69(13)
Mn(4)—0(3)—Mn(4) 102.39(15)
Mn(4)—0(4)—Mn(4) 89.69(13)
Mn(4)—0(8)—Mn(4) 96.49(14)
Mn(4)—0(2)—Mn(S5) 93.22(11)
Mn(4)—0(9)—Mn(5) 96.71(10)

6a). In K,Mn;(VO,),(OH),, these [Mn;O,;] triangular units
are comprised of two [Mn(1)O¢] and one [Mn(2)Oq]
octahedra connected through shared oxygen edges to form
one central y;-oxygen atom, O(2), which is the OH™ group in
the structure. Consequently, the arrangement of [Mn;0,;]
units in K,Mn;(VO,),(OH), create honeycomb-like Mn
hexagons (Figure 6b) in a shifted kagome arrangement. In
contrast to K,Mn,(VO,),(OH),, Mny(VO,),(OH), contains
two unique triangular [Mn;0,;] units formed by the presence

of the additional Mn atom (labeled Mn(3)) in the sheets
(Figure 6¢). One triangle is made of two [Mn(2)Og] units and
one [Mn(3)Oq] unit sharing O(1) as a y3-oxo vertex, while the
other triangle is made from [Mn(1)Og], [Mn(2)O¢], and
[Mn(3)Og] octahedra sharing O(4) as a us-oxygen atom. In
this case O(4) is the OH™ group in the structure, while O(1)
maintains an additional bond to the vanadium atom that
connects the sheets along the g-axis. The Mn—Mn sheets in
Mn(VO,),(OH), also consists of honeycomb-like Mn
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Figure 6. Comparison of partial structure of Mn—O honeycomb sublattices in K,Mn;(VO,),(OH), (a), Mny(VO,),(OH),, (c) and
MnyO(VO,);(OH) (e). The unique feature of these compounds are the triangular [Mn;O,;] units connect to form a layers of Mn—Mn hexagons as
shown in green lines in (b, d, and f). The green lines represent a shared oxygen edge between Mn atoms.

hexagons (similar to K,Mn;(VO,),(OH),) but alternating with
three rows of triangular Mn atoms along [010] (Figure 6d).
Effectively, this latter arrangement is a hexagonal honeycomb
lattice where every other row of hexagons has an additional Mn
atom in the center of each Mn hexagon, creating the triangular
rows. This difference may be the manifestation of the different
Mn/V stoichiometries in the chemical formulas of
K,Mn;(VO,),(OH), and Mn(VO,),(OH),, where the latter
structure, being richer in Mn, forms the more complicated
sheet.

The planar honeycomb substructure formed by [Mn;0;]
units in MngO(VO,);(OH) (Figure 6e) is a variation on the
infinite planar structure of K,Mn;(VO,),(OH), in that the
hexagons formed by the edge-sharing Mn atoms are staggered
along [010] relative to one another (Figure 6f). There are two
unique [Mn;0;;] units in the structure, one comprised of one
[Mn(2)Og] unit and two [Mn(3)Og] units sharing O(1) as a
Us-oxo vertex, and the other comprised of one [Mn(2)Og] unit
with two [Mn(4)Og] units with O(4) as the y;-oxo atom. Here,
O(1) is an OH™ group, while O(4) is further bound to a
vanadium atom. This arrangement creates somewhat more
open layers compared to K,Mn;(VO,),(OH), and
Mny(VO,),(OH),. As these planar honeycomb units are
connected to form the corrugated sheet by the [Mn,Os]
dimers, the trigonal bipyramidal Mn(1) atom also occurs in the
same plane with the octahedral Mn(2), Mn(3), and Mn(4)
atoms. This adds additional complexity to the triangular system
by the formation of an oxygen edge-sharing triangular
[Mn;O;,] unit in the same plane from one [Mn(1)O;] and
two [Mn(4)Oq] units, with O(3) serving as the y;-0xo vertex.
The O(3) atom also coordinates Mn(5) outside of the plane, as

the [Mn,O;] dimer is formed by a shared O(3)—0(6) edge of
Mn(1) and Mn(5).

3.4. Magnetic Properties of Mns(VO,),(OH), and
MngO(VO,);(OH). Both Mn(VO,),(OH), and Mn,O-
(VO,);(OH) possess very complicated Mn—O—Mn networks.
The generally low symmetry of the systems gives rise to
[MnOg] units that are distorted to different degrees with wide
ranges of Mn—O-—Mn bond angles and Mn--O---Mn
separation distances. The presence of very different [MnOjs]
and [MnOg] geometries in MnyO(VO,);(OH) introduces
additional variables. Given the diversity of bond distances and
angles, multiple superexchange pathways and, thus, complex
magnetic interactions, are possible. In that way, the structures
of both Mny(VO,),(OH) and Mn,O(VO,);(OH) are fairly
complex, making straightforward interpretation of magnetic
properties somewhat difficult.

The measured magnetic properties of Mn;(VO,),(OH), are
summarized in Figure 7. The temperature dependence of the
M/H (the magnetic susceptibility when M vs H is linear) is
shown in Figure 7a. The Figure 7a inset shows the inverse, H/
M. The Curie—Weiss relationship M/H = C/(T — 0) is
observed to hold for temperatures above ~100 K, and a fit over
this temperature range is shown in the inset. This gives an
effective moment of 5.69 p3/Mn, which is close to, but slightly
smaller than, the expected free ion value of 5.9 yp/Mn** (S =
5/2). The Weiss temperature 6 is found to be —164 K,
indicating relatively strong, predominantly anti-ferromagnetic
interactions between the Mn** moments. An anomaly is
observed at ~57 K, which is most easily seen at lower fields.
The field dependence of the magnetic moment (Figure 7b) is
nearly linear both above and below this temperature, indicating
the anomaly at 57 K most likely corresponds to anti-
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Figure 7. Magnetic properties of Mny(VO,),(OH),. (a) Temperature
dependence of M/H measured in applied fields of H = 1 and 10 kOe.
(inset) H/M with a Curie—Weiss fit between 100 and 300 K. (b)
Magnetic moment vs applied field measured at 2 and 300 K.

ferromagnetic order, so this temperature is defined as the Neel
temperature Ty. The increase in M/H below this temperature
seen at H = 1 kOe suggests the moments are canted, producing
a small net moment in the ordered state. Below ~20 K, M/H
displays an additional increase upon cooling, with Curie-like
behavior. This most likely arises from magnetic moments that
do not undergo magnetic order at Ty and remain paramagnetic
to 2 K, which might be expected based on the frustrated lattice
formed by Mn?*. There is a slight rollover of M/H observed
near the lowest temperature studied here, indicating that the
magnetic structure may still be evolving with temperature at 2
K and below.

Figure 8 shows the magnetic properties of MngO-
(VO,);(OH). The temperature dependence (Figure 8a) is
described by a Curie—Weiss law above 100 K, with an effective
moment of 5.4 yz/Mn. As observed in Mng(VO,),(OH),, this
is somewhat smaller than the expected value. The negative
Weiss temperature of —113 K indicates predominantly anti-
ferromagnetic interactions in this compound as well. Evidence
for long-range order is seen at ~45 K. Below this temperature
the magnetization increases sharply, and a portion of the
moment saturates at low magnetic field at 2 K (Figure 8c). The
saturating component of the moment is small, ~0.03 mB/Mn,
consistent with a canted anti-ferromagnetic structure with

(a) 0."0 -
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Eo 15 3
= ' o é s0 E=1010e¢
< J b3 pﬁ:S.JO-,
E ex ¥ =113 K
=_0.10 [ —
)
[~
—

o
[—]
wm
W

H =10 kOe

Figure 8. Magnetic properties of MnsO(VO,);(OH). (a) Temper-
ature dependence of M/H measured in applied fields of H = 1 and 10
kOe. (inset) H/M with a Curie—Weiss fit between 100 and 300 K. (b)
Low-temperature behavior showing anomalies at 3.7 and 26 K. (c)
Magnetic moment vs applied field measured at 2 and 300 K.

uncompensated components of the magnetic moments below
Ty = 45 K. Figure 8b shows the behavior of M/H below Ty.
Two additional anomalies are observed at T, = 3.7 K and T, =
26 K. Since the anomaly at T, is not seen in the lower-field data
(Figure 8a), it may be associated with a transition that is
induced by the applied field. The additional anomalies below
Ty suggest that the spins may reorient upon further cooling
below Ty, or that magnetic order develops in multiple stages,
which may not be surprising considering there are five unique
Mn sites, three with octahedral and two with trigonal
bipyramidal coordination, and the main structural motif of
the Mn sublattice is honeycomb-like.

DOI: 10.1021/acs.inorgchem.6b01286
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.6b01286

Inorganic Chemistry

Neutron diffraction studies would clearly be desirable to
elucidate the complex magnetic behaviors suggested by the
magnetization measurements of both Mny(VO,),(OH), and
Mn,O(VO,);(OH), but the magnetization data strongly
support a canted anti-ferromagnetic state in both materials at
low temperature. As noted above, the magnetic sublattices in
these compounds include honeycomb- and Kagome-like
components. Both of these lattices support antisymmetric
exchange interactions, also known as Dzyaloshinski—Moriya
(DM) interactions.”’~** Since these interactions favor
perpendicular arrangements between neighboring spins, com-
petition between DM and superexchange interactions may be
the origin of the canted anti-ferromagnetic behavior seen in
these compounds.

3.5. Infrared and Raman Spectra of Mn4(VO,),(OH),
and MngO(VO,);(OH). Infrared and Raman spectra are shown
in Figure 9. This serves as qualitative confirmation of the OH
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Figure 9. Infrared (a) and Raman (b) spectra for Mny(VO,),(OH),
and Mn,O(VO,);(OH).

groups in the lattices. As expected, the stretching vibrations for
O—H can be observed over the range of 3500—3750 cm™" for
both Mn4(VO,),(OH), and MnsO(VO,);(OH), Figure 9a."’
Additionally, bands at 1100—800 cm™" can be assigned to the
tetrahedral [VO,] groups. Raman bands (Figure 9b) above 700
cm ™" are likely due to the stretching vibrations v, of the [VO,]
groups. Both compounds exhibit a strong Raman band near 789
cm™, likely the symmetric stretching mode of the vanadate

groups.”® Weaker modes of [VO,] groups are clearly visible in
the Raman spectra near 740 and 840 cm™', also within the
expecting range for and Eg modes.%*** It is noteworthy to
mention that Mng(VO,),(OH), has only one unique [VO,]
group, while Mn,O(VO,);(OH) has three crystallographically
distinct [VO,] groups. As a result, the additional bands at 838
and 936 cm™ in the Raman spectrum of MnsO(VO,);(OH)
could be an indicator of the additional complexity of the [VO,]
groups in MnsO(VO,);(OH) compared to the
Mn,(VO,),(OH), Raman spectrum. The bands at 400 cm™
can be assigned to the [VO,] antisymmetric bending modes.
However, lattice mode vibrations (below 300 cm™) are not
clearly visible in both Raman spectra.

4. SUMMARY AND CONCLUSION

Two new manganese vanadates have been synthesized as large
single crystals using high-temperature hydrothermal growth
methods. Both materials Mny(VO,),(OH), and Mn4O-
(VO,);(OH) contain Mn** ions and have complex two-
dimensional manganese oxide layers built of units consisting of
Hz-oxo bridged manganese oxide trimers made of edge-shared
MnOy octahedra. The trimers form complex patterns of
different planar honeycomb-like lattices. In Mn,O(VO,);(OH),
the planar honeycomb substructures are connected through
unusual [Mn,Og] dimers of trigonal bipyramidal building
blocks to create an overall corrugated layer. In both structures,
the vanadate groups serve as bridging groups linking the various
building blocks together to overall form complex three-
dimensional structures.

A previously reported compound, K,Mn,(VO,),(OH),, was
also prepared using similar methods and serves as a prototype
for manganese oxide layers built of [Mn;O ;] trimeric building
units, while also illuminating the descriptive chemistry
encountered. In the case of this compound, the K* ions from
the mineralizer become incorporated in the structure and serve
to separate the manganese-oxo layers creating a true two-
dimensional layered structure. In the case of Mny(VO,),(OH),
and MnO(VO,);(OH), various cesium salts were employed as
mineralizers, and the Cs" ion prefers to remain in solution and
is not incorporated in the lattice. Thus, the vanadate groups
cross-link the layers to form complex three-dimensional
frameworks in those compounds. All three structure types
exhibit different honeycomb-like structures of increasing
complexity, and this suggests that a wide range of related
complex manganese vanadates can be further prepared using
this method.

The magnetic properties of Mn;(VO,),(OH), and Mn,O-
(VO,);(OH) were examined and indicated that both
compounds have significant anti-ferromagnetic coupling with
spin of 5/2 per Mn atom. Canted anti-ferromagnetic behavior is
observed below Neel temperatures of 57 and 45 K, respectively.
Additional magnetic ordering transitions occur at lower
temperatures, as might be expected for such complex structures.
More broadly, the materials reported here are the most recent
in a rapidly growing family of transition-metal vanadates that
contain intriguing structural and magnetic features, including
the potentially magnetically frustrated honeycomb sublattices as
building blocks. The high-temperature hydrothermal method
not only leads to large high-quality single crystals of new
compounds but the method also shows a significant sensitivity
to reaction conditions, stoichiometries, and reagents. In
particular, the vanadate group continues to display exception-
ally varied and versatile behavior as a linking group and building
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block. This rich chemistry suggests that we can continue to
mine new materials with intriguing low-dimensional structures
and interesting magnetic properties.
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