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Abstract: Materials with triangular arrangements of transi-
tion metal ions are of great interest for their complex
magnetism resulting from geometric frustration. This
paper describes the stepwise formation of kagome lattices
of open shell transition-metal ions from half-delta
chains to delta/sawtooth chains, and finally kagome nets.
The systems can be viewed as a testbed for magnetic
studies since a variety of spin states can be introduced
across the same structure type, and progress through
increasing levels of structural complexity and dimen-
sionality. The synthetic and structural development
of this continuum is studied here in well-formed single
crystals of A,M;(MoO,);(OH), (A=K, Rb; M=Mn, Co),
CsM,(MoO,),(OH) (M=Mn, Fe, Co, Zn), and
KM;(Mo0O,),0(0H) (M =Mn).

N /

The synthesis and structural characterization of materials with
open-shell transition metals in geometrically frustrated lattices
are critical to the study of complex magnetic behavior." Mag-
netic frustration is an essential component of quantum spin
liquids and other quantum materials. Numerous structural top-
ologies can induce geometric frustration, including 3D frame-
works with trigonal symmetry (e.g. perovskite or pyrochlore),
or lower-dimensional honeycomb, kagome, ladder, strip, or
chain arrangements, among others.®' It is of interest to de-
velop synthetic approaches to target specific compositions of
such structures for magnetic studies. The synthesis of pyro-
chlores™ ' and jarosites™ provide good examples of this ap-
proach. It is particularly important to develop rational synthetic
pathways to examples of new magnetically frustrated materi-
als. A rational approach to new low-dimensional solids with tri-
angular lattices is desirable, particularly one that enables the
variation of spin states.

Tetrahedral oxyanions are excellent building blocks with
open-shell, first row transition-metal ions to form a variety of
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low-dimensional structures. The tetrahedral building blocks
also contain trigonal symmetry that can lead to geometric frus-
tration. Vanadate oxyanions, (VO,)*", are particularly versatile
building blocks for complex magnetic structures containing di-
valent and trivalent transition metals."*'® The presence of
empty d-orbitals in the oxyanion bridging units can also have
a significant effect on the value and sign of the coupling con-
stant. With its similar size, tetrahedral structure, and empty d-
orbitals, the molybdate oxyanion, (MoO,)*", can be expected
to adopt many of the same structural roles as (VO,)*". The crys-
tal chemical substitutions of additional constituent elements
(e.g. alkali and alkaline earth metal ions that have no effect on
the magnetic properties) provide an additional degree of free-
dom in the formation of new phases.

In the present study, we examine a series of synthetically
and structurally related alkali transition-metal molybdates that
demonstrate a stepwise approach to magnetically frustrated
systems, including the prototype kagome lattice. Three classes
of compounds were prepared from high temperature (580°C)
and high pressure (130-180 MPa) hydrothermal fluids:
A,M;5(MoO,);(OH), (A=K, Rb; M=Mn, Co), CsM,(MoO,),(OH)
(M=Mn, Fe, Co, Zn), and KM;(MoO,),0(0H) (M =Mn)."*?? Spe-
cific synthetic procedures are provided in the Supporting Infor-
mation. These compounds all contain edge-shared transition-
metal octahedra that demonstrate the stepwise construction
of triangular arrangements of increasing complexity and di-
mensionality to ultimately form an ideal kagome layer
(Figure 1).

The transition-metal ions in A,M;(MoQ,);(OH), (A=K, Rb;
M=Mn, Co) form a half-delta chain (Figure 1a, 2a). In this ar-
rangement, octahedral metal ions condense into triangular
clusters by edge sharing of the [MO,] octahedra. These triangu-
lar clusters can be further elaborated into the full-delta, or saw-
tooth chain as exemplified by CsM,(MoO,),(OH) (M=Mn, Fe,
Co, Zn) (Figure 1b, 2b). In this more complex chain, transition-
metal triangles condense across both sides of a central axis. In
this way, the triangular clusters share transition-metal corners
directly as the chain propagates. The condensation of delta
chains continues with one another through the apices of the
triangular clusters resulting in the ultimate formation of the
kagome layers found in KM;(MoO,),0(0H) (M =Mn) (Figure 1¢,
2¢). Here, all the transition metal corners are shared by neigh-
boring clusters.

Structural features pertaining to the various triangular mag-
netic lattices are summarized in Table 1. Complete data from
the crystallographic refinements are provided in the Support-
ing Information. The metal-oxygen distances are consistent
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Figure 1. Schematic representation of the triangular lattice progression of
the half-delta chain of A,M;(MoO,);(OH), (a) to the delta chain of
CsM,(MoO,),(OH) (b) to the kagome layer of KM;(MoO,),O(OH) (c). Blue
spheres represent transition metals, with black lines representing edge-
shared interactions through oxygen atoms of the [MO] octahedra.

Figure 2. Transition-metal molybdate motifs in A,M;(MoO,);(OH), (a),
CsM,(MoO,),(OH) (b), and KM;(Mo0O,),0(0OH) (c). Blue spheres and polyhedra
represent transition metals, green polyhedra are molybdenum, and red
spheres are oxygen.

with those of high-spin electronic configurations. The triangu-
lar units in the half-delta chains of A,M;(MoQ,);(OH), and the
delta chains of CsM,(MoO,),(OH) contain two crystallographi-
cally distinct transition-metal sites forming isoceles triangles
through the shared edges of the octahedra. In the case of the
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Table 1. Summary of transition-metal (M) molybdates in the present
study.
Compound M—O distance  M-M distances  Triangular lat-
[A] [A] tice
K,Mn;(MoO,);(OH),  2.200(3) 3.3688(7) (x2) half-delta chain
3.1656(8)
3.0818(8)”
K,Co5(M00,);(OH),  2.115(3) 3.2268(7) (x2) half-delta chain
3.0673(8)
3.0162(8)"
Rb,Mn;(M0oO,);(OH), 2.196(4) 3.3748(10) (x2)  half-delta chain
3.1687(14)
3.1068(14)%
CsMn,(MoO,),(OH)  2.186(3) 3.2685(5) (x2) delta chain
3.0948(1) (x2)
CsFe,(MoO,),(OH) 2.138(4) 3.1906(6) (x2) delta chain
3.0552(1) (x2)
CsCo,(M00,),(OH)  2.103(3) 3.1280(4) (x2) delta chain
3.0206(1) (x2)
CsZn,(MoQ,),(OH)  2.116(4) 3.1600(5) (x2) delta chain
3.0383(1) (x2)
KMn3(MoO,),0(0H)  2.153(4) 3.0512(2) (x4) kagome layer
[a] Mn-Mn bridging distance between triangular clusters in the chain.

delta chain, an additional MO4 group bridges the triangles on
the opposite side embelishing the chains. Finally, the kagome
layers of KM;(MoO,),0(0OH) are formed from equilateral trian-
gles containing only one unique transition metal, making that
system an example of an ideal kagome layer. All three struc-
ture types possess distorted [MO,] octahedra, with M—O bond
lengths occurring over a wide range.

It is important to understand the role of the molybdate tet-
rahedra in the overall structures. These can act both as struc-
tural bridging units and as a magnetic coupling pathway in
the same way as sulfates do in jarosites for example."’ In the
case of the half-delta chains of A,M;(Mo0O,);(OH), the chain
propagates along the b-axis, and is decorated by three unique
[MoO,] tetrahedra. Two [MoO,] units act as corner sharing
bridges to neighboring chains to form a layered substructure
(Figure 2a) ultimately creating a three-dimensional framework
(Figure 3a). Two oxygen atoms of one chain are connected to
one oxygen atom of a neighboring chain through the molyb-
denum atom. The third unique molybdate group sits in a
pocket of the chain, bonding to three oxygen atoms on one
chain, but not bridging between chains. The delta chains of
CsM,(MoO,),(OH) also propagate along the b-axis, flanked by
two unique [MoO,] tetrahedra. One links two chains through
two oxygen atoms of one chain to one oxygen atom of the
neighboring chain creating a two-dimensional transition-metal
molybdate layer (Figure 2b, 3b). The second molybdate group
sits in a pocket of the delta chain in the same way that is ob-
served in the half-delta chain. In KM;(MoO,),O(OH) there is
only one unique [MoO,] group that is aligned with the hexago-
nal voids of the kagome layer. In this way, molybdate groups
terminate the top and bottom of these layers, with crystallo-
graphic three-fold symmetry along the c-axis (Figure 2¢, 3¢).
This is a particularly useful example of how the inherent three-
fold symmetry of tetrahedral building blocks can be used to
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Figure 3. Extended structures of triangular lattice materials viewed along
the direction of chain propagation in A,M;(MoO,);(OH), (a) and
CsM,(MoO,),(OH) (b), and along the length of the kagome layers in
KM;(MoO,),0(0H) (c). Color scheme is the same as in Figure 2, with alkali
metal atoms shown as silver spheres.

template triangular relationships in materials. In all of these
structures, each molybdate group bridges to transition-metal
ions through three oxygen atoms while the fourth oxygen
atom on all the [MoO,] units exhibits the shortest Mo—O bond
lengths, and bonds to the alkali metals located in the frame-
work voids or between the transition-metal molybdate sheets
(Figure 3).

The A,M;(Mo0O,);(OH), and CsM,(MoO,),(OH) systems repre-
sent two new structure types with rare triangular chains for
magnetic study. The KM;(MoO,),O(OH) system is an interesting
modification of the vesignieite (BaCu;(VO,),(OH),) archtype
containing vanadate building blocks and well known to exhibit
complex magnetic properties and structural subtleties.”>”
Molybdates of this type were previously found for the later di-
valent transition metals as (NH,)HM,(MoO,),(OH), (M =Co-Zn),
but in these cases, the transition-metal site is 2/3 occu-
pied.®=3 This partial occupancy would complicate the desired
spin  frustration  behavior. The present study of
KMn;(Mo0O,),O(0OH) is to our knowledge, the first report of a
vesignieite-type compound based on Mn?", and has full occu-
pancy at the transition metal site. This makes it one of the rela-
tively few examples of an ideal kagome symmetry for a high
magnetic spin (S=5/2) metal ion.?¥ In all cases, the presence
of structural hydroxide was confirmed by IR spectroscopy, and
the hydrogen atoms were located from the difference electron
density maps and refined satisfactorily in these positions.
Given the structural connectivity already enabled by the bridg-
ing oxides in the transition-metal molybdate motifs, the pri-
mary role of the hydroxide groups is to ensure charge neutral-
ity.

The hydrothermal fluids used here resemble natural alkali
brines that can participate in the chemical reactions or serve
as mineralizers to facilitate reactivity and crystal growth. Prod-
ucts are controlled by the ratio of reactants and the nature of
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the mineralizer. For example, a 1:1 mole ratio reaction of MnO
and MoO; produced K,Mn;(Mo0O,);(OH), when using K,CO; as a
mineralizer, and CsMn,(MoO,),(OH) when using Cs,CO; as a
mineralizer. In contrast, the same 1:1 reaction of MnO and
MoO; by using a KOH/KClI mineralizer produced
KMn;(MoO,),0(OH). The ability to introduce alkali metals of dif-
ferent sizes, and the use of different mineralizers to influence
the resulting phase formation is an important factor in devel-
oping designed syntheses such as these. Simple variation of
the chemistry leads to straightforward condensation of chains.
This approach enabled the synthesis of compounds containing
several different divalent transition metal ions, allowing the
comparison of the magnetic properties of significantly different
spin states (S=5/2 for Mn?", S=2 for Fe’", S=3/2 for Co’")
for a given structure type. This series of compounds, featuring
a continuum of triangular lattices that can be condensed in a
stepwise fashion, also enables magnetic studies of kagome lat-
tices and component lattices with high spin value transition
metals. The precision synthesis forms the groundwork for de-
tailed magnetic neutron diffraction investigations that are un-
derway.
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