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Hydrothermal Synthesis

Sodium Transition Metal Vanadates from Hydrothermal Brines:
Synthesis and Characterization of NaMn4(VO4)3, Na2Mn3(VO4)3,
and Na2Co3(VO4)2(OH)2
Tiffany M. Smith Pellizzeri,[a,b] Gregory Morrison,[c] Colin D. McMillen,[a]
Hans-Conrad zur Loye,[c] and Joseph W. Kolis*[a,d]

Abstract: Three new examples of transition metal vanadates
have all been synthesized by a related hydrothermal synthetic
route using variations of sodium hydroxide/sodium chloride
brines as mineralizers. Compound 1, NaMn4(VO4)3, is built from
equivalent interlocking chains of Mn2+ edge shared octahedra,
further coordinated to one another by (VO4)3– vanadate groups
to form a three-dimensional structure. Compound 2,
Na2Mn3(VO4)3, forms a complex three-dimensional structure of
mixed-valence 2+/3+ manganese edge-sharing octahedra
forming chains, with (VO4)3– tetrahedra acting as space-fillers
in the structure. Structure 3, Na2Co3(VO4)2(OH)2, is built of a
two-dimensional distorted honeycomb of edge shared Co2+ lay-

1. Introduction

Vanadates are versatile and useful oxyanion building blocks for
the exploratory synthesis of new transition metal compounds
because of their adaptability to different oxidation states and
coordination geometries within a structure.[1–6] Generally, as a
tetrahedral unit, vanadate oxyanions are observed in the +5
oxidation state, (VO4)3–, and therefore have a magnetically inac-
tive d0 electronic configuration. These building blocks can exist
as isolated tetrahedra, or they can coordinate into a wide array
of corner-sharing polyvanadates. These vanadate oxyanions can
coordinate magnetically active first-row transition metals (i.e.
Mn2+/3+, Co2+, Fe2+/3+) to generate a rich assortment of structur-
ally diverse and magnetically interesting compounds.[7–12]

These materials are generally synthesized at relatively high tem-
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ers decorated by, but not connected by, vanadate groups. The
layers bear a relationship to Kagome nets but the structure con-
tains no ideal trigonal symmetry. All compounds were charac-
terized by single-crystal X-ray diffraction. Compounds 1 and 3
were characterized by magnetic susceptibility. The magnetic
susceptibility of 1 displays the moment characteristic of Mn2+

and a transition at 46 K to a spin canted antiferromagnet. Com-
pound 3 shows evidence of spin–orbit coupling in the Co2+

ions with antiferromagnetic ordering at 4.4.K and highly aniso-
tropic field-dependent behavior with multiple metamagnetic
transitions.

peratures using traditional solid-state techniques, such as melts
or fluxes.[5,13–15] Alternatively, our group found that high tem-
perature (500–700 °C) hydrothermal synthesis leads to a wide
range of unusual new transition metal vanadates, often in the
form of large, high-quality single crystals.[9,16–19] In addition to
their new structure types, many of these materials have inter-
esting magnetic properties.

Recently, our group has been extending this concept to the
use of hydrothermal brines as solvents to synthesize new transi-
tion metal containing compounds. Our successful earlier work
with first-row transition metal vanadates encouraged us to em-
ploy them as a prototype testbed as we extend our investiga-
tion using hydrothermal brines as reaction media. Brines are
interesting for several reasons. They often emulate natural geo-
thermal systems and hence can provide clues to mineralogical
reaction pathways. The brine components can sometimes act
both as mineralizer and a synthetic component, and we have
observed that both the cations and anions of the brines have
found their way into the lattice of the final products in various
reactions. Finally, it is obvious that the chemistry of these fluids
and the ultimate final products are highly sensitive to the com-
position of the brines and these formulations provide yet an-
other chemical knob to adjust, leading to an almost infinite
array of new solids. Thus far, we investigated vanadate
synthesis from hydrothermal brines based on the hydroxides,
carbonates, fluorides, and chlorides of cesium, barium, and
strontium.[7,16–18,20–25] We now extend our study to the use of
mixed sodium chloride/sodium hydroxide brines as the mineral-
izer in reactions with transition metals and vanadate building
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blocks. We targeted these building blocks as potentially inter-
esting magnetic first-row transition metal vanadates. Specifi-
cally, we investigated the use of manganese and cobalt as these
have been very good metal building blocks in the past. Here we
report the initial results of this work with three new structures,
NaMn4(VO4)3 (1), Na2Mn3(VO4)3 (2), and Na2Co3(VO4)2(OH)2 (3),
each containing sodium ions as critical components of the
structures. We report the details of these new structures as well
as spectroscopic and magnetic properties.

2. Results and Discussion

2.1. Synthesis of NaMn4(VO4)3 (1), Na2Mn3(VO4)3 (2), and
Na2Co3(VO4)2(OH)2 (3)

Our investigations into the synthesis of new metal oxide materi-
als in hydrothermal brines have stemmed partly from our inter-
est in exploring the conditions whereby related crystals are
formed in natural systems.[16] The vanadates have emerged as
a favored test system because of their proclivity to form materi-
als with interesting structural and magnetic properties. This at-
tractive behavior is due in large part to the ability of the tetra-
hedral (VO4)3– to adopt a wide range of bridging modes with
open-shell transition metal ions, and also to form polyvanadate
building blocks leading to an almost infinite array of structural
possibilities. We also find that the product profile is highly sen-
sitive to the nature of the mineralizer brines, with one or more
of the components of the brine fluid sometimes, but not al-
ways, becoming incorporated in the isolated products. This rich
chemistry makes the vanadates an almost ideal testbed for the
study of brine fluids on new material formation. Thus far we
have investigated rubidium-, cesium-, strontium-, and barium-
based halide brines with transition metal vanadates under hy-
drothermal conditions.[7–9,17–19,21–24] In some cases we have ob-
served halide incorporation into the lattice, such as in
Ba5Mn3(V2O7)3(OH,Cl)Cl3,[24] Ba2Mn(V2O7)(OH)Cl,[24] and
Cs3Mn(VO3)4Cl.[22] In other cases, however, we observe
cation incorporation into the lattice but no halide, for example
in Sr2Mn2(V3O10)(VO4),[23] Cs6Mn(H2O)2(VO3)8,[21] and
Cs5KMn(H2O)2(VO3)8.[21] We have not yet been able to detect
any correlation as to when and how the brine components in-
corporate into the lattice, but we do observe that the structures
produced are extremely sensitive to the stoichiometry of the
starting materials as well as the nature of the brine.

The sodium compounds presented herein, NaMn4(VO4)3 (1),
Na2Mn3(VO4)3 (2), and Na2Co3(VO4)2(OH)2 (3) were all synthe-
sized from brine mineralizers made of a mixture of sodium
hydroxide and sodium chloride. They represent the initial re-
sults of our first systematic examination of sodium ion minerali-
zers. This is obviously a significant step given the importance
of sodium in geothermal brines, making this work of particular
mineralogical relevance. The sensitivity of the chemistry to reac-
tion conditions and the structural complexity of the products
strongly suggest that these represent only the very tip of the
iceberg of new sodium transition metal vanadates. The signifi-
cant differences in the synthesis of the two different manga-
nese compounds, 1 and 2, are partly the result of Mn/V
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stoichiometry of the reactions and the oxidation state of the
Mn starting material in each case. For 1, the manganese starting
material used is Mn2O3, and the reaction involves a 2:1 molar
ratio of Mn/V. For 2, the manganese starting material is MnO,
and the reaction was a 1:1 molar ratio of Mn/V. An interesting
observation is that compound 1 contains only Mn2+ so the
manganese is reduced during the reaction. In contrast, 2, is a
mixed valent Mn product (see below). Hence, the manganese
is partially oxidized during the progress of the reaction. For
these reactions, however, the general trends of the molar ratios
of reactants are reflected in the products, with 1, containing an
excess of Mn in NaMn4(VO4)3 resulting from the reaction with
excess manganese, while 2, Na2Mn3(VO4)3, contains equimolar
Mn and V, mirroring the stoichiometry of the starting materials.
In the case of the cobalt-containing compound, 3, the initial
reactions employed mixed Co2+/3+ in the starting material
Co3O4, but produced only Co2+ in the product. In this case, just
as for manganese in 1, cobalt is reduced during the reaction.
We do not yet fully understand why this oxidation and reduc-
tion occurs during hydrothermal reactions; however, we do ob-
serve it often. Here, the redox behavior of manganese and co-
balt is clearly necessary to obtain proper charge balance, so the
activity may be encouraged by the stability of these particular
crystalline phases 1–3. In the case of 3, when the reaction was
modified to only include Co2+ in the starting material (as CoO),
the yield and size of Na2Co3(VO4)2(OH)2 crystals improved con-
siderably. In all cases, reversing the mineralizer concentrations
(to 3 M NaOH + 1 M NaCl for the manganese-based systems,
and 3 M NaCl + 1 M NaOH for the cobalt-based system), did
not produce the title compounds 1–3. In the manganese-based
systems, NaMnVO4 was obtained instead of 1 and 2. In cobalt-
based system, reversing the mineralizer system resulted in re-
crystallization of Co3O4 instead of the formation of 3.

2.2. Crystal Structures of NaMn4(VO4)3 (1), Na2Mn3(VO4)3
(2), and Na2Co3(VO4)2(OH)2 (3)

Structure 1 crystallizes in the noncentrosymmetric tetragonal
space group I-42d, and is built from equivalent interlocking
manganese oxide chains, coordinated to one another by
(VO4)3– vanadate groups to form a complex three-dimensional
structure, with sodium residing in the void spaces and charge
balancing the formula. The manganese chain substructures are
made up of two unique manganese atoms, Mn1 and Mn2.
These manganese atoms edge-share through oxygen edges to
form the zig-zag spiral chains that make up the backbone of
the structure. Individual manganese oxide chains then coordi-
nate to one another through corner-sharing oxo groups (Fig-
ure 1).

One of the manganese chains propagates along the a-axis,
and the other along the b-axis, perpendicular to each other, in
accordance with the four-fold symmetry of the structure (Fig-
ure 2). As the perpendicular chains intersect (Figure 2), they
form a three-dimensional manganese oxide framework. Both
manganese atoms are octahedral and the edge-sharing interac-
tion between Mn1 and Mn2 occurs between atoms O1 and O3.
The average Mn–O bond length is 2.162 Å, within the expected
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Figure 1. Unit cell view of NaMn4(VO4)3 (1) along the a-axis (left) and just off
of the c-axis (right). Color scheme sodium: gray spheres, vanadium: orange
polyhedra, manganese: blue octahedra, oxygen: red spheres.

range for Mn2+. The Mn1 and Mn2 sites are located at 8c and
8d Wyckoff sites, respectively, but exhibit different distortions
from ideal octahedral symmetry when compared to one an-
other. The Mn1 site features a more even distribution of Mn–O
bond lengths [2.156(2) Å to 2.2343(19) Å], coupled with more
significant trans-O–Mn–O angular distortion [cis-O–Mn–O an-
gles from 80.74(7)° to 105.12(8)° and trans-O–Mn–O angles from
156.58(11)° to 170.36(8)°], while the Mn2 site exhibits a greater
degree of Mn–O bond length distortion [2.082(2) Å to 2.254(2)
Å], but with more significant cis-O–Mn–O angular distortion [cis-
O–Mn–O angles from 73.11(10)° to 102.56(12)° and trans-O–
Mn–O angles from 165.16(8)° to 175.06(12)°].

Figure 2. The intersecting chains of NaMn4(VO4)3 (1), displayed in cyan and
blue to distinguish between manganese oxide chains. The chains are viewed
along the bc-plane (left) and just off of the a-axis (right).

There are also two unique vanadium atoms in the structure,
V1 and V2, which coordinate the manganese chains and occupy
tetrahedral gaps between the interwoven chains. In this way,
each vanadium atom acts as a “space filler” within the structure.
The first vanadium atom, V1, is tetrahedral in geometry and
coordinates to O1 and O2 along with their symmetry equivalent
atoms. This connectivity provides corner-sharing interactions
between V1 with Mn1 and Mn2. The second vanadium atom
is also tetrahedral in geometry, coordinating to one symmetry
equivalent oxygen atom, O3, which creates corner-sharing in-
teractions with both Mn1 and Mn2. Hence, there are no termi-
nal V–O oxo bonds in this structure, and all the V–O bond
lengths occur within a relatively narrow range [1.7184(19) Å to
1.726(2) Å], averaging 1.722(2) Å, as expected for V5+.

Structure 2, Na2Mn3(VO4)3, is also composed of manganese
oxide chains that form layers and are coordinated to one an-
other through isolated (VO4)3– tetrahedra. These vanadate ions
also serve to link the layers to one another via corner-sharing,
forming the three-dimensional structure. The sodium atoms act
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Figure 3. View of Na2Mn3(VO4)3 (2) along the a-axis (left) and c-axis (right).
Color scheme is the same as in Figure 1.

to charge-balance the compound and reside in the small cavi-
ties formed by the connectivity of the manganese vanadate
layers (Figure 3).

Compound 2 contains two unique Mn sites. The Mn1 site is
assigned as Mn2+ based on bond valence sum analysis [SI, Table
S1; with average Mn–O = 2.191(2) Å], while the Mn2 site is
assigned as Mn2+/3+ [average Mn–O = 2.093(3) Å] with mixed
2+ and 3+ oxidation states equally distributed over the
equivalent site. Since Mn1 sits on the 4e Wyckoff site and Mn2
sits on the 8f Wyckoff site, this provides the necessary charge
balance for the compound's empirical formula as
Na2Mn22+/3+Mn2+(VO4)3. The manganese oxide chains in 2 are
built from edge-sharing dimers of Mn2 octahedra through two
symmetry-equivalent O4 atoms that are connected to one an-
other by Mn1 octahedra, again via edge-sharing (of O1 and
O3), to propagate a chain along the ac face diagonal (Figure 4).
These chains are connected to one another in the ac-plane
through the V1 tetrahedra, which connect O3 and O6 atoms
of one chain to symmetry equivalent O3 and O6 atoms of a
neighboring chain. This creates manganese vanadate sheets

Figure 4. Manganese oxide chain propagating within the ac-plane (top), and
the manganese vanadate sheet substructure viewed along the b-axis (bot-
tom) in the structure of 2. Color scheme is the same as in Figure 1.
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normal to the b-axis. The V2 tetrahedra bond to the O2 and O4
atoms of one chain and the O1 atom of a neighboring chain in
the sheet, but also connect neighboring sheets along the b-axis
through the fourth V–O bond of the tetrahedron, to O5. This
ultimately creates the three-dimensional manganese vanadate
framework. In a similar fashion to 1, the two unique Mn sites
of 2 exhibit different degrees of bond length distortions and
significant angular distortions from ideal octahedra. The Mn1
site possesses a fairly narrow distribution of Mn–O bond
lengths [2.176(2) Å to 2.204(2) Å] while the Mn2 site has a wider
range [2.030(2) Å to 2.190(2) Å]. Both sites exhibit both cis- and
trans-O–Mn–O angular distortion [for Mn1, cis-O–Mn–O ranges
from 75.23(8)° to 111.38(9)° and trans-O–Mn–O ranges from
145.92(13)° to 162.73(9)°; for Mn2, cis-O–Mn–O ranges from
79.72(9)° to 106.12(10)° and trans-O–Mn–O ranges from
161.50(9)° to 174.48(9)°].

Structure 3, Na2Co3(VO4)2(OH)2, is built from two-dimen-
sional cobalt vanadate layers separated by layers of sodium
atoms. There are two unique cobalt oxide octahedra within the
structure, which oxygen-edge-share to one another, forming a
layer normal to the a-axis, with vanadate groups decorating the
top and bottom of the layers (Figure 5). Despite the lower over-
all symmetry of the structure, these layers have some structural
similarities to Kagome nets, and this aspect is discussed more
fully below. The two unique cobalt atoms are assigned as Co2+,
with the average Co–O bond length 2.095(2) Å, in the range
expected for Co2+. These six-coordinate cobalt sites exhibit
much less angular distortion than the manganese sites in com-
pounds 1 and 2. The hydroxide groups provide appropriate
charge balance and the IR spectrum of 3 has a distinct sharp
band around 3480cm–1 confirming the presence of a terminal
hydroxide group in the lattice (Figure S1). The Co1 sites are
distorted octahedra edge-sharing through symmetry equiva-
lent hydroxide groups (O1), forming chains propagating along
the b-axis. The Co2 sites connect these chains along the c-axis
also by oxygen edge-sharing to create the sheets.

Figure 5. Unit cell depiction of Na2Co3(VO4)2(OH)2 (3) in the ac-plane. Color
scheme is the same as above with cobalt (purple octahedra) and hydrogen
(white spheres).

Such edge shared 2-D planar systems are of interest because
they often display interesting magnetic properties and thus
merit a more detailed examination.[7,25–28] We recently ob-
served a topologically similar structure in the alkali transition
metal molybdate systems, where KMn3(MoO4)2O(OH) was
found to have an ideal Kagome layer in space group R3̄m.[26]

Here, in the related cobalt compound, the pseudo-Kagome lay-
ers are not ideally three-fold symmetric, having Co–Co distan-
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ces of 3.008(2) Å and 2.831(2) Å. The formulaic differences be-
tween the Kagome-type compound KMn3(MoO4)2O(OH) and
Na2Co3(VO4)2(OH)2 of the two studies are attributed to the va-
lence difference of Mo6+ vs. V5+, but the tetrahedral molybdate
and vanadate oxyanions building blocks serve the same struc-
tural purpose. Despite their related topologies, the different size
of the alkali metals and the need for a different number of alkali
metals to charge balance the compounds thus causes different
structures to be stabilized as directed by the charge of the oxy-
anions. There is one unique vanadium atom in the structure of
3 which sits in the spaces of the cobalt oxide layers (Figure 6),
in the same way as the molybdate sits in KMn3(MoO4)2O(OH).
Three oxygen atoms of the vanadate tetrahedron are within the
cobalt layer, while the fourth, shortest V–O bond, is terminal
with respect to the cobalt vanadate layers and only interacts
with sodium atoms between the layers.

Figure 6. Cobalt vanadate layer of 3 in the bc-plane.

Because of its general resemblance to a Kagome layer, it is
interesting to compare the cobalt vanadate layer in 3, with that
of a traditional Kagome arrangement. A great deal of insight
can be gained from projecting the shared edges of the metal
octahedra as simple lines and comparing the structure of 3 to
a traditional Kagome layer (Figure 7). The cobalt oxide layer in
3 is comprised of a hexagonal arrangement of Co–O bonds
coordinated to the four nearest hexagons on the top and bot-
tom by a parallelogram of Co–O. An idealized Kagome layer can
also be viewed as a series of edge shared delta chains[26,29,30]

of metal-oxygen octahedra. This arrangement also produces
hexagon shapes within the layer. Hence, despite similarities

Figure 7. The cobalt oxide layer present in Na2Co3(VO4)2(OH)2 with octahedral
edge-sharing interactions displayed as black lines (left). A similar view of the
connectivity through metal-oxide edges in an ideal Kagome net (right).
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within the layer, these differences between the two-layered
structures should lead to interesting but distinctly different
magnetic behavior.

2.3. Magnetic Studies

The magnetic properties of NaMn4(VO4)3 (1) at high tempera-
tures display paramagnetic behavior (Figure 8). Fitting the high-
temperature susceptibility (100–300 K) to the Curie–Weiss law
yields an effective moment, μeff, of 5.93(3) μB/Mn, in excellent
agreement with the calculated moment of 5.92 μB/Mn for high
spin Mn2+, and a Weiss temperature, θCW, of –183(4) K, indicat-
ing that antiferromagnetic interactions are dominant within the
compound. A magnetic transition at T ≈ 46 K is characterized
by a sharp increase in the susceptibility with very little splitting
between the zfc and fc curves. Furthermore, the field-depend-
ent magnetization displays a small jump at low fields followed
by linear behavior up to the maximum applied field, 5 T. These
data, coupled with the negative Weiss temperature, suggest
that 1 is a canted antiferromagnet at low temperatures. To con-
firm that the observed magnetic transition is the result of an
intrinsic magnetic ordering, as opposed to the presence of a
small ferromagnetic/ferrimagnetic impurity, magnetic proper-
ties were measured on three separate well-formed single crys-

Figure 8. Magnetic properties of 1 showing (a) the zfc susceptibility and inverse susceptibility, (b) the zfc and fc susceptibilities, and (c) the magnetization as
a function of field.

Figure 9. Magnetic properties of 3 showing (a) the zfc susceptibility and inverse susceptibility of the bulk sample, (b) the magnetization as a function of field
for the bulk sample, (c) the oriented zfc susceptibility (normalized at 300 K) and (d) the oriented magnetization (shown as raw moment × 1000).

Eur. J. Inorg. Chem. 2020, 3408–3415 www.eurjic.org © 2020 Wiley-VCH GmbH3412

tals with visually clean surfaces. Shown in Figure S2, all three
crystals exhibit the same magnetic behavior as the bulk sample.

The bulk magnetic properties of Na2Co3(VO4)2(OH)2 (3) were
also examined (Figure 9). The compound orders antiferromag-
netically at TN = 4.4 K, determined from the maximum in
dMT/dT.[31] Fitting the high-temperature susceptibility (50–
300 K) to the Curie–Weiss law yields μeff = 5.05(3) μB/Co and
θCW = –26.1(5) K. The effective moment is higher than the calcu-
lated spin only moment of 3.87 μB/Co2+ but is in good agree-
ment with the 4.1–5.2 μB/Co typically observed in high spin
Co2+ containing compounds and is presumably a function of
the well-known spin-orbit coupling effects observed in divalent
cobalt ions.[32,33] The bulk magnetization as a function of field
displays at least three metamagnetic transitions. Such step-wise
behavior is often observed in highly anisotropic systems.[34,35]

For this reason, the anisotropic magnetic properties were also
measured on an oriented single crystal of 3 (Figure 9c–d). The
observed magnetism indicates that the system is indeed aniso-
tropic with the easy axis of magnetization being the crystallo-
graphic c-axis. The field-dependent magnetization with H//c
contains two large metamagnetic transitions centered at H =
1.9 and 3.4 T, whereas with H//b and H (1 0 0), smaller meta-
magnetic transitions are observed at H = 4.2 T and H = 4.7 T,
respectively.
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3. Conclusions

Herein we have reported on the synthesis, structural characteri-
zation, and magnetic properties of three new sodium transition
metal vanadate compounds, NaMn4(VO4)3 (1), Na2Mn3(VO4)3
(2), and Na2Co3(VO4)2(OH)2 (3), all of which have complex struc-
tures built of edge shared metal octahedra linked in various
ways by isolated vanadate groups. The compounds can all be
prepared in high yields as high-quality single crystals at inter-
mediate temperatures (580 °C) in hydrothermal fluids using
concentrated brines as the mineralizer. The reactions are all
highly sensitive to the nature of the brines and represent the
next step in this general synthetic protocol, employing sodium
brines for the first time. Compound 1 is an elegant and complex
structure formed from interlocking manganese chains coordi-
nated by vanadate to form a three-dimensional structure. Mag-
netic measurements suggest that it is a canted antiferromagnet
with TN ≈ 46 K. Compound 2 is formed from edge-sharing man-
ganese chains that are linked by vanadate ions to form a lay-
ered structure and these layers are further connected by corner-
sharing vanadates to form a three-dimensional structure. The
compound contains mixed valent manganese ions with one
unique site assigned as Mn2+ and the other site an equimolar
distribution of Mn2+ and Mn3+, which is a common structural
feature of many of these types of manganese oxide chains.
Structure 3 contains layers formed of edge shared distorted
octahedra. The symmetry of the layers is relatively low com-
pared to ideal Kagome lattices but there are some similar struc-
tural features and potentially interesting properties. The for-
mula is nearly identical to a manganese molybdate made previ-
ously in similar brine conditions, which does have ideal Kagome
lattice symmetry. Unlike this and other ideal Kagome layers,
compound 3 displays no evidence of spin frustration but rather
orders antiferromagnetically at TN = 4.4 K. It is highly aniso-
tropic and has an easy axis of magnetization in the crystallo-
graphic c-direction, along with a complex range of multiple
metamagnetic states as a function of magnetic field. These
compounds represent the first series of products emerging
from various sodium brines. The exceptional complexity of their
structures, and wide range of solvent parameters available to
be explored in the sodium brine fluids, strongly suggests that
these samples are just the first in a large series of new materials
to emerge from these unique synthetic environments.

4. Experimental Section

4.1. General Procedures

The hydrothermal reactions producing NaMn4(VO4)3 (1),
Na2Mn3(VO4)3 (2), and Na2Co3(VO4)2(OH)2 (3) were carried out in
silver tubing with a diameter of 0.25 inches and a length of 2.75
inches. The ampules were welded shut at one end and 0.4 mL of
the desired mineralizer was added to each tube followed by the
addition of the solid reactants (0.27–0.16 g), and the tubes were
welded shut. These tubes were then placed inside a Tuttle-seal
autoclave, and the autoclave was filled with water to provide the
appropriate counter pressure. The autoclaves were heated to 580 °C
for 7–11 days at an average pressure of 200 MPa. After cooling the
ampoules were cut open and the products were washed thoroughly
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with deionized water. The chemical reactants that were used in this
study were used as they were received from the supplier: NaCl (Alfa
Aesar, 99 %), NaOH (Acros Organics, 98 %), CoO (Alfa Aesar, 95 %),
Co3O4 (Alfa Aesar, 99.7 %), MnO (Strem, 99 %), Mn3O4 (Strem, 98 %),
and V2O5 (Alfa Aesar, 99.6 %).

4.2. Synthesis of NaMn4(VO4)3 (1)

A mixture of sodium chloride (0.028 g, 0.485 mmol), manganese (II,
III) oxide (0.153 g, 0.970 mmol), and V2O5 (0.088 g, 0.485 mmol) in
a 1:2:1 molar ratio were added to a silver ampule along with 0.4 mL
of 3 M NaCl/1 M NaOH mineralizer, and reacted as described above.
The reaction yielded dark red crystals as approximately 75 % of
the product, that were identified as 1 through single-crystal X-ray
diffraction, along with small black crystals of Mn3O4.[36,37]

4.3. Synthesis of Na2Mn3(VO4)3 (2)

A mixture of manganese(II) oxide (0.069 g, 0.970 mmol) and vana-
dium(V) oxide (0.088 g, 0.485 mmol) in a 2:1 molar ratio was added
into a silver ampule along with 0.4 mL of 3 M NaCl/1 M NaOH miner-
alizer and reacted as described above. Black tabular crystals of 2
were isolated as the main product of the reaction (approximately
60 % of the product) along with Mn3O4,[36,37] and NaMnVO4.[38]

4.4. Synthesis of Na2Co3(VO4)2(OH)2 (3)

Initially, cobalt (II, III) oxide (0.082 g, 0.340 mmol) and vanadium(V)
oxide (0.088 g, 0.485 mmol) in a 0.7:1 molar ratio, along with 3 M

NaOH/1 M NaCl mineralizer were reacted as described above. Small
dark blue tabular crystals of 3 were identified in very low yield
along with black crystals of Co3O4.[39] However, when the reaction
was changed to react cobalt(II) oxide (0.036 g, 0.485 mmol) and
V2O5 (0.088 g, 0.485 mmol) in a 1:1 ratio with 5 M NaOH as the
mineralizer, large dark blue rods of 3 were isolated in higher yield,
but still only comprise about 40 % of the product.

4.5. X-ray Diffraction

Well-formed single-crystals of NaMn4(VO4)3 (1), Na2Mn3(VO4)3 (2),
and Na2Co3(VO4)2(OH)2 (3) were used to determine the single-crys-
tal structures of each compound. The data were collected at room
temperature using a Bruker D8 Venture Photon 100 diffractometer
(Mo-Kα radiation, λ = 0.71073 Å) equipped with a microfocus source.
The diffraction images were collected using φ and ω-scans. The
APEX3 software suite was used for data set-up, collection, and proc-
essing.[40]

Structure solution by intrinsic phasing and structure refinement by
full-matrix least square methods on F2 were used to resolve the
structures. The SHELXTL software suite was used to perform struc-
ture refinements.[41] The non-hydrogen atoms were refined aniso-
tropically in the final structural models. The hydrogen atoms of 3
were identified from the difference electron density map and their
positions were refined using DFIX restraints. Table 1 provides a sum-
mary of the structural refinement data for compounds 1–3. Table 2
provides a list of selected bond lengths and angles for the com-
pounds of this study.

Deposition Numbers 2006444–2006446 correspond to structures 1–
3 contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge Crys-
tallographic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service www.ccdc.cam.ac.uk/structures.

4.6. Spectroscopic Characterization

Infrared (IR) spectroscopy was collected on 3 to confirm the pres-
ence of hydroxide in the crystal structure. The IR spectrum was

https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202000518
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.202000518
www.ccdc.cam.ac.uk/structures
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Table 1. Structure refinement data for NaMn4(VO4)3 (1), Na2Mn3(VO4)3 (2), and Na2Co3(VO4)2(OH)2 (3).

NaMn4(VO4)3 (1) Na2Mn3(VO4)3 (2) Na2Co3(VO4)2(OH)2 (3)

Empirical Formula NaMn4V3O12 Na2Mn3V3O12 Na2Co3V2O10H2

F. W. (g/mol) 587.57 555.62 486.67
Temperature [K] 298 298 298
Crystal System Tetragonal Monoclinic Monoclinic
Space group I-42d C2/c C2/m
a [Å] 7.0199(3) 12.0107(5) 14.5847(11)
b [Å] 12.9451(5) 5.9552(4)
c [Å] 19.8139(8) 6.8820(2) 5.1414(4)
� [0] 112.0210(10) 104.068(2)
Volume [Å3] 976.41(9) 991.95(6) 433.16(6)
Z 4 4 2
D(calcd) [mg/m3] 3.997 3.720 3.731
Wavelength [Å] 0.71073 0.71073 0.71073
μ, mm–1 7.860 3.720 7.844
F(000) 1104 1048 462
Crystal Size [mm] 0.20 × 0.18 × 0.16 0.04 × 0.20 × 0.30 0.10 × 0.04 × 0.02
θ range,° 3.08 to 30.50 ° 2.41 to 27.16 ° 3.71 to 27.09 °
Reflections collected 4345 8527 3032
Independent Reflections 749 1101 523
Final R indices R1 = 0.0167,a wR2 = 0.0360[b] R1 = 0.0209[a], wR2 = 0.0683[b] R1 = 0.0144[a], wR2 = 0.0422[b]

R indices (all data) R1 = 0.0189[a], wR2 = 0.0364[b] R1 = 0.0218[a], wR2 = 0.0701[b] R1 = 0.0148[a], wR2 = 0.0424[b]

Goodness-of-fit on F2 1.120 1.185 1.160

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo2 – Fc2)2]/Σ[wFo2]2}1/2.

Table 2. Selected interatomic distances [Å] and angles [°] for (1), (2), and (3).

NaMn4(VO4)3 (1) Na2Mn3(VO4)3 (2) Na2Co3(VO4)2(OH)2 (3)

Mn1–O1 × 2 2.2343(19) Mn1–O1 × 2 2.193(2) Co1–O1 × 2 2.0376(19)
Mn1–O2 × 2 2.156(2) Mn1–O2 × 2 2.204(2) Co1–O2 × 2 2.106(2)
Mn1–O3 × 2 2.168(2) Mn1–O3 × 2 2.176(2) Co1–O3 × 2 2.139(2)
Mn2–O1 × 2 2.1548(19) Mn2–O1 2.084(2) Co2–O2 × 2 1.971(3)
Mn2–O2 × 2 2.255(2) Mn2–O3 2.077(2) Co2–O3 × 4 2.159(2)
Mn2–O3 × 2 2.082(2) Mn2–O4 2.106(2) V1–O2 1.741(3)
V1–O1 × 2 1.7248(19) Mn2–O4 2.190(2) V1–O3 × 2 1.733(2)
V1–O2 × 2 1.726(2) Mn2–O5 2.072(2) V1–O4 1.678(4)
V2–O3 × 4 1.7184(19) Mn2–O6 2.030(2)

V1–O3 × 2 1.745(2) O1–Co1–O2 171.52(9)
O2–Mn1–O2 82.27(10) V1–O6 × 2 1.699(2) O2–Co1–O2 95.52(11)
O3–Mn1–O3 156.58(11) V2–O1 1.730(2) O2–Co1–O3 90.71(11)
O3–Mn1–O1 83.25(7) V2–O2 1.686(2) O1–Co2–O3 87.34(8)
O1–Mn1–O1 93.36(11) V2–O4 1.740(2) O3–Co2–O3 88.60(12)
O1–Mn2–O2 175.06(12) V2–O5 1.720(2) O2–Co2–O3 180.00(14)
O1–Mn2–O2 91.28(8) O4–V1–O3 106.59(11)
O3–Mn2–O1 89.63(8) O1–Mn1–O1 109.39(12) O3–V1–O3 111.51(15)
O3–Mn2–O2 165.16(8) O3–Mn1–O1 75.23(8) O4–V1–O2 109.54(19)
O1–V1–O1 120.84(14) O3–Mn1–O3 145.92(13) O3–V1–O2 111.20(10)
O1–V1–O2 104.68(9)
O2–V1–O2 102.11(15) O1–Mn2–O4 91.63(9)
O3–V2–O3 105.45(6) O3–Mn2–O4 82.62(9)
O3–V2–O3 117.84(14) O1–Mn2–O4 161.50(9)
O3–V2–O3 117.84(14) O6–Mn2–O4 81.69(9)

collected from single-crystal samples of 3 that were ground thor-
oughly with KBr to form a uniform mixture. The mixture was then
pressed into a pellet, and the infrared spectrum was collected over
the frequency range of 400 to 4000 cm–1 at a resolution of 4 cm–1

on a Nicolet Magna IR Spectrometer 550.

4.7. Magnetic Studies
Magnetic properties for 1 and 3 were measured on a Quantum
Design Magnetic Properties Measurement System (QD-MPMS3). For
each sample, a collection of single crystals with a mass of 1–3 mg
were massed on a balance sensitive to 0.01 mg and loaded un-

Eur. J. Inorg. Chem. 2020, 3408–3415 www.eurjic.org © 2020 Wiley-VCH GmbH3414

ground into a VSM powder holder. Temperature-dependent suscep-
tibility data were collected under zero-field-cooled (zfc) and field-
cooled (fc) conditions at an applied field of 1,000 Oe and field-
dependent magnetization data were collected from –5 to 5 T at 2 K.
The raw data were corrected for sample shape and radial offset
effects.[42] For 1, data were also collected on three separate well-
formed single crystals with visually clean surfaces. Each crystal was
glued to a quartz paddle using GE 7031 Varnish. For 3, data were
also collected on an oriented, plate-like single-crystal glued to a
quartz paddle using GE 7031 Varnish. Data were collected for H//b,
H//c, and H perpendicular to (1 0 0), corresponding to the macro-
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scopic long, medium, and short axis of the crystal, respectively. Due
to the comparatively small size of the crystals of 2, it was not possi-
ble to reliably separate a suitable amount of phase pure material
from the residual NaMnVO4

[38] and Mn3O4
[36,37] products for mag-

netic characterization.
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