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Abstract
Two new structurally related cesium manganese vanadates have been synthesized by a high-temperature (580 °C) hydrother-
mal synthetic method utilizing halide brine mineralizers. Both structures Cs6Mn(H2O)2(VO3)8 (I) and Cs5KMn(H2O)2(VO3)8 
(II) are isostructural crystallizing in the tetragonal space group P4/mnc. The first structure, Cs6Mn(H2O)2(VO3)8 (I) has 
unit cell dimensions of a = 13.6830(4) Å, c = 8.6476(3) Å and the second structure, Cs5KMn(H2O)2(VO3)8 (II), has unit cell 
dimensions of a = 13.5015(4) Å, c = 8.5372(3) Å. The structures are built from a manganese vanadate chain, which consists of 
[Mn(H2O)2O4] units that are coordinated to one another by a unique sinusoidal vanadate chain, (VO3)n. Both structures have 
well-ordered alkali metal atoms, with the potassium atoms of II exhibiting preferential site occupancy. Both compounds were 
characterized by single crystal X-ray diffraction and infrared spectroscopy, to identify the characteristic O–H and V–O modes.

Graphical Abstract
Crystals of Cs6Mn(H2O)2(VO3)8 and Cs5KMn(H2O)2(VO3)8 were synthesized from hydrothermal brines and their structures 
determined by single crystal X-ray diffraction, revealing preferential, ordered site substitution of the alkali metals.
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Introduction

Transition metal vanadates are attractive systems to study 
because of their considerable structural complexity and 
potential applications [1–3]. Like silicate oxyanions, 
(SiO4)4− [4, 5], vanadates readily form tetrahedral oxy-
anion building blocks (VO4)3− [6–8]. Vanadates are of par-
ticular interest however, because of their structural flexi-
bility, with the ability to adopt many different coordination 
geometries (i.e. four, five and six coordinate) while the 
vanadium ion can also assume a range of oxidation states 
ranging from 2 + to 5 + [9]. Vanadates can arrange them-
selves within structures to form chains, extended arrays, 
or even rings, leading to structural diversity in the crystal-
line products. Coordination of the vanadate oxyanion to 
open shell first row transition metals can also lead to mag-
netically interesting arrangements, such as magnetically 
coupled chains or spin frustrated triangles [6, 8, 10]. Our 
initial reactions in this phase space focused on manganese 
ions, due to their unusual magnetic properties and range of 
oxidation states and coordination environments [11, 12].

Traditionally, these types of materials are synthe-
sized by high temperature (1000 °C) solid state methods 
[13–15]. However, our group has recently been concentrat-
ing on a high temperature hydrothermal route to access 
transition metal vanadate systems [9, 16–18]. Generally, 
these reactions are performed around 600 °C at pressures 
around 1.6 kbar. We found that hydrothermal synthesis 
usually leads to well-formed high-quality single crystals. 
We initially employed hydroxide mineralizers, but we have 
recently been turning our focus to systems that mimic 
natural brine environments. Therefore, we are exploring 
reactions in halide, or mixed halide/hydroxide mineralizers 
including BaCl2 [9], BaF2 [12], SrCl2 [17], CsCl [19], and 
CsF [19] as well as combinations that also contain cor-
responding hydroxides. We see a wide range of behavior 
in the presence of halide salts in these reaction fluids. The 
halides perform multiple roles in that they serve as miner-
alizers but also play a role in the structural chemistry. In 
some cases we observe halide incorporation into the struc-
ture, while in others we see no halide incorporation in the 
lattice but do obtain products considerably different than 
those from pure hydroxide mineralizers. We find that the 
product distribution from our reactions is very dependent 
on the identity and concentration of the halide mineral-
izer, as well as whether any hydroxide is present with the 
halide. The alkali or alkaline earth metal component of 
the mineralizer system is similarly important in the crystal 
chemical behavior of the resultant products.

Herein we present two new manganese vanadates with 
related structures, synthesized from related reaction con-
ditions. The first product, Cs6Mn(H2O)2(VO3)8 (I) was 

synthesized from cesium chloride, manganese (III) oxide, 
and vanadium (V) oxide in 1 M CsOH/3 M CsCl. The 
second product, Cs5KMn(H2O)2(VO3)8 (II), was synthe-
sized from cesium carbonate, manganese (IV) oxide, and 
vanadium (V) oxide in 3 M KCl. The backbone structure 
is the same in both cases, but one of the cesium cations is 
replaced with potassium in an ordered, site-specific man-
ner in II. These two novel structures have been charac-
terized through single-crystal X-ray diffraction, infrared 
spectroscopy, and EDX elemental analysis.

Experimental Section

Hydrothermal Crystal Growth of Cs6Mn(H2O)2(VO3)8 
(I) and Cs5KMn(H2O)2(VO3)8 (II)

Hydrothermal reactions were conducted in 2.75-inch long 
silver tubes. Following the addition of the chloride or mixed 
chloride/hydroxide mineralizer (0.4 mL) to the silver tube, 
the reactants (~ 0.3 to 0.45 g total) were added. The silver 
tubes were then welded shut and placed in a Tuttle-seal auto-
clave. Distilled water was added to the autoclave to provide 
suitable counter pressure. The autoclaves were heated for 
3–5 days and after cool down, the products were filtered 
via vacuum filtration and washed with water. The chemi-
cals used in this study, cesium chloride (Alfa Aesar, 99.9%), 
cesium hydroxide solution, 50 wt% in water (Beantown 
Chemical, 99.9%), cesium carbonate (Alfa Aesar, 99.9%), 
potassium chloride (VWR, 99%), vanadium(V) oxide (Alfa 
Aesar, 99.6%), manganese(III) oxide (Strem Chemicals, 
98%), and manganese(IV) oxide (Strem Chemicals, 99%) 
were used as received without further purification.

Single crystals of Cs6Mn(H2O)2(VO3)8 (I) were pre-
pared by using a mixture of cesium chloride (0.123  g, 
0.731 mmol), manganese (III) oxide (0.0575 g, 0.364 mmol), 
and vanadium (V) oxide (0.265 g, 1.46 mmol) with 0.4 mL 
of 1 M CsOH/3 M CsCl mineralizer. The reaction was per-
formed at 580 °C for 5 days at 1.7 kbar of pressure, and 
yielded yellow rod-shaped crystals of Cs6Mn(H2O)2(VO3)8 
(I), identified as a minor product of the reaction, along with 
colorless crystals of CsVO3 [20] and black crystals identi-
fied as Mn3O4 [21]. Semiquantitative compositional data in 
atomic  %, determined by EDX, was 52.2% O, 26.0% V, 
18.5% Cs, and 3.3% Mn, indicating good agreement of the 
relative ratios of the heavy elements to the chemical formula 
determined from the structural analysis (expected, based on 
non-hydrogen atoms: 63.4% O, 19.5% V, 14.6% Cs, 2.4% 
Mn).

Single crystals of Cs5KMn(H2O)2(VO3)8 (II) were 
produced from a reaction mixture of Cs2CO3 (0.134 g, 
0.41 mmol), manganese(IV) oxide (0.029 g, 0.33 mmol), 
and vanadium(V) oxide (0.15 g, 0.825 mmol) with 0.4 mL 
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of 3 M KCl mineralizer at 500 °C for 3 days at 1.2 kbar of 
pressure. The new phase, Cs5KMn(H2O)2(VO3)8 (II) was 
identified as yellow rod-shaped crystals as a minor product, 
along with black crystals identified as K2V3O8 [22]. EDX 
confirmed the presence of potassium in II. Semiquantitative 
compositional data in atomic %, was 44.3% O, 30.1% V, 
18.9% Cs and 3.8% K, and 2.9% Mn, also indicating good 
agreement of the relative ratios of the heavy elements to the 
chemical formula determined from the structural analysis 
(expected, based on non-hydrogen atoms: 63.4% O, 19.5% 
V, 12.2% Cs, 2.4% K, 2.4% Mn).

X‑ray Diffraction

Well-formed single crystals of Cs6Mn(H2O)2(VO3)8 (I) 
and Cs5K1Mn(H2O)2(VO3)8 (II) were used to perform sin-
gle-crystal X-ray diffraction measurements. All data were 
collected at room temperature with a Bruker D8 Venture 
diffractometer having a Photon 100 detector, utilizing Mo 
Kα radiation (λ = 0.71073 Å) from an Incoatec IµS source. 
Diffraction data were collected from ɸ and ω-scans. The 
APEXIII software suite was used for data collection, set-
up, and processing. The crystal structures were solved 
utilizing intrinsic phasing and full-matrix least square 
methods with refinement on F2. Structure refinements were 

conducted using the SHELXTL software suite [23]. All 
of the atoms in each structure were first refined using iso-
tropic thermal displacement parameters, followed by ani-
sotropic refinement on all non-hydrogen atoms. Hydrogen 
atoms were identified from the difference electron density 
map and refined with distance fixing restraints in order 
to maintain an appropriate geometry for the coordinated 
water molecule. Since the parent oxygen atom of the water 
molecule is located on a four-fold symmetry site, the asso-
ciated hydrogen atoms were set to partial occupancy at 
their general positions. Table 1 provides a summary of 
the structural refinement data for the compounds of this 
study and Table 2 lists selected interatomic bond distances 
and angles. Structural data have been deposited with the 
joint CCDC/FIZ Karlsruhe deposition service, deposition 
numbers 1890843 and 1890844.

Spectroscopic Characterization

Infrared Spectroscopy was performed on well-formed sin-
gle crystals of (I) and (II). Single crystals of each com-
pound were rolled out on a ZnSe plate, and the IR spectra 
were collected using 16 scans of the resultant sample. The 
IR samples were collected in the frequency range from 650 

Table 1   Structure refinement 
data for Cs6Mn(H2O)2(VO3)8 (I) 
and Cs5KMn(H2O)2(VO3)8 (II)
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Cs6Mn(H2O)2(VO3)8
(I)

Cs5KMn(H2O)2(VO3)8
(II)

Empirical Formula Cs6MnV8O26H4 Cs5KMnV8O26H4

F. W. (g/mol) 1679.95 1586.14
Temperature (K) 298 (2) 298 (2)
Crystal System Tetragonal Tetragonal
Space group P4/mnc P4/mnc
a (Å) 13.6830 (4) 13.5015 (4)
c (Å) 8.6476 (3) 8.5372 (3)
Volume (Å3) 1619.04 (11) 1556.25 (11)
Z 2 2
D(calcd)(g/cm3) 3.446 3.385
μ (mm−1) 9.308 8.664
F(000) 1502 1430
Crystal size (mm) 0.06 × 0.08 × 0.20 0.04 × 0.06 × 0.23
2θ range (°) 2.79 to 26.50 2.832 to 26.486
Reflections collected 11,654 10,907
Indep. Reflections 905 864
R indices (I > 2σ(I)) R1

a = 0.0373, wR2
b = 0.0857 R1

a = 0.0237, wR2
b = 0.0510

R indices (all data) R1
a = 0.0435, wR2

b = 0.0878 R1
a = 0.0297, wR2

b = 0.0528
Goodness of fit (S) 1.226 1.163
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to 4000 cm−1 at a resolution of 4 cm−1 using a Thermo-
Nicolet Magna 550 FTIR equipped with a Thermo-Nicolet 
NicPlan FTIR microscope and a MCT/A detector.

Results and Discussion

Crystal Structures of Cs6Mn(H2O)2(VO3)8 (I) 
and Cs5KMn(H2O)2(VO3)8 (II)

The two compounds discussed herein, (I) and (II), are 
isomorphous, having the same general structural features 
except the site-specific potassium occupancy discussed 
below for II. Both structures are built from sinusoi-
dal vanadate chains coordinated to one another through 

octahedral manganese atoms, forming a one-dimensional 
manganese vanadate chain. The cesium (or cesium and 
potassium ions in the case of II) ions provide charge-bal-
ance to the manganese vanadate chains and reside in the 
void spaces in the structures between the chains (Fig. 1).

There is one unique manganese atom in structure, Mn1, 
occupying a 4d Wyckoff site (222 symmetry). During the 
initial refinements, the anisotropic displacement param-
eters for Mn1 were found to be unusually high. The Mn1 
atom was then set to half occupancy, greatly improving the 
refinement statistics, and ultimately providing appropriate 
charge balance as Mn2+. The partial occupancy of this site 
is also important sterically, as the alternating absence of 
half of the Mn atoms along the manganese vanadate chains 
provides the necessary space for the hydrogen atoms of the 
coordinated water molecules (Fig. 2). The manganese site 
is six-coordinate with oxygen, as [MnO4(H2O)2] units, hav-
ing the water molecules at axial positions and corner-shared 
oxygen atoms with the vanadate chains at equatorial posi-
tions. This arrangement results in manganese atoms that are 
isolated from one another and only linked over long range 
via bridging of the vanadate chain (Fig. 2). The Mn–O bond 
lengths are consistent with Mn2+, as is the yellow color of 
the crystals.

There is one unique vanadium atom in the structure, V1, 
which is four-coordinate with oxygen. It is coordinated by 
two oxygen atoms propagating the metavanadate chain (O3 
and O1), one oxygen atom coordinated to the manganese 
octahedron (O4), and one terminal oxygen atom (O2). When 
the Mn atom is absent in the chain due to its partial occu-
pancy, the O4 atom also becomes a terminal oxygen atom. 
In these instances it acts as a hydrogen bond acceptor for 
the hydrogen atoms of the water molecule (H…A = 1.90(2) 
Å; D…A = 2.823(5) Å; D–H…A = 176(4)°). The longest 
V–O bonds are the bridging V–O–V bonds, which average 
1.8013(16) Å. The shortest V–O bond is the always-termi-
nal bond at 1.622(3) Å. The metavanadate chain takes on a 

Table 2   Selected interatomic distances (Å) and angles (°) for 
Cs6Mn(H2O)2(VO3)8 (I) and Cs5KMn(H2O)2(VO3)8 (II)

Cs6Mn(H2O)2(VO3)8 (I) Cs5KMn(H2O)2(VO3)8 (II)

Cs1–O2 × 8 2.920(5) K1–O2 × 8 2.792(3)
Cs2–O4 × 2 3.205(5) Cs2–O4 × 2 3.137(3)
Cs2–O3 × 2 3.351(6) Cs2–O3 × 2 3.257(3)
Cs2–O2 × 4 3.496(7) Cs2–O2 × 4 3.392(3)
Cs2–O4 × 2 3.525(6) Cs2–O4 × 2 3.503(3)
Cs2–O5w 3.6021(8) Cs2–O5w 3.5686(4)
Cs3–O1 × 4 3.115(8) Cs3–O1 × 4 3.004(4)
Cs3–O2 × 8 3.579(7) Cs3–O2 × 8 3.519(3)
V1–O1 1.795(3) V1–O1 1.8016(16)
V1–O2 1.617(6) V1–O2 1.622(3)
V1–O3 1.795(3) V1–O3 1.8009(16)
V1–O4 1.643(5) V1–O4 1.650(3)
Mn1–O4 × 4 2.205(5) Mn1–O4 × 4 2.216(3)
Mn1–O5w × 2 2.16,190(8) Mn1–O5w × 2 2.13430(8)
V1–O3–V1 135.7(5) V1–O3–V1 136.1(2)
V1–O4–Mn1 132.4(3) V1–O4–Mn1 132.47(17)

Fig. 1   View along the c-axis in 
Cs6Mn(H2O)2(VO3)8 (I) (left) 
and Cs5KMn(H2O)2(VO3)8 
(II) (right). Hydrogen atoms 
are removed for clarity. Color 
scheme: Cesium (grey), potas-
sium (yellow), manganese (blue 
octahedra), vanadium (orange 
tetrahedra), and oxygen (red 
spheres) (Color figure online)
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rather unique sinusoidal shape. This type of chain is gener-
ally quite rare in solid-state structures, but we have seen it 
in some of our previous work, namely Cs3Mn(VO3)4Cl [19]. 
The V–O–V angle in Cs3Mn(VO3)4Cl is 142.1(4)°, and the 
V–O–V angle in I and II averages 135.9(4)°. Zig–zagging 
metavanadate chains typically have V–O–V angles in the 
range of 160–170° [24], however as we see here, the sinu-
soidal shape results in a much more relaxed V–O–V angle 
(Fig. 3).

Alkali Metal Site Specificity

The Cs atoms of I occupy three unique Wyckoff sites: Cs1 
at a 2b site, Cs2 at a 8h site, and Cs3 at a 2a site. Interest-
ing site-specific substitution was observed when KCl was 
used as a mineralizer to synthesize the mixed alkali metal 
isomorph Cs5KMn(H2O)2(VO3)8 (II). In II, a potassium 
atom replaces only the Cs atom at the 2b site, accounting 
for the one potassium atom per formula unit. Based on the 
bond lengths observed in Table 2, it is clear that the Cs1/2b 
site would preferentially accommodate substitution of the 
smaller K atom given its much shorter bond lengths to 
oxygen. The Cs–O bond length of Cs1 in I is 2.920(5) Å, 

compared to the rest of the Cs–O bond lengths that average 
3.429(7) Å. This makes the Cs2 and Cs3 sites about 17% 
larger than the Cs1 site. Upon K substitution in II, this size 
difference becomes even greater, as the Cs2 and Cs3 sites 
are about 20% larger in their Cs–O bond lengths (average 
3.352(3) Å compared to the K–O bond length (2.792(3) 
Å). Although the Cs2 and Cs3 sites are slightly larger in I 
compared to II (about 2% longer Cs–O bond lengths in I) 
free variable refinement of mixed K/Cs occupancy at these 
sites in II did not suggest there was any significant potas-
sium occupancy at these sites in II. Only the K1 site, which 
is fully occupied by potassium, accommodates the smaller 
alkali metal (Cs1–O is 5% longer in I than K1–O is in II). 
This degree of substitution is supported by the relative ratios 
of Cs:K in the EDX measurements.

The K1 site is located at the center of four manganese 
vanadate chains (Fig. 4), coordinating eight of the terminal 
O2 atoms from these chains. Effectively, this smaller cation 
draws all the chains closer together in II compared to I, thus 
accounting for some measurable contraction of the Cs–O 
bond lengths even on sites that are not substituted by K. 
The K1 and Cs3 sites occur in alternating fashion along the 
c-axis in the channels between four metavanadate chains 
(Figs. 1, 4), while the Cs2 sites are sandwiched between 
three metavanadates from two manganese vanadate chains.

Infrared Spectroscopy

The infrared spectra of I and II are shown in Fig. 5. Both 
compounds display the characteristic broad O–H symmetric 
and asymmetric stretching band at ~ 3186 cm−1 for I and at 
~ 3211 cm−1 for compound II. Furthermore, the O–H bend-
ing modes of the coordinated H2O group can be identified 
at ~ 1660 cm−1 for I and ~ 1652 cm−1 for II. The character-
istic V–O stretches can also be identified from the region 
between 1000 and 700 cm−1. The IR bands ~ 956 cm−1 and 

Fig. 2   The backbone manga-
nese vanadate chain present in 
both (I) and (II). See Fig. 1 for 
color scheme. Hydrogen atoms 
are shown as pink spheres 
(Color figure online)

Fig. 3   The sinusoidal vanadate (VO3)n chains in (I) and (II) along the 
a-axis. Color scheme is the same as Fig. 1 (Color figure online)
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827 cm−1 can both be assigned to the VO2 stretching mode, 
while, the IR peak at ~ 640 cm−1 is assigned to the V–O–V 
stretching vibration [25]. The similarities in the character-
istic vibrational frequencies for I and II suggest that the 
metavanadate chains themselves are not especially influ-
enced by the site specific alkali metal substitution. This is 
also supported by the crystallographic comparison of the 
bond lengths and angles.

Conclusions

Herein we have reported the structures of two new man-
ganese vanadates, namely Cs6Mn(H2O)2(VO3)8 (I) and 
Cs5KMn(H2O)2(VO3)8 (II), synthesized from hydrother-
mal brines. Both compounds were analyzed by single crys-
tal X-ray diffraction, infrared spectroscopy, and elemental 
analysis by EDX. The structural backbone in both structures 
is built from manganese vanadate chains. The manganese 
atoms themselves do not form an extended chain, but are 
flanked by sinusoidal vanadate chains, (VO3)n, to create the 
one-dimensional chains with isolated manganese octahe-
dra linked by the vanadate chains. The isolated manganese 
octahedra resulting from their half occupancy are neces-
sary to account for the coordinated water molecules on the 
[MnO4(H2O)2] octahedra, the presence of which was verified 
by the infrared spectra. The use of KCl as the mineralizer 
led to the formation of II, where potassium atoms preferen-
tially occupy one crystallographic site. The preferred site for 
potassium occupancy sits in channels between four manga-
nese vanadate chains. This site has a significantly contracted 
coordination sphere to oxygen compared to the other cesium 
sites in the structure, which do not accommodate any potas-
sium ions. The variety of synthetic and structural chemistry 
observed to occur from these hydrothermal brines is promis-
ing for continued study.
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