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A B S T R A C T   

Several new iron molybdates have been synthesized under hydrothermal conditions at relatively low tempera
tures (200 ◦C) to stabilize the Fe3+ oxidation state. The mineralizers are all sodium ion based and three new 
phases were isolated as high quality single crystals from various reaction stoichiometries, Fe(MoO4)(OH) (I), 
Na0⋅15Fe2Mo3O12(H2O)⋅0.25H2O (IIa), and NaFe(MoO4)2(H2O) (III). The structures contain iron oxide octahedra 
arranged in chains (I), dimers (IIa), and isolated octahedra (III), that are linked by various molybdate oxyanions 
to form 3-D framework (I), 3-D framework with channels (IIa), and 2-D sheets in their iron molybdate motifs. 
Both I and III are lightly colored materials containing valence precise Fe3+, whereas IIa contains partially 
occupied Na + ions in columns within the lattice leading to concomitant valence mixing of Fe2+/Fe3+ with a 
corresponding darker color to the crystal. If sodium ions are not included in the synthesis and instead replaced by 
smaller Li + ions in the reaction, there is no alkali metal incorporation in the lattice and the resultant compound 
Fe2Mo3O12(H2O)⋅0.25H2O (IIb) is formed. This is isostructural to IIa but without the partially occupied Na + ions 
in the channels which makes it another valence precise Fe3+ compound that is nearly colorless as expected since 
all transtions are spin forbidden in the high spin Fe3+ case. The role of carbonate as a mineralizer was examined 
since the reaction is highly acidic (pH ~ 1) in the absence of carbonate, and this does not lead to satisfactory 
product formation. The carbonate mineralizer increases the pH to 6–6.5, and this pH is maintained throughout 
the reaction, which does lead to high quality crystal products. Despite its absence in any of the products, the 
carbonate mineralizer plays an additional important (albeit unknown) role in the synthesis, because if simple 
hydroxide is used to increase the pH to 6–6.5, the resultant products are much lower in quality and yield.   

1. Introduction 

Ferric ions (Fe3+) display a wide range of interesting chemical and 
physical behavior in crystalline lattices. Iron(III) sulfates, for example, 
possess a very rich chemistry and magnetism [1,2]. A transition metal 
analog to the sulfate anion is the molybdate anion, (MoO4)2-, which is 
also tetrahedral and magnetically silent, and displays versatile coordi
nation behavior. The d-orbital building blocks of molybdenum provide 
an interesting direct alternative to the sulfates as in Fe2(MoO4)3 [3,4] 
since the magnetic coupling can be dominated by superexchange 
through the oxyanion building block [5,6]. Ferric molybdates contain
ing alkali metal cations in the lattice also posses extensive structural and 
magnetic behavior. In particular the AFe(MoO4)2 system (A = K, Rb, Cs) 

has a trigonal structure with a very complex magnetic phase diagram 
including multiferroic phases induced by chiral magnetism [7–13]. The 
material also displays considerable structural sensitivity to pressure and 
temperature [14–16]. In addition to the interesting magnetic behavior 
the alkali metal ferric molybdates also display potential uses in battery 
applications [17–20] and catalysis [21,22]. There are many other 
structural variations in the alkali ion ferric molybdate phase space 
suggesting that the descriptive chemistry is still not complete and that 
additional exploratory phase development is worthwhile [23–32]. 

Previous work in our group demonstrated that the hydrothermal 
approach works well for the synthesis of new metal molybdates. Most of 
that work was done at higher temperatures (500–600 ◦C) and explored 
divalent transition metal ions [33,34]. In the case of iron, the divalent 
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oxidation state appears to be somewhat more stable than the trivalent 
state at these elevated temperatures without addition of an external 
oxidant. Our goal is to begin studies at lower temperatures (200–220 ◦C) 
to identify new alkali ferric molybdates and eventually try to determine 
the thermal stability zone of the ferric state. In this paper we describe 
our initial attempts to specifically focus on the use of sodium ions as the 
alkali building block. We find a number of interesting new phases can be 
isolated containing the ferric ion, along with a variety of hydroxylated 
and hydrated building units in the lattice. A systematic variation of 
mineralizer suggests that carbonate is very useful assisting in crystal 
growth of the products. A number of new materials are isolated and 
characterized herein. The influence of carbonate, pH, and hydroxylated 
species toward the iron molybdate chemical phase space is discussed. 

2. Experimental section 

2.1. General hydrothermal synthesis and crystal growth of novel iron 
molybdates 

The hydrothermal reactions were carried out in Parr 4749 acid 
digestion vessels. These Teflon-lined autoclaves containing chemical 
reagents (~2 g total) and deionized water (10 mL) were heated at 200 ◦C 
for 3–5 days. After gradually cooling the autoclaves to room tempera
ture, the mixture of the products was washed with deionized water and 
dried. The chemicals used in this study were used as received from the 
supplier: sodium carbonate (Mallinckrodt, 99.997 %), lithium carbonate 
(Sigma-Aldrich, 99+%), sodium hydroxide (Alfa Aesar, 99.99+%), iron 
(II) chloride tetrahydrate (Alfa Aesar, 98 %) molybdenum(VI) oxide 
(Alfa Aesar, 99.5 %), sodium chloride (VWR, 99.997 %), and lithium 
chloride (Sigma-Aldrich, 99 %). 

2.1.1. Synthesis of Fe(MoO4) OH (I) 
Single crystals of Fe(MoO4)OH (I) were synthesized from mixture of 

iron(II) chloride tetrahydrate (0.422 mmol, 0.084 g), molybdenum(VI) 
oxide (0.422 mmol, 0.061 g), and sodium carbonate (0.422 mmol, 
0.044 g) in a 1:1:1 molar ratio with 10 mL of 3 M sodium chloride under 
the above hydrothermal conditions for three days. Once the mixture of 
products was filtered, light green square platelike crystals were identi
fied as Fe2(MoO4)3 [35–38] (major product), and orange blocky crystals 
were identified as I (minor product) by single crystal X-ray diffraction. 
The starting and final pH values of the mixture of chemicals were 
measured by pH test paper strips, and recorded 6.5 and 6, respectively. 

2.1.2. Synthesis of Na0⋅15Fe2Mo3O12(H2O)⋅0.25H2O (IIa) 
Single crystals of Na0⋅15Fe2Mo3O12(H2O)⋅0.25H2O (IIa) were pre

pared using the same initial reagents and conditions as in I, while using 
twice the amount of sodium carbonate. Iron(II) chloride tetrahydrate 
(0.422 mmol, 0.084 g), molybdenum(VI) oxide (0.422 mmol, 0.061 g), 
and sodium carbonate (0.844 mmol, 0.088 g) were used in a 1:1:2 molar 
ratio with 10 mL of 3 M sodium chloride as the mineralizer. The mixture 
of products was filtered after five days. The reaction yielded light green 
square plate crystals of Fe2(MoO4)3, and dark green tabular crystals of 
IIa as the major phase, identified by single-crystal X-ray diffraction. The 
starting and final pH values of the reaction mixture were measured by 
pH test paper strips, and recorded 6.5 and 6, respectively. 

2.1.3. Synthesis of Fe2Mo3O12(H2O)⋅0.25H2O (IIb) 
Single crystals of Fe2Mo3O12(H2O)⋅0.25H2O (IIb) were prepared 

using the same initial reagents, conditions, and mole ratios as IIa, except 
using lithium carbonate and lithium chloride instead of sodium car
bonate and sodium chloride as mineralizers. Iron(II) chloride tetrahy
drate (0.422 mmol, 0.084 g), molybdenum(VI) oxide (0.422 mmol, 
0.061 g), and lithium carbonate (0.844 mmol, 0.062 g) were used in a 
1:1:2 molar ratio with 10 mL of 3 M lithium chloride as the mineralizer. 
The mixture of products was filtered after five days. The reaction yielded 
light green square plate crystals of Fe2(MoO4)3, and yellow tabular 

crystals of IIb as the major phase, identified by single-crystal X-ray 
diffraction. The starting and final pH values of the mixture of chemicals 
were measured by pH test paper strips, and recorded 6.5 and 6, 
respectively. 

2.1.4. Synthesis of NaFe(MoO4)2(H2O) (III) 
Single crystals of NaFe(MoO4)2(H2O) (III) were obtained using the 

same initial reagents and conditions as in I, with a modified mole ratio. 
Iron(II) chloride tetrahydrate (0.422 mmol, 0.084 g), molybdenum(VI) 
oxide (0.844 mmol, 0.122 g), and sodium carbonate (0.844 mmol, 
0.089 g) were used in a 1:2:2 molar ratio with 10 mL of 3 M sodium 
chloride as the mineralizer. After three days, the products were filtered 
from the Teflon liner which yielded yellow needle shaped crystals 
identified as III through single-crystal X-ray diffraction as the main 
product, accompanied by a secondary product of Fe2O3. The starting and 
final pH values of the mixture of chemicals were measured by pH test 
paper strips, and recorded 6.5 and 5.5, respectively. 

2.2. X-ray crystallography 

The single-crystal X-ray data for structures of Fe(MoO4)(OH) (I), 
Na0⋅15Fe2Mo3O12(H2O)⋅0.25H2O (IIa), Fe2Mo3O12(H2O)⋅0.25H2O (IIb), 
and NaFe(MoO4)2(H2O) (III) were collected at room temperature from 
well-formed single crystals of each compound using a Bruker D8 Venture 
diffractometer (Mo Kα radiation, λ = 0.71073 A, Photon 100 detector). 
The data were collected from φ and ω-scans with 0.5◦ frame width. The 
APEX3 software was used to index and process the data [39]. The 
SHELXTL software was used to determine the space group (XPREP) of 
structures I-III, with structure solution by intrinsic phasing (SHELXT) 
and subsequent refinement by full-matrix least-squares techniques on F2 

(SHELXL) [40]. Complementary characterization of the elemental 
composition by energy-dispersive X-ray analysis and infrared spectros
copy were used in conjunction with bond valence sum analysis to reach 
the appropriate structural model. All non-hydrogen atoms were refined 
anisotropically, while hydrogen atoms attached to oxygen atoms of 
hydroxide groups or water molecules were identified from the difference 
electron density map and their positions refined using appropriate dis
tance fixing restraints. After establishing the framework structure of 
Fe2Mo3O12(H2O)⋅0.25H2O in the refinement of IIa, additional residual 
electron density of 3.39 e−1Å3 was found in the channels of the struc
ture. Upon acquisition of EDX data and in consideration of its local 
environment, this was subsequently modeled as a partially occupied 
sodium ion at 15 % occupancy with good anisotropic displacement pa
rameters. The largest remaining difference electron density peak was 
then found to be 1.10 e−1Å3. In the case of III, refinement in the correct 
absolute structure is supported by the resulting Flack parameter of 0.05 
(3). A summary of the crystallographic data is provided in Table 1, while 
selected interatomic distances and the corresponding bond valence sum 
analyses are given in Table 2. The structures are deposited with the joint 
CCDC/FIZ Karlsruhe deposition service, and are available upon quoting 
deposition numbers CSD 2244227–2244231. 

2.3. Spectroscopic characterization 

The infrared spectra were collected using pure single crystal samples 
of I, IIa, IIb, and III. To attain the spectra, a Thermo-Nicolet 6700 FTIR 
equipped with a Thermo-Nicolet Continuum FTIR microscope and a 
MCT/A detector was used over the range of 650–4000 cm−1. A well 
formed single crystal of each compound was separately rolled out on a 
ZnSe plate, and 16 scans of the sample were used to collect the IR 
spectra. 
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3. Results and discussion 

3.1. Synthesis and phase description 

The main goal of this work was to explore the synthesis of novel iron 
molybdates using low-temperature hydrothermal reaction conditions. A 
critical component of this study is the role of carbonate ions in the 
formation of new iron molybdates. All reactions producing compounds 
I, IIa, IIb, and III were performed in the presence of carbonate miner
alizers, and specific product formation (Fig. 1) appears to be sensitive to 
parameters such as reaction stoichiometry and pH as well as the con
centration of the carbonate mineralizer. This occurs even though the 
carbonate ion itself is not present in any of the crystallized products. 
Considering the reaction stoichiometry, compound I, Fe(MoO4)(OH) 
formed from a 1:1:1 reaction of FeCl2⋅4H2O + MoO3 + Na2CO3 in 3 M 
NaCl, while compound IIa, Na0⋅15Fe2Mo3O12(H2O)⋅0.25H2O, formed 
from the 1:1:2 reaction of FeCl2⋅4H2O + MoO3 + 2Na2CO3 in 3 M NaCl. 
Compound III, NaFe(MoO4)2(H2O) formed upon further increasing the 
amount of MoO3 to create a 1:2:2 reaction of FeCl2⋅4H2O + 2MoO3 +

2Na2CO3 in 3 M NaCl. In this way the presence of additional MoO3 in the 
reactions is generally translated to the resulting products. The Fe2+ ions 
in the initial reactants are oxidized to Fe3+ during these reactions. There 
are several potential sources of iron ion oxidation. One is the presence of 
air in the aqueous fluid and in the headspace of the reaction vessel that 
can supply some O2. In addition, the normal Fe2+/Fe3+ equilibrium in 
water, Fe2+ + H2O ⇔ Fe3+ + OH− + 1/2H2, is undoubtedly supported by 
the relatively high ionic concentration in the fluid. The systematic in
clusion of Fe3+ into the crystalline product will continue to drive the 
equilibrium until the reaction is complete. 

Transition metal chloride solutions are generally acidic solutions, but 
the addition of the carbonate mineralizers generates a more basic pH in 
the solution. None of the products I-III formed from such highly acidic 
reactions of FeCl2⋅4H2O + xMoO3 + 3 M NaCl, where carbonate was not 
included (initial pH ~ 5.5, final pH after the reaction period ~ 1). In 
those reactions light green crystals of Fe2(MoO4)3 formed as the main 
product along with Fe2O3. When Na2CO3 was added to the reaction in 
equimolar quantities to FeCl2⋅4H2O, the resulting solution was more 
alkaline, exhibiting an initial pH of 6–6.5, and a pH of 5.5–6 after 
completion of the hydrothermal reaction. These conditions led to the 
formation of I-III in addition to Fe2(MoO4)3 and Fe2O3. In subsequent 

experiments, sodium hydroxide (1 M solution) was used instead of so
dium carbonate to adjust the pH to the same starting pH of ~6–6.5. In 
these reactions in the absence of carbonate, the yields and sizes of the 
products I and II were reduced significantly while compound III was not 
formed at all, and the final pH of the reaction was again highly acidic at 
~ 1–1.5. The main product of all comparable reactions involving sodium 
hydroxide instead of sodium carbonate was again Fe2(MoO4)3. It may be 
that the buffering effect of the carbonate ions better stabilizes the pH 
during the course of the reaction period and leads to the formation of the 
high-quality products we observe. 

3.2. Comment on the crystal structure of Fe2(MoO4)3 

The pale yellow green compound Fe2(MoO4)3 may be considered a 
“parent” compound in these iron molybdate systems. In our case it 
invariably occurs in these hydrothermal reactions and can be easily 
separated from the products of interest. The compound itself is of 
considerable significance as it displays a unique case of ferrimagnetism 
which has been analyzed in detail [3,4]. There has been some debate in 
the literature regarding its structure and given the importance of the 
structure to the analysis of its magnetic behavior considerable effort has 
been taken to establish its structure. The original report of the crystal 
structure of a hydrothermally prepared sample reported the structure in 
the centrosymmetric space group P21/a, but raised the possibility of a 
solution very close to the orthorhombic lattice of Al2(WO4)3 [35]. A 
ferroelastic transition between monoclinic and orthorhombic structure 
types has been observed around 500 ◦C for Fe2(MoO4)3 [36]. A subse
quent detailed structural analysis was performed on a flux grown single 
crystal that suggested the structure adopts the acentric monoclinic space 
group P21 [37]. Concurrent with that work, a structural analysis using a 
crystal from a high temperature (460 ◦C) hydrothermal synthesis led to a 
satisfactory refinement in P21/a, coupled with the absence of second 
harmonic generation, and demonstrated that the intensity measure
ments that would suggest space group P21 could be attributed to crystal 
twinning [38]. The subsequent magnetic, neutron, and Mössbauer 
studies employed this centrosymmetric P21/a structure and realized 
satisfactory results [3,4]. Given the prevalence of Fe2(MoO4)3 as a 
product in the present study, we took the opportunity to verify the 
structure of Fe2(MoO4)3 obtained from low temperature hydrothermal 
fluids. It refined very well in the standard P21/c setting for the 

Table 1 
Crystallographic data for ferric molybdates I-III.   

I IIa IIb III 

Empirical Formula Fe(MoO4)(OH) Na0⋅15Fe2Mo3O12(H2O)⋅0.25H2O Fe2Mo3O12(H2O)⋅0.25H2O NaFe(MoO4)2(H2O) 
F. W. (g/mol) 232.80 617.49 614.04 416.73 
Crystal System Monoclinic Triclinic Triclinic Orthorhombic 
Space group C2/c P-1 P-1 P212121 

a (Å) 7.9318(12) 6.8964(5) 6.8909(2) 5.6876(4) 
b (Å) 7.5494(9) 8.4333(5) 8.4302(3) 8.9328(7) 
c (Å) 7.6107(8) 9.8597(7) 9.8001(3) 15.8985(13) 
α (◦) 90 94.489(3) 94.5958(13) 90 
β (◦) 120.188(4) 109.654(2) 109.3530(11) 90 
γ (◦) 90 90.822(3) 90.7171(12) 90 
Volume (Å3) 393.92(9) 537.86(6) 534.95(3) 807.74(11) 
Z 4 2 2 4 
Dcalcd (g/cm3) 3.925 3.813 3.812 3.427 
μ, mm−1 6.756 6.109 6.136 4.902 
Crystal Size (mm) 0.07 × 0.10 × 0.12 0.05 × 0.05 × 0.02 0.10 × 0.08 × 0.04 0.18 × 0.02 × 0.02 
2θ range,◦ 4.02–28.29 2.42–27.17 2.21–27.16 3.43–25.70 
Reflns coll./indep. 3299 12,416 20,549 10,881 
Independent reflns 497 2370 2363 1529 
No. of parameters 36 189 185 124 
R indices (observed data)[a,b] R1 = 0.0377 wR2 = 0.0996 R1 = 0.0230 wR2 = 0.0546 R1 = 0.0202 wR2 = 0.0445 R1 = 0.0274 wR2 = 0.0475 
R indices (all data) [a,b] R1 = 0.0402 wR2 = 0.1019 R1 = 0.0286 wR2 = 0.0590 R1 = 0.0261 wR2 = 0.0482 R1 = 0.0340 wR2 = 0.0492 
Goodness of fit 1.242 1.100 1.171 1.064  

a R1 = Σ||Fo| – [Fc||/Σ|Fo|. 
b wR2 = {Σ [w (Fo

2 – Fc
2)2]/Σ[wFo

2]2}1/2. 
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centrosymmetric structure previously reported in the nonstandard 
P21/a. The crystal was refined as a pseudo-merohedral twin, a condition 
that seems inherent to this material [38]. The details are given in the 
supplementary information, Table S1. 

3.3. Crystal structure of Fe(MoO4)(OH) (I) 

One new phase of this reaction series crystallizes as orange block-like 
crystals with the formula Fe(MoO4)(OH) (Fig. 2a). The structure con
tains only one unique Fe3+ site and consists of corner shared FeO6 
octahedra units in one-dimensional (1–D) chains propagating along the 
c-axis (Fig. 2b). The corner-sharing oxygen atom in the FeO6 chain, O(3), 
is the OH− group in the structure with the hydrogen atom identified 
from the difference electron density map. The hydroxide group is in a 
weak bifurcated hydrogen bond to two symmetry-related O(1) atoms 
(D–H = 0.90(2), D … A = 3.343(8) Å; H⋅⋅⋅A = 2.561(19) Å; D–H⋅⋅⋅A =
146.4(3)◦). There is one independent tetrahedrally-coordinated molyb
denum atom in the structure. These molybdate oxyanions, (MoO4)2-, 
reinforce the [FeO6]n chains by connecting neighboring O(2) atoms of 
each FeO6 octahedron along the chain, while also providing connections 
to two O(1) atoms of two neighboring chains (Fig. 2c). This creates an 
overall three-dimensional (3-D) iron molybdate structure from the 1-D 
iron oxide substructure and molybdate tetrahedra. The six-coordinate 
Fe3+ ions exhibit bond lengths to oxygen ranging from 1.9797(19) Å 
to 2.029(5) Å, averaging 2.002(5) Å, consistent with Fe3+ via bond 
valence sum calculations (Table 2). This further distinguishes the 
structure type from the simple divalent metal molybdate hydrates such 
as triclinic Mn(MoO4)(H2O) having edge-sharing dimers of manganese 
oxide octahedra [41], and triclinic Co(MoO4)(H2O)0.75 [42] and Ni 
(MoO4)(H2O)0.7 [43], which are based on Z-shaped tetrameric transition 
metal oxide building blocks. The simple trivalent metal sulfates Fe(SO4) 
(OH) [44] and Fe(SO4)F [45] are structurally analogous to Fe(MoO4) 
(OH), though Fe(MoO4)(OH) shows a greater disparity in its ratio of a/c 
lattice parameters. 

3.4. Crystal structure of Na0⋅15Fe2Mo3O12(H2O)⋅0.25H2O (IIa) and 
Fe2Mo3O12(H2O)⋅0.25H2O (IIb) 

The compounds Na0⋅15Fe2Mo3O12(H2O)⋅0.25H2O (IIa) and 
Fe2Mo3O12(H2O)⋅0.25H2O (IIb) represent a new structure type, and 
fundamentally differ from one another only in partial occupancy of a Na 
+ ion in structural voids of IIa compared to IIb. In this way the structure 
of IIb can be used for the majority of the structural description. The iron 
molybdate network is a complicated framework consisting of three 
unique molybdenum atoms having two different coordination numbers 
(two four-coordinate and one six-coordinate), and two unique six- 
coordinate iron atoms (Fig. 3a). The iron atoms form edge-shared 
[Fe2O10] dimers with Fe–O distances ranging from 1.914(3) Å to 
2.111(3) Å, averaging 1.999(3) Å. The two four-coordinate [MoO4] 
units link these dimers into iron molybdate slabs in the ab plane. The six- 
coordinate molybdenum site, coordinated as [MoO5(H2O)], serves to 
connect these neighboring slabs along the c-axis (Fig. 3a). These six- 
coordinate molybdates also occur as edge-sharing dimers with one 
another. So an alternative interpretation of the framework can be to 
describe sheets of edge sharing [Fe2O10] dimers and [Mo2O8(H2O)2] 
dimers in the bc plane (Fig. 3b) that are then linked into the framework 
by the tetrahedral molybdate groups. The Mo6+ ion typically appears as 
four-coordinate tetrahedral (MoO4)2- in metal oxide structures but six- 
coordinate molybdate octahedra (MoO6)6- are also reported in the 
literature, particularly in condensed oxides such as perovskites and 
double perovskites [46–48]. The oxidation states of Fe3+ and Mo6+ at all 
of their respective sites are supported by the bond valence sums. 

The connection of iron and molybdate building blocks generates a 3- 
D framework containing channels along the b-axis (Fig. 3a). The water 
molecule coordinated to the six-coordinate molybdenum atom extends 
into these channels, and the channels also accommodate a partially- 

Table 2 
Selected interatomic distances (Å) and bond valence sums (valence units) for 
ferric molybdates I-III. Bond valence parameters of 1.759 (Fe3+), 1.734 (Fe2+), 
1.907 (Mo6+), and 1.803 (Na+) were used in the bond valence sum (b.v.s.) 
calculations (accessed from https://www.iucr.org/resources/data/dataset 
s/bond-valence-parameters).  

I IIa IIb 

Fe1–O1 × 2 2.029 
(5) 

Fe1–O3 1.921(3) Fe1–O3 1.914(3) 

Fe1–O2 × 2 1.997 
(5) 

Fe1–O7 1.942(3) Fe1–O7 1.939(3) 

Fe1–O3 × 2 1.9797 
(19) 

Fe1–O1 2.008(3) Fe1–O1 2.013(3) 

Σ (b.v.s.) 3.11 Fe1–O2 2.017(3) Fe1–O2 2.018(3)   
Fe1–O10 2.030(3) Fe1–O10 2.028(3) 

Mo1–O1 ×
2 

1.740 
(5) 

Fe1–O6 2.030(3) Fe1–O6 2.035(3) 

Mo1–O2 ×
2 

1.754 
(4) 

Σ (b.v.s.) 3.22 Fe3+

(3.01 
Fe2+) 

Σ (b.v.s.) 3.23 Fe3+

(3.02 
Fe2+) 

Σ (b.v.s.) 6.16       
Fe2–O2 1.968(3) Fe2–O2 1.949(3) 

III Fe2–O12 1.987(3) Fe2–O12 1.968(3) 
Na1–O1 2.255 

(6) 
Fe2–O5 1.990(3) Fe2–O5 1.986(3) 

Na1–O19w 2.276 
(7) 

Fe2–O9 1.997(3) Fe2–O9 1.992(3) 

Na1–O3 2.385 
(8) 

Fe2–O4 2.055(3) Fe2–O4 2.037(3) 

Na1–O2 2.418 
(7) 

Fe2–O1 2.120(3) Fe2–O1 2.111(3) 

Na1–O8 2.498 
(7) 

Σ (b.v.s.) 2.99 Fe3+

(2.80 
Fe2+) 

Σ (b.v.s.) 3.10 Fe3+

(2.89 
Fe2+) 

Na1–O5 3.002 
(6)     

Σ (b.v.s.) 1.16 Mo1–O10 1.744(3) Mo1–O10 1.743(3)   
Mo1–O4 1.753(3) Mo1–O4 1.757(3) 

Fe1–O6 1.959 
(7) 

Mo1–O7 1.753(3) Mo1–O7 1.763(3) 

Fe1–O5 1.975 
(5) 

Mo1–O6 1.772(3) Mo1–O6 1.767(3) 

Fe1–O7 1.993 
(6) 

Σ (b.v.s.) 6.03 Σ (b.v.s.) 5.99 

Fe1–O3 2.004 
(6)     

Fe1–O2 2.009 
(6) 

Mo2–O13 1.685(3) Mo2–O13 1.682(3) 

Fe1–O4 2.010 
(5) 

Mo2–O5 1.756(3) Mo2–O5 1.766(3) 

Σ (b.v.s.) 3.20 Mo2–O3 1.905(3) Mo2–O3 1.904(3)   
Mo2–O2 1.914(3) Mo2–O2 1.920(3) 

Mo1–O1 1.705 
(5) 

Mo2–O3 2.226(3) Mo2–O3 2.222(3) 

Mo1–O4 1.750 
(5) 

Mo2–O11w 2.340(3) Mo2–O11w 2.334(3) 

Mo1–O2 1.793 
(5) 

Σ (b.v.s.) 6.02 Σ (b.v.s.) 6.02 

Mo1–O3 1.793 
(5)     

Σ (b.v.s.) 5.97 Mo3–O8 1.698(3) Mo3–O8 1.702(3)   
Mo3–O9 1.761(3) Mo3–O9 1.759(3) 

Mo2–O8 1.712 
(5) 

Mo3–O12 1.762(3) Mo3–O12 1.759(3) 

Mo2–O7 1.756 
(6) 

Mo3–O1 1.844(3) Mo3–O1 1.844(3) 

Mo2–O6 1.765 
(6) 

Σ (b.v.s.) 5.91 Σ (b.v.s.) 5.91 

Mo2–O5 1.779 
(5)     

Σ (b.v.s.) 6.08 Na1–O11w 2.253(15)     
Na1–O13 2.283(15)     
Na1–O13 2.424(15)     
Na1–O6 2.476(15)     
Na1–O11w 2.482(15)     
Na1–O8 2.529(15)     
Na1–O10 2.718(14)     
Σ (b.v.s.) 1.30    
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Fig. 1. Optical micrographs of ferric molybdates obtained from low temperature hydrothermal reactions in aqueous carbonate solutions.  

Fig. 2. Structure of Fe(MoO4)(OH) (I). Iron atoms are shown as green polyhedra, molybdenum atoms as yellow spheres, oxygen atoms as red spheres, and hydrogen 
atoms as pink spheres. (a) 3-D framework packing viewed off the c-axis. (b) 1-D iron oxide substructure of corner sharing octahedra. (c) Connectivity of neighboring 
chains through MoO4 tetrahedra. 

M. Foroughian et al.                                                                                                                                                                                                                            



Solid State Sciences 148 (2024) 107403

6

occupied, non-coordinated water molecule. In the case of IIa, the 
channels further accommodate the low-occupancy Na+ site, which sits 
off center in the channel. To test the role of sodium mineralizers and 
confirm the presence of partial sodium occupancy in structure IIa, we 
performed a reaction using identical stoichiometry and conditions, but 
with no sodium (instead using LiCl (3 M)/Li2CO3 as mineralizer). That 
Na-free reaction led to the formation of Fe2Mo3O12(H2O)⋅0.25H2O (IIb) 
crystals in the exact shape of IIa crystals (long plates) but light yellow 
instead of dark green in color. A consequence of the partial Na+ occu
pancy in IIa is that some of the Fe3+ must be reduced to maintain charge 
balance. Typically, all single-valence Fe3+ containing crystals occur as 
yellow, pale orange, or light green colors due to the spin forbidden 
transitions from the 6A1g ground state in the high spin d5 system. The 
nearly colorless appearance of IIb suggests that all of the iron atoms are 
in the +3 oxidation state as they should be in the absence of any 
extraneous Na+ or Li+ ions. Therefore, the brownish-dark green color of 
Na0⋅15Fe2Mo3O12(H2O)⋅0.25H2O crystals is of some support for the 
mixed-valence iron building blocks. The EDX data of IIa and IIb are 
essentially identical concerning the heavy elements that are reliably 
measured, except that the spectrum for IIa indicates a trace amount of 
sodium from the Kα energy at 1.04 eV, and IIb does not, providing 
further support for the theory (Supplementary Information, Fig. S1, S2). 
While sodium is present in trace amounts in IIa, it does not play a sig
nificant role in stabilizing the overall iron molybdate lattice shared by 
IIa and IIb. The partial reduction of Fe3+ to Fe2+ in IIa may present itself 
in the longer Fe–O bond lengths at the Fe2 site, averaging 2.020(3) Å in 
IIa versus 2.007(3) Å in IIb. 

3.5. Crystal structure of NaFe(MoO4)2(H2O) (III) 

The compound NaFe(MoO4)2(H2O) (III) crystallizes as pale yellow 
needles and was refined in the noncentrosymmetric space group P212121 
with a Flack parameter of 0.05(3). Structure III consists of isolated 
[FeO6] octahedra bridged by two unique [MoO4] tetrahedra to form a 
two-dimensional (2-D) iron molybdate substructure in the ab plane 
(Fig. 4a). Six [MoO4] tetrahedra surround each [FeO6] octahedron, and 
each [MoO4] tetrahedron is surrounded by three adjacent [FeO6] 

octahedra. These iron molybdate layers are connected along the c-axis 
by sodium atoms (Fig. 4b). Additional vacancies between the sodium 
ions that connect the layers are occupied by one unique water molecule 
that is coordinated to the sodium atom at a distance of 2.276(8) Å. 

The Fe–O and Mo–O bond lengths are in good agreement with Fe3+

and Mo6+, respectively. The six Fe–O bonds in III are distributed over a 
narrow range, 1.960(7) Å to 2.010(5) Å, averaging 1.992(7) Å, similar to 
the other Fe3+ structures in this study. The sodium ion that connects the 
layers can be considered as a [NaO5] polyhedron or a highly distorted 
[NaO6] polyhedron, with five close Na–O contacts within the range of 
2.255(6) Å to 2.498(7) Å, while the sixth oxygen atom is located 3.002 
(6) Å. To our knowledge there are no directly analogous orthorhombic 
structure types to compound III that are reported. The anhydrous Fe3+

structure, NaFe(MoO4)2, is reported to crystallize in space group C2/c 
with a = 9.87 Å, b = 5.31 Å, c = 13.57 Å, β = 90.4◦, with R1 = 0.094 
[49]. While that structure has the topological similarity of iron molyb
date layers separated by sodium ions along the longest crystallographic 
axis, the layers in III are corrugated with respect to the iron atoms which 
also results in greater tilting of the terminal Mo–O bonds relative to the 
c-axis in III versus NaFe(MoO4)2. This may be necessary to accommo
date the additional water molecule between the layers in III. Accord
ingly, III features a somewhat larger unit cell volume of 807.74(11) Å3, 
compared to 711.18 Å3 in NaFe(MoO4)2. Unlike the situation for I, there 
is not a directly analogous sodium iron sulfate composition to III, as the 
most obvious stoichiometric comparison, NaFe(SO4)2(H2O)6, contains 
numerous coordinated water molecules that interrupt the formation of 
any 2-D iron sulfate substructure [50]. 

3.6. Infrared spectra of I, IIa, IIb and III 

The infrared active regions for molybdate groups, hydroxide groups, 
and water molecules, of I, IIa, IIb, and III are shown in Fig. 5. The 
characteristic Mo–O stretches occur in the region between 1000 and 
500 cm−1, including asymmetric stretching modes from 750 cm−1–900 
cm−1, Fe–O–Mo vibrations from ~940 cm−1–970 cm−1, and accentuated 
bands at 750 cm−1 in IIa and 740 cm−1 in IIb from the hexacoordinated 
molybdate blocks in those structures [51,52]. All four new compounds 

Fig. 3. Structure of IIa/IIb. Iron atoms are shown as green polyhedra, mo
lybdenum atoms as yellow polyhedra, sodium atoms as gray spheres, oxygen 
atoms as red spheres, and hydrogen atoms as pink spheres. (a) 3-D framework 
forming a channel structure, viewed off the b-axis, with all channels shown as 
containing some amount of partially-occupied sodium and non-coordinated 
water molecules. (b) Connectivity between iron oxide dimers and molybde
num oxide dimers. 

Fig. 4. Structure of NaFe(MoO4)2(H2O) (III). Iron atoms are shown as green 
polyhedra, molybdenum atoms as yellow polyhedra, sodium atoms as gray 
spheres, oxygen atoms as red spheres, and hydrogen atoms as pink spheres. (a) 
2-D iron molybdate substructure viewed along the c-axis. (b) Connectivity of 
iron molybdate layers by sodium atoms residing between the layers. 
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contain water or hydroxide in various roles in the crystalline lattices, 
and display the characteristic O–H stretching band at ~3100–3700 
cm−1. The spectra of Na0⋅15Fe2Mo3O12(H2O)⋅0.25H2O (IIa), 
Fe2Mo3O12(H2O)⋅0.25H2O (IIb), and NaFe(MoO4)2(H2O) (III) exhibit 
broader features with multiple constituent bands in this region due to 
symmetric and asymmetric stretching vibrations of coordinated H2O 
groups, whereas the coordinated O–H group in Fe(MoO4)(OH) (I) 
structure displays a sharper peak in the same area at 3440 cm−1. 
Moreover, the H–O–H bending modes of coordinated or lattice H2O in 
IIa, IIb, and III are clearly shown at ~1574 cm−1, ~1578 cm−1, and 
~1622 cm−1, and are useful for distinguishing OH− from H2O in these 
structures. 

4. Conclusions 

In this work we demonstrate that a number of new iron molybates 
can be synthesized using low temperature (200 ◦C) hydrothermal con
ditions. The low temperatures favor the stabilization of Fe3+ as well as 
the presence of OH− and/or H2O in the lattice, either coordinated to the 
metal center or within columns in the lattice. The alkali metals in the 
reactions, in this case primarily Na+, can act as a mineralizing species 
and in some cases are incorporated into the final products to stabilize a 
particular structure type. The series of compounds isolated here are of 
differing dimensionality with respect to the iron oxide octahedra and 
bridging molybdate groups. Compound I features a 1-D iron oxide 
substructure linked into a framework by the molybdate tetrahedra. The 
compounds IIa/IIb present iron oxide dimers that are linked into a 
framework by dimers of molybdate octahedra and molybdate tetra
hedra. Compound III forms 2-D iron molybdate sheets where the 
molybdate tetrahedra link otherwise isolated iron oxide octahedra. In all 
cases, H2O or OH− play a critical role in the structure of the products, 
while sodium plays a role in establishing charge balance, inducing 
partial reduction of Fe3+ in IIa, and providing connectivity of the 2-D 
iron molybdate sheets in III. We find that when other alkali ions are 
used instead of sodium an entirely different product profile emerges 
from the reactions. This chemistry will be the subject of subsequent 
reports. 

The role of carbonate in these syntheses is noteworthy. It is well 
known that carbonate can play a major role in the mineralization and 
buffering in a wide range of hydrothermal systems. The topic has been 

especially well studied in natural geochemical systems. The ion can act 
as a buffer, a mineralizer or precipitating agent whether it becomes 
incorporated in the final lattice or not [53,54]. In all cases studied in this 
report, carbonate is not in the structural framework but does play an 
important role in both the crystallization and the yield of the materials. 
The presence of the Fe3+ creates an acidic environment in the initial 
reaction mixture and if carbonate is not used, the solution becomes more 
acidic throughout the reaction (final pH ~1) and compounds I-III do not 
form well or at all. If carbonate is present then the pH increases to 
around 6–6.5 and the products form in much better quality and yield in 
all cases, and a pH of ~6 is maintained. If the pH is artificially adjusted 
with the addition of NaOH to 6–6.5 at the beginning of the reaction the 
products again do not form as well, so the carbonate is required 
throughout the reaction, presumably as a buffer, for optimal product 
formation. The new ferric molybdates synthesized in this lower tem
perature hydrothermal regime suggest that, with careful reaction con
trol, a fairly rich synthetic chemistry may be accessible toward the 
preparation of low-dimensional compounds that may be attractive as 
unusual magnetic materials. 
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