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Study of MnXO4nH,0 (X = P, As) Phases and Synthesis and Structure of the Simple, Novel Salt

MnAsO4
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Mn'"XO0,nH,0 (X = P, As; n = 1.0-1.5) phases have been characterized through electron microscopy, density
measurements, thermal analysis, and X-ray powder diffraction. Samples with n > 1 behave as intergrowths of
stoichiometric, crystalline MnXO,H,0 and amorphous MnXO,mH,0 with m ~ 4. A detailed study of the
thermal behavior of these systems has revealed that the presence of the amorphous phase strongly affects the
dehydration and reduction temperatures. The phosphate and arsenate always decompose through different pathways,
as the phosphate undergoes reduction of Mn** to Mn2* before water loss commences, whereas the arsenate shows
a reversible dehydration before being irreversibly reduced. This has enabled the simple new salt MnAsO, to be
prepared by careful decomposition of MnAsO4nH,0, and the crystal structure (monoclinic, space group P2,/n,
a=6.679(3) A, b=8.940(3) A, c = 4.791(2) A, B = 93.76(4)°) has been determined from laboratory X-ray powder
diffraction data using the Rietveld method (Ry, = 7.4%, Rp = 5.5%, and Rr=2.7%). This arrangement is a unique
example of a monoclinically-distorted CuSOj, type structure. Chains of edge-sharing MnOg octahedra containing
two different Mn3* sites that display cooperative [4 + 2] and [2 + 2 + 2] Jahn-Teller distortions are linked through

distorted AsO, groups.

Introduction

Metal phosphates and arsenates are currently of interest for
their chemical and physical properties, and resulting applications
as catalysts, nonlinear optical materials, ion exchangers, and ionic
and electronic conductors.! For example, vanadium pyrophos-
phate, (VO),P,04, is used to catalyze the oxidation of butane
and butene to maleic anhydride;? KTiOPO, is a well-known
nonlinear optical material;® M!Y(HPO,)H,0 (M = Zr, Sn, Ti,
Hf) compounds comprise an important family of highly stable
ionic exchangers;* M'M!V,(PQ,); (M! = Li, Na, K, Rb, Cs; M1V
= Zr, Hf) compounds are fast ion conductors of the NASICON
family.” On the other hand, phosphates and arsenates of the
first-row transition metals exhibit a wide range of interesting
magnetic properties. For example, the superexchange interactions
between octahedrally coordinated spin-only cations have been
studied in a number of MXO, (X = P, As) compounds.5® As
part of this effort, we are currently undertaking a detailed
synthetic, structural, spectroscopic, and reactivity study of
manganese(III) phosphates and arsenates. These materials
provide synthetic challenges, as Mn®* is prone to oxidation or
reduction when heated or in aqueous solution.

Several complex manganese(III) phosphatessuch as the mixed-
valence mineral Bermanite, Mn;(PO,),(OH),-4H,0,° manga-
nese(III) metaphosphate, Mn(PO;);,!° manganese(I1I) hydrogen
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pyrophosphate, MnHP,0-,'! manganese(III) dihydrogen tri-
phosphate dihydrate, MnH,P;0,-2H,0'? and the layered ma-
terials KMn,O(PO,)(HPO,)!* and NH,;Mn,0(PO,)(HPO,)-
H,0!4 are known. No analogous arsenates have been reported,
although hydrates MnXO4nH,O are known for X = P and As.

A polycrystalline manganese(III) phosphate hydrate Mn-
PO,nH,0 was first synthesized by Christensen!® from manganese-
(III) acetate and phosphoric acid and also through the oxidation
of manganese(II) nitrate by nitric acid in the presence of
phosphoric acid. The degree of hydration of this phase has been
controversial. Goloschapovand Martinenko!¢ proposed thatn =
1.5, and this was corroborated by several authors.!217-19 Narita
and Okabe found 1.13 water molecules per formula unit,202! but
Cudennec et al.22 established that # could vary from 1 to 1.7
without appreciably modifying the powder X-ray diffraction
pattern. We have recently synthesized analogous arsenates
MnAsO4nH;0, and we observe a similar variation of n = 1-1.5
without changes in the powder X-ray pattern.?

The crystal structures of Mn'''XO,.nH,0 (X = P,2¢ As23) have
been determined from powder X-ray diffraction data and have
recently beenrefined precisely with 4 K neutron diffraction profiles
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of deuterated samples showing that n = 1 in both cases.?* The
two compounds are isomorphous with the stoichiometric metal-
(I1) sulfates MSO,-H,O (M = Mg, Mn, Fe, Co, Ni, Zn),?%27 and
no evidence for additional water within the structure was found
nor is there sufficient space toaccommodate it. The MnXO4,H,0
structure consists of axially distorted MnOg octahedra linked by
the oxygen atom of the water molecule at a common vertex to
form zigzag Mn—O-Mn chains. These chains are interconnected
by XO, tetrahedra to form a three-dimensional network with
small channels running parallel to the ¢ axis, into which the
hydrogen atoms of the water molecules project.

We have recently investigated the magnetic properties of the
MnXO.,H,0O (X = P, As) compounds?® and their lithium-
exchange reactions to give LiMnXO,(OH) derivatives.?®?° In
order to understand the chemistry of these MnXO,nH,0
materials, and variations in their reported thermal behavior and
densities,’® we have performed this systematic investigation of
the water content of the MnPO4nH,O and MnAsO,nH,0
systems. We have also investigated the use of these materials as
precursors for possible, previously unknown MnXO, compounds.
Such MXO, salts are of fundamental interest for the packing of
cations and tetrahedral oxo-anions and for their magnetic
properties.

Experimental Section

MnXO4nH,O (X = P, As) materials were synthesized under
atmospheric conditions and autogenous hydrothermal pressures up to 10
bar. The atmospheric pressure samples were prepared by slowly adding
85% H3PO, or 75% H3AsO4 to an aqueous suspension of manganese(II)
carbonate hydrate. After a release of CO,, nitric acid was added and
the reaction mixtures were boiled to oxidize Mn(II) to Mn(III), which
resulted in the evolution of NO, and the formation of dark green
precipitates. Hydrothermalsyntheses were performed by heating mixtures
of Mn,0;3, 85% H3PO, or 75% H;As04, and HyO in approximate Mn:
X:H,O molar ratios of 1:3:30 at 200 °C for 2 weeks in Teflon-lined
autoclaves. The products from both routes were filtered out, washed
with water and acetone, and dried at 70 °C.

Samples of MnAsO, were obtained by heating MnAsO4nH,0 (n =
1-1.5) at low temperatures to minimize the reduction to Mn;As;O5, but
this could not be completely avoided. The best ratio of MnAsO, to Mn,-
As;0- was obtained by heating MnAsO41.5H,0 at 325 (£5) °C until
none of the precursor hydrate remained (~50 h). The dehydration
reaction was found to be reversible; after 2 weeks of standing in air
diffraction peaks of MnAsO4H,0 were seen in the MnAsO; samples.

Water contents were measured from the weight change after heating
at 800 °C for several hours, allowing for the loss of oxygen due to the
reduction of manganese(III) to manganese(Il). Combined thermogravi-
metric (TGA) and differential (DTA) thermal analyses were carried out
in air on a Rigaku Thermoflex apparatus at a heating rate of 10 K/min
with calcined Al;O; as the reference. Pycnometricdensity measurements
were performed with reagent grade acetone of density 0.7899 Mg m-?
asthefillingsolution.'”3! Transmission electron micrographs and electron
diffraction patterns were obtained ona JEOL 2000FX electron microscope.

X-ray diffraction patterns were recorded on a Siemens D501 automated
diffractometer using graphite-monochromated Cu Ko radiation. The
diffraction profile used to refine the structure of MnAsQO, was collected
in the 20 range 18-120° counting for 16 s/0.03° step. These data were
transferred to a VAX 8530 computer for Rietveld analysis?? by the
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multiphase GSAS program?? using a pseudo-Voigt peak shape function
corrected for asymmetry at low angles and a refined background function.

To estimate the proportions of amorphous MnXO,mH,0O and
crystalline MnXO4H,O phases in the atmospheric pressure samples, a
quantitative powder X-ray diffraction analysis was carried out by an
internal standard method.3* Calibration graphs for X = P and As were
constructed using four different mixtures of crystalline MnX04H,0 (X
= P, As) and KCl as the internal standard with a weight percent of
MnXO4H;0 between 85 and 95%. X-raydiffraction scans were recorded
between 27.5 and 31° (26), with a step size of 0.02° and a counting time
of 7 s/point. The areas of the two nonoverlapping peaks (KCl, (002) at
d = 3.141 A; MnXO04H;0, (202) at d = 2.954,2.994 A for X = P, As)
were extracted using the program DRX.* Atmospheric pressure
MnXO4nH;0 samples were then ground with KCI (90% of MnXOg4nH,0
and 10% of KCI), and from the ratio of the diffraction peak areas and
the calibration graph, the amount of crystalline MnXO4+H,;0O was
determined. Hence, knowing the total amount of sample and the amount
of crystalline phase, the amount of amorphous MnXO,mH,0 was
determined.

Results and Discussion

MnXO0,rH;0 Phases. Preparations at ambient and hydro-
thermal pressures always resulted in samples containing
MnXO,-H,0 as theonly crystalline phase in the X-ray diffraction
pattern. However, TGA showed that the hydrothermal products
were stoichiometric with n = 1.0, whereas nonstoichiometric
materials withn = 1.1-1.5resulted from the atmospheric pressure
syntheses. The morphology and microcrystallinity of MnAs-
O,:nH,0 products with n = 1.0 and 1.5 were investigated by
electron microscopy. The hydrothermal » = 1.0 phase was found
tocontain well-formed microcrystallites that gave sharpdiffraction
spots (Figure 1a), whereas particles of the n = 1.5 material
appeared poorly crystalline and gave near-polycrystalline electron
diffraction patterns (Figure 1b).

Results of the density study are given in Table I. For the
stoichiometric, hydrothermally synthesized samples, the agree-
ment between the measured density values and those calculated
from the crystallographic data is very good. For the samples
with n > 1, the observed values are lower than those for the
crystalline samples, indicating the presence of a second less dense
phase. This fact would explain the disagreement between the
previously reported density value for MnPO,nH,0 and the
calculated X-ray one.’¢

The TGA-DTA curves for MnPO,-nH,0 and MnAsO,-nH,0
are shown in Figures 2 and 3, respectively. These systems retain
water strongly, as the weight losses for all the samples never start
until at least 280 °C in air at the heating rate of 10 °C/min. The
thermal behavior of the MnAsO+nH,0 samples is different from
that of the analogous phosphates, as has been reported previously,2
since the reduction of Mn(III) to Mn(II) takes place after the
water loss whereas the phosphate is reduced before being
dehydrated. Hence, it should be possible to obtain MnAsQ, but
not MnPO, by careful decomposition of the hydrate, as is described
below.

The temperatures of the endotherms are given in Table I and
are assigned from the associated weight losses. These results
demonstrate that the temperatures of the decomposition processes
of the MnXO,-nH,O phases depend strongly upon n, suggesting
thatcrystallinen = 1.0and amorphous # > 1 phases areintergrown
within the same particles of these materials. In particular, the
loss of the water molecule from the crystalline phases is displaced
to lower temperatures with increasing amounts of amorphous
material, from 495 °C for MnPO4,H,0 to 475 °C for Mn-
PO,:1.2H,0 and from 465 °C for MnAsO,H;O to 325 °C for
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Figure 1. Transmission electron micrographs and electron diffraction patterns of (a) MnAsO#H:0 and (b) MpAsO«].5H,0.

Table . Density and Thermal Analysis Results for the MnXO,nH,0 (X = P, As) Samples

density (Mg m-%)

endotherm temp (°C)

samples Direar Pesp. n H,0 amorphous phase H,0 crystalline phase 0.
MnPO.H,0 3.173 3.16(5) 0.97(4) 470 495
MnPOs1.2H,0 2.84(68) 1.20(4) 300 380 475
MnAsO,H»0 3.697 3.63(5) 1.02(4) 465 575, 680
MnAsO¢1.2H,0 1.23(4) 340 425 580,775
MnAsO.1.5H,0 3.26(6) 1.52(4) 3254 3257 630, 750

? These endotherms are overlapped.

MnAsO,-1.SH,0. Thiscorrelation may bea kinetic phenomenon,
reflecting smaller domains of the crystalling phase within the
intergrown particles with higher #. As »n increases for the
MnAsOnH,0 materials, the separation between the endotherms
corresponding to water loss and reduction of Mn(IIT) to Mn(I1)
becomes greater. This observation implies that the greatest ratio
of MnAsO, to Mn,As,0, should be observed by decomposing
materials with the largest n, which we have found to frue. The
loss of the O, from MnAsO, takes place in two steps for all the
MnAsO,nH,0 samples, suggesting that an intermediate mixed
Mn'!, Mn"! phase is formed, although we have not seen evidence
for this in the X-ray diffraction patterns.

The above electron microscopy, density, and TGA-DTA results
strong suggest that MnXOgnH,O (X = P, As) compositions
with n > 1 are intergrowths of crystalline MnXO4+H:0O and
amorphous material of mean composition MnXO,mH,0, al-
though the results shown above are also consistent with a mixture
of crystalline and amorphous phases, with smaller particle sizes
at higher average water contents. In order to estimate the
proportions of these two phases, and the value of m, an analytical
powder X-ray diffraction study was carried out, as described in
the Experimental Section. This showed a sample of Mn-
PO.-1.12H,0 to contain $5% of crystalline MnPO+H,0 and a
5% of amorphous MnPO,mH,0, and MnAsO,1.52H,0 con-
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Figure 2. Thermal analyses (TGA and DTA) for (a) MnPO4H,0 and
(b) MnPO,1.2H,0.

tained 84% of crystalline MnAsO,H,0 and 16% of Mn-
AsQ,mH,0. From these results we derive the mean values of
m = 4(1) for the phosphate and arsenate. Hence the amorphous
phases in both systems are of approximate average composition
MnXO,4H,0.

Taken together, these results reveal a two-step mechanism for
the formation of the crystalline MnXO4H,0. Initial reaction
between aqueous Mn** and XO,*-results in the rapid precipitation
of amorphous MnXO,;mH,0 with m ~ 4. This value suggests
that the reaction occurs through the facile substitution of two
water molecules by XO4*- in the Jahn-Teller distorted 3d*Mn-
(H,0)¢3* cation. The kinetic MnXO,mH,O phase loses water
to give crystalline MnXO,-H,O through nucleation of Mn-
XO4H,0 microcrystallites within the particles of the amorphous
phase. Thisreaction proceeds to completion under hydrothermal
pressure, but at ambient conditions the reported products
MnXO,nH,0 with n ~ 1-1.7'215-23 are intergrowths of the
amorphous precursor and the crystalline monohydrate.

MnAsO,. After the exclusion of the peaks from Mn,As,0,,
the powder pattern of MnAsQ, was autoindexed by the program
Treor*¢ from the accurately measured positions of 16 nonover-
lapping reflections, using KCl as an internal standard. A
monoclinic cell of dimensions a = 6.679(3) A, b = 8.940(3) A,
c=4.791(2) A, and 8 = 93.76(4)° was obtained with figures of
merit M, = 2337 and F¢ = 21 (0.013, 59).38 This cell is similar
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Figure 3. Thermal analyses (TGA and DTA) for (a) MnAsO4H,0, (b)
MnAsO41.2H;0, and (c) MnAsO,-1.5H;0.

to that of orthorhombic CuSO,3%40 (space group Pmnb,a = 6.709
A, b=8.409 A, c = 4.833 A), so we attempted to fit the X-ray
profile of the Mn,As,0,/MnAsO, mixture using our previously
determined structure of Mn,As,0,2 and taking the coordinates
of CuSO,% as a starting model for MnAsQ, with the space group
symmetry reduced from orthorhombic Pmnb to monoclinic P2,/
n. For Mn,As,0-, only thescale factor and peak shape parameters
were varied, but a full refinement of these parameters plus cell
constants, atomic coordinates, and isotropic temperature factors
was performed for MnAsO,, giving Ryp = 7.4%, Rp = 5.5%, and
R{(MnAsO,) = 2.7%. Results of the refinement are given in
Tables I and II1, and the final observed, calculated, and difference
profilesare givenin Figure4. Theuseof a multiphase refinement
program enables a good refinement of MnAsQO, to be obtained
as this is the major component of the mixture. The molar
composition of the mixture determined from the scale factors of

(37) Wolff, P. M. d. J. Appl. Crystallogr. 1968, I, 108.
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(39) Kokkoros, P. A.; Rentzeperis, P. J. Acta Crystallogr. 1958, 11, 361.
(40) Wildner, M.; Giester, G. Miner. Petrology 1988, 39, 201.



MnXO,nH,0 Phases

Table II. Structural Parameters for MnAsO, in Space Group P2,/n
(No. 14) from the Refinement of the MnAsO4/Mn;As;0; Mixture

Refinement Data

no. of allowed reflcns: 426 for MnAsO4 and 226 for Mn,As;0;

no. of points in refinement: 3400 no. of variables: 36

scale factors per formula units: S(MnAsO;) = 159.8(6);
S(Mn,As,07) = 44.9(3)

Cell Data

8.9303(2) A ¢ =4.7914(1) A B =93.813(2)°
4

a=668332)A b
V=28534(2) A’ Z

R Factors (%)
RP =53 pr =74 RF(MI‘IASO4) =27 RF(anASZO7) =29

Atomic Parameters

sym
atom  positions x y z B (A2
Mn(a) 2a 0.000 0.000 0.000 0.84(7)
Mn(b) 2d 0.500 0.000 0.000 0.45(7)
As 4e 0.2801(2) 0.1805(1) 0.4633(3) 0.76(3)
o(1) 4¢ 0.2811(10) 0.1162(8) 0.8009(13) 1.0(2)
0(2) 4e 0.7682(12) 0.1274(7) 0.9207(15) 0.8(2)
0(32)  4e  00723(9) 0.1220(8) 0315512) 0.1(2)
0O(3b) 4e 0.4764(10) 0.1248(8) 0.3130(14) 0.1(2)

@ R-factorsaredefined inrefs 32and 33. ? Isotropic temperature factor.
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Figure 4. Final observed (points), calculated (fuil line), and difference
X-ray profiles for the mixture of Mn;As;O; and MnAsQO,. Reflections
bars are shown for Mn,As;07 (top) and MnAsO, (bottom).

the two phases is found to be 78(1)% MnAsO, and 22(1)%
MHASOJ'5 (=’/2 Mn2A82O7).

Thestructure of the new compound MnAsQ, is the first example
of a monoclinically distorted CuSO,4arrangement. Infinite chains
of trans-edge-sharing MnOg octahedra run parallel to [100] and
are linked by highly distorted AsO, tetrahedra to give a three-
dimensional framework (Figure 5a). The geometry of theinfinite
chains of octahedra, shown schematically in Figure 6, varies
significantly between CuSQO, and MnAsQ,. All of the CuQq
octahedra in the former structure are equivalent and display a
typical [4 + 2] Jahn-Teller distortion with two short and two
long bridging Cu-O bonds. Each bridging oxygen has either two
short or two long bonds to Cu?* (Figure 6a). This results in
antiferromagnetic superexchange between neighboring spins in
CuSO,*! and isomorphous CuSeQ,4*2as the do orbitals containing
unpaired electrons are directed toward the same bridging atom.
The chains in MnAsQO, have a more complex geometry (see Table
III and Figure 6b) as there are inequivalent alternating Mn(a)
and Mn(b) sites. Mn(a) shows the [4 + 2] distortion mode, but
the Mn(b) environment is better described as an orthorhombic
[2 + 2 + 2] distortion. The cooperative Jahn—Teller distortions
of the octahedra result in one long and one short bond to each

(41) Almodovar, 1.; Frazer, B. C.; Hurst, J. J.; Cox, D. E.; Brown, P. J. Phys.
Reu. 1965, 129, A153.
(42) Scharenberg, W.; Will, G. J. Phys. C1 1971, 32, 851.
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Figure 5. (001) projections of the crystal structures of (a, top) MnAsQ,
and (b, bottom) MnAsO4-H,O in the space group P2, /n (a-axis vertical).

0(3) 93 0(2)
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Figure 6. Schematic views of the edge-sharing MOg chains in (a, top)
CuSO, and (b, bottom) MnAsQO, with bond distances labeled.

bridging oxygen, which would be expected to result in a
ferromagnetic spin-spin coupling within the chains, as the
magnetic do orbitals on adjacent Mn3* ions cannot overlap with
the same bridging atoms. A low-temperature powder neutron
diffraction study is planned to determine the magnetic structure
of MnAsQ,.

The polyhedral representations*® of the MnAsO, and Mn-
AsO4H,0 frameworks in Figure 5 illustrate the close relationship
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Table III. Bond Distances (A) and Angles (deg) for MnAsQ,

Aranda et al,

Mn(a)-O(1) X 2 2.399(6) Mn(b)-O(1) X 2
Mn(a)-0(2) X 2 1.940(8) Mn(b)-O(2) X 2
Mn(a)-O(3a) x 2 1.900(7) Mn(b)-O(3b) X 2
(Mn(a)-0) 2.08 (Mn(b)-O)
O(1)-Mn(a)-0O(1) 180 O(1)-Mn(b)-O(1)
O(1)-Mn(a)-0(2) 107.7(3) O(1)-Mn(b)-0(2)
O(1)-Mn(a)-0(3a) 84.5(2) O(1)-Mn(b)-O(3b)
0O(2)-Mn(a)-0(2) 180 0O(2)-Mn(b)-0(2)
0O(2)-Mn(a)-0O(3a) 92.0(2) 0O(2)-Mn(b)-O(3b)
O(3a)-Mn(a)-0O(3a) 180 0O(3b)-Mn(b)-0O(3b)
Mn(a)-O(1)-Mn(b) 98.9(3) Mn(a)-O(1)-As
Mn(a)-O(2)-Mn(b) 108.4(3) Mn(a)-0(2)-As

Mn(a)-O(3a)-As

between the two structures. Loss of the water that links the
octahedra into apically-linked chains in MnAsO,H,0 is ac-
companied by a rotation of the AsOy tetrahedra to give edge-
sharing chains in MnAsQO,. The Mn-+-Mn distance within the
chains of octahedra decreases from 4.05 A in MnAsO.H,O to
3.34 A in MnAsO,. The observed reversibility of this transfor-
mation reflects the fact that only some weak Mn—-O bonds are
broken, accompanied by rotations of the arsenate groups.

Conclusions

Electron microscopy, density, thermal, and analytical powder
diffraction measurements suggest that MnXO,-nH,O (X = P,
As) compositions with n > 1 are intergrowths of crystalline
MnXO,H,0 and an amorphous precursor phase of average
composition MnX044H,0, aithough a mixture of these phases
with variable particle size cannot be discarded. The detailed

(43) Fischer, R. X. J. Appl. Crystallogr. 1985, 18, 258.

1.985(7) As-O(1) 1.716(5)

2.178(7) As-0(2) 1.729(4)

1.883(7) As-O(3a) 1.604(5)

As-O(3b) 1.617(5)

2.02 (As-0) 1.67

180 0(1)-As-0(2) 116.2(4)
103.4(3) 0(1)-As-0(32) 104.9(3)
88.6(3) 0(1)-As-O(3b) 111.4(3)
180 0(2)-As-O(3a) 103.8(3)
93.2(3) 0(2)-As-O(3b) 106.5(4)
180 0(3a)-As-0(3b) 114.1(3)
124.4(4) Mn(b)-O(1)-As 125.8(4)
122.0(4) Mn(b)-O(2)-As 122.0(4)
134.8(4) Mn(b)-O(3b)-As 130.5(4)

thermal analyses of these materials show that the arsenate alone
can be dehydrated without losing oxygen, leading to the synthesis
of the simple new solid MnAsO,. This compound adopts a novel
monoclinically-distorted CuSQ,4-type structure in which chains
of edge-sharing MnQOg octahedra displaying cooperative [4 + 2]
and [2 + 2 + 2] Jahn-Teller distortions are linked through
distorted AsO, groups. These chains are predicted to show
ferromagnetic spin—spin coupling.
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