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Abstract

Two new mixed valence manganese-containing orthophosphates with a langbeinite structure have been obtained from the complex

fluoride–phosphate melts using the high-temperature flux technique. MIVF4 and K2M
IVF6 (MIV—Zr, Hf) were used as fluoride and

polyvalent metal precursors. Obtained langbeinites were investigated using a single-crystal X-ray diffraction, FTIR-, UV–VIS- and

electron paramagnetic resonance (EPR)-spectroscopy. Both compounds crystallize in a cubic system (sp. gr. P213) with cell parameters

a ¼ 10.2106(12) and 10.1896(9) Å for K1.96Mn0.57Zr1.43(PO4)3 and K1.93Mn0.53Hf1.47(PO4)3, respectively. The rigid langbeinite-like

framework is built up from the isolated [MO6] octahedra and [PO4] tetrahedra interlinked via oxygen vertices. Potassium cations occupy

positions in the large closed cavities of the framework. Statistical distribution of manganese and tetravalent metal over two

crystallographic positions in octahedral oxygen environment can be observed. The presence of the mixed valence manganese in the

reported phosphates was confirmed using UV–VIS and EPR-spectroscopy.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Manganese is one of the elements, which forms
compounds in a wide range of the oxidation states. A
great number of different manganese phosphates are well
known nowadays. Such variety could be explained by the
occurrence of different oxidation states and corresponding
coordination numbers.

Bivalent manganese forms phosphates in a similar way
as other bivalent 3d-metals: Mn3(PO4)2 [1], MnP4O11 [2]
and other. In this reason, several natural occurring
minerals and synthetic compounds which contain mixed
metal cationic part were found: Ni1.184Mn0.816(P2O7) [3],
NaCs(Mn0.35Cu0.65)(P2O7) [4], Fe4.94Mn2.06(PO4)6 [5], mar-
icite NaFe0.9Mn0.1(PO4) [6], natrophilite Na(Mn0.93
Fe0.07)(PO4) [7], etc. Another interesting group of the
e front matter r 2007 Elsevier Inc. All rights reserved.
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manganese-containing phosphates are compounds of
manganese (III): MnPO4 [8], Mn(PO3)3 [9], MnHP2O7

[10], KMn2O(PO4)(HPO4) [11], LiMn(PO4)(OH) [12],
MIMn(HP3O10) (MII—K, Rb, Cs) [13–15], Cs3M

II
3 Mn

(P6O18)2 (MII—Cd, Zn) [16], Na7(Mn5(PO4)3F13(H2O)3)
[17]. Threevalent manganese also was found in minerals:
purpurite Mn0.65Fe0.35(PO4) [18], heterosite Fe0.65Mn0.35
(PO4) [19], ferrisicklerite Li(Mg0.5Mn0.2Fe0.3)2(PO4)2 [20]
and other. Sometimes manganese is mixed-valent in
phosphates: Cs3MnII3 MnIII(P6O18)2 and CsMnIIMnIIIP6O18

[21]. Only one phosphate containing manganese (VII) has
been reported. Na4((Mn0.5P0.5)O4)O [22] belongs to the
mixed anionic compounds. Both manganese and phos-
phorus atoms are located in the same position and have
tetrahedral oxygen environment.
We report here the synthesis and structural investiga-

tions of two new langbeinite-related phosphates containing
mixed-valent manganese (II–III) K1.96Mn0.57Zr1.43(PO4)3
and K1.93Mn0.53Hf1.47(PO4)3. Both compounds have been
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characterized by the FTIR-, UV–VIS- and electron
paramagnetic resonance (EPR)-spectroscopy. On the basis
of spectroscopic investigations the presence of Mn(II) and
Mn(III) was confirmed.

2. Experimental

2.1. Synthesis and identification

Complex fluoride-containing phosphate fluxes indicate
high solvent possibilities. Oxides of such polyvalent metals
as zirconium, hafnium, chrome and other are low soluble in
the pure alkaline phosphate fluxes. The solubility extremely
grows in fluoride-containing ones. At the same time
fluoride gives a possibility to stabilize unusual oxidation
states of different elements (Mn(III), Co(III), etc.).

We used fluoride-containing fluxes in order to obtain
zirconium- and hafnium-containing langbeinite-related
phosphates. As it was earlier reported [23], such flux can
be combined using alkaline phosphates and zirconium
fluoride. K2M

IVF6 (MIV—Zr, Hf) was examined as a
concurrent fluoride-containing precursor in the flux synth-
esis. Latter were obtained from MIVO2 using the reported
technique [24]. As an initial manganese components were
used Mn2O3 (extra pure), MnO2 (pure for analysis) and
Mn(H2PO4)2 � 2H2O (prepared according to [25]).

For optimization of synthetic procedure fluxes with
K/P ¼ 1.0–1.35, Zr/P ¼ 0.09–0.15 and Mn/Zr ¼ 1.0–2.0
ranges were examined. In all cases, MIVF4 or K2M

IVF6 and
Mn2O3, MnO2 or Mn(H2PO4)2 � 2H2O were used. Gener-
ally, the mixtures of calculated amounts of initial
components (without fluorides) were slowly heated up to
1000 1C. At 200, 400 and 800 1C the mixtures were kept for
some time to decompose manganese-containing precursors
and to evaporate H2O. In case of using Mn2O3 and MnO2

decomposition was observed at a temperature near 800 1C.
At this temperature, the volume of the sintered porous
mass extremely grows. At the same time, the mixture melts.
So we had some technical difficulties with the mixtures
containing Mn2O3 and MnO2. At the temperature, equal to
1000 1C the fluxes were kept during 3 h to evaporate the
rest of the decomposition products. On the next stage, the
temperature was decreased to 950 1C and fluoride compo-
nents were added to the flux with stirring using the
platinum stirrer. Then the homogenous liquid glass was
crystallized in order to obtain the resulting phosphate. The
crystallization rate was equal to 251/h. At a temperature
near 600 1C the flux was purred out from the crucible to
sheet copper to freeze the crystallization. Finally, the
prepared crystals were separated from glass by washing
with boiling water. All the operations were performed
using the platinum labware.

The optimal ratio of the components were determined as
K2O�P2O5� 0.3K2M

IVF6� 0.3MnO which should be
better combined using the next components 0.4KPO3�

0.15K4P2O7� 0.15K2M
IVF6� 0.15[Mn(H2PO4)2 � 2H2O].

According to the noted component ratio 4.0 g KPO3, 4.2 g
K4P2O7 and 3.63 g Mn(H2PO4)2 � 2H2O were mixed and
decomposed as it was reported above. Then 3.6 g K2ZrF6

or 4.7 g K2HfF6 were added to the flux. As a result crystals
with average dimensions near 0.1mm� 0.1mm� 0.1mm
were obtained. Green blue crystals had preferably tetra-
hedral habit.
The purity of the obtained crystals was checked using the

powder XRD. The experiment was carried out using a
Siemens D500 automated diffractometer (CuKa radiation,
l ¼ 1.54184 Å; curved graphite monochromator on the
counter arm; step size 0.021; range 5–901; scanning rate
10 s/point). Powder pattern indicates high crystallinity for
both samples. Obtained crystals are single phased. Chemi-
cal composition for both compounds was determined by
the energy dispersive X-ray fluorescent spectroscopy using
‘‘Elvax light’’ analyzer. For the crystals, which were used
for single crystal X-ray diffraction element ratio was
verified by the energy dispersive spectroscopy using a Link
Isis analyzer mounted on a Philips XL 30 FEG scanning
electron microscope. Element ratio were found to be K:
Mn:Zr:P ¼ 1.92:0.6:1.52:3.1 (for K1.96Mn0.57Zr1.43(PO4)3)
and K:Mn:Hf:P ¼ 1.9:0.51:1.54:2.97 (for K1.93Mn0.53Hf1.47
(PO4)3), which are in good agreement with those found
using the X-ray fluorescent spectroscopy and calculated on
the basis of X-ray diffraction.

2.2. X-ray data collection and crystal data

Structure investigations were performed for well shaped
tetrahedral crystals of K1.96Mn0.57Zr1.43(PO4)3 and
K1.93Mn0.53Hf1.47(PO4)3 colored in green-blue. Experimen-
tal diffraction data were collected with an Oxford-
Diffraction XCalibur 3 diffractometer equipped with 4
MPixel CCD detectors using monochromated MoKa
radiation (l ¼ 0.71073 Å). Space group and cell parameters
were determined from all reflections collected over the y
angular range from 2.821 to 30.001. Multi-scan absorption
correction based on symmetry-related measurements was
applied to the obtained data [26].
For structure solutions were selected direct method using

SHELXS-97 [27]. On three-fold axis were found two
potassium atoms and two zirconium atoms. Phosphorus
atom was located in general position. The remaining
oxygen atoms were found in general positions around the
phosphorus atom using the difference Fourier maps. Full-
matrix least-square refinement was performed with
SHELXL-97 [27]. There were supposed that manganese
atoms occupy the same sites as zirconium ones. The atomic
coordinates and ADP were constrained for the correspond-
ing Mn and Zr atoms. On the next stage, the occupancies
of zirconium, manganese and potassium atoms were
refined. The extinction correction was applied for both
compounds, but as its value for zirconium phosphate was
found negligible comparing with esd it was removed from
the final cycles of refinement. Experimental and refinement
data is reported in Table 1, and final atomic coordinates
and Ueq are listed in Table 2.
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Table 1

Crystal data and refinement of K1.96Mn0.57Zr1.43(PO4)3 and K1.93Mn0.53Hf1.47(PO4)3

K1.96Mn0.57Zr1.43(PO4)3 K1.93Mn0.53Hf1.47(PO4)3

Crystal data

Crystal system Cubic Cubic

Space group P213 P213

Cell parameter (Å) 10.2106(12) 10.1896(9)

V (Å3) 1064.5(2) 1057.97(16)

Z 4 4

rcalc. (g/cm
3) 3.265 4.093

Crystal dimensions (mm) 0.12� 0.08� 0.05 0.1� 0.09� 0.07

Data collection

Measurement device XCalibur 3 CCD XCalibur 3 CCD

Wavelength (Å) 0.71073 0.71073

Monochromator Graphite Graphite

Scan mode j and o j and o
m (mm�1) 3.356 16.324

Absorption correction Multi-scan Multi-scan

Tmin, Tmax 0.7532, 0.8273 0.2358, 0.3542

Number of reflections 45023 47553

Independent reflections 1055 1035

Reflections with l 42s(I) 1018 1020

Rint. 0.0354 0.0404

Theta max. (deg) 29.97 29.96

h ¼ , k ¼ , l ¼ �14-14; �14-14; �14-14 �14-14; �14-14; �14-14

F(000) 998.6 1187.3

Solution and refinement

Primary solution method Direct Direct

Weighting scheme w ¼ 1/[s2(Fo
2)+(0.0293P)2+2.5557P] where

P ¼ (Fo
2+2Fc

2)/3

w ¼ 1/[s2(Fo
2)+(0.0030P)2+3.6065P] where

P ¼ (Fo
2+2Fc

2)/3

R1[F
242s(F2)] 0.0298 0.0143

R1(all) 0.0308 0.0147

wR2 0.0676 0.0291

S 1.286 1.261

Number of parameters 62 63

Extinction correction None SHELXL; 0.00095(12)

(Dr)max, min (e/Å3) 0.579, �0.55 0.508, �0.472

Flack parameter �0.02(6) �0.020(11)
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2.3. Spectroscopic investigations

The FTIR-spectra were collected at room temperature in
KBr disks using Nicolet Nexus FTIR spectrometer at
400–4000 cm�1. The measurements were performed in
transmissions mode. UV–VIS-spectra were recorded in
the diffuse reflectance mode using SPECORD-40M spec-
trometer at 12,000–40,000 cm�1. EPR spectra on powdered
polycrystalline samples were obtained at X-frequencies
(9.438GHz at room temperature and 9.249GHz at 77K)
with a ‘‘Radiopan’’ spectrometer.

3. Results and discussion

3.1. Synthetic procedure

The crystallization of langbeinite isotypic phosphates
with a general composition K2M

II
0.5Ti1.5(PO4)3, where

MII—Mn, Co, Ni, in the fluxes of potassium phosphates
containing dissolved titanium and bivalent metal oxides
was reported previously [28,29]. In this reason, we decided
to obtain isotypic complex phosphates containing at the
same time manganese and zirconium or hafnium as
framework cations. The phosphates reported in current
work are colored in green-blue that significantly differs
from the color of K2Mn0.5Ti1.5(PO4)3 which is dark brown.
As it could be assumed from the spectroscopic investiga-
tions, the reported compounds contain manganese (II) and
manganese (III) at the same time. The oxidation of Mn2+

by air oxygen and stabilization of Mn3+ in the fluoride–
phosphate flux can be explained by the anionic exchange
between Mn2+ and [MIVF6]

2� (MIV—Zr, Hf) ions with
formation of [Mn3+F6]

3� and MIV
x(PO4)y

n� ones (see Eqs.
(1) and (2)). Under crystallization conditions [Mn3+F6]

3�

can dissociate and connect with MIV
x(PO4)y

n� forming the
rigid langbeinite framework (Eq. (3)). Taking into account
the presence of bivalent manganese in the flux
{Mn0.5M

IV
1.5(PO4)3

2�}m anion framework possibly originates
(Eq. (4)), and as a result the obtained crystals will contain
mixed-valent manganese. Thus, the presence of the large
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Table 2

Atomic Coordinates and Ueq for K1.96Mn0.57Zr1.43(PO4)3 and K1.93Mn0.53Hf1.47(PO4)3 in P213

Atom Site Occ. x y z Ueq

K1.96Mn0.57Ti1.43(PO4)3

Zr1/Mn1 4a 0.742(17)/0.258(17) 0.14515(3) 0.14515(3) 0.14515(3) 0.0109(2)

Zr2/Mn2 4a 0.687(17)/0.313(17) 0.41477(4) 0.41477(4) 0.41477(4) 0.0107(2)

K1 4a 0.991(10) 0.70397(16) 0.70397(16) 0.70397(16) 0.0525(8)

K2 4a 0.968(10) 0.93081(13) 0.93081(13) 0.93081(13) 0.0425(7)

P1 12b 1 0.46204(9) 0.23155(9) 0.12613(9) 0.0116(2)

O1 12b 1 0.3194(3) 0.2344(3) 0.0813(3) 0.0248(7)

O2 12b 1 0.5476(3) 0.2964(4) 0.0226(3) 0.0287(7)

O3 12b 1 0.5059(3) 0.0907(3) 0.1497(4) 0.0283(7)

O4 12b 1 0.4802(4) 0.3085(4) 0.2511(3) 0.0339(9)

K1.93Mn0.53Hf1.47(PO4)3

Hf1/Mn1 4a 0.754(5)/0.246(5) 0.14479(2) 0.14479(2) 0.14479(2) 0.00819(10)

Hf2/Mn2 4a 0.716(5)/0.284(5) 0.41443(2) 0.41443(2) 0.41443(2) 0.00782(10)

K1 4a 0.972(9) 0.70444(15) 0.70444(15) 0.70444(15) 0.0478(8)

K2 4a 0.961(9) 0.93099(12) 0.93099(12) 0.93099(12) 0.0393(7)

P1 12b 1 0.46187(9) 0.23135(9) 0.12606(9) 0.0090(3)

O1 12b 1 0.3189(3) 0.2346(3) 0.0799(3) 0.0219(7)

O2 12b 1 0.5476(3) 0.2971(3) 0.0216(3) 0.0257(7)

O3 12b 1 0.5060(3) 0.0906(3) 0.1488(3) 0.0242(6)

O4 12b 1 0.4800(3) 0.3080(3) 0.2521(3) 0.0288(8)

Fig. 1. Architecture of {M2(PO4)3}N framework. [MO6] octahedra—light

gray, [PO4] tetrahedra—dark gray, potassium cations—black circles.
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amounts of fluoride in phosphates fluxes and at the same
time formation of langbeinite-related phosphates gives the
possibility to stabilize threevalent manganese.

3.2. Crystal structure

Both reported compounds crystallize in cubic system and
are isotypic with the mineral langbeinite K2Mg2(SO4)3 [30].
The framework contains isolated [MO6] octahedra and
[PO4] tetrahedra, which share their vertices (Fig. 1). Two
nearest [MO6] octahedra are connected using three
orthophosphate bridges into [M2P3O18] unit. Between two
nearest units, which have common axis two positions of
alkaline metal are located. Manganese and zirconium or
hafnium atoms are six coordinated. Six vertices belonging
to the same number of orthophosphate groups form
oxygen environment of the network cation. M–O bond
lengths are similar to both compounds and ranging from
2.069(3) to 2.102(3) for zirconium phosphate and from
2.051(3) to 2.102(3) Å for hafnium phosphate. Insignif-
icantly small deviation of interatomic distances for
corresponding bonds and cell parameters for both com-
pounds can be explained by the fact that the value of
effective ionic radius of zirconium (0.72 Å) just a little
higher than for hafnium (0.71 Å) [31]. Bond valence
calculations were performed for the oxygen environment
of transition metal (for Mn bonding parameters were taken
from [32], for Zr and Hf from [33]). The calculated values
of BVS for Zr1 are equal to 4.02, for Zr2 are 3.975 and for
Mn1 is 2.493, for Mn2 is 2.463 in zirconium compound. In
K1.93Mn0.53Hf1.47(PO4)3 the BVS is the next: 3.972, 3.927,
2.556 and 2.526 for Hf1, Hf2, Mn1 and Mn2 atoms,
respectively. The values of BVS for manganese atoms in
both langbeinites are much higher than 2. Accordingly to
the listed above values near the half of the manganese
amount must be threevalent. The quantity of threevalent
manganese calculated from the chemical composition
much smaller than a half. The difference between the
quantity of threevalent manganese in investigated com-
pounds can be explained by the fact that experimental
values of M–O bond lengths are superposition of Mn–O
and Zr(Hf)–O ideal bonds which significantly differ one
from another. Thus, the following chemical compositions
of the reported phosphates should be assumed: K1.96MnII0.39
MnIII0.18Zr1.43(PO4)3 and K1.93MnII0.40MnIII0.13Hf1.47(PO4)3.
The orthophosphate tetrahedra are close to regular. P–O

bond lengths are characteristic for orthophosphate group
[34] and O–P–O angles are close to tetrahedral. K1 atom
has nine coordinated oxygen environment, while K2 has 12
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Table 3

Selected Geometric parameters (Å, deg) for K1.96Mn0.57Zr1.43(PO4)3 and

K1.93Mn0.53Hf1.47(PO4)3

K1.96Mn0.57Zr1.43(PO4)3 K1.93Mn0.53Hf1.47(PO4)3

M1/Mn1–O1i, ii* 2.102(3)� 3 2.102(3)� 3

M1/Mn1–O2iii, iv, v* 2.069(3)� 3 2.051(3)� 3

M2/Mn2–O3vi, vii, viii� 2.078(3)� 3 2.073(3)� 3

M2/Mn2–O4i, ii* 2.101(3)� 3 2.087(3)� 3

P1–O1 1.527(3) 1.531(3)

P1–O2 1.523(3) 1.532(3)

P1–O3 1.525(3) 1.521(3)

P1–O4 1.510(3) 1.515(3)

K1–O1vi, vii, viii 2.939(4)� 3 2.923(4)� 3

K1–O2ix, x, xi 3.141(4)� 3 3.139(4)� 3

K1–O4ix, x, xi 3.263(4)� 3 3.254(4)� 3

K2–O3ix, x, xi 2.950(4)� 3 2.9535(17)� 3

K2–O2xii, xiii, xiv 3.067(4)� 3 3.053(4)� 3

K2–O4ix, x, xi 3.188(4)� 3 3.174(4)� 3

K2–O4xii, xiii, xiv 3.284(4)� 3 3.287(4)� 3

O1–P1–O2 109.31(19) 108.67(19)

O1–P1–O3 110.22(19) 110.39(18)

O1–P1–O4 111.1(2) 111.4(2)

O2–P1–O3 110.6(2) 110.47(19)

O2–P1–O4 106.8(2) 107.10(19)

O3–P1–O4 108.7(2) 108.7(2)

�M—Zr, Hf. Symmetry codes: (i) z, x, y; (ii) y, z, x; (iii) �z, x�1/2, 1/2�y;

(iv) 1/2�y, �z, x�1/2; (v) x�1/2, 1/2�y, �z; (vi) 1/2+y, 1/2�z, 1�x; (vii)

1/2�z, 1�x, 1/2+y; (viii) 1�x, 1/2+y, 1/2�z; (ix) 1�y, 1/2+z, 3/2�x; (x)

3/2�x, 1�y, 1/2+z; (xi) 1/2+z, 3/2�x, 1�y; (xii) 3/2�y, 1�z, 1/2+x;

(xiii) 1�z, 1/2+x, 3/2�y; (xiv) 1/2+x, 3/2�y, 1�z.
Fig. 2. FTIR- spectra of (1) K1.96Mn0.57Zr1.43(PO4)3 and (2)

K1.93Mn0.53Hf1.47(PO4)3.
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coordinated one. The values of K–O interatomic distances
are close for both compounds. Selected geometric para-
meters are listed in Table 3.

3.3. FTIR-, UV–VIS- and EPR-spectroscopy

The FTIR-spectra of K1.96Mn0.57Zr1.43(PO4)3 and
K1.93Mn0.53Hf1.47(PO4)3 are shown in Fig. 2. In general,
both spectra are similar. Three groups of vibrations could
be observed in a wavenumber region 400–1500 cm�1. First
group that includes P–O stretching frequencies is limited by
900 and 1200 cm�1: strong single band at 1157 for K1.96

Mn0.57Zr1.43(PO4)3 (1160 for K1.93Mn0.53Hf1.47(PO4)3);
1079 (1082) shoulder, 1036 (1046), 1016 (1016), 977 (985)
and 914 (933) cm�1 shoulder. The second group of the
bands contains bending vibrations of [PO4] anion: three
strong single peaks at 637 (638), 589 (590) and 554
(554) cm�1. M–O vibrations could be observed in the third
group. In spectrum of K1.93Mn0.53Hf1.47(PO4)3 only two
bands belonging to the latter subgroup are located at 442
and 418 cm�1. Decoupling of those lines were found for
K1.96Mn0.57Zr1.43(PO4)3. Band at 442 is split into two
bands at 445 and 436 cm�1, band at 418 is split into two
ones at 425 and 416 cm�1.

Diffuse reflectance electron spectra of the titled com-
pounds indicate the presence of manganese (III) in
obtained compounds (Fig. 3). The bands that correspond
to the electron transition in Mn2+ (d5 shell) were not found
in presented spectra in a reason of their prohibition by spin
(term 6S). The bands observed in those spectra should be
assigned as transitions in the shell of Mn3+ (d4, term 5D).
Five bands were separated using the multi-peak fitting of
the experimental curve. For both spectra, the wavenumbers
of the obtained peaks are similar. Thus, we present the
general assigning of the bands because the resolution of
the spectrometer and curve character does not give us
possibility to determine the peak position accurately.
The polyhedra, which describe oxygen environment of

manganese atoms, have been suggested as slightly distorted
octahedra on the basis of structure investigations. They are
elongated in the direction of axis 3. At the same time,
manganese atom shifts from the polyhedron center. The
symmetry of the coordination sphere of manganese is
reduced to C3v. Assuming the latter fact an energy level
diagram for d4-ion in distorted octahedral environment has
been proposed (Fig. 4). Double bands between 15,000 and
18,000 cm�1 in both spectra were decoupled on two Gauss
peaks at 15,340 and 17,370 cm�1. They belong to
5E(5Eg)-

5A1 (u1) and 5E(5Eg)-
5E(5T2g) (u2) electron

transitions in Mn3+. The next three bands at 29,000,
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Fig. 3. UV–VIS diffuse reflectance electron spectra of (1)

K1.96Mn0.57Zr1.43(PO4)3 and (2) K1.93Mn0.53Hf1.47(PO4)3. Solid line—

fitted curve, + and �—collected spectra, dash and doted lines—gauss

peaks.

Fig. 4. Splitting of the energy levels for d4-ion in distorted octahedral

environment.

Fig. 5. EPR-spectra of K1.96Mn0.57Zr1.43(PO4)3 (1–298, 2–77K) and

K1.93Mn0.53Hf1.47(PO4)3 (3–298; 4–77K).
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33,850 and near 40,000 cm�1 should be assigned as charge
transition bands from oxygen to manganese O2�-Mn3+

[35].
Investigation of valent state of manganese in natural

occurring minerals and their synthetic analogues andalusite
(Al2�x�yMn3+xFe

3+
yOSiO4) and henritermierite (Ca3Mn3+2

(SiO4)2(OH)4) using the electron spectroscopy were reported
earlier [36,37]. For the first compound were assumed
tetragonal distorted oxygen environment of manganese
(D4h), while for the second were assumed axial distorted
one (C2v). Taking into account the symmetry of the
environment three d–d transitions (5B1g-

5A1g;
5B1g-

5B2g

and 5B1g-
5Eg belonging Mn3+) were found in spectra of

andalousite and four ones assigned as 5A1-
5A1,

5A1-
5A2,

5A1-
5B2 and

5A1-
5B1 in henritermierite.

The EPR investigations were performed at 77K and at
room temperature (Fig. 5). In EPR spectra six bands are
usually exist for Mn2+ (spin 5/2). At both temperatures in
the collected spectra only one broad band (DH ¼ 350Gs)
have been identified. For both compounds g-values are
similar and are equal to 2.020 (298K) and 2.017 (77K).
Large width of the band can be explained by the fact that
manganese ions are not magnetically separated because of
high occupancies of its positions, which are interlinked by
orthophosphate groups. Similar broad band, which corre-
sponds to Mn2+ was observed for g-Mn3O4 previously [38].
The values of g-factors are close to those for electron only.
EPR- investigations prove the presence of Mn2+ in the
obtained compounds. On the other hand, we cannot
confirm the presence or absence of Mn4+ in the reported
phosphates owing to the presence of mixed-valent system.
4. Conclusions

Complex phosphates containing Mn3+ can be synthe-
sized by a high-temperature crystallization technique using
the complex fluoride-containing phosphate flux on air. The
quantity of threevalent manganese in the reported com-
pounds varies from one third to one fourth from the total
contents of the manganese. In the rigid langbeinite frame-
work, manganese (II–III) and M(IV) are statistically
distributed over two independent positions with similar
octahedral oxygen environment. UV–VIS- and EPR-
spectroscopy confirmed the presence of two different
valent states of manganese in the obtained compounds.

4Mn2þ þO2 þ 4½MIVF6�
2� þ 6P2O

4�
7

! 4½Mn3þF6�
3� þ 4MIVðPO4Þ

2�
2 þ 4PO�3 , ð1Þ
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4Mn2þ þO2 þ 4½MIVF6�
2� þ 4P2O

4�
7

! 4½Mn3þF6�
3� þ 2MIV

2 ðPO4Þ
�
3 þ 2PO�3 , ð2Þ

n½Mn3þF6�
3� þ nMIV

2 ðPO4Þ
�
3

! fMn3þMIVðPO4Þ
2�
3 gn þ n½MIVF6�

2�, ð3Þ

mMn2þ þ 3m MIVF6

� �2�
þ 6mP2O

4�
7

! 2 Mn0:5f MIV
1:5ðPO4Þ

2�
3

�
m
þ 6mPO�3 þ 18mF�, ð4Þ

where MIV
¼ Zr, Hf.
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