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A potassium mixed iron(II)-titanium(III)-titanium(IV) phosphate K2FeIHo,5TiHIO,5TiIV1'0(P04)3
has been obtained using a two-step flux interaction in evacuated sealed silica tubes. It forms
tetrahedrally-shaped dark violet crystals which belong to the cubic system (space group P2;3) with
the cell parameter a = 9.8592(5) A. The structure was refined from single-crystal X-ray diffraction
data. [MOg] octahedra and [POy4] tetrahedra share their vertices forming a rigid 3D framework. The
potassium cations are located in large closed cavities of the framework. A distribution of the 3d
metals’ valence states in KoFellly sTilllj sTilV | (PO4)3 has been proposed on the basis of magnetic
measurements, structure investigations and bond-valence calculations as well as UV/vis and EPR

spectroscopy.
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Introduction

A great number of langbeinite-related phosphates
containing trivalent titanium are known. Different
preparation methods were applied for their synthe-
sis combining various redox processes during solid
state, hydrothermal or flux interactions. K,Tiy(POy4)3
and K 75Tip(PO4)3 were obtained by Leclaire using
a two-step solid state technique from a mixture of Ti
and TiO, [1]. K;Tip(POy4)3 was also prepared from
TiN by the interaction in a potassium phosphate flux
in air [2] or from Ti;O3 and TiO, by a hydrother-
mal method [3]. Another interesting mode of prepara-
tion of langbeinite-like phosphates is the crystalliza-
tion of phosphate fluxes which contain titanium(I'V)
and tri- or divalent ions. Formation of phosphates con-
taining mixed-valent titanium with a general compo-
sition K4, Ti'™Y,_ MM (PO4); (MM = Al Sc, Cr,
Fe,In, ;0 <x<1;0<y<1;x<y) [4,5] were
observed in fluxes of the systems K;O-P;0s5-TiO;-
M",0;. Similar behavior of titanium was observed

in the melts containing Yb where Rb, YbTi(PO4)3 and
Rb,Ybg 3,Ti; 63(PO4)3 were obtained [6]. Later it has
been observed that an injection of ZnO [7] into fluxes
of the system K,O-P,05-TiO; is accompanied by self-
reduction of titanium(IV). The fact of self-reduction of
Ti(IV) to Ti(IIl) was explained by insertion of poly-
valent metal ions (for example AI*T) into positions of
alkali metal cations. Partial substitution of a monova-
lent ion by a polyvalent metal leads to a change in
the charge of the framework, which favors reduction
of Ti** [8].

The behavior of titanium in the fluxes con-
taining FeO has been investigated in the present
work. A langbeinite-related potassium mixed iron(I1I)-
titanium(IID)-titanium(I'V) phosphate KoFel s Till 5-
Ti'V| o(PO4)3 was obtained and characterized using
single-crystal X-ray diffraction, FTIR, UV/vis and
EPR spectroscopy. Magnetic susceptibility measure-
ments were carried out to characterize the valence state
of the transition metal cations.
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Experimental Section
K> Fep sTij 5(PO4)3

The synthesis of the title compound was performed us-
ing a two-step high-temperature flux technique. In the first
step, a homogeneous phosphate glass containing a calcu-
lated amount of TiO, was prepared in a platinum crucible
in air. Secondly, definite amounts of the solid glass and FeO
were melted and crystallized in evacuated silica tubes. The
crystallization was investigated in fluxes of the compositions
K20 x P05 x 0.3TiO, x nFeO, where n = 0.6, 0.45, 0.3,
and 0.15.

Reagents used for the synthesis were of extra pure grade
(TiOy) or pure grade (KPOj3, FeO). Initial FeO used was an-
alyzed for the total iron and iron(II) content by ICP-AES.
Total iron content was found to be 78.0 %, while the calcu-
lated value is equal to 77.78 %. The content of iron(IIl) was
found to be less than 1 % of the total quantity of iron. For
the preparation of the initial glass, a mixture of 50 g KPOj3
(0.424 mol) and 5.09 g TiO, (0.064 mol) was placed into a
platinum crucible, heated to 1373 K and kept for 6 h to reach
homogeneity. Then the flux was poured out from the crucible
onto a sheet of copper to avoid crystallization. The solidi-
fied melt was dispersed in an agate mortar. At the next syn-
thetic stage four portions of the powdered glasses obtained
(8 g, containing 61.54 mmol of KPO3 and 9.23 mmol TiO;)
were mixed with 1.329 (18.46), 0.997 (13.85), 0.665 (9.23),
and 0.332 g (4.61 mmol) of FeO keeping the Fe/Ti ratios
equal to 2.0, 1.5, 1.0, and 0.5, respectively. These mixtures
were placed in silica ampoules, which were evacuated and
sealed. The ampoules were heated to 1273 K and kept for 2 h
to dissolve FeO. Then the fluxes were cooled to 873 K at
a rate of 20 Kh~!, and at this temperature the furnace was
turned off. Atr. t. the ampoules were opened, and dark brown
glassy solids with dark violet (practically black) tetrahedrally
shaped crystals were found. The crystals were recovered by
washing with hot water. The dimensions of the crystals var-
ied from 0.15 to 3 mm.

The chemical compositions of the compounds were deter-
mined by X-ray fluorescent analysis using an “Elvax Light”
spectrometer and by energy dispersive spectroscopy using
a Link Isis analyzer mounted on a Philips XL 30 FEG
scanning electron microscope. The analyses were performed
for crystals with different dimensions obtained in all syn-
theses. For several samples similar element ratios close to
K:Fe:Ti:P=2.0:0.5:1.5:3 were found, which differs in-
significantly from the values calculated from the structure in-
vestigations. Impurities such as Si, Cu efc. were not detected
in the samples.

X-Ray structure determination

A tetrahedrally shaped crystal with verified composition,
obtained in the experiment with an initial Fe/Ti ratio equal
to 1.0 was selected for structure investigation. A single

Table 1. Crystal structure data for KjgogFep4g5Tii 515

(POy)3.

Formula Ki1.928Fe0.485012P3Tiy 515
M, 459.91

Cryst. size, mm?> 0.12 % 0.08 x 0.05
Crystal system cubic

Space group P23

a, A 9.8592(5)

v, A3 958.35(8)

V4 4

Dealed, gem™> 3.19

U(MoKy), cm™! 34.04

F(000), e 894.3

hkl range +15, —15+10, £15
((sin @) /A) max> A~ 0.807

Refl. measured 24722

Refl. unique 1418

Rint 0.0649

Param. refined 62
R(F)/wR(F?)? (all refls.) 0.027/0.054

x (Flack) —0.02(2)

GoF (F?) 1.272

Apfn (max/min), e A3 0.42/—0.39

¢ R(F) = I|F| — |F|/EF|: wR(F?) = {Z[w(F* — F*)’]/
S[w(Fo?)? 32, w = 1/[0%(Fo?) + (0.0297P)?] where P = (F,2 +
2F.2)/3.

crystal X-ray diffraction experiment was carried out on
an Oxford-Diffraction XCalibur 3 diffractometer equipped
with a 4 MPixel CCD detector using monochromated
MoK, radiation (A = 0.71073 A). Space group and cell
parameters were determined on the basis of all reflections
(2.92 < 6 < 34.98°). A multi-scan absorption correction
was applied to the collected data.

The structure was solved by Direct Methods using
SHELXS-97 [9] and refined anisotropically with SHELXL-
97 [9]. Two iron and two potassium atoms were located
on three-fold axes and one phosphorus atom in a general
position. The remaining oxygen atoms were found in general
positions as four peaks with high electron density. Titanium
atoms were placed in the positions of iron. Their coordinates
and anisotropic displacement parameters were constrained
during the occupancy refinement. An extinction correction
was applied in the final stage of the refinement, but as its
value was found negligible comparing with its esd, it was
omitted. The experimental parameters are listed in Table 1.

Further details of the crystal structure investigation may
be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-
7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://
www.fiz-informationsdienste.de/en/DB/icsd/depot_anforde
rung.html) on quoting the deposition number CSD-418185.

Physical characterization

The purity of the crystals was checked using powder
X-ray diffraction (Siemens D500 diffractometer; CuK  radi-
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Fig. 1. Observed, calculated and difference X-ray patterns for
Ki.928Feq 485 Ti1 515(PO4)3.
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ation, A = 1.54184 A; curved graphite monochromator on the
counter arm). All samples were well crystallized and single-
phased. The X-ray powder patterns coincided well with those
generated from the single-crystal data (Fig. 1).

Magnetic measurements were performed for the sample
with the initial Fe/Ti ratio equal to 1.0. The temperature de-
pendence of magnetic susceptibility was measured with a
Quantum Design Squid MPMS-XL magnetometer over the
range 1.9-300 K under a constant magnetic field of 0.5 T.
Several crystals with average dimensions close to 1 x 1 X
1 mm? were dispersed in a sapphire mortar, and then the
measurements were performed on the powdered sample. The
temperature and field dependence of the susceptibility of the
container was previously determined, and their effect on the
total susceptibility was found negligible.

The FTIR spectra were recorded at r.t. on KBr discs us-
ing a Nicolet Nexus FTIR spectrometer at 400 —4000 cm ™.
UV/vis spectra were collected in the diffuse reflectance
mode using a SPECORD-40M spectrometer at 12000 —
40000 cm~!. Electron paramagnetic resonance spectra
(EPR) on powdered polycrystalline samples were measured
at X-frequencies (9.438 GHz at 298 K and 9.249 GHz
at 77K) with a Radiopan spectrometer.

Results and Discussion
Synthetic procedure

Preparation and investigation of langbeinite-related
compounds KoM sTi; 5(PO4)3, where MT = Mn,
Co, Ni, were previously reported [10,11]. It ap-
peared to be reasonable to expect a complex phosphate
KyFe( 5Ti; 5(PO4)3, where iron(II) and titanium(IV)
are octahedrally coordinated network cations. Under
the experimental conditions two possible oxidation
states of iron (+2 and +3) and titanium (+3 and +4)

Fig. 2. Arrangement of [M,P30,g] units along the three-fold
axis. Light grey octahedra are Ti(Fe)Og, dark grey tetrahedra
are orthophosphate groups, and black circles are potassium
cations.

were possible. As it was noted above, the presence of
iron(IIl) in the molten phosphates can promote self-
reduction of titanium(IV) to titanium(III). On the other
hand, both iron(Il) and titanium(III) are highly reduc-
ing agents which can be oxidized by the air oxygen.
Thus, we performed syntheses in evacuated sealed sil-
ica tubes to prevent the oxidation processes. Taking
into account that the synthesized compounds could
contain mixed-valent iron and titanium we proposed
the following flux interaction schemes:

8KPOj3 + FeO + 3TiO, )
— 2KoFel'y sTi'V | 5(PO4)3 + K4P207
Fell + Ti'V — Felll + Ti'l! 2)

The first equation describes simple interactions with-
out redox processes and admits the presence of Fe?t
and Ti** in the resulting phosphate. The second
shows a possible redox interaction, which suggests het-
erovalent substitution of iron(I) and titanium(IV) by
iron(IIT) and titanium(III) in the framework of the syn-
thesized langbeinite.

Crystal structure

The investigated compound crystallizes in the cubic
system and is isostructural to the naturally occurring
mineral langbeinite KoMg,(SO4)3 [12]. The frame-
work contains isolated tetrahedra and octahedra which
are interconnected via oxygen vertices. Two nearest
octahedra are joined into pairs by three bridging or-
thophosphate groups forming [M;P301g] units. Each
phosphate tetrahedron shares its four corners with four
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Table 2. Selected bond lengths (A) and angles (deg) for
Ki.928Feg.485Ti 515(PO4)3 with estimated standard devia-
tions in parentheses.

Fel/Til-O1"1 1.992(2) x3 Fel/Til-027:VY  1.970(2) x3
Fe2/Ti2—03viviiviil 1 940(2) x3 Fe2/Ti2—04"ii 1.966(2) x3
K1-Q1Vi-vii.viii 2.838(2) x3 K1-0Q2ixxxi 3.006(2) x3
K1-04ixxxi 3.147(2) x3

K2-03ixxx 2.879(2) x3 K2-Q2Xixiiixiv. 9 978(2) x3
K2-04ixxxi 2.988(2) x3 K2-Q4xiixiiixiv. 32782y 3
P1-O1 1.528(2) P1-02 1.528(2)
P1-03 1.531(2) P1-04 1.533(2)
01-P1-02 109.25(10) O1-P1-03 110.52(9)
01-P1-04 111.659)  02-P1-03 111.65(9)
02-P1-04 106.28(10) 03-P1-0O4 107.43(10)

Symmetry codes: ! z, x, y; 1y, z, x; 1l —z, x — 1/2,1/2—y; iv 1/2—
y, =5 x—1/2V x=1/2,1/2 =y, =z 1 1/24+y, 1/2—z, 1 —x;
vii 1/2—z,1—x,1/2+y; Vil ]y, 1/2+4y,1/2—z X1y, 1/2+z,
3/2—x%3/2—x,1-y,1/2+2,%1/242,3/2—x, 1 —y; X13/2—y,
1—2,1/24x %01 -2, 1/24x,3/2—y; W 1/24x,3/2—y, 1 -z

[MOg] octahedra. Two coaxial [M>P30g] units are
located at a distance equal to 10.23 A (Fig. 2). The
K1 atom is nine-coordinated with K-O lengths lim-
its at 2.838(2) and 3.147(2) A, while K2 is twelve-
coordinated by oxygen atoms with K-O interatomic
distances ranging from 2.879(2) to 3.278(2) A. The
orthophosphate tetrahedron is slightly distorted. The
O-P-O angles are close to the tetrahedral angle and
the P—O bond lengths are normal for orthophosphate
groups [13]. Selected geometric parameters are listed
in Table 2.

Both octahedral sites are occupied by iron and tita-
nium. The distribution of iron over these sites has simi-
lar values, but the M1 [Til/Fel = 0.739(14)/0.261(14)]
site has a slightly higher occupancy factor for iron
than the M2 [Ti2/Fe2 = 0.775(15)/0.225(15)] site. Tak-
ing into account the M—O bond lengths, a distribution
of Ti(IIT) and Ti(IV) was assumed. On the basis of a
bond-valence calculation [14] we found that Ti(IIl) is
preferably located in the M1 site (BVS for Til is equal
to 3.822) while Ti(IV) occupies preferably the M2 site
(BVS for Ti2: 4.128). Corresponding M—-O distances
for the [M10¢] have insignificantly larger values than
for the [M20g¢] octahedra.

FTIR and UV/vis spectroscopy

The FTIR spectrum of Kl'928F60_485Ti1.515(PO4)3
is typical for langbeinite-related phosphates (Fig. 3).
The great number of observed bands correlates with
a low (C) local symmetry of the [PO4] tetrahedron.
The bands which belong to the P-O stretching frequen-
cies in the [PO4] tetrahedron are limited to the range
of 1200—850 cm™! and coupled into two subgroups.

I T T T T T T T T T T 1
1500 1400 1300 1200 1100 1000 900 800 700 600 500 400
Wave number (cm’)

Fig. 3. FTIR spectrum of KyFe( 5Ti; 5(PO4)3.

Three bands were found in the first subgroup: 1099s,
1141sh and 1052sh cm™". Only two bands are well ob-
served in the second subgroup: 993s and 938s cm ™!
P-O bond bending vibrations are located in the 670 —
540 cm~! region and appear as symmetric singlets
at 646m, 587m and 545m cm~!. The low energy re-
gion indicates the presence of M—O vibrations at 456
and 431 cm™ .

The diffuse reflectance electronic spectrum of the
title compound could be presented as a superposition
of the electronic spectra of Ti(IIl) and Fe(III) in oc-
tahedral oxygen environments (Fig. 4). Multi-peak fit-
ting of the obtained data gave five single Gauss peaks.
The distortion of the [MOg] octahedra can be de-
scribed by Cs3, symmetry. For the d° shell of the high-
spin Fe>* ion electron transitions are prohibited by
spin (term °S). According to the local symmetry, the
energy levels of Ti** (d!, term 2D) should be split
(Fig. 5). The ground state level 2T2g is split into two
states: 2A| (ground state under trigonal distortion) and
2E (*Tay); 2B, transforms into 2E (’Eg). Two possi-
ble electron transition bands could be observed in the
low-energy region: ZA; — 2E(szg) (13900 cm ™!, vy)
and 2A; — 2E(’E) (20500 cm ™!, v,). The next three
bands at 27200 (v3), 31500 (v4) and 38600 cm ™! (vs)
were found in the high-energy region. They could be
assigned as charge transition bands from oxygen to
iron 0?~ — Fe** [15].

Magnetic properties and EPR spectroscopy

The temperature dependence of the reciprocal mo-
lar magnetic susceptibility is shown in Fig. 6. All
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Fig. 4. Diffuse reflectance electronic spectrum of
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by (+), the solid line corresponds to the fitted spectrum,
while dash and dash dotted lines are fitted components.
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Fig. 5. Energy level splitting of the 2D term under trigonal
distortion.

calculations were performed for 1 formula unit with
the general composition K;Feg 5Tij s(PO4)3. The in-
vestigated compound displays a Curie-Weiss behav-
ior at temperatures above 7 K, x = C/(T — ©). Be-
low this temperature the deviation of the reciprocal
magnetic susceptibility from Curie-Weiss law (Fig. 6,
insert) can be explained by the existence of ferro-
magnetic interactions between Fe(IIl)-Fe(III), Ti(III)-

120 -

100

80

-1

60

40 4

1/y,,, mol emu

©

20+

1/%,, mol emu!
@

~

0 50 100 150 200 250 300 350
T,K
Fig. 6. Thermal variation of the reciprocal molar magnetic
susceptibility of KyFeq 5Tij 5(PO4)3. The insert enlarges the
low temperature behavior.
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Fig. 7. EPR spectra of KyFe( sTi| 5(PO4)3 at 298 and 77 K.
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Ti(IIT) and Fe(II)-Ti(IIl) ion pairs. These interactions
are possible because of their joining into pairs of transi-
tion metal atoms via the three bridging orthophosphate
groups; the interatomic distances between the metal
atoms are near 4.5 A. The calculated Weiss tempera-
ture and Curie constant are ® = —22.14 K and C =
2.93 emu-K-mol~!, respectively. The effective mag-
netic moment was found equal to 4.66 ug. On the
basis of the chemical analysis, the structure investiga-
tions and the electron spectroscopy study the formula
KoFelly sTilly sTilV| o(PO4)3 of the compound was
proposed. The spin-only value of the magnetic mo-
ment was calculated taking into account the quantities
of paramagnetic ions per formula unit and was found
equal to 3.825 pp (0.5 x uFe(HS) + 0.5 x uTi™). For
Fe?* + Ti*" instead of Fe3* + Ti* T the calculated value
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of Ug should be significantly lower (down to the value
of 2.45 ug, or 2.74 up including spin-orbit coupling,
for 0.5 Fe?* per formula unit). This fact suggests that
all iron atoms are trivalent. The deviation of g from
the theoretical value can be explained by a high contri-
bution of the orbital magnetic moment of the titanium
ions under trigonal distortion [16].

The EPR spectra of the compound differ signifi-
cantly at the two temperatures investigated (Fig. 7). At
r.t. bands with g; = 2.009, AH; = 110 Gs and g, =
2.004, AH, = 700 Gs were found. The first belongs to
Ti(IIT) and the second can be assigned to Fe(III). The
line width and the g; value are characteristic for Ti(IIT)
in a langbeinite phosphate matrix [8, 17]. At 77 K only
one broad line with the parameters g = 1.997, AH =
700 Gs belonging to Fe(IIl) could be observed. Tak-
ing into account the chemical composition of the com-
pound and the g factors for Ti(IIl) and Fe(III), we cal-
culated the value of 4.48 up which is in agreement
with the value of . = 4.66 Up.

Conclusion

The interaction between iron(II) oxide and tita-
nium(I'V) oxide in a potassium phosphate flux is ac-

companied by oxidation of the iron and the reduc-
tion of titanium centers. The resulting product of the
interaction under the conditions described above in
the absence of oxygen is a potassium mixed iron(II)-
titanium(IID)-titanium(IV) phosphate. This compound
is isostructural to the mineral langbeinite. The mag-
netic behavior of KzFCIH()_5TiIHO,5TiIV1_0(PO4)3 indi-
cates the presence of ferromagnetic interactions be-
low 7 K. The high value of the effective magnetic mo-
ment can be explained by contributions of magnetic
moments of iron(Ill) and titanium(IIl). The presence
of any iron(Il) should significantly reduce the magnetic
moment of the compound. Thus, the presence of iron
in the trivalent state only and titanium in both tri- and
tetravalent states is proposed. The value of the effective
magnetic moment correlates with the results of EPR
investigations.
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