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The crystal structure of recently discovered chromium (III) dimagnesium trivanadate (V)
Mg,CrV;0,, was refined using the Rietveld method. The crystal system of Mg,CrV;0y; is triclinic
with space group P; (Mg, ,ZnysGaV;0,; type) and lattice parameters a=6.4057(1) A, b
=6.8111(1) A, ¢=10.0640(2) A, a=97.523(1)°, B=103.351(1)°, y=101.750(1)°, and Z=2. The
characteristic feature of compounds in the A,BV;0,; (A=Mg,Zn and B=Ga,Fe,Cr) family is a
strong tendency to share the octahedral M(1) and M(2) sites by both divalent A and trivalent B
atoms, and the bipyramidal M(3) sites occupied by divalent A ions. In the present refinement, the
only constraint assuming full occupancy of the M(1), M(2), and M(3) sites leads to the following
Cr/(Cr+Mg) ratios: 0.70(2) at M(1), 0.24(2) at M(2), and 0.03(2) at M(3). These occupancies are
discussed and compared to those of isotypic compounds. The values of interatomic distances are
found to be comparable with those reported by R. D. Shannon in 1976. Electron paramagnetic
resonance has been also analyzed. Two absorption lines with g=~2.0 (type I) and g~ 1.98 (type II)
have been recorded in the EPR spectra, and attributed to V** ions and Cr**—Cr** ion pairs,
respectively. The exchange constant J between Cr** ions has been calculated. © 2007 International
Centre for Diffraction Data. [DOI: 10.1154/1.2770746]
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I. INTRODUCTION

Multicomponent vanadates and their polymorphic modi-
fications attract particular interest because of catalytic prop-
erties enabling their more and more widespread applications
in industrial practice, e.g., as active and selective catalysts in
various processes of oxidative dehydrogenation of lower al-
kanes (Rybarczyk et al., 2001). The need for detailed under-
standing of catalytic properties of vanadates advocates
searching for new vanadium containing materials, especially
those with chains of face-sharing metal octahedra and iso-
lated VO tetrahedra. The literature shows that there are series
of compounds of a general formula M,FeV;0,; in the three-
component metal oxide systems of MO-V,05—Fe,0; where
M=Mg, Zn (Rychlowska-Himmel and Blonska-Tabero,
1999; Wang et al., 2000). The structures of Zn,FeV;0;; and
Mg,FeV;0,; are known (Wang er al., 2000). These com-
pounds crystallize in the triclinic system and are isotypic to
Mg, 7Zny3GaV;0,; (Miiller and Miiller-Buschbaum, 1992,
1993) (Table I). New ternary vanadates with comparable
structures have been prepared by replacing the iron atoms in
M,FeV;0,; with chromium atoms. M,CrV;0;; compounds
in the MO-V,05—Cr,0; (M=Mg,Zn) systems have re-
cently been synthesized (Kurzawa et al, 2003a, 2003Db).
However, crystallographic and structural data for
Zn,CrV;0,; compound have yet to be determined.

Magnetic interactions and spin dynamics in the metal
and ions sublattices of M,CrV;0,, (M=Zn,Mg) compounds
have been previously studied (Worsztynowicz et al., 2005).
A similarity in the values of lattice constants is observed in
this vanadate family (Table I). However, metal ion distribu-
tions among the M(1), M(2), and M(3) sites depend on the
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compound. Two, among seven literature refinements of other
A,BV;0,; compounds, yield an absence of the trivalent B
atoms at the M(3) site, the remaining four give a small
amount (e.g., 3% to 12%) and 33% in one remaining case. In
the present paper, crystal structure of polycrystalline
Mg,CrV;04; is for the first time determined from high-
quality powder diffraction data using Rietveld refinement.

Il. EXPERIMENTAL
A. Sample preparation

Mg,CrV;0,; was synthesized by solid-state reaction as
follows:

Mg(OH)2 . 3(MgCO3 . H2O) + 3V205 + Cr203
= 2Mg2CrV3011 + 3C02 + 4H20 (1)

The following reagents were used as starting materials:
V,0s, p.a. (Riedel-de Haén, Germany), Cr,05, p.a. (Ald-
rich, Germany), and 3 MgCO;-Mg(OH),-3 H,O, p.a.
(POCh, Gliwice, Poland) (Kurzawa et al., 2003a, 2003b).
The three components were weighed in appropriate sto-
ichiometric proportions, thoroughly homogenized by
grinding, formed into pellets, and heated in air atmosphere
with the following high-temperature steps: 450 °C(24 h)
+550 °C(24 h)+700 °C(24 h)+720 °C(24 h). After the
heating cycle, the sample was cooled to ambient tempera-
ture, ground and subjected to XRD and DTA examina-
tions. Then they were again formed into pellets and
heated, and these procedures repeated several times until
homogeneous samples were obtained. The final compound
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TABLE I. Structural data for known isostructural members of A,BV;0,; vanadate family.
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is brown in color and melts congruently at 900+5 °C. We
have tried to grow single crystals using zone melting
method but without any satisfactory results. Some physi-
cal and chemical features of the compound have already
been described by Worsztynowicz et al. (2005), Guskos ef
al. (2004), and Guskos et al. (2003).

B. Diffraction measurements

The diffraction measurements were performed using a
Bragg-Brentano diffractometer (PANalytical X Pert Pro Al-
phal MPD), in which the Bragg-Brentano geometry was
modified by the use of a Johansson (Ge) monochromator at
the incident beam and a semiconductor strip detector, com-
mercial name X’celerator, from PANalytical [this setting and
its advantages are described by Paszkowicz (2005)]. The
data were collected for 24 h at room temperature. Because of
the X-ray optics and detector, the diffractometer produces
XRD patterns with excellent statistics and quality. The
equipment is well suited for XRD analysis, particularly for
detecting very minor impurity phases.

The continuous scanning mode was applied. The data
were recorded with 0.0167°26 steps in a broad
5° to 159°286 range using CuK«; radiation. The experimen-
tal parameters are summarized in Table II.

C. EPR measurements

The electron paramagnetic resonance (EPR) spectra
were recorded using a Bruker E 500 X-band spectrometer
(v~9.4 GHz) with 100 kHz field modulation equipped with
Oxford helium gas flow cryostat for measurements at tem-
peratures from liquid nitrogen temperature down to 4 K. The
temperature-dependent EPR spectra were collected from
4 to 300 K.

lll. RESULTS
A. Rietveld refinement

Rietveld refinements (for their final result see Figure 1(a)
and 1(b)) were performed using the program Fullprof 2k,
version 2.50, (Rodriguez-Carvajal, 1993) for collected data
from 8° to 159°26. The unit cell parameters of the triclinic
Mg,CrV;0,, are a=6.4057(1) A, b=68111(1) A, ¢
=10.0640(2) A,  @=97.523(1)°, B=103.351(1)°, vy
=101.750(1)°, and Z=2. The background was refined using
the Fourier-filtering technique. Phase identification shows no
impurity phases in the Mg,CrV;0,, sample. The pseudo-
Voigt peak shape function was used, and the shape param-
eters (z and x) of the profile function were refined. Correc-
tion for the effect of finite sample size on intensity at lowest
angles was also included.

Other refined parameters were the scale factor, four
background parameters, six lattice parameters, free positional
parameters, isotropic atomic displacement parameters, three
peak-width parameters, u,v,w, sample displacement, and
four parameters for profile asymmetry. The total number of
refined parameters was 92. Standard deviations of refined
parameters were calculated by multiplying the original stan-
dard deviations by the value of SCOR (“sigma correction”)
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TABLE II. Experimental parameters for XRD data collection.

Radiation

CuKe,; (40 kV, 35 mA)

Wavelength (A)
Diffractometer radius
Divergence slit
Monochromator

Residual Ka, to Ke, intensity ratio
Soller slit (incident beam)

Soller slit (diffracted beam)
Detector

Angular range
Scanning mode

Total scanning time

Sensitivity to weak peaks at the applied
collection conditions

1.54060

240 mm

10

Johansson (111 Ge)

at the incident beam

0.6%

0.02 rad

0.04 rad

Strip detector with full opening
(127 strips, 9 mm active length
corresponding to 2.1°26)
5°-159°26,

refined 8°-159°26
Continuous scanning mode, data
recorded with the step

0.0167° (26)

24 h

0.2% (relative intensity)

parameter (=3.32), according to the method proposed by
Bérar and Lelann (1991). The obtained unit-cell is shown in
Figure 2.

In the following part of our paper, we discuss EPR re-
sults, bearing in mind the possibility of the existence of
Cr’*—Cr’* pairs.

B. EPR results

Figure 3 shows the temperature evolution of EPR spectra
for the Mg,CrV;04; compound. Two different EPR spectra
dominate in the absorption spectra: wide and an intense spec-
trum (g~ 1.98) and a weaker and narrower spectrum (g
~2.0), identified as Curves I and II in Figure 3, respectively.
As the temperature increases, Curve II is not observed be-
cause it is strongly overlapped by the broad and very intense
Lorentzian Curve L.

Simulation of Curve II using the SIMPOW program
(Nilges, 1979) is in good agreement with the experimental
data. Fitting results reveal small axial anisotropy with
g-factors: g | =1.973 and g;=1.941. In the entire temperature
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M@0,

’ Cr/Mg ions

a"{J —

Figure 2. Unit cell of triclinic Mg,CrV;0,; compound. The structure was
drawn with VICS-II developed by Momma and Izumi (see http://
www.geocities.jp/kmo_mma/crystal/en/vics.html).

range where Curve II was measured, both g-factor and peak-
to-peak linewidth, AB,;~7 mT, remain unchanged. The
temperature dependence of the intensity of Curve II (Figure
4), obtained using double integrating of the absorption de-
rivative, satisfies Curie law. Therefore Curve II can be attrib-
uted to V** ions or VO?* centers, in good agreement with
results reported by others on vanadium centers in other com-
pounds (Gupta er al., 1995; Kosava et al., 2001).

Curve I with g~ 1.98 can be clearly observed at higher
temperatures, i.e., >15 K (not shown in Figure 3). In the
temperature behavior of integral intensity of Curve II esti-
mated by double integration of the absorption (Worsztynow-
icz et al., 2005), a weak, but well-defined, maximum inten-
sity at 12.2 K can be observed. Below the 16 K, I(T)

Derivative of EPR absorption [arb. units]

I R 1 . 1 R
0 200 400 600 800

Magnetic field [nT]

Figure 3. Temperature evolution of EPR spectra for Mg,CrV;0,; com-
pound.

decreases continuously down to lower values suggesting that
some antiferromagnetic correlations are present. The specific
maximum of the intensity curve and its further disappearance
at low temperatures indicate the onset of a long-range AFM
ordering between magnetic centers with antiparallel spin or-
dering. Taking into account of the intensity and peak-to-peak
linewidth behavior versus temperature of Curve I (Worsz-
tynowicz et al., 2005), it could not attribute to isolated Cr3+*
ions but to Cr** ion pairs. We have fitted the integrated in-
tensity of the I EPR curve according to Eq. (2) (see Figure
3), where only S=2 total spin of interacting Cr** ions (S
=3/2) participate in the formula of Boltzmann distribution.
The expected temperature dependence of the integral EPR
intensity for dimers S=3/2 is given by the Boltzmann law:

6Jcrcr
1 P kT
I(T)sep o — - (2)
T 2JCrCr 6JCrCr 1 2JCrCr
1+3exp +5exp +7exp| ————
kT kT kT

From the above-described fitting we can find an isotropic
exchange constant, Joc for interacting Cr3*—Cr** ions,
which equals Jo,o/k=-6.5(6) K. The accurate fitting of
the experimental intensity data is shown in Figure 3.

IV. DETAILS OF RIETVELD REFINEMENT AND
DISCUSSION

The starting structural model for Rietveld refinement
was based on that of Mg,FeV;0,; (Wang et al., 2000), while
the starting lattice parameters were taken from the results of
indexing procedure (Kurzawa et al., 2003a). The quality of
the fitting, clearly demonstrated in Figures 1(a) and 1(b)
leaves no doubt about the structure assignment and refined-
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parameters selection. The complete results on the refined
Mg,CrV;0y; unit-cell and R-factors are listed in Table III,
and the atomic coordinates are given in Table IV.

The refinement results confirm that the Mg,CrV;0,; is
isostructural with Mg, ;Zn,3GaV;0;, (Miiller and Miiller-
Buschbaum, 1993). Magnesium and chromium atoms are
found to be distributed between three different crystallo-
graphic sites: M(1) and M(2) with octahedral coordination
and M(3) with trigonal bipyramidal coordination (Figure 2).
Vanadium V3* atoms are in the centers of edge-connected
V(2)Os trigonal bipyramids and V(3)O, tetrahedrons form-
ing V4O§Z cluster and an isolated V(1)O, tetrahedron [Fig-
ure 6(a)]. Each M(3)O;5 bipyramid shares an edge with one
M(2)Og octahedron and a corner with one M(1),0,, octahe-
dral dimer [Figure 6(b)].
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TABLE III. Crystallographic data for Mg,CrV;0;.

Chemical formula Mg,CrV;0y,
Formula weight (g/mol) 429.43
Space group Py
Wyckoff sequence n7
Pearson code P34
Structure type Mg, 7Zny3GaV;0y,;
Unit cell volume (A?) 410.903(1)
a (A) 6.4057(1)
b (A) 6.8111(1)
c(A) 10.0640(2)
a () 97.523(1)
B () 103.351(1)
v (°) 101.750(1)
VA 2

Peate (g-cm™) 3.464

R, 1.45

R, 1.9

Rexy’ 1.05

Ry 6.7

Rg 5.58

x> 33
Temperature (K) 298(1)
Number of fitted parameters 92
Number of reflections for pattern 1809

aRPzzf‘lobs(i) _Icalc(i) | /Ei(lobs(i)) Xx100.
*Ryp= (W (D) Ty (1) = L) P/ Zi(w(i) Lo (1)) 2 X 100.
Rexp=((n=p) /2w (D) Los(1) ) 2 X 100.

Initial Rietveld structure refinements were performed as-
suming the triclinic Mg,CrV;0y; crystal structure with the
Cr atoms confined exclusively at the M(1) sites and Mg at-
oms at the M(2) and M(3) sites. The distributions of the Mg
and Cr atoms were established by examining the results of
least-squares refinements. Full occupancies at all metal M
sites were assumed. Individual Cr occupancies at these sites
were not fixed during the refinements, and the Cr and Mg
occupancies obtained from the final Rietveld refinement are
M(1)=0.7Cr+0.3Mg, M(2)=0.24Cr+0.76Mg, and M(3)
=0.03Cr+0.97Mg. The Cr:Mg ratio for this distribution is

005 0,90 0,15 020 0,25 0,30
Temperature™ (K")

Integral intensity (arb. units)

Temperature [K]
Figure 4. Temperature dependence of Curve II (squares) and fitting (solid

line) according to Curie law. Inset shows reciprocal temperature depen-
dence.
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Intensity of EPR line [arb.units)

1 1 1 1 1 1 1
0 50 100 150 200 250 300
Temperature [K]

Figure 5. Temperature dependence of integral EPR intensity of Curve I and
fitting results using Eq. (2).

0.97:2.03, while the expected stoichiometric ratio is 1:2. Fur-
ther analysis has shown that for other starting models, [i.e.,
various initial distributions in the M(1), M(2), and M(3)
sites] the refinement quickly converged to practically the
same results. The final agreement factors reach their minima
just for the result as the above. A refinement assuming a full
occupancy of M(3) by Mg led to very similar structural pa-
rameters, but it also led to a still smaller Cr to Mg ratio,
0.93:2.06, instead of 0.97:2.03. Therefore, the latter model
was abandoned. Table IV lists the final values of the atomic
coordinates and occupancies of Mg and Cr at the M(1),
M(2), and M(3) sites. We notice that the atomic displacement
parameters, B, are apparently overestimated, especially for
0(3), 0(4), O(11), M(2), and M(3) sites.

The V(1)O,4, V(3)O, tetrahedra, and V(2)Os trigonal bi-

pyramids  have  V-O  distances ranging from
TABLE IV. Atomic coordinates for Mg,CrV;0,, and values of Bj,.
Atom x y z Bis,
V1 0.3299(9) 0.0143(9) 0.2122(6) 0.9(1)
V2 0.3076(9) 0.4283(9) 0.8804(6) 0.9(1)
V3 0.7407(9) 0.6713(8) 0.4672(6) 0.8(1)
o1 0.612(3) 0.131(2) 0.291(2) 0.4(4)
02 0.250(3) 0.792(3) 0.277(2) 0.7(5)
03 0.306(3) 0.936(3) 0.048(2) 1.1(5)
04 0.198(3) 0.183(3) 0.847(2) 1.2(5)
05 0.108(3) 0.559(3) 0.837(2) 0.9(4)
06 0.841(3) 0.812(3) 0.779(2) 0.9(5)
07 0.633(3) 0.512(2) 0.932(2) 0.7(4)
08 0.633(3) 0.877(3) 0.514(2) 0.9(5)
09 0.721(3) 0.474(3) 0.562(2) 0.7(4)
o10 0.612(3) 0.562(2) 0.299(2) 0.7(4)
Ol11 0.999(3) 0.220(3) 0.520(2) 1.3(5)
Ml 0.6917(9) 0.1733(9) 0.5086(6) 0.3(2)
M2 0.763(1) 0.507(1) 0.7710(9) 1.2(3)
M3 0.176(2) 0.876(2) 0.837(1) 1.2(3)
M(1)=0.70(2)Cr+0.30(2)Mg, M(2)=0.24(2)Cr+0.76(2)Mg, M(3)
=0.03(2)Cr+0.97(2)Mg.
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Figure 6. (a) The linkage among vanadium sites and (b) chromium/
magnesium polyhedra.

1.636 to 1.777 A, from 1.648to 1.749 A, and from
1.632 to 1.994 A, respectively (Table V). They are in good
agreement with those usually observed for vanadium: the
mean values 1.733, 1.708, and 1.824 A, respectively, are
similar to those reported by Shannon (1976) (the V-O dis-
tance in tetrahedron is equal to 1.755 A and in bipyramid to
1.860 A). Such small differences between Shannon and our
results could come from distortions present inside the
M(3)Os5 bipyramid and M(1)Og4 and M(2)Og octahedrons.

The distribution of chromium and magnesium between
the M(1), M(2), and M(3) sites can cause distortion in the
geometry of M(1)Og4 and M(2)Og4 octahedra. The M(1)O¢
and M(2)Og octahedra exhibit M—O distances ranging from
1.904(4) to 2.099(2) A (the mean value equals 2.011 A) and
from 1.982(4) to 2.268(4) A (the mean value equals
2.068 A), respectively.

TABLE V. Distances [A] and angles (°) in the vanadium and chromium/magnesium polyhedra. M—O distances-
bold numbers diagonally; O-O distances-numbers above the diagonal; O-M-O angles—numbers below the
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diagonal.

Isolated tetrahedr V(1) o(1) 0(2) 0(3) 0(6)

o(1) 1762 2882 2732 2.94(3)

0(2) 110(1) 1.76(2) 2.70(3) 2.97(3)

0(3) 107(1) 105(2) 1.64(2) 2.75(3)

0(6) 112(2) 115(2) 1072)  178Q2)

Trigonal bipyramid V(2) 04) 0(5) o(7) o(7)! 0(10)}

04) 1.63(2) 2.75(3) 3.06(2) 2.63(2) 2.70(3)

0(5) 111(2) 1.71(2) 3.37(3) 2.70(3) 2.63(3)

0(7) 116(1) 132(1)  197)  2423) 2412

o(7)i 102(2) 100(1) 79(1) 1.81(2) 3.70(3)

0(10)! 96(2) 93(1) 75(1) 153(1) 1.99(2)

Tetrahedr V(3) 0(8) 0(9) 0(10) o(11)

0(8) 1.74(2) 2.99(3) 2.80(2) 2.66(3)

009) 1182)  1752)  276(3)  2.80(3)

0O(10) 109(2) 106(2) 1.70(2) 2.73(2)

O(11) 157(2) 43(1) 91(1) 1.65(2)

Octahedr Cr/Mg(1) o(1) 0(2)! O(8) 0(8)! 0(9) O(11)
o(1) 2102)  417(2)  3.003)  2783)  32002)  2.87(2)
o(2)i 177(1) 2.07(2) 2.73(2) 2.89(2) 2.59(3) 2.87(3)
0O(8) 95(1) 84(1) 1.99(2) 2.62(3) 3.94(3) 2.94(3)
o(8)! 86(1) 91(1) 82(1) 1.99(2) 2.82(2) 3.89(3)
009) 102(1) 79(1) 161(2) 90(1) 2012  2.793)
O(11) 91(1) 92(2) 98(1) 177(2) 90(2) 1.90(2)
Octahedr Cr/Mg(2) o(2)i 0(5) 0(6) 0(7) 0(9) 0(10)i
0(2)! 2.01(2) 2.85(2) 3.98(3) 3.08(3) 2.59(3) 3.04(3)
0(5) 88(1) 2.10(2) 2.69(3) 3.37(3) 3.15(2) 4.36(2)
0(6) 162(2) 81(1) 2.02(2) 2.99(3) 2.80(2) 3.31(2)
0(7) 101(2) 111(2) 97(1) 1982)  3.873) 2412
0(9) 80(1) 100(1) 87(1) 1492)  2.032)  2.793)
0o(10)! 90(1) 178(1) 101(1) 69(1) 81(1) 2.27(2)
Trigonal bipyramid Cr/Mg(3) o(1)! 0(3) 04) 0(5) 0(6)

o(1)! 2.08(3) 3.55(3) 3.01(3) 3.09(3) 3.69(3)

0(3) 119(1) 2.04(2) 2.84(3) 2.95(2) 3.40(2)

0(4) 93(1) 88(1) 2.05(2) 4.15(3) 2.93(2)

0(5) 95(1) 91(1) 171(1) 2.11(2) 2.69(3)

0(6) 128(2) 113(1) 92(1) 81(1) 2.03(2)

Symmetry code: x, y, z; (i) —x, =y, =z
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In the latter case, where the M(2) positions are occupied
mainly by magnesium (76%), the magnesium higher effec-
tive ionic radius could be a reason for larger difference in
M-O distances. It is common knowledge that Cr** ion has
the highest octahedral site preference of all the 3d metals
(69 kJ/mol) (Weiss and Witte, 1983), and this could partially
explain the missing of the Cr ions at fivefold coordination of
the M(3) site position. The Mg-O distances in the Mg(3)Os
trigonal bipyramids are ranging from 2.028 to 2.110 A (the
mean value equals 2.062 A) and are in good agreement with
those usually observed (=2.06 A) (Shannon, 1976) for Mg
ions in fivefold coordination.

V. CONCLUSIONS

Mg,CrV;0,; has been found to crystallize in triclinic
symmetry (space group P;) with lattice parameters a
=6.4057(1) A,  b=68111(1) A, ¢=10.0640(2) A, «
=97.523(1)°, B=103.351(1)°, y=101.750(1)°, and Z=2. It
is isotypic to Mg, ;Zn,;GaV;0,,. Cr’** and Mg?* ions are
mixed and located at the centers of M(1)Og4 and M(2)Og¢
octahedra and one M(3)Os bipyramid. The distributions of
the Cr** and Mg?* ions at the M(1), M(2), and M(3) sites are
M(1)=0.70Cr+0.30Mg, M(2)=0.24Cr+0.76Mg, and M(3)
=0.03Cr+0.97Mg. As for other compounds in this family, a
small fraction of transition metal at the M(3) site is found.
Although this occupancy is here only slightly larger than the
standard deviation, this kind of behavior seems to be a rule
in these materials.

The values of V-O distances in the vanadium polyhedra
found in this study are typical for vanadium ions: The mean
values we observed are 1.733 and 1.708 A for tetrahedral
coordination and 1.824 A for fivefold coordination. The
mean value of Mg-O distance in the Mg(3)Os polyhedra is
equal to 2.062 A and is in good agreement with those re-
ported (=2.06 A) for Mg ions in this coordination. The ge-
ometry of the M(1)Og4 and M(2)Og4 octahedra shows signifi-
cant distortions attributable to distribution of chromium and
magnesium ions between the M(1) and M(2) sites.

Based on the above structural consideration it can be
concluded that Cr** ions may form effective pairs at the
M(1) sites, forming M(1),0,, octahedral dimers. EPR spec-
tra of these Cr**—Cr** dimers have been observed. The fit-
ting of the intensities of the EPR curve shows that Cr’*
dimers are antiferromagnetically coupled with the exchange
constant being equal to Je,c,/k=—6.5(6) K.
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