Crystal structure of a-Mg,V,0, from synchrotron X-ray powder
diffraction and characterization by >'V MAS NMR spectroscopy
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The crystal structure of the low-temperature form of magnesium pyrovanadate (Mg,V,0,) has been determined
from synchrotron X-ray powder diffraction data using Rietveld refinement. a-Mg,V,0, is isostructural with Co,V,0,
and Ni,V,0,. The Mg** ions are octahedrally coordinated to oxygen atoms in a distorted arrangement while the
pyrovanadate anion has an approximately eclipsed conformation of non-bridging oxygen atoms. The 'V MAS
NMR spectra of the central and satellite transitions for the two distinct 3'V sites in a-Mg,V,0; allow determination
of the magnitudes and relative orientations of the 'V quadrupole coupling and chemical shift tensors. The crystal
structure data are used to calculate the principal elements of the 5'V electric field gradient tensors employing the
point-monopole approach. A good correlation between these elements and the experimental *'V quadrupole

tensor elements is observed, which allows assignment of the quadrupole coupling constants of Cy = 4.80 MHz

and Cq = 3.33 MHz to the crystallographic V(1) and V(2) sites, respectively.

Introduction

Vanadium pentaoxide (V,0;) impregnated on a magnesium
oxide (MgO) support can be used as a catalyst for oxidative
dehydrogenation of hydrocarbons." Similar catalytic reactions
may be achieved using phases from the MgO-V,0O; system. For
example, it has been shown that magnesium pyrovanadate is a
catalyst for dehydrogenation of propane to propene* and that
magnesium orthovanadate can be used for dehydrogenation of
butane.’ For both vanadates, it is believed that the catalytic
activity and specificity are related to the structure of the VO,
tetrahedra.

The most important and stable compounds in the MgO-
V,05 system are magnesium orthovanadate (Mg,;(VO,),), the
low- and high-temperature forms of the pyrovanadate (a- and
B-Mg,V,0,), and the metavanadate (Mg(VO,),).® Crystal struc-
tures, determined from single-crystal X-ray diffraction, have
been reported for these phases’ with the exception of the
low-temperature a-Mg,V,0, form. The lack of structural data
for a-Mg,V,0, most likely reflects the fact that sufficiently large
crystals for single-crystal XRD cannot be produced using high-
temperature synthetic methods, because a-Mg,V,0, transforms
into B-Mg,V,0, at 717 °C. Moreover, the corresponding f — a
transition proceeds slowly at elevated temperatures and the
B-form is stable at room temperature once formed.® Clark and
Morley® found that the powder XRD pattern for a-Mg,V,0,
closely resembles the pattern observed for Co,V,0; (mono-
clinic, P2,/c)."* Assuming 0-Mg,V,0, to be isostructural with
Co,V,0,, they indexed the powder pattern for a-Mg,V,0, and
reported the unit cell parameters. In this work we investigate
a-Mg,V,0, by synchrotron X-ray powder diffraction and
report a refinement of its crystal structure from these data.
These structural parameters prove useful in the specific site
assignment for the two 'V resonances observed in the 'V
magic-angle spinning (MAS) NMR spectrum of a-Mg,V,0,.
Recently, we have investigated a series of ortho-, pyro-, and
meta-vanadates by >V MAS NMR and determined the *'V
NMR parameters for the magnitudes and relative orientations
of the *'V quadrupole coupling and chemical shift anisotropy
tensors."™* These parameters reflect the local structure of
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the vanadium sites in a sensitive manner and allow differenti-
ation of specific vanadium environments. For example, for the
above-mentioned vanadates linear correlations are observed
between the experimental quadrupole coupling tensor elements
and the electric field gradient tensor elements obtained from
point-monopole calculations.’** Employing this approach and
the refined structural data for a-Mg,V,0, an excellent corre-
lation between the experimental and calculated *'V quadrupole
coupling tensor elements is obtained.

Experimental

The synthesis of o-Mg,V,0, was based on the method
described by Sam et al* 5.56 g (47.5 mmol) of NH,VO, was
dissolved in 50 mL of a 1% NHj; solution and 4.75 g (47.4
mmol) of Mg(OH), was added. The suspension was evaporated
while being stirred and subsequently dried at 120 °C for
two days. This precursor phase was calcined at 740 °C
for 80 hours giving 0a-Mg,V,0, as confirmed by powder XRD.

Conventional X-ray powder diffraction data were collected
on a Bruker D5000 powder diffractometer using CuKa;-
radiation from 10-90° in 26 with a step size of 0.0154° in 26.
Bragg—Brentano geometry was used with the sample deposited
as a thin layer on a zero-background Si single-crystal sample
holder. Synchrotron X-ray powder diffraction data were
obtained at the Italian beamline (GILDA, BMS) at the
European Synchrotron Radiation Facility (ESRF), Grenoble.
The sample was contained in a 0.3 mm capillary. The detector
used was a 25 X 40 cm FUJI imaging plate mounted on the
Translating Imaging Plate (TIP) camera.'®™” The data were read
with a pixel size of 100 X 100 pm using a BAS2500 imaging
plate scanner. The full plate was exposed and the data were
extracted using FIT2D."® The wavelength (0.8267 A) was
determined from a LaB, (NIST SRMG660) standard using
FIT2D. Powder diffraction data for a-Mg,V,0, were collected
from 7-45° in 26 (sinf/ ., 0.463).

Solid-state 'V MAS NMR experiments were performed at
157.7 MHz (14.1 T) on a Varian INOVA-600 spectrometer
using a home-built CP/MAS probe for 4 mm o.d. rotors. The
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Table 1 Fractional atomic coordinates for a-Mg,V,0, Table 2 Selected bond lengths (A) and bond angles (°) for 0-Mg,V,0,
x y z U, (x100)" Mg(1)-0(2)  2.061(6) Mg(2)-O(1)  2.153(6)
-0(3) 2.095(5) -0(2) 2.084(5)
Mg(1) 0.1481(4) 0.1214(4) 0.4635(3) 1.6(1) -0 2.118(6) -0(3)  2.151(5)
Mg(2)  03121(5)  0.38954)  0.6821(3) 1.6(1) -0(0)  2.109(5) -0(4)  2.122(5)
V(1) 0.3591(2) 0.7587(2) 0.5400(2) 1.28(6) -O(7)  2.068(5) -0(5)  2.025(5)
V(©2) 0.19192) 001992  08151(2) 1.15(6) -0 2.067(5) ~0(6)  2.106(5)
o(1) 0.6108(8) 0.1282(5) 0.1224(5) 1.02)
o) 0.4310(8) 0.1307(5) 0.4010(5) 1.0(2) V()-0(l)  1.860(5) V)=o) - 1.820(5)
0(3) 0.1713(7) 0.3698(6) 0.4592(5) 1.2(2) -0(2)  1.693(5) -0(3)  1.676(5)
0(4) 02507(8) 035805  0.1881(6) 1.2(2) -0 1.622(5) -0(4)  1.681(5)
0(5) 0.6773(8) 0.3728(7) 0.3510(6) 1.9(2) -0 1.691(5) -0(6)  1.656(4)
0(6) 0.0254(7) 0.0769(5) 0.2454(5) 1.4(2)
o(7) 0.8503(7) 0.3783(5) 0.0028(5) 1.0(2) 0@2)-Mg(1)-03)  83.3(2) O(1)-Mg(2)-0(2)  93.5(2)
X —0@4)  98.4(2) —03)  89.3(2)
“Space group: P2,/c, a = 6.599(1) A, b = 8.406(1) A, ¢ = 9.472(2) A, ~0(6) 86.0(2) ~0(4) 97.3(2)
S = 100.6085(4)°. Final agreement factors: Rp = 4.9%, R, = 6.9%, -0(7) 95.9(2) -0(5) 88.2(2)
R, = 4.2%. ® Equivalent isotropic displacement parameter (A?). —O(7)  173.4(3) —0(6)  176.02)
0(3)-Mg(1)-04)  85.8(2) 0(2)-Mg(2)-0(3)  170.3(2)
51V MAS NMR spectrum was recorded using a spinning speed -0(6)  100.0(2) -0(4) 86.1(2)
v, = 15 kHz and a Varian rotor-speed controller, a spectral -0(7)  171.8(3) -0(5)  102.6(2)
width of 2 MHz, single-pulse excitation with a pulse width of -0(7) 94.52) -0(6) 85.5(2)
0.5 ps (yB,/21 ~ 55 kHz), and a relaxation delay of 1 s. Exact
magic-angle setting was achieved by minimizing the line widths OG)fMg(l):gE% 1;258 0(3)7Mg(2):8§451; gg;g;
of the spinning sidebands (ssbs) in the *Na MAS NMR ~0(7) 87.6(2) —0(6) 92.4(2)
spectrum of NaNQO;. Isotropic chemical shifts are relative to
neat VOCI,. Simulations, least-square optimizations, and error 0(6)-Mg(1)-0(7) 88.1(2) 0(4)-Mg(2)-0(5)  169.5(3)
analyses of the experimental spectra were performed using the -0(7) 88.32) -0(6) 86.5(2)
STARS software described elsewhere '*! and the same theor-
etical approach as recently employed in studies of ortho-, 0(7-Me(1)-0(7) 8729 0(5)-Mg(2)-0(6) 88.32)
pyro-, and meta-vanadates.”>™ It is noted that effects from O()-V(1)-0(2)  115.1(2) O(1)-V(2)-0(3)  105.9(2)
non-uniform detection (i.e., the quality factor (Q) of the probe -0(5) 100.8(2) -0(4) 11392
circuitry) ™ have been included in the simulations, while the -O(7)  113.8(3) -0(6)  107.4(3)
spectral distortions caused by non-uniform excitation are
negligible as described elsewhere.!*** The quadrupole coupling 0(2)7\,(1)78(3) }83;(? 0(3)7‘](2)78(2’) }(1)51;8(?
parameters are defined as Co=eQV_/hand ,=(V,, — V. )/ V... ~00) 23) ~0© 0@
The anisotropic chemical shift parameters (J, and 7,) are 0(5)-V(1)-0(7)  108.4(3) 0(4)-V(2)-0(6)  110.6(2)
defined by the principal elements of the chemical shift tensor as
0,=04o — 0..and n, = (0., — 9,,)/0, where 5, = (6, + 9,, + 9..)/3 V(D)-O(1)-V(2)  119.0(3)

and 0., — il 2 10,y — Jisol 2 | J,, — Jisol- The Euler angles,
defined in the ranges 0 < w < and 0 < y, & < n/2,!! correspond
to positive rotations about J_(y), the new J,,(x) and the final
0..(¢) axis.

Results and discussion

The conventional powder diffraction pattern of a-Mg,V,0, was
indexed based on a monoclinic unit cell. The refined unit cell
parameters (74 reflections) are: a = 6.599(1) A, b=8.406(1)A, ¢
=9.4722) A, p = 100.6085(4)°, which are in good agreement
with those reported by Clark and Morley.® Systematic extinc-
tions are in accordance with the expected space group P2,/c.
Rietveld refinement of the synchrotron X-ray powder diffrac-
tion data was performed using the GSAS program suite.”
Fractional coordinates reported for the structure of Co,V,0,
were used as starting parameters for the Rietveld refinement.
All atoms were refined with isotropic displacement parameters
using X-ray scattering factors for V**, Mg?* and O~. The
refinement converged with the agreement factors: Rp = 4.9%,
R = 6.9%, R = 4.2%. Refined unit cell parameters and
atomic parameters from the final refinement cycle are given in
Table 1 and the difference plot is shown in Fig. 1. Selected bond
distances and angles are given in Table 2.

The refined structure reveals that a-Mg,V,0, contains octa-
hedrally coordinated magnesium ions and isolated dimers of
tetrahedrally coordinated vanadium ions as illustrated in Fig. 2.
Octahedrally coordinated magnesium cations are linked
together by pyrovanadate groups. An interesting and unusual
feature in these pyrovanadates is the fact that the bridging
oxygen in the pyrovanadate group (O(1)) is coordinated to
a magnesium cation (Mg(1)). The V-O-V bond angle in the

pyrovanadate group is therefore very small, 119.0(3)°. In
addition, O(5) which is bonded to one vanadium (V(2)) is also
coordinated to only one magnesium (Mg(2)) cation. The short-
est V-O bond is between V(1) and O(5) and the V(1) site
exhibits the largest variation in V-O bond lengths and O-V-O
bond angles (c¢f. Table 2). Both magnesium atoms in a-Mg,V,0,
have distorted octahedral coordination with mean Mg-O bond
lengths of 2.086 A and 2.107 A for Mg(1) and Mg(2), respect-
ively, and with the largest variation in Mg—O bond lengths and
O-Mg-O bond angles observed for Mg(2) (cf. Table 2).

The octahedrally coordinated magnesium cations form a
three dimensional structure in a-Mg,V,0,. This is quite differ-
ent from the f-Mg,V,0, form, where the structure can be
viewed as built from octahedra forming layers, which are con-
nected by pyrovanadate anions. Also the conformation of the
pyrovanadate group is different in the two structures as illus-
trated in Fig. 3. In a-Mg,V,0, the pyrovanadate group has an
eclipsed conformation, while the conformation is staggered in
the B-phase. For B-Mg,V,0, the vanadium cations form an
additional weak fifth V-O bond (2.869 and 2.440 A for V(1)
and V(2), respectively).® The structure of B-Mg,V,0 is related
to that of thortveitite,”® but while thortveitite has a structure
where the layers are comprised of edge-sharing octahedra, the
layers in B-Mg,V,0, display edge- and corner-sharing. The
high- and low-temperature structures of Mg,P,0,%** are
strongly related to the thortveitite structure. However, the
structure of 0-Mg,V,0, is significantly different from these
structures. The refined unit cell parameters and fractional
atomic coordinates strongly resemble those determined for
Co,V,0, and Ni,V,0,,' demonstrating that 0-Mg,V,0, can be
considered isostructural with these pyrovanadates. Only small
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Fig.1 Observed (1), calculated (——), and difference synchrotron X-ray powder diffraction patterns for a-Mg,V,0,.

Fig. 2 Polyhedral representation for the structure of a-Mg,V,0, seen
along the a-axis. Part (a) illustrates the pyrovanadate anions while part
(b) shows the connectivity of the MgOg octahedra.

increases for the unit cell axes and the B angle are observed in
going from Ni,V,0,, Co,V,0; to a-Mg,V,0,, while the V-O-V
bond angle increases from 117.1° (117.6°) in Ni,V,0, (Co,V,0,)
to 119.0° in a-Mg,V,0,.
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(b)

Fig. 3 Illustration for the conformation of the V,0% anion in (a)
0-Mg,V,0, and (b) B-Mg,V,0,. The plots employ the atomic
coordinates in Table 1 for a-Mg,V,0, and those reported for
B-Mg,Vv,0,.*

The experimental ¥V MAS NMR spectrum of the central
and satellite transitions for a-Mg,V,0,, recorded at 14.1 T and
for v, = 15.0 kHz, is illustrated in Fig. 4(a) and shows two well-
separated manifolds of spinning sidebands (ssbs) from the two
inequivalent vanadium atoms in a-Mg,V,0,. The spectrum is
dominated by the two isotropic peaks (right-hand inset in
Fig. 4(a)) from the central transitions. This is a characteristic
feature for vanadium environments influenced by a moderate
chemical shift anisotropy (CSA). Furthermore, the ssbs for one
of the manifolds exhibit partly resolved resonances from the
individual satellite transitions (left-hand inset in Fig. 4(a)) as a
result of a larger quadrupole coupling for this 'V site leading
to an observable difference in second-order quadrupolar shift
for these transitions. Least-squares optimization of simulated
to experimental ssb intensities, employing the approach
described recently in the analysis of >’V MAS NMR spectra of
ortho-, pyro-, and meta-vanadates,'”* allows the determin-
ation of the >’V NMR parameters for the quadrupole coupling
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Fig. 4 (a) Experimental 'V MAS NMR spectrum of a-Mg,V,0,
recorded at 14.1 T (v, = 157.7 MHz) using a spinning speed v, = 15.0
kHz and illustrating the two manifolds of ssbs from the central and
satellite transitions (kHz-scale relative to the midpoint of the two
central transitions). The right-hand inset shows the spectral region for
the isotropic peaks (on the ppm-scale), which are indicated by a circle
and a triangle for V(1) and V(2), respectively. The left-hand inset
illustrates that the ssbs for one of the manifolds (V(1)) exhibit partly
resolved resonances as a result of the difference in second-order
quadrupolar shifts for the individual satellite transitions. (b) Optimized
simulation of the two overlapping manifolds of ssbs in (a) employ-
ing the 'V NMR parameters in Table 3 and including second-
order quadrupolar effects to account for the line shapes of the ssbs.
An additional Gaussian line broadening of 350 Hz was employed in
the simulation to give the best fit to the line widths observed in the
experimental spectrum.

tensor (Cqy and 7), the chemical shift tensor, (J;s0, d,, 77,) and the
relative orientation of the two tensors (described by the Euler
angles y, y, and &). Employing this method and integrated ssb
intensities for the two manifolds of ssbs gives the 'V NMR
parameters for the two vanadium sites in 0-Mg,V,0; listed in
Table 3. These data are employed in the optimized simulation
(Fig. 4(b)) which reproduces all spectral features of the experi-
mental spectrum, including the resolved second-order quadru-
polar shifts observed for the satellite transitions for one of the
51V sites. The CSA parameters for the two *'V sites and the
quadrupole coupling parameters for the site with the largest
quadrupole coupling agree fairly well with those reported
earlier by Occelli et al?® from *'V MAS NMR spectra of the
central transition at 7.1 and 11.7 T. However, our data should
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Fig. 5 Linear correlation between the *'V quadrupole coupling tensor
elements (Q°F) and calculated EFG tensor elements (7*4°) from point-
monopole calculations for the two V** sites in a-Mg,V,0,. Open and
filled circles correspond to the elements for the V(1) and V(2) sites,
respectively.

be of higher precision because effects from both the quadrupole
and CSA interactions are considered in the extraction of the
parameters. *'V CSA parameters have also been reported by
Lapina et al? These data differ significantly from those
reported here and by Occelli et al.*®

The >V NMR parameters in Table 3 may be assigned to the
specific vanadium atoms in the refined crystal structure for
a-Mg,V,0, from an estimation of the *'V electric field
gradients (EFGs) using point-monopole calculations.'?'428
This approach has recently proven very useful in the assign-
ment of V3* multiple sites in divalent metal pyro- and meta-
vanadates."*'* The calculations include oxygen atoms only
within the first coordination sphere of the V** ion and employ
effective charges for the oxygens calculated from the bond-
length bond-strength relations derived by Brown et al?3
Employing this approach and the structural data from the
synchrotron X-ray powder diffraction refinement (i.e., Table 1)
gives the following values for the principal elements of
the 5V EFG tensor (V) for V(1): V&= —1.234, VS = —0.715,
Ve = 1.949 and for V(2): V& = —0.854, VS = —0.450,
pele = 1.304, all numbers in units of 10* V m™2 These
values may be correlated with the principal elements of the
experimental quadrupole tensors (Q) determined as:

0% =Co 057 =—112(1 = 1) Co
0% = ~12(1 + 7g)Cq (1)

and assuming positive values for C,, ie for the unique
element of the EFG tensor (V). A plot of Q¢® as a function
of V& is shown in Fig. 5 for the two 5'V sites in a-Mg,V,0,
and demonstrates an excellent correlation between these
parameters. Linear regression analysis of the data gives:

Q0% =254 V¥ (10 Vm?) )

with a correlation coefficient R = 0.990. Thus, this correlation
allows assignment of the 'V NMR parameters corresponding
to the largest and the smallest quadrupole coupling to the V(1)
and V(2) sites in a-Mg,V,0;, respectively. The slope in eqn. (2)
agrees well with the slope of 2.34 MHz/10*® V m~? determined
using the same model for a series of divalent metal pyro-
vanadates." Finally, we note that the assignment as given
above can be obtained from point-monopole calculations
employing the reported unit cell parameters from powder X-ray
diffraction for 0-Mg,V,0,° and the fractional coordinates for
either Co,V,0, or Ni,V,0,."” However, such data result in
less convincing correlations between Q%P and V4 compared
to eqn. (2). This shows that the 'V quadrupole coupling
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Table 3 *'V quadrupole coupling (Cq» 1q)> chemical shift parameters (J,, 7,, ), and relative orientation (y, x, £) of the two 1V tensors for

a-Mg,V,0,¢
Site Co/MHz Mo J,/ppm 1, wil° x7l° ér Oiso/PPM
V() 4.80 +0.08 0.42 £0.03 9+5 0.55+0.36 9%45 85+24 45+ 19 —603.3+0.5
V(Q2) 3.33£0.05 0.67 £ 0.05 —58£8 0.88 +0.20 106 £ 30 0x14 15%30 —549.1+0.5

“ For a definition of the 'V NMR parameters, see the Experimental section.

parameters reflect the local environment of the vanadium
atom in a very sensitive manner and that optimum relation-
ships between >V NMR data and structural features require
structural parameters of high precision.

Conclusions

The crystal structure of the low-temperature phase of
magnesium pyrovanadate (a-Mg,V,0,) has been refined from
synchrotron X-ray powder diffraction data and found to be
isostructural with Co,V,0; and Ni,V,0,. The refined crystal
structure data have allowed an assignment of the *'V quad-
rupole coupling constants C,, = 4.80 MHz and C, = 3.33 MHz
(and thereby of the 'V NMR parameters) to the V(1) and V(2)
sites in a-Mg,V,0;, respectively, from calculations of the *'V
electric field gradient tensors using the point-monopole
approach. The convincing correlation between these elements
and the experimental quadrupole tensor elements illustrates
that precise structural parameters are required to obtain reli-
able correlations between *'V NMR data and local structural
features for V3* sites in inorganic vanadates.
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