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The vibrational spectrum of Mg,sVMoOg obtained by quantum mechanical simulation is compared with the
experimentally observed Raman spectrum. This simulation suggests that the observed band at 1016 cm~! is attributed
to the Mo=0-Mg stretching from two-coordinate oxygen atoms that are adjacent to Mg?* cation vacancies. Extended
X-ray absorption fine structure spectroscopy supports the structural model used to simulate the vibrational modes

in Mg25VMoOs that match the observed Raman data.

Introduction

Mo=0, and W=0O stretching vibrations, respectivelirhese
high-frequency vibrations red shift to 930, 975, and 990

Vibrational Raman spectroscopy has been applied to thecm1, respectively, under hydrous conditichhe red shift
characterization of solid-state inorganic oxides, and the has been attributed to bonding betweer®@ and water,
assignment and interpretation of the Raman bands provideswhich increases the coordination number of oxygen to two
atomic-scale information on the structure of the materials or more#

that is complementary to X-ray diffraction. High-frequency
Raman bands>(1000 cn1?), in particular, those arising from
supported metal oxides have long been attributed to tire M
O (M =V, Mo, W) stretching vibrations, where oxygen
atoms are one-coordinate® For example, the Raman bands
at 1034, 1012, and 1027 cmobserved under dehydrated
conditions have been assigned to surface terminaOy

*To whom correspondence should be addressed. E-mail:
jf-gaillard@northwestern.edu (J.-F.G.); krp@northwestern.edu (K.R.P.);
pstair@northwestern.edu (P.C.S.).

T Department of Chemistry, Northwestern University.

* Chemistry Division, Argonne National Laboratory.

' Accelrys, Inc., Houston, TX.

U Accelrys, Inc., San Diego, CA.

# Ineos Technologies, Naperville, IL.

* Department of Environmental Engineering and Science, Northwestern

University.
8 Authors with equal contributions.

(1) Stencel, J. M.; Makovsky, L. E.; Diehl, J. R.; Sarkus, TJARaman
Spectrosc1984 15, 282—287.

(2) Desikan, A. N.; Huang, L.; Oyama, S. 7. Chem. Soc., Faraday
Trans.1992 88, 3357—3365.

(3) Oyama, S. T.; Went, G. T.; Lewis, K. B.; Bell, A. T.; Somorjai, G.
A. J. Phys. Cheml1989 93, 6786-6790.

6556 Inorganic Chemistry,  Vol. 46, No. 16, 2007

Recent examinations of crystalline WgyMoOg>¢ and
Mg, sVWOg’ by Raman spectroscopy demonstrated that these
materials exhibit bulk bands similar in frequency to surface
M=0O species:® High-frequency bands were observed at
1016 and 1035 cnt in the Raman spectra of crystalline
Mg.sVMoOg and Mg sVWOg and were assigned to the
molybdenum-oxo (Mo=O) bond and the tungsteroxo
(W=0) bond, respectively. This result is remarkable
because all oxygen atoms bonded to Mo and W in the
crystalline Mg sVMoOg and Mg sVWOg bulk structures are
at least two-coordinate. Although the high-frequency bands
at 1016 and 1035 cm were attributed to two-coordinate
oxygen atoms that border Mp cation vacancies in the
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Vanadomolybdate Local Structure

crystal framework, there was no direct evidence that the high- employing delocalized internal coordinatéS’he atomic positions

frequency Raman bands were produced by these structuralvere optimized at experimental cell parameters so that the change
features. of energy was less than 2 10°° Ha, and the change of the

In the current work, the vibrational spectrum of Mg maximum force on the atoms was less than 0.004 Ha Bor the
VM0O= obtained b ’ h p | simul > heavy-metal atoms DFT semicore pseudopotentials (DSPP) have
00s obtaine y gquantum mechanical simulation Is been employed* DSPPs replace the core electrons by a single

compgred W_ith the experimentally observed Raman spectrum.gftective potential, reducing the computational cost, and introduce
This simulation suggests that the observed band at 1016 cm gcalar relativistic effects.

is attributed to the Me&O—Mg stretching from two- The optimized geometries vibrational spectra were calculated
coordinate oxygen atoms that are adjacent t&Mgation using a finite-differencing approximation. Since DMaloes not
vacancies, while also demonstrating the ability of the calculate Raman intensities, only the positions of the normal modes
program to aCCurately treat |arge structures. Extended X_rayWere obtained and identified by animation within the Materials
absorption fine structure (EXAFS) spectroscopy supports the Studio suite_of softwareMaterials Studio version 4.0; Accelrys
structural model used to simulate the vibrational modes in "¢ San Diego, CA).

Mg..sVMoOg that match the observed Raman data. Finally, X-ray Absorption Spectroscopy. MgMoO, and Mg(VOx),

; . reference standards and pyMoOg were finely ground in ethanol,
this study demonstrates that one-coordinate oxygen atomsy; ted with BN, cold pressed into pellets @ 12 mm, 0.5 mm

are not always required to give Raman bands at high yick) and supported between two pieces of Kapton tape. Transmis-

frequencies (higher tharr1000 cn?). sion spectra were collected at several different locations on each
sample and reproducibility ensured sample homogeneity.
Experimental Details X-ray absorption spectra (XAS) were measured at DND-CAT

(sector 5, beam line 5BMD) of the Advanced Photon Source at the
Polycrystalline MgsVMoOg was synthesized by the stoichio- v and Mo K-edges (5465 and 20000 eV, respectively) in
metric addition of MgO, ¥Os, and MoQ. The powder was heated  transmission. A Si(111) double-crystal monochromator was used
in a platinum crucible at 1100C for 24 h. Phase purity was  tg select wavelength. At the V K-edge, harmonics were eliminated
confirmed by powder X-ray diffraction. Powder X-ray diffraction  wjth a flat Rh-coated mirror with a cutoff energy of 20 keV at 3
patterns were measured in air at room temperature on a Rigakumrad and slight detuning (90% §ma). At the Mo K-edge, the
diffractometer (CU & radiation with Ni filter, 40 kV, 20 mA, harmonics were eliminated with 70% detuning|@ﬁ]ax. For edge_
26 = 10-70°, 0.05 step 1 s count time). The Raman spectrum  energy calibration, the X-ray absorption spectra of reference Mo
(100-1200 cn1?) of polycrystalline Mg sVMoOs was collected  and V metal foils were measured with each sample. The metal foil

on a Bio-Rad FT-Raman spectrometer with 0.5-&mesolution. edge energies were set to the first inflection points of their respective
Two hundred scans were averaged to improve the signal-to-noiseabsorption edges determined by the first derivative and were set to
ratio. 5465 eV for V and 20 000 eV for Mo. MgMofand Mg(VO,),
Computational Details. All calculations were performed using ~ were used as reference compounds. XAS spectra were measured
the density functional theory (DFT) program DMgirovided by in transmission geometry using Oxford ionization chambers with

Accelrys Inc?1°DMol? is available as part of Materials Studio by  path lengths of 29.6 cm. lonization chambers were filled with gas
Accelrys Inc. DMoP uses a basis set of numeric atomic functions, mixtures to obtain 10% absorption (15%,/86% He at the V
which are exact solutions to the Kohham equations for the  K-edge, 75% N25% Ar at the Mo K-edge) of the incident beam
atoms!! These basis sets are generally more complete than ain lo, 30% absorption (45% X65% He at the V K-edge, 15%:N
comparable set of linearly independent Gaussian functions and have85% Ar at the Mo K-edge) it (sample), and 60% absorption
been demonstrated to have small basis set superposition €rrors. (L00% N at the V K-edge, 80% M20% Xe) inl+ (reference foils).

In the present study, a polarized split valence basis set, termed theMgMoO4 and Mg,(VO,), were mounted in an Oxford displex, and
double numeric polarized (DNP) basis set has been used. All Spectra were measured at 20, 100, 200, and 300 K. For each

calculations have been performed using the nonlocal PBE func- reference compound and M¢g/MoOsg, sixteen replicate XAS
tional 12 spectra were collected to improve counting statistics.

A smooth atomic background was removed from each XAS
spectrum, and the data were normalized to a step height of one.
This is done so thdk,, the Fermi energy, can be consistently chosen
as the first inflection point at the absorption edge st&ps used
by AutoBK!%16to determine the photoelectron wavenumbes
(2m(E — Eg)/hd)Y2, wherem is the electron masg; is Planck’s
constant, anc is the incident X-ray energy. This equation was

Atom-centered grids were used for the numerical integration.
The particular grid used about 1000 grid points for each atom in
the calculation and corresponds to the “Medium” option in DMol
(Materials Studio DMd}, version 4.0; Accelrys Inc.: San Diego,
CA). A real space cutoff of 4.4 A was used for the numerical
integration. All SCF calculations were converged to a root-mean-

square change in the charge density of less than1D~° Hartree
a g g y used to convert the data from the measured EXAMS to (k).

(Ha). Sets of 2x 4 x 1 and 2x 2 x 1 symmetrized k-points were .
used for the smaller model (model I, see below) and the larger _The background function generated by the AutoBK algorifith

models (models Il and Ill, see below), respectively. Geometries is made from third-order polynomial spline functions that are
were optimized using analytic gradients and an efficient algorithm connected by knots. The background was removed from each data
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Seminario, J. M., Politzer, P., Eds.; Elsevier: Amsterdam, The (15) Newville, M.; Livins, P.; Yacoby, Y.; Rehr, J. J.; Stern, E.Jpn. J.
Netherlands, 1995. App. Phys. Part 11993 32, 125-127.
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3865-3868. 209 145-147.
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Figure 1. Structure of MgsVMoOs.

set, and then the resulting(k) data (sixteen replicates) were

averaged. Processing of all XAS data was performed using

SixPackl” Athenal® and Artemis® graphical user interfaces for
XAS processing built on IFEFFIT8-20 Data reduction and analysis
were performed using the methods of Athena and Artéfilhe
data were fit inR space with theoretical amplitudes and phases for

single-scattering paths that were calculated from geometry-

optimized model structures proposed for MgMoOg using the
ab initio FEFF 6 codé! Fourier transforms of Mo and V K-edge

x(K) spectra were taken over similar photoelectron wavenumber
ranges with the endpoints terminating at nodes, typically between

3.5 < k < 13.9 AL A Kaiser—Bessel window function = 2)

was used to dampen the EXAFS oscillations at endpoints. Least-

Smit et al.

Table 1. Tetrahedral M-O Bond Lengths (A) in the Crystallographic
Model of Mg sVMoOg

VIMo(1)—0 1.713(4)
1.741(3)
1.741(3)
1.770(5)
1.758(3)
1.716(3)
1.745(3)
1.744(3)

VIMo(2)—0

and once to either ¥ or Mo®". When a cation vacancy
occurs on a Mg site, some of the oxygen atoms become
two-coordinate, bonded once to Ktgand once to either ¥
or Mo®", and the undercoordinated oxygen atoms displace
toward the higher-valent transition metal cation to satisfy
bond valence. This phenomenon is reflected in the crystal-
lographic bond distances listed in Table 1, showing that both
of the unique V/MoQtetrahedra have oneD bond length
(1.716 and 1.713 A, respectively) that is shorter than the
other three (1.7421.770 A), corresponding to the displace-
ment of the undercoordinated oxygen toward V/Mo. Because
of the minimal difference in the O bond length between
the two M=0O—Mg bonds, the 1016 cnt band corresponds
to the presumed average of the two crystallographic positions.
It is important to note that there are no singly bonded oxygen
atoms in this model.

No crystallographic order is observed by diffraction
because of the isolated nature of the hexagonal tunnels that
comprise the crystal framewo?kR* The tetrahedral positions

squares fitting of theoretical phases and amplitudes to model are occupied by 50% V and 50% Mo, and the face-shared

compounds and MgVMoOs were performed in Artemit Further octahedra are 75% occupied by Mg (25% unoccupied).
analysis of the EXAFS spectra can be found in the Supporting Disordered tetrahedra should lead to two sets of Raman bands

Information.

Results and Discussion

Description of Structure. Mg. sVMoOg adopts the lyon-
site structur&?3and is depicted in Figure 1. The framework
is built up from hexagonal tunnels created by Mg(d)O
octahedra and Mg(3)rigonal prisms. Crystallographically

arising from both Me-O—Mg and V—0O—Mg in Mg.s
VMoOs. However, the Raman spectrum of MYMoOsg,
seen in Figure 3, shows only one band above 1000'cm
that was assigned to the stretching vibration of-M2—Mg
that borders the cation vacancieBhe other band attributed
to the V—=O—Mg stretching vibration must appear below
1000 cmt in the Raman spectrum of MgVMoQOsg. On the

disordered vanadium- and molybdenum-centered tetrahedrd?@sis of the frequeneybond-order correlatiof,*the bond

line the tunnel wall and share corners with face-shared Mg-

(2)0s octahedra that form infinite columns passing through

orders of \=O and M&=0O bonds bordering the cation
vacancies were estimated to be 4156 and 1.8-2.0,

the center of the tunnels. The face-shared octahedra placdeSPectively’. Simulation of the vibrational Raman spectrum

Mg?* cations in close proximity, and on average, one out of

every four magnesium atoms is missing to alleviate the

can potentially elucidate both whether the high-frequency
bands are the result of the cation vacancies and also whether

Coulombic repulsions associated with cations in face-shareglocal order is present with respect to the disordered vanadium

octahedra.

Because of the Mg cation vacancies, undercoordinated
oxygen atoms are created. In a fully occupied model, all
oxygen atoms are three-coordinate, bonded twice t8"Mg
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and molybdenum centered tetrahedral.

Model Structures. Three models were used to calculate
the vibrational Raman spectrum. The first modgldid not
account for cation vacancies (denoted@s In the other
two models, every fourth magnesium atom along the infinite
chains of face-shared octahedra was designated as a vacancy,
creating magnesium trimers that are bordered by vacancies.
Six tetrahedra surround each Mg@rby sharing a corner.

(24) Wang, X.; Pless, J. D.; Vander Griend, D. A.; Stair, P. C.; Poep-
pelmeier, K. R.; Hu, Z.; Jorgensen, J. D Alloys Compd2004 379,
87—94.

(25) Hardcastle, F. D.; Wachs, I. E. Phys. Chenil991, 95, 5031-5041.

(26) Hardcastle, F. D.; Wachs, |. B. Raman Spectros¢99Q 21, 683~
691.



Vanadomolybdate Local Structure

Figure 2. (a) Perspective view of the hexagonal tunnel showing the alternating nature of thetv@edra (blue) and MaQetrahedra (green). (b) View
along thea-axis showing the Mg trimers and cation vacancies.

Table 2. Tetrahedral M-O Bond Lengths from the Optimized Atomic
Positions with MoQ Tetrahedra Surrounding the Cation Vacancies

(Model II')
bond bond bond bond
length length length length

atom  (A) atom  (A) atom  (A) atom  (A)
Mo(l) 1.8482 Mo(2) 1.8536 Mo(3) 1.8536 Mo(4) 1.8482

1.8126 1.7928 1.7928 1.8126

1.8126 1.7928 1.7928 1.8126

1.7365 1.7541 1.7541 1.7365

Mo(5) 1.7958 Mo(6) 1.7958 Mo(7) 1.8189 Mo(8) 1.8189

1.7542 1.7542 1.7356 1.7356

1.8001 1.8001 1.8217 1.8217

1.8288 1.8288 1.8268 1.8268

Mo(9) 1.8189 Mo(10) 1.8189 Mo(1l) 1.7958 Mo(12) 1.7958

1.7356 1.7356 1.7542 1.7542

1.8217 1.8217 1.8001 1.8001

1.8268 1.8268 1.8288 1.8288

V(1) 17703 V(2) 17625 V(3) 17625 V(4)  1.7703

Figure 3. Vibrational Raman spectrum of Mgv/MoQg with the calculated 1.7220 1.7440 1.7440 1.7220
bands below. Because the calculated spectra do not have intensities, the 1.7220 1.7440 1.7440 1.7220
bands are shown as ranges with identical height. Blue (N/A) is calculated 1.7319 1.7116 1.7116 1.7319
without cation vacanciesl)( Green (MoQ) is calculated with MoQ@ V(5) 17509 V(6) 17509 V(7) 17242 V(8)  1.7242
tetrahedra around the cation vacancik3. Red (VQ) is calculated with 17111 17111 1.7324 1.7324
VO, tetrahedra around the cation vacancikis)( 1.7466 1.7466 1.7238 1.7238
1.7431 1.7431 1.7507 1.7507

: f ; V(9 1.7242 V(10 1.7242 V(11 1.7509 V(12 1.7509

The six tetrahedra surrounding the vacancy were de3|gpated ©) 1734 (10) 1734 (11) 17111 (12) 17111
as MoQ in model (I), thereby causing the next six 1.7238 1.7238 1.7466 1.7466
tetrahedra to be V£Xo retain the correct stoichiometry. In 1.7507 1.7507 1.7431 1.7431

this orientation, which has been described previcduahd
is depicted in Figure 2, the octahedra at the end of the a=10.1160 Ab=10.3070 A.c= 17.4020 A,o. = 90.00,
magnesium trimer share corners with three M@@d three p =90.00, y = 90.00, andZ = 1.
VO, tetrahedra; the middle octahedron of the trimer shares The fractional coordinates from the crystal structure were
corners with six VQ tetrahedra, and the vacancy is sur- used for the initial atomic positions, which was geometry
rounded by six MoQtetrahedra. For the final moddll(), optimized with the new atomic designations. The optimized
the VO, and MoQ tetrahedra were reversed. tetrahedral bond lengths ftir andlll are listed in Tables 2
The unit cell from the crystallographic model is not large and 3, respectively. When Ma®@etrahedra are placed around
enough to selectively remove one out of every four magne- the vacancieslk), they consist of one short MeO bond
sium atoms along the face-shared infinite chain, and there-(1.73-1.75 A), corresponding to the displacement of the
fore, it is not large enough to selectively designate vanadium- undercoordinated oxygen toward the Maation, one long
and molybdenum-centered tetrahedra surrounding the vacanMo—O bond (1.83-1.85 A), and two identical medium
cies. To obtain a unit cell with four magnesium atoms along Mo—O bonds (1.79-1.82 A). Conversely, the VQetrahedra
the a-axis, it is necessary to double the unit cell volume by are much more regular, with bond lengths of 1177 A,
doubling thea-axis. The crystal symmetry was removed, because they do not border the cation vacancies. Likewise,
reducing the overall symmetry from the space gréupmna when VQ, tetrahedra are placed around the vacandi&$,
with cell parameters = 5.0280 A, b = 10.3070 A,c = they consist of one shortYO bond (1.65-1.67 A), one or
17.4020 A, a = 90.00, B = 90.00, y = 90.00, and two long V—O bonds (1.7#1.80 A), and one or two
Z = 6 to the nominal space grolRi, with cell parameters  medium V-0 bonds (1.721.77 A). The Me-O bond

Inorganic Chemistry, Vol. 46, No. 16, 2007 6559



Table 3. Tetrahedral M-O Bond Lengths from the Optimized Atomic
Positions with VQ Tetrahedra Surrounding the Cation Vacancies
(Model IIl')

Smit et al.

The fact that two-coordinate oxygen atoms (i.e., #@—
Mg) in MoQ, tetrahedra produce the Raman band above
1000 cm! is notable because the presence of a high-

bond bond bond bond frequency band has been taken as evidence for the presence
length length length length . .

atom (&) atom (&) atom (&) atom  (A) of the one-coordinated oxygen atoms in=® bon_ds.

Mo(1) 1.8290 Mo(2) 1.8386 Mo(3) 1.8386 Mo(d) 1.8290 Examples of other metal oxides that support the assignment
1.8198 1.7824 1.7824 1.8199 are Ab(MoOg)s KAI(MoOy),, and Fg(MoO,)s. These
i-%gg i-;ggi 1-;33; 1-%82 materials exhibit Me=O Raman bands at 1027, 1003, and

Mo(5) 17796 Mo(6) 17791 Mo(7) 18198 Mo(g) 1s1gs L000 cn’, respectivelyi™=? and the oxygen atoms of the
1.7944 1.7941 1.7933 1.7934  MoOQ, tetrahedra in the three compounds are two coordinate
1.7866 1.7868 1.8238 18248 (j.e., Mo=O—Al, Mo=0—Fe)3~2 In addition, AL(WO,)s
1.8188 1.8187 1.8040 1.8041 4 MaVLO- exhibit W=0 and V=0 stretchi brati

Mo(9) 1.8197 Mo(10) 1.8188 Mo(1l) 1.7796 Mo(12) 1.7792 and MgvzUs exnibi and stretching vibrations
1.7933 1.7934 1.7944 1.7942  at 1051 and 1002 cm, respectively?*3>while the oxygen
1.8239 1.8247 1.7867 17867 atoms in the WQ tetrahedra and V©Opyramids are two-
1.8039 1.8041 1.8188 1.8187 dinaté (ie. W=0—Al and V=O—Ma). Thus. R

V(1) 18025 V(2) 17705 V(3) 17704 v(4) 18027 coordinaté>“(ie., and V=0-Mpg). Thus, Raman
1.7192 1.7722 1.7722 1.7192  bands above 1000 crhcan be attributed to the stretching
1.7190 1.7694 1.7696 L7191 yibrations of MQ tetrahedra and M@pyramids from either
1.6667 1.6531 1.6530 1.6665 : .

V(5) 17793 V(6) 17766 V(7) 17295 v(8) 17202 (two-coordinate oxygen atoms or one-coordinate oxygen
1.6523 1.6525 1.6656 1.6658  atoms.
1.7749 1.7771 1.7238 1.7242 ; ; _ - .
17491 17493 17748 17747 Two_ Variables Affecting the M—O Stretching Fre

V() 17294 V(10) 17292 V(1) 1.7792 Vv(12) 1.7765 quencies of MQ, Tetrahedra (M = V, Mo, W). An
i-gggg i-ggig ﬁgig 1?33(5) empirical correlation between bond length and Raman
17748 17748 17748 1749, frequency based on the diatomic approximation by Wachs

lengths forlll are 1.78-1.84 A. It should be noted that in

and co-workers has been used to estimate bottOvand
Mo—O bond lengths from the Raman frequenc®e®.
According to the correlation, the Raman band occurring at

the crystal structure, the disordered tetrahedra deviate from1016 cn1® should be assigned to eithef..59 A V—0O bonds

tetrahedral symmetry, distorting ©s symmetry with one
short, two medium, and one long metaixygen bond length.
However, inlll , when vanadium is around the vacancy,
several of the VQtetrahedra (V(5), V(6), V(12)) have one
short, one medium, and two long~\O bond lengths. Il ,

or ~1.68 A Mo—0 bonds. These short bond lengths are not
observed in the crystallographic model nor are they observed
in the geometry-optimized model. Since the correlation
includes only a single variable, it is simple to use, but it is
important to recognize its limitations. For example, both the

the Mo—O bonds of each tetrahedron are more reflective of 5-Bi,M0,0y and FeCIMoQ have exactly the same MdD

what is seen in the crystal structure.
Simulated Raman Spectrum.The results of the simulated

bond length of 1.756 A in their Mogtetrahedra but show
very different highest Raman frequencies at 887 and 975

Raman spectra are compared with the experimental spectruntm™?, respectively, while the correlation predicts a single,
in Table 4 and Figure 3. Because the simulations do not give identical frequency at 863 cm?®

intensities, the peak positions from the calculated spectra are  The Mo—O stretching vibrations blue-shift with either a
shown as lines with the same height. There is good agreemenhigher degree of tetrahedral angular distortion or with shorter
in terms of band positions between the spectra, and all of Mo—O bond lengths as described previoushj higher

the calculated bands can be assigned to the experimentaMoO, tetrahedral angular distortion combined with a longer
bands. Of particular interest is the observed band located at

1016 cntt. When cation vacancies are not included in the (27) knoezinger, H.; Jeziorowski, H.. Phys. Chem1978 82, 2002-

model, the band is missing. However, when vacancies are
used in the model, a band appears in the range from 979 to

1019 cntt for model Il and from 969 to 1006 cmi for

model Il , demonstrating that the observed band at 1016

cm! is associated with transition metabxygen bonds

2005.

(28) Maczka, M.; Hermanowicz, K.; Tomaszewski, P. E.; Hanuzd, J.
Phys. Condens. Matte2004 16, 3319-3328.

(29) Maczka, M.; Kojima, S.; Hanuza, J. Raman Spectros@999 30,
339-345.

(30) Forzatti, P.; Mari, C. M.; Villa, PMater Res. Bull1987 22, 1593-
1602.

adjacent to the cation vacancies. The current theoretical work(31) Harrison, W. T. AMater Res. Bull1995 30, 1325-1331.

combined with previous experimental restttsat excluded
the assignment of the band at 1016 ¢érto V=0 demon-
strate that the band appearing at 1016 tmshould be
attributed to the shortest MeO bonds (1.731.75 A) that
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Figure 4. Mo and V K-edge EXAFS spectra of MgVMoOsg. Spectra were measured at room temperature in transmission geometry.

Table 4. Assignments and Raman Shifts (chin Mg2sVMoOsg

calcd without calcd with Mo—O calcd with V—O
mode exptl vacanciesl( around vacanciesl() around vacanciesl( )
bending MoQ 326, 370 321372 (345) 316-375 (345) 312-379 (346)

_ _ VO, 387 380-396 (388) 386-430 (405) 382-428 (405)
asymmetric stretching voM4OD ?gi 702-799 (750) 731799 (765) 736-796 (766)
symmetric stretching Mo® 910 929-932 (930) 909-965 (937) 918-952 (935)

VO, 860 832-867 (850) 804-897 (850) 816-898 (854)
symmetric stretching Mo® 1016 missing 9791019
M=0-Mg stretching vQ 944 missing 9691006

Mo—0O bond length or a lower Moftetrahedral angular  transformed EXAFS spectra reveal major differences in the
distortion combined with a shorter M@ bond length can  positions and amplitudes of the first coordination shells,
produce high-frequency MeO stretching vibrations. The  centered around 1-61.8 A, as well as significant amplitude
difference between the two frequenciessiBi,M0,09 and differences at-3.2 A. Specifically, the first Me-O shell in
FeCIMoQ and the deviation from the predicted value of 863 the Mo K-edge spectrum is lower in amplitude and centered
cm ! result from changes in the degree of angular distortion at a greater radial distance than the first shell in the V K-edge
in the MoQ, tetrahedra for thes-Bi:Mo2Oy (slightly dis- spectrum. Qualitatively, differences in heights and peak
torted) and FeCIMo®(highly distorted) structures. positions of metatoxygen shells between two spectra
The two key variables, MO bond length and tetrahedral indicate that the Me-O and V-0 average bond lengths and
angular distortion, for MQ (M = Mo, V) obtained by the  distributions are different. Furthermore, a greater amplitude
geometry optimization were compared with those obtained in the V K-edge spectrum at radial distarRe- 3.2 A than
by crystallography. The shortest M® length (1.73-1.75 that observed in the Mo K-edge spectrum may indicate that
A) for model Il obtained by the geometry optimization is a greater number of backscattering atoms surround V cations
slightly longer than the shortest M@ bond length of 1.70  than Mo cations, consistent with modél The Mo and V
A obtained by the crystallographic resbift® However, the K-edge spectra were fit upt4 A with all Mo/V—0 and
MoO;, tetrahedra for moddl that border vacancies have a Mo/V—Mg SS paths, generated by binning bond lengths
higher degree of angular distortion than that observed from from modelsll andlll (Figure 5b and e). Moddl fit the
the crystallographic dafa.Consequently, the simulated EXAFS spectra bettelR = 0.037,%2 = 7190) than model
Raman frequencies obtained from the geometry-optimizedlll (R = 0.144,y?> = 72726). Despite reasonable fits of
atomic positions for moddl are seen to be consistent with  modelsll andlll to Mo and V K-edge spectra\E, values
empirical observations when both bond lengths and angularwere significantly greater than 10 eV in all cases (See Table
distortion are considered. S2). It is reasonable to suspect that fitting amplitude
X-ray Absorption Spectroscopy.To further examine the  differences aR > 3.0 A with modelsll andlll converged
validity of modelll in describing the local structure of Mg to a local minimum and may not provide a unique solution
VMoOg, EXAFS was used to probe the local coordination because of the large number of O and Mg atoms with very
environments surrounding the®Vand Md" cations. The similar distances, in the range 8 ~ 3.0-3.5 A (Figure
room-temperature Mo and V K-edge EXAFS spectra of S1). In modelll, four additional Mg atoms surround each
Mg..sVMoOg and their corresponding Fourier transforms are V cation (96 in total) than surround Mo cations (84 Mg
presented in Figure 4. The EXAFS spectra measured at theatoms); each one of the four Nig cations has a unique
Mo and V K-edges are similar, with major spectral differ- scattering distance. In mod#l , the situation is reversed
ences ak~ 11 and 12-13 A~%. The corresponding Fourier-  with four more M@" atoms surrounding each Mo than
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Figure 5. (a) Mg.sVMoOg Mo K-edge EXAFS spectrum. (b) Least-squares fits of motendlll to the Mo K-edge EXAFS spectrum. (c) Mo K-edge
EXAFS spectrum calculated ab initio from geometry-optimized motletndlIl . (d) Mgz sVMoOg V K-edge EXAFS spectrum. (e) Least-squares fits of
modelsll andlll to the V K-edge EXAFS spectrum. (f) V K-edge EXAFS spectrum calculated ab initio from geometry-optimized rhoaets11 .

surround each V; each has a unique scattering distancestrong evidence for clustering of Mbcations around V&
Additionally, significant numbers of oxygen atoms are also cation vacancies. Because of the aforementioned difficulties
present in 3.2< R < 3.5 A and may obscure analysis of in fiting R > 3.0 A, quantitative analyses of MgVMoOg
Mg?* back-scatterers. EXAFS spectra at the Mo and V K-edges were limited to
In addition to least-squares fits of Mo and V K-edge fitting modelsl, Il, andlll to the first metal oxygen shells.

spectra, the EXAFS at each edge was calculated ab initio Least-squares fits of geometry-optimized models to the
for modelsll andlll . Spectra were calculated from each of first shell in the Fourier-transformed spectra are presented
12 Mo and 12 V sites and summed (Figure 5¢ and 5f). From in Figure 6, along with corresponding histograms that depict
the ab initio calculations, it is evident that mod#l bond length distributions and populations. Detailed fit results
qualitatively reproduces the Mo and V K-edge spectra better usingl, Il , andlll are presented in Table 5. Metadxygen
than the spectra calculated from modiél. Together with bond distances and distributions calculated fribniit the
qualitative support for moddl from least-squares fits of Mo—O and V-0 shells better than modelsandlll , with
binned SS paths, qualitative agreement of maéd&om ab a total misfit of Rqot = 3.5%, whereRgt = (Rvwo-o + Rv-0)/
initio calculations of geometry optimized models provides 2. In comparison, simultaneous fits of Mo and V K-edge
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Figure 6. Least-squares fits of models|l, andlll to Mo and V K-edge EXAFS spectra of Mg/MoOg. Histograms (left panel) were calculated by
division of geometry optimized MeO and V-0 bond distances into 0.02 A bins and (right panel) results from simultaneous least-squares fits of models
I, 1I, andlll to Fourier-transformed Mo and V K-edge spectra of M@gMoOs.

spectra with moddl converged withlR,; = 9.5%, and model  respective Me-O and V-0 bond lengths were not evidenced
Il converged withR,; = 6.2%. in structure determination by single-crystal X-ray diffraction
Examination of histograms in Figure 6, generated from or neutron diffractioff because of crystallographic disorder
division of geometry-optimized bond lengths into 0.02 A that arises from the isolated nature of hexagonal channels
bins, illustrates the distributions of Ma&O and \\-O bond within the Mg, sVMoOg structure. Inll, the distribution of
distances in Mo@and VQ, tetrahedra, respectively. In model Mo—O bond lengths in the Motetrahedra is broader
I, the Mo—O and VWO coordination environments and than that of -O bonds in VQ tetrahedra. Conversely, in
distributions are identical (Table 1 and Figure 5) because of lll , the distribution of \\-O bond lengths in VQtetrahedra
the crystallographic disorder of Mb and \#* cations. A is greater than the distribution of M@ bond lengths in
significant misfit of| to the EXAFS spectra demonstrates the MoQ, tetrahedra (Figure 5). Modél fits the Mo—-O
that the Me-O and VO bond distributions and local and V-0 shells statistically better than Moddlsand IlI
coordination environments are different. Differences between (Figure 5 and Table 1). This result indicates that ,vO
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Table 5. XAS Least-Squares Fit Results angular distortion than VEin the crystalline MgsVMoOg

R redy? AEs(eV) AR(A)? 02 (A?) 25 structure and that cation vacancies can cause high-frequency
modell _ 0.095 1022 vibrational Raman bands, similar to surface termina(,
Mo—O  0.090 —8(3)  0.004(12) 0.002 (20) 096 Mo=0, and W=O double bonds where oxygen atoms are
\nﬁgé)e " 8-3;;’ o 6(5  0.004(12) 0.001(2) 0.81  gne-coordinate. Furthermore, the observed band at 1016 cm
Mo—O 0008 ~1(3) —0.016(8) 0.0002(10) 0.96 is likely attributed to the Me-O stretching of two coordinate
V-0 0.062 —-1(3) -0.016(8) 0.0001(10) 0.81 oxygen (one bond to Mg and one bond to Mo) that
modellll 0.062 752 border the cation vacancies.
Mo—O  0.009 -1(5) —0.02(1) 0.001(1) 0.96
V-0 0.115 —1(4) -0.02(1) 0.00002(100) 0.81
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