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A solid solution was found to exist in the quaternary Li;,O—-MgO-V,0s—MoO3 system between the two phases
Mg25VMoOg and Li,Mg,(M0oO,)s. Both Mg, 5VMoOs and Li;,Mg,(MoO,); are isostructural with the mineral lyonsite,
and substitution according to the formula Clyjs—wslisnsMg1s/a—7x6Va2—xM0324x012 (0 < X < 1.5, where O denotes
a cation vacancy) demonstrates that a complete solid solution exits coupling the addition of molybdenum and
lithium with the subtraction of cation vacancies, magnesium, and vanadium and vice versa. Vibrational Raman
spectroscopy indicates that molybdenum—oxo double bonds preferentially associate with the cation vacancies.

Introduction

Lyonsite,o-CugFey(VO,),t is a naturally occurring mineral
with a remarkable structure. The structure is ubiquitous in

V/MoQO, tetrahedra, and various homeotypes have been

studied for their properties ranging from ionic conduction
to catalysig:® Numerous mixed-metal vanadates, molybdates,
and tungstates adopt the lyonsite structure including
Li3M(MOO4)3 (M = Fe, A|, Ga, Cr, Sc, In§,‘6 LizMz(MOO4)3
M Fe, Co, Ni, Mg, Mn, Zn),® LiyZr(MoQy)s°
NaCa 31(M0O4)3,'° Cus s(M0O4)3, ! Nap—xM21x(M0O4)3 (M
= Mg, Zn, Co, and CuJ;*?M,gVMoOg (M = Mg, Zn, Mn,
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C0) 216 Mgz sVWOg,'" Li ;Mga(WOs)3,'8 CosFes 3 VO4)6,1°
CosFesg(VO4)6,2° Co5Cr.664VO4)6, >t Cly 05Cr3 A(VOs4)6,2
and CuFe; 39V04)e.?

The nominal lyonsite structure is orthorhombic (space

tgroup Pnm3g and consists of V/Mo/W-centered tetrahedra

linking zigzag sheets and columns formed by M©@tahedra
and trigonal prisms (Figure 1). These isolated V/Mo/W-
centered tetrahedra are joined to the inner wall of hexagonal
tunnels formed by M@octahedra and Mgtrigonal prisms.
Infinite columns of face-sharing M§®ctahedra pass through
the center of the tunnels (Figure 2a).

A striking feature of this structure is that it can incorporate
a variable number of cationic vacancies for charge balance
in order to accommodate numerous combinations of cations
with different charges. For example, in,8/MoOs, one-
sixteenth of the M (M= Mg, Zn, Mn, Co) sites are vacant.
In Co;.6Cr3.6(VO4)s, ONe-tenth of the Co/Cr sites are vacant,
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To demonstrate this phenomenon, M@MoOg and Li-
Mg2(MoO,); were chosen to form a solid solution according
E| to the formulalia—yeliaxsMg 154736V 32-xM 03121 X012 (0 <
x < 1.5, wherdd denotes a cation vacancy). The formula is
remarkably complex but can be described simply by one
E‘ variable. More specifically, lithium (If) was substituted for
magnesium (Mg") in Mg.sVMoOQsg, and charge neutrality
was maintained by the simultaneous substitution of molyb-
denum (M@") for vanadium ('), concurrent with a
reduction in the number of cation vacancies.

Both Mg, sVMo0Og and LpMg2(M0oQOy); have interesting
properties. The surface of MgZMoOg has been shown to
effectively catalyze the oxidative dehydrogenation of propane
: and butané&:??% Recently, Mg=VMoOg has been used as a

Fig;J\;e 1.|_ Shtrtécl:ture Of/Mg.E,VI(\j/IO(Izs/LizMgz(M(;O_4)3. MoN(l),'daLk blu_s;d | photocatalyst for @ evolution under visible light? while
e mans o ey o, LMG:(M0Os i partof the NASICON famiy, which are
red; O(3), yellow; O(4), black; O(5), green; O(6), pink: O(7). turquoise. Well known for their conductive properti€s solid solution
between the compounds is interesting because the addition

and in naturally occurring lyonsite-CusFes(VOa)e, a full of alkali metals to oxidation catalysts often reduces the
one-eighth of the Cu/Fe sites are not occupied. In contrast, acidity and improves selectivity. Additionally, the creation
although cation vacancies are common, many of the mo- of cationic vacancies in ionic conductors is advantageous
lybdate phases, such as,Mi(MoO,)s (M = Fe, Co, Ni,  because it facilitates lithium mobility. This work illustrates
Mg, Mn, Zn) and LgM(MoO4); (M = Fe, Al, Ga, Cr, Sc,  the remarkable function of cation vacancies to preserve solid-
In), have no vacancies associated with the Li/M site. state structures, which can lead to new and significant solid-
However, vacancies can be created in these molybdatesstate chemistry.
for example, by replacing lithium with magnesium  The structures of various bulk and supported metal oxides
Liz-2Mg2x(M0Oy)3 (0 < x < 0.3)3 (e.g., vanadates, molybdates, and tungstates) have been

While most of the known lyonsite-type molybdates have characterized extensively by Raman spectrosédfRaman
no associated cation vacancies, all of the known lyonsite- spectroscopy is sensitive to oxidation states and the short-
type vanadates have associated cation vacancies. Thus, whileange coordination environment around metal and oxygen
a large number of quaternary molybdates crystallize in the jons and is particularly useful in operariflor in-situ studies
lyonsite structure, it is much less common for vanadates. for surface species where crystallinity and homogeneity are
Instead, many mixed-metal vanadates avoid cation vacanciesn guestion. Raman spectra of surface species are frequently
and adopt either the triclinjé-CusFey(VO,)s?* or the triclinic ambiguous and difficult to assign clearly. For example,
GaZnV301,2* structure types. When cation vacancies are higher-order metatoxo bonds on the surface of metal oxides
present in the lyonsite structure, the vacancies are localizednhave been identified by comparing observed Raman frequen-
within the infinite chains of face-sharing Mbctahedra  cies with the nominal MO frequency range. Primarily, the
(Figure 2a) in order to minimize the Coulombic repulsions ambiguity results from the overlap of the nominal=®d
associated with the close positioning of cations at the centerstretching region;v900—1040 cn1,3! with thew, stretching
of these face-sharing octahedfa. frequency region for MQpolyhedra (e.g.y: band for WQ

In addition to, and in part a result of, the large concentra- tetrahedra withTy symmetry appears at 931 c#. Also,
tion of cation vacancies that can be incorporated, the lyonsitethe vibrational frequency of the #0 stretching depends
structure can accommodate a wide variety of metals. A large on the local environments of the metal and oxygen, as well
number of mono-, di-, tri-, and tetravalent metals have each as the metal type and the oxidation state of the metal, i.e.,
been shown to occupy the MOctahedral and trigonal  the coordination number of the metal, the degree of angular
prismatic positions, while only three metals, vanadiufiy  distortion of the MQ polyhedra, M-O bond length, and the
molybdenum (M&"), and tungsten (W), are known to  coordination of other chemical species (cations) to the
occupy the tetrahedral positions. With this in mind, there oxygen3!32 The detailed structural information such as
exists the general possibility to form various solid solutions _ - -
by coupling the substitution of M M2, M¥, or M among &9 (3ek L % St "¢ posppeimeler, K ieCatal 2004
themselves with charge balance achieved by a combination 223 419-431.

of cation vacancies and the substitution of'Mor Mé*, or gg \lgVakng, Dt-; nglu,fZ.; \((je, Jgaéal- T0d§ﬂ0?4 9?795, 891—89éé.c
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Chemistry 5th ed.; John Wiley: New York, 1997.
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6Mo 3Mo/3V 6V
Centered Centered Centered
Tetrahedra | Tetrahedra | Tetrahedra

Figure 2. (a) Face-sharing octahedra. Mg/Li(2), orange; O(2), red; O(5), green. (b) Face-sharing octahedra surrounded by aiguvid@he vacancy
(left oval) and six VQ tetrahedra around the middle Mg of a Mg trimer (right oval). The V/Mo(1) position is blue, and the V/Mo(2) position is yellow.

coordination geometry, bond lengths, and bond angles thatgraphical interface for GSA8 with the structural parameters of
can be obtained by single-crystal X-ray crystallograploy Mgz sVM0oOg® and LMg2(MoO,)s® as a starting reference.
X-ray absorption spectroscoffycombined with vibrational Unpolarized Raman spectra (300200 cnt?) of the polycrys-
spectroscopic data can provide additional insight and more talline sample.s were collected on a Bio-Rad FT-Raman spectro-
reliable vibrational assignments. photometer with 0.5 cmt resolution and 200 scans.
In a companion paper, high-frequency ¥ stretching Results and Discussion
vil_:)rations were a_ssociated with cation vacanéiesn Formation of  the Solid Solution of
thls work, the assignments are furthgr supporFed by the OuaxisLi 0aMG 1510706V 32-xM0326x012 (0 < X = 1.5).
LizMg2(M0O,)3—Mg2 sVMoOg solid solution, wherein lower | imited solid solutions of MgsVMoOg with differing
concentrations of cation vacancies correlate Wltha}systematlcamOunts of Mg, V, and Mo have been reported previ-
decrease in the oxygenrpmolybdenum ¢ bonding. In 5 g1y 1325The concentration of cation vacancies varies with
addition, because there is no definitive evidence fore/ e yanadium and molybdenum concentrations according to
double bond, local order!ng that plgce_s prlmarlly MoO  ihe formula M@ 50V 12M01_2Og (—0.05 < x < 0.05)%
tetrahedra around the cation vacancies is discussed. At the same time, the charge is balanced by a corresponding
gain or loss of Mg ions. Recently, a solid solution has been
reported for LiMg2(M0oOy); as Lb-Mg2+«(M0QOy)3 (0 < X
Compounds were synthesized by the stoichiometric addition of < 0.3), which also results in cation vacanciewing
Li,COs (Aldrich, 99+%), MgO (Alfa Aesar, 99.95%), ¥0Os (Alfa to the previously reported versatility of the structure
Aesar, 99.6%), and MoO(Alfa Aesar, 99.95%). Powders were  with regards to cation vacancies and solid solutions, the

Experimental Section

heated in platinum crucibles at 850000°C. solid solution should exist between WWyMoOg and

Powder X-ray diffraction (PXRD) data for the refinements were | j,Mg,(M0Q,)s.
collected every 0.01for 10° < 26 < 70° on a Scintag XDS 2000 Both Mg sVMoOg and LkMgz(MoOs); adopt the same
diffractometer with Ni-filtered Cu K radiation ¢ = 15418 A) |y onsite type structure consisting of vanadium or molybde-
with 1 s per step. Lattice parameters were refined using EXPGUI num tetrahedra linking zigzag sheets and columns formed
(32) Busca, GJ. Raman Spectros002 33, 348-358. (34) Toby, B. H.J. Appl. Crystallogr.2001, 34, 210-213.
33) Kim, H.-S.; Pasten, P. A.; Galllard, J.-F.; Stair, P.JCAm. Chem. 35) Zubkov, V. G.; Leonidov, I. A.; Poeppelmeier, K. R.; Kozhevnikov,
(33) (39) pp

S0c.2003 125 14284-14285. V. L. J. Solid State Chen1994 111, 197—201.
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Figure 3. Powder X-ray diffraction patterns. MgVMoOg (x = 0), bottom; 00 02 04 06 08 1.0 12 14 16

x = 0.25, 2nd from bottomx = 0.50, 3rd from bottomx = 0.75, 4th ToTm T e e

from bottom;x = 1.00, 5th from bottomx = 1.25, 6th from bottom; X

LioMg2(MoQOa); (x = 1.5), top. Figure 4. Variation of unit cell parameters, b, andc as a function ok

Lo . . . in the formulady/a-weli 4x3sM015/4-7x6V 312-xM03/2+x012 (0 < x < 1.5).
by lithium or magnesium octahedra and trigonal prisms, as

previously described. It is possible to understand how the and is in good agreement with the published valaes

formulas are related by considering cation vacancies. 5 0515(1) A b = 10.3455(2) A,c = 17.4683(4) A from
Mg2sVMoOs, with Z = 6, can be written as MgV/eMosOss.  PXRD 3 Likewise, the unit cell for LiMg,(MoOy); has been
Magnesium cations occupy three crystallographically distinct getermined to be = 5.1064(7) Ab = 10.4666(14) A, and
positions: an 8d, and two separate 4c positions, for a total ; — 17.6443(23) A. The published values fopig(MoO,)s

of 16 magnesium positions. Therefore, one-sixteenth of the 5,0 4 = 5.1167(2) Ab = 10.4646(4) A, andt = 17.6228-
Mg positions are vacant, and Mg/MoOg can be rewritten gy A from single-crystal X-ray diffractioR.Owing to the

astlyeMg2sVMoOsg Or [1/4MGu51aV32MO3/2012 slightly larger sizes of both lithium and molybdenum

Further inspection of the end member formulations .omnhared to magnesium and vanadium respectively, the
revealed that it is easier to determine the substitution pattern|iice constants of LMg,(M0Os); are noticeably larger
of lithium into Mg2sVMoOg when the formulations are . compared to those of Mg/MoOs.

normalized with the same oxygen stoichiometry as The unit cell parameters and volume obtained for com
O14M015/4V 32M03:012 and LbMgMo3z01,. A more general i i
uaVlasiey 203z J12 olg2Vl0sb 1 . pounds corresponding to—= 0, 0.25, 0.50, 0.75, 1.00, 1.25,

formula can be written as #8301, where A = some :
and 1.5 for the formul&lys—yeli 4x3sM015/a-7w6V 3/2-xMO0z/24xO12

combination ofd, Li, or Mg, and B= some combination of ) ) i
V or Mo. On the basis of these observations, the formula ,(O = x = 1.5) are listed in Table 1. The lattice parameters

Oly/a—eLi s0aMGi5/a-706Va2xM0325012 (0 < X < 1.5) was increase as more lithium and molybdenum are incorporated
derived. and magnesium and vanadium are removed, corresponding
Substitution according to the formula to the aforementioned shift in peaks to lowet. Lraphs
Oya-xisLi 203MG 1574706V 3/2-xM0g/2:xO12 (0 < X < 1.5) was displaying th_e in(_:reasing Iattice_ parame_ters asa function of
successful. X-ray diffraction shows no evidence of other X are shown in Figure 4, and Figure 5 displays the increase
phases (Figure 3). Additionally, a lattice shift is observed In volume as a function of.
asx increases. The peaks shift to a lower angle, indicating Initial attempts at forming the solid solution based on the
a largerd-spacing, which is expected owing to the slightly formula LiMg.s xV1-xM01,Og failed and resulted in the
larger size of lithium and molybdenum. formation of a mixture of the phases,Mg,(MoO,); and
The unit cell for Mg sVMoOg has been determined to be  MgMoO, whenx = 1. This is expected as the lithium-rich
a=5.0543(2) Ab=10.3483(4) A, anat = 17.4713(7) A end member would be ‘LiMgM0,0g’ or ‘Li ,MgsM0,O¢,

Table 1. Unit Cell Parameters and Volume f&f/4-wsli4v3sMgis/a-7x6V 312-xM03/24x012 (0 < x < 1.5)

X formulation a(d) b (A) c(A) V (A3)

0 Mg2.sVMoOg 5.0543(2) 10.3483(4) 17.4713(7) 913.81(6)
0.25 Do,z;[Li0A3d\/|g3,45V1,2d\/|01,75012 5.0555(4) 10.3707(6) 17.5156(12) 91833(29)
0.50 Ooario.eM03.17V1.00M02, 0012 5.0630(4) 10.3921(7) 17.5448(12) 923.12(34)
0.75 DO.ld—i1.0M92.86V0.7§V|02.25£)12 5.0761(5) 10.4213(8) 17.5684(2) 92936(8)
1.00 Oo.od-i1.39M02.58V 0.50M02.5¢0012 5.0851(9) 10.4355(16) 17.5899(27) 933.42(389)
1.25 Oo.od-11.6M02.29V 0.29M02 75012 5.0993(3) 10.4519(5) 17.6030(8) 938.19(12)
1.50 LbMg2(M0Os)3 5.1064(7) 10.4666(14) 17.6443(23) 943.03(225)
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045 910 and 860 cm in the Raman spectrum of MgVMoOs
0401 Pl are assigned to the symmetric stretchingnode of MoQ
P /0/ and VQ, tetrahedra, respectively. The bands at 370 and 387
£ 9351 e cm ! are assigned to the bendingy(E) or v4(T,)) vibration
% 930+ /.—/ of MoO, and VQ, tetrahedra, respectively. Also, bands at
% 9254 yd 823 and 791 cmt are assigned tovs(T,) asymmetric
£ 920 el stretching vibration of Mo@and VG, tetrahedra, respec-
= o151 ’/" tively. The intensity of the bands varies with the content of
* vanadium (See Tables 1 and 2, and Figure 6), which strongly
910

00 02 04 06 08 10 12 14 16
X

Figure 5. Variation of unit cell volume as a function afin the formula

O1/a-xi6Li 403M15/4-7x6V 312-xM03/24x012 (0 < X < 1.5).

supports these assignments. Thheband positions of the
aqueous Mo@¥~ and VQ? tetrahedra have been observed
at 317 and 336 cmi, respectively, and are estimated to
overlap with thev, band positiong® A relatively weak, but
distinct band (see Figure 6dj) at 326 cm® is likely due to

o
5 % Q g § the vo(E) or v4(T,) bending vibration of Mo@ tetrahedra
T N\ ©_ because it is stronger when the Mo concentration is relatively
: l g higher.

(9) LizMgzMoso12

() x=1.25
(e) x=1.00

(d) x=0.75

Normalized Intenisity
1

(c) x=0.50

(b) x=0.25
(a) Mg, VMoO,

—T T T T T T T T T
200 300 400 500 600 700 800 900 1000 1100

Raman shift (cm™)

M=0O Stretching Vibrations. M=0O (M =V, Mo, W,
etc.) stretching Raman bands generally appear220—
1040 cnt.38 While the high-frequency metabxo bands
observed in Figure 6 are of similar frequency to surface
M=0 species, it is important to note that none of the oxygen
atoms are likely to be singly coordinated. Each oxygen atom
is three coordinate in bEMg;Mo030:1,, when no cation
vacancies are present. However, as vacancies are incorpo-
rated at the Li/Mg(2) position, the coordination environments
of O(2) and O(5) are changed. Instead of bonding to two
Li/Mg(2) and one V/Mo(1) or V/IMo(2) (three total bonds),
0O(2) and O(5) are bonded to only one Li/Mg(2) and one
VIMo(1) or V/IMo(2) (two total bonds), respectively. The
double-bond character that is reflected in the high-frequency
Raman bands is a result of the two-coordinate oxygen atoms

Figure 6. Raman spectra of the solid solution being more strongly bonded to the higher-valent transition
O1/a-x6Li 4v3M15/a-7x6V 312-xM03124x012 (0 = x < 1.5). Intensities are metal ion.
normalized to a strong band attributed to the bending vibration centered at . .
370-387 cnrl. In a companion paper, the Raman spectrum for isostruc-
tural Mg sVWOg showed a band at 1035 cfy which was
which is not a known compound. The end member of the assigned to the WO stretching vibration, and showed no
solid solution is LiMgoM03012. other bands in the~970-1030 cm! range!’ Because
In contrast to solid solutions where one or two metals and vanadium is common to both MgVMoOg and Mg sVWOsg,
the ratio therein is varied, changing in the formula V=0O-related vibrations are expected to appear at the same
O1/a—x6li av3M15/4-7x6V 3/2-xM 037244012 (0 < X <1.5) affects frequency in the vibrational spectra for the respective
the stoichiometry of four metals and corresponding vacanciesmaterials. Therefore, the Raman bands observeedaD—
in order to maintain compositions where one phase is 1016 cnt'in Figure 6 should be attributed to MoO-related,
observed. The solid-state crystal chemistry with other and not VO-related, vibrations. The band centered at 1016
combinations of metal oxides that can be envisioned with cm™ in the Raman spectrum of MgvMoOg was assigned
only one variable in solid solutions that parallel tothe Mc=O stretching vibration of the molybdenunoxo
Oyia-xeli 40aM01514-706V 312 xM03121012 (0 < x < 1.5) appears  bond located next to Mg(2) cation vacanctédhe Raman
to be extensive. spectrum of LiMg»(MoOy); does not show the band at 1016
Raman Spectra of the Solid SolutionFigure 6 displays ~ cm™! (Figure 6g), which strongly supports the assignment
the Raman spectra for the solid solution of because LMgx(MoO4)s; does not contain vacancies. Ad-
O1/4-w6Li 403M15/4-7x6V 3/2-xM03/24x012 (0 < x < 1.5) at ditionally, the band position at 1016 cimatches well with
formulations corresponding to = 0.25, 0.50, 0.75, 1.00, surface terminal M&O stretching vibrations seen at 1012
1.25, as well as the end members MgMoOg (whenx = cm~L137 The relatively lower intensity of the band at 1016
0) and LbMg2(M0oOy)s (whenx = 1.5). On the basis of  than 910 cm? (the symmetric stretching, mode of MoQ)
known trends of positions and relative intensities of the
(Al) Raman bands for V& MoO,, and WQ tetrahedra and (36) Mestl, G.; Srinivasan, T. K. KCatal. Re.. — Sci. Eng.1998 40,
by comparing Raman spectral features forMgMoOs and (37) ‘éShl;n5,7SO.. S.; Wachs, I. E.; Murrell, L. L.; Wang, L.; Hall, W. K.
Mg2sVWOsg in a companion papéf,the bands centered at

Phys. Chem1984 88, 5831-5835.
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Table 2. Assignments and Raman Wavenumber Shifts imtof VO~ and MoQ?~ Tetrahedra in the Solid Solutién

Point group, symmetry species, vibrational mode (all | Mg, . VMoO,(when x =0) | LiMg,(MoO,), (when x = 1.50),
modes are Raman active), and the correlation & x =0.25-1.50
T,: 4 frequencies C: 9 frequencies MoO,” Vo, MoO,”
v(M-0) |v,A4, » v(M-0) A’ 1910 860/ 910t
v, (M-0)* 1016 (Mo=0), 944 (V=0) | 995-1012 (Mo=O---Li),
974 (Mo™0O---Mg) 974! (Mo=0O---Mg)
v.M-0) |V, T, / vM-0) 807 799° 853"
MO, scissor 370, 387 3701
MO, wag 326 326!
v,, E
Bending Deformation
(O-M-0)
v, T, MO, rock A”
MO, twist
v, (M-0) 823 791 823l

aQsand Q is the oxygen with a shorter and a longerI®@ bond length, respectively, than any others=MW/, Mo. ? Estimated for the V/Me-O bond
length of 1.77 A Estimated for the Me-O bond length of 1.79 Adt and! means that the band is stronger and weaker, respectivekyinaseases from
0 to 1.5. The MoG*~ column on the left refers only to MgVMoOs, while the MoQ2~ column on the right refers to the phases corresponding frem
0.25 tox = 1.50. The V@3~ column in the middle is common to the phases frors 0 to x = 1.25.

: : Table 3. Comparison of Bond Lengths Reproduced from Refs 3 and
in the Raman spectrum of MgvMoOs (Flgure 6a) can be 13 for All the Atoms that Are on the Same Positions in Isostructural

explained by the low concentration of the vacancies (6.25%). Li,Mg,Mo030:» and Mg sVMoOg?

The band centered at 1016 chin the Raman spectrum Mg2.sVMoOg (x = 0) LioMgoM0o3012 (x = 1.5)
of Mg.sVMoOg (x = 0) seen in Figure 6a gradually shifts VIMo(1)-0(2) 1.713(4) Mo(1}-0(2) 1.745(2)
to lower wavenumbers, and the intensity becomes weakerviMo(1)-0(3) x 2 1.741(3)x 2 Mo(1)-0(3) x 2 1.765(2)x 2
asx in the formuladys-xelissM1s/a-7x6V 3/2-xM03/24xO12 VIMo(1)—-0(4) L.770(5) Mo(1yO(4) 1.793(3)
(0 = x < 1.5) increases. The gradual red-shifts and the ngg:ggg i;igg mgg;g%g ﬂgg%
weakening of the shifted bandsxamcreases from 0to 1.50  viMo(2)-0(6) 1.745(3) Mo(2)-0(6) 1.786(2)
are likely due to a systematic decrease in the oxygen p ?\/A/M;’(Z)—?U) %-744(3) m01(2*01(7) ;-749(5)
molybdenum & bonding related to the decrease in the Mggﬁigﬁsg 2:8??% Mgﬁgﬁsg 2:832233
number of the Mg(2) cation vacancies. The weaker bonds mg(1)-0(3) 2.142(4) M(1)>-0(3) 2.186(2)
are reflected in the increase of the average bond lengths omggg:gggg g-ggggg mgggggg %cl)%g%
Mo(1)—0(2) and Mo(2)-O(5) and the expansion of the unit Mg(l)—O(e) 2.095(4) M(1)-0(6) 2.117(2)
cell dimensions (see Tables 1 and 3). Mg(2)—-0(2) x 2 2.106(6), 2.119(6) M(DO(2) x 2 2.129(4)x 2

- ; Mg(2)-O(B)x 2 2.049(4)x 2 M(2)-O(5) x 2 2.050(3)x 2

Structural distortion of the tetrahedral Mﬁ).n that Iowers Mg(2)-O() x 2 2.066(4)x 2 M(@2)—0(5) x 2 2.058(3)x 2
the Ty symmetry to Cs symmetry was discussed in a mg3)-0(1)x2  2.059(4)x 2 M(3)—O(1) x 2 2.133(3)x 2
companion papéfand the band at 974 crhseen in Figure ~ Mg(3-0(7)x 2 2.117(4)x 2 M3)-O(7)x 2 2.172(4)x 2
6a was assigned to the symmetric stretchitigsymmetry, Mg@)-0(")x 2 2.178(4)x 2 M@)~0(7)x 2 2.206(3)x 2
Cs group) vibration of Me=O-type (i.e., Me==O) bonds a All of the atomic labels from ref 13 were converted to the numbering

where M@* binds to the oxygen. This assignment is System used in ref 3 for clarity.

supported by the appearance of the band- @74 cmt in Li,Mg2(MoOy)s, 1.745 A for Mo(1)-O(2) (see Table 3), is

the Raman spectra for all compositions of the solid solution gjmilar to that observed for MgMaOThe Mo—O bond order
because Mg is common to each phase and by the absence;, pge--0- - -Mg®" for a frequency of 973974 cnt! is

of the band in the Raman spectrum of MgWOsg, where estimated to be-1.838
the Mo is rep'laced by W’ The band position is in good Similarly, the bands at 9951012 cm? seen in Figure
agreement with a band observed at 967 trfrom the 6b—g are assigned to the symmetric stretchifigsymmetry,

Mo—O stretching in the distorted MQ;Otet_rahedra of Cs group) vibration of Me=O-type (i.e., Me=:0) bonds
MgMoO,* The shortest MeO bond length in MgMo®  \yhere Lit binds to the oxygen. The ticoordination to

is 1.73 A3° while the shortest MeO bond length in the oxygen increases the M® bond length, which

(38) Hardcastle, F. D.; Wachs, |. BE. Raman Spectros&99Q 21, 683— (39) Bakakin, V. V.; Klevtsova, R. F.; Gaponenko, L. Kristallografiya
691. 1982 27, 38—42.
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lowers the Me&=0 stretching frequency. Asin the formula lographic model? a Raman band attributed to the VO
O1/a—xeli 403sMQ15/4-7x6V 32-xM03/24x012 (0 < x < 1.5) in- stretching vibration associated with the vacancies is expected
creases, the number offLbound to O(7) increases because to appear. The VO stretching vibration in the MgMoOsg
it has been shown that the M(3) site is primarily occupied structure should appear above 1000 &since the terminal
by Li* in Li,Mg,M0301,.2 Additionally, the number of Li V=0 stretching on surfaces typically appears in this region.
bound to O(2) will increase as the M(2) cation vacancies However, the assignment of the band at 1016 %ttm V=0
are gradually filled. The gradual increase of lbinding to was excluded in the companion paper because a high-
0(2) and O(7) and subsequent decreasehionding between  frequency band appeared only at 1035 ¢fior Mg, sVWOs,
the oxygen p and molybdenum d orbitals are likely respon- and the \*=O vibration is expected to be located at the same
sible for the red-shift of the MeO stretching frequency from  frequency in these materials.
1016 to 995 cm'. This assignment is supported by the lack  The observed V/Mo(£)O(2) bond length, which is
of the bands at 9951012 cni* in the Raman spectrum of  dependent upon the crystallographic model, of 1.713 A (see
Mg25sVMoOg because it does not contain lithium. Table 3) should be an average of four bonds: The ¥(1)
Although tetrahedrally coordinated ;MoO, might be 0O(2) that does not border a vacancy, the Me{(D)2) that
expected to be a model compound for estimating the does not border a vacancy, the V{1)(2) that borders a
stretching frequencies of Licoordinated Me-O (or Mo=0O- vacancy, and the Mo(3)O(2) that borders a vacancy. The
type) bonds, the bond lengths and angles eMaO,* are bond lengths of the V(1)O(2) and Mo(1)}-O(2) bonds that
not a good match for modeling 4Ng,(MoOs)s. The Mo—O border a vacancy are estimated tob#.66 and~1.70 A,
bond lengths in LIMg,(Mo00Q,); are shorter compared to the respectively. The estimation is obtained from the average
Mo—O bond lengths in LMo0O,, and the MoQ tetrahedral V/Mo(1)—0(2) crystallographic bond length of 1.713 A, an
angles in LiMg»(MoOg); show a greater degree of angular estimated V/Mo(1>0O(2) bond length of~1.741 A based
distortion compared to the MaOtetrahedral angles in  on the V/Mo(1)-O(3) bond length that does not border a
Li,MoO4*° Therefore, the highest MeO Raman stretching  vacancy, as well as the degree of difference irn® and
frequency for LiMg2(MoOy)s is estimated to appear at a Mo—0O bond lengths in compountishat are isostructural
higher frequency than the highest observed-Nbstretching to Mg, sVMoOg but consist of ordered (i.e., V-only or Mo-
band at 903 cmt for the Li,M0O,.4 only) tetrahedra. The estimated VO and MoO bond lengths
A more accurate model for ticoordinated to MeO- of 1.66 and~1.70 A correlate with a bond order of -3.6
type bonds may be the coordination of a hydrogen atom from and 1.8-2.0, respectively. This correlates with a vibrational
a water molecule to the oxygen in terminaFE\D bonds on frequency of 929 and 1016 crh respectively, on the basis
surfaces. A band at 975 cthhas been attributed to surface of Wachs’ correlatioff and a correction for the degree of
terminal stretching vibrations of MeO where hydrogen in  tetrahedral angular distortion assuming that the MogB@
water is coordinated to the oxygen (i.e., M®- - -H in V(1)O, tetrahedra have the same degree of tetrahedral angular
H.0),3" and is close in position to the observed band centereddistortion.
at 995 cm?! in Figure 6. The Me-O bond orders for the Recently, combined EXAFS and Raman datar the
bands at 1016 and 995 ctnhare estimated to be near 2.0 tetrahedrally coordinated=O terminal bond/stretching on
(i.e., ideal Me=0O double bond) and 1.9, respectively, from alumina supported vanadia catalysts demonstrate that a
a correlation relating Me O bond order to Me-O stretching terminal V=0 Raman band at 1022 crhcorresponds to a
frequency?® very short =0 bond length of 1.58 A. Wachs’ correla-
Because Mo®is a strong Raman scatterer and was used tion®34345indicates that the ¥O bond length should be
as a starting material in the synthetic procedure, the two much shorter than the corresponding MeA® bond lengths
bands at 995 and 823 crhappearing together in the Raman for the M—O (M =V, Mo, W) Raman bands with the same
spectra of thex = 1.0-1.5 samples (Figure 6gg) may be vibrational frequency. For example, the-D, Mo—O, and
due to a trace amount of MaOHowever, this possibility ~ W—0O bond lengths are estimated to be 1.60, 1.69, 1.71 A,
can be excluded owing to the lack of other characteristic respectively, for a Raman frequency at 1000 trhikewise,
strong bands of Mog»? at 663 and 289 cnii, as well as the  the correlation shows that the-\O stretching should appear
lack of any XRD diffraction peaks from Mofand to the at a much lower frequency than the MoAMD stretching at
reproducible Raman spectra (i.e., appearance of the twothe identical V/Mo/W-0O bond length. For example, Raman
bands at 995 and 823 c’#) when the samples were calcined bands for the VO, Mo—O, and W-O stretching are
at 900°C, a temperature that is well above the melting point estimated to appear at 902, 1076, and 1120%cmespec-
of MoOs (795°C). The band at 823 cmis assigned to the  tively, at a single M-O bond length of 1.65 A.
Mo—0O asymmetric stretching vibration (see Table 2). The difference in bond length/strength between®and
Since vanadium and molybdenum atoms equally occupy Mo/W—0O bonds is primarily due to the difference in valence.
each V/Mo-centered tetrahedral position in the crystal- To satisfy the bond valence, a tetrahedrally coordinated

(40) Kolitsch, U.Z. Kristallogr. 2001, 216, 449-454. (43) Hardcastle, F. D.; Wachs, I. E.Phys. Cheml991, 95, 5031-5041.
(41) Amdouni, N.; Zarrouk, H.; Soulette, F.; Julien, C. MMater. Chem. (44) Keller, D. E.; de Groot, F. M. F.; Koningsberger, D. C.; Weckhuysen,
2003 13, 2374-2380. B. M. J. Phys. Chem. B005 109, 10223-10233.
(42) Mestl, G.; Ruiz, P.; Delmon, B.; Knozinger, Bl. Phys. Chenil994 (45) Hardcastle, F. D.; Wachs, |. B. Raman Spectros¢995 26, 397—
98, 11269-11275. 405.
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VO.2~ unit should have three ‘single’ bonds and one ‘double’ and one-fourth of these sites are empty on average. Clusters
bond, while tetrahedrally coordinated MgO or WO~ of trimers of face-sharing Mg cations bordered by vacan-
units should have two ‘single’ bonds and two ‘double’ bonds. cies effectively relax the two Mg cations at the end of the
Therefore, the Mo/W-O bond orders tend to be higher than trimer which displace toward the vacancies. Such clusters
the corresponding ¥O bond order for the same tetrahedral may also couple to additional order of the tetrahedral sites
geometry. For example, a MeO double bond was observed that comprise the wall of the hexagonal tunnel. Specifically,
by Raman spectroscopy in the mixed V/Mpt@trahedra of  the vacancies are surrounded by six®¥lcentered tetrahedra.
FeVMoO; and CrVMoQ. However, no vanadiumoxo The two Mg ions on the end of the trimer are surrounded
double bond was observed even though the shorte<DV by three \#*- and three M&'-centered tetrahedra, while the
bond length of 1.651.66 A is shorter than the shortest Mg?* in the center of the trimer is surrounded by siX"V
Mo—O bond length of 1.69 A in the tetrahedral structtfe.  centered tetrahedra. The model is further illustrated in Figure

Using 1.66 A as an estimation for the VA®(2) bond  2b.
length associated with cation vacancies, a shoulder band
appearing at 944 cn, closest to the estimated frequency
of 929 cn1?, in the Raman spectrum of MgVMoOs is A complete solid solution between the phases
assigned to the V(HO(2) stretching vibration. Supporting  Mg2s5VMoOg and LpMgz(MoO,); governed by the formula
evidence is that the band at 944 cnobserved as a shoulder  Oy/s—yeli403MJ15/4-7x6V 3/2-xM03/21x012 (0 < x < 1.5) was
in the Raman spectrum of MgVMoOg is not seen in the  discovered in which remarkably complex solid-state chem-
Raman spectrum of vacancy-filled and vanadium-missing istry can be described by one variable. Cation vacancies are
Li,Mg,(MoOy)s. However, the shoulder is very weak, sug- required to maintain electrical neutrality. High-frequency
gesting that the concentration of VEAQ(2) bonds surround-  Mo=O Raman bands shift to lower frequencies, correlating
ing the vacancies are much less than the correspondingwith a decrease in the molybdentioxygen bonding, as the
Mo(1)—0(2) bonds, and thus Mo@referentially associates  cation vacancies are filled. The apparent absence=e®V
with the cation vacancies. If this V()O(2) bond length is bands suggest local ordering of the M&hd MoQ tetrahedra
somewhat longer than1.66 A, then the vibrational assign-  surrounding the vacancies that places primarily MoO
ment should be revised to the Raman band at 860'cm tetrahedra around the cation vacancies.
which shows similar spectral variation (red-shifted and
weaker asx increases) to the band at 1016 émThe
observed Raman frequencies and their assignments, as wi
understand them at the present time, are summarized in Tabl
2.

Conclusions
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