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IR and Raman studies of the low- and high-temperature
phases of LiIn(MoO4)2 were performed at ambient temperature.
The crystal structure of the low-temperature modi5cation was
solved. The observed vibrational modes were assigned to the
vibrations of respective atoms in the unit cells. The origin of
brown coloration and unusual shift of stretching vibrations to-
ward higher energy, observed for the low-temperature poly-
morph, were explained as a result of instability of wolframite-
type structure containing MoO6 octahedra. ( 2000 Academic Press

Key Words: double molybdates; vibrational spectra; phase
transition.

INTRODUCTION

Metal molybdates and tungstates represent a large class
of inorganic compounds, which have found application in
the "eld of heterogeneous catalysis and quantum electronics
(1}3). Many of these compounds exhibit also ferroelectric
and ferroelastic properties (4}6). The discussed compounds
may crystallize in a very wide number of structures, which
may be regarded as originating from either the structure of
scheelite (CaWO

4
), with isolated MoO2~

4
(WO2~

4
) tetra-

hedra, or the structure of wolframite, with octahedral coord-
ination of hexavalent atoms. For simple molybdates and
tungstates, of the formula MIIMVIO

4
, the scheelite-type

structures are stable if the di!erence in the ionic radius of
MoVI (WVI) and the bivalent cation MII is large, whereas the
octahedral coordination is realized when this di!erence is
small (7). Therefore, the wolframite-type tungstates are for-
med only for bivalent cations with ionic radii smaller than
0.97 A_ , i.e., for Fe, Mn, Co, Ni, Mg, Zn, Cd (7). In case of
double tungstates, with the general formula MIMIII(WO

4
)
2
,

the wolframite-type structures were reported for MI"Li,
Na and MIII"In, Sc, Fe (8,9). Because of smaller ionic
radius of MoVI, when compared with WVI (10), simple
molybdates may crystallize in structures built of MoO
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octahedra if the ionic radius of the bivalent cation is smaller
than 0.77 A_ , i.e., for Fe, Ni, Co (7). However, the formed
crystal structure is not similar to that of wolframite
(1, 11, 12). Moreover, even for these small bivalent cations
the crystal structure may be transformed at high temper-
atures into the structure with tetrahedral coordination of
Mo atoms (1, 13).

In the present paper we are going to report on vibrational
studies of the low- and high-temperature phases of
LiIn(MoO

4
)
2
. This double molybdate is an interesting

material for investigation since it is the only known
representative of a very large family of double molyb-
dates, which was reported to crystallize at ambient temper-
ature with octahedral coordination of Mo atoms and which
exhibits a high-temperature phase transition into a struc-
ture with isolated MoO2~

4
tetrahedra. We will show that the

low-temperature structure of LiIn(MoO
4
)
2

is di!erent from
that of simple molybdates with Fe, Ni, and Co atoms; i.e.,
LiIn(MoO

4
)
2

crystallizes in the typical wolframite-type
structure and is isostructural to LiIn(WO

4
)
2
.

EXPERIMENTAL

Single crystals of the low-temperature polymorph were
grown by the #ux method developed by Klevtsov et al. (14).
The cooling rate was 23C/h and the obtained crystals were
pale brown. The high-temperature phase was obtained by
heating a small amount of the obtained crystals to 7503C in
a platinum crucible and then by cooling to ambient temper-
ature at a rate of 103C/min. The obtained colorless crystals
were very small, with dimensions less than 0.5 mm. The
purity of the both phases was checked by measuring the
powder X-ray di!raction pattern using a Stoe powder dif-
fraction system, employing CuKa radiation. The measured
di!raction pattern for the low-temperature structure was
identical to that reported in Ref. 15. Since there are no
literature data concerning the X-ray powder di!raction data
for the high-temperature phase, the measured di!ractogram
was compared with that calculated from the single-crystal
data, reported in Ref. 16. The recorded and calculated



TABLE 2
Atomic Coordinates (3104) and Equivalent Isotropic
Displacement Parameters (A_ 23103) for LiIn(MoO4)2

x y z ;(eq)

In(1) 0 9072(1) 2500 4(1)
Mo(1) 2681(1) 8425(1) !2496(1) 3(1)
Li(1) 5000 9071(18) 2500 38(5)
O(1) 1227(2) 9358(2) !3893(4) 5(1)
O(2) 3529(2) 7000(2) !666(4) 6(1)
O(3) 3620(2) 8065(2) !5425(4) 6(1)
O(4) 3756(2) 9414(2) !925(4) 8(1)

Note. ;(eq) is de"ned as one-third of the trace of the orthogonalized
;ij tensor.

POLYMORPHIC FORMS OF LiIn(MoO
4
)
2

499
patterns were identical, indicating that the obtained sample
is very pure.

A single crystal of the low-temperature phase of
LiIn(MoO

4
)
2

was investigated by the X-ray di!raction
method. Data for the structure determination were collected
on a KM-4 KUMA single-crystal di!ractometer with
graphite-monochromated MoKa radiadion (j"0.71073 A_ ).
Lattice parameters were determined by least-squares re"ne-
ment of the setting angles for 30 selected re#ections.

IR spectra were recorded with a Biorad FT-IR spectrom-
eter. The polycrystalline spectra were measured in KBr
suspension in the region 1100}450 cm~1 and in nujol sus-
pension in the region 600}30 cm~1. Raman spectra were
recorded in the region 1100}100 cm~1 with a Brukker FT-
Raman spectrometer and the 1064-nm excitation. In the
low-frequency region, below 200 cm~1, the Raman spectra
were obtained with a TH1000 Ivon Jobin spectrometer and
514.5 nm excitation. All spectra were recorded with a res-
olution of 2 cm~1.

RESULTS AND DISCUSSION

Low-Temperature Phase Structure Determination

A total of 5559 re#ections in a range 23(2h(1013 were
collected using a u-h scan technique, with prescanning and
a scan speed depending on the intensity (0.02 to 0.13/min),
and scan range (u) 1.33. No signi"cant intensity variation
was observed for two standard re#ections monitored every
TABLE 1
Crystal Data and Structure Re5nement for the

Low-Temperature Phase of LiIn(MoO4)2

Empirical formula In Li Mo
2

O
8

Formula weight 441.64
Temperature 293(2) K
Wavelength 0.71073 A_
Crystal system, space group monoclinic, C2/c
Unit cell dimensions a"9.504(2) A_ , a"903

b"11.459(2) A_ , b"91.49(3)3
c"4.9940(10) A_ , c"903

Volume 543.69(18) A_ 3
Z, calculated density 4, 5.395 Mg/m3

Absorption coe$cient 8.749 mm~1

F(000) 800
Crystal size 0.2]0.23]0.16 mm
h Range for data collection 2.78 to 50.16
Limiting indices !204h420, 04k424,

!104l410
Re#ections collected/unique 5559/2849 [R(int)"0.0525]
Completeness to h"50.16 48.1%
Re"nement method Full-matrix least-squares on F2

Data/restraints/parameters 2849/0/57
Goodness-of-"t on F2 1.284
Final R indices [I'2p(I)] R1"0.0412, uR2"0.1067
R indices (all data) R1"0.0457, uR2"0.1093
Extinction coe$cient 0.0102(7)
Largest di!. peak and hole 7.992 and !4.870 e. A_ ~3
50 measured re#ections. After merging (R
*/5
"0.0525) 2849

independent re#ections, 2226 with F'4p(F) were used for
the structure determination. Lorenz, polarization, and ab-
sorption correction were applied. Empirical absorption cor-
rection was based on t scans of selected re#ections. The
extinction was introduced in the re"nement. The SHELX97
(PC version) program was used for all the structure calcu-
lations (17).

The LiIn(MoO
4
)
2

crystals have a monoclinic symmetry
(space group C2/c) with four chemical units (Z"4) forming
the room temperature cell. Lattice parameters at room
temperature are the following: a"9.504(1), b"11.459(1),
TABLE 3
Selected Bond Lengths (A_ ) for LiIn(MoO4)2

In(1)}O(2)a 2.0903(17)
In(1)}O(2)b 2.0903(17)
In(1)}O(2)c 2.1455(19)
In(1)}O(2)d 2.1455(19)
In(1)}O(2)e 2.2635(18)
In(1)}O(2)f 2.2635(18)
In(1)}In(1)g 3.2794(5)
Mo(1)}O(4) 1.7031(19)
Mo(1)}O(3) 1.7817(19)
Mo(1)}O(1) 1.8675(17)
Mo(1)}O(2) 2.0284(18)
Mo(1)}O(2)a 2.0362(18)
Mo(1)}O(3)h 2.3361(19)
Mo(1)}Li(1) 3.368(5)
Li(1)}O(3)i 2.048(12)
Li(1)}O(3)d 2.048(12)
Li(1)}O(4)j 2.091(4)
Li(1)}O(4) 2.091(4)
Li(1)}O(4)k 2.254(16)
Li(1)}O(4)e 2.254(16)
Li(1)}Li(1)i 3.28(3)

Note. Symmetry transformations used to generate equivalent atoms:
a!x#1/2, !y#3/2, z. bx!1/2, !y#3/2, z#1/2. c!x, y,
!z!1/2. dx, y, z#1. ex, !y#2, z#1/2. f!x, !y#2, !z. g

!x,
!y#2, !z#1. h!x#1/2, !y#3/2, !z!1. i!x#1, y,
!z!1/2. j!x#1, y, !z#1/2. k!x#1, !y#2, !z. i!x#1,
!y#2, !z#1.



FIG. 1. The crystal structure of the low-temperature phase of
LiIn(MoO

4
)
2

projected on yz plane.

FIG. 2. The projection of the arrangement of the polyhedra for In, Li
and Mo on xy plane.
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c"4.994(1) A_ , b"91.493, <"543.69(2) A_ 3 (see Table 1).
The "nal discrepancy factor is R"0.0412. Final coordinates
and equivalent isotropic displacement coe$cients with e.s.d.s
in parentheses are presented in Table 2, and selected
interatomic distances in Table 3. The crystal structure
of LiIn(MoO

4
)
2

projected on yz plane is shown in Fig. 1
and the projection of the arrangement of the polyhedra for
In, Li, and Mo projected on xy plane is shown in Fig. 2.
TABL
Factor Group Analysis for the High-Temper

C
2)

E C
2
(b) i p

h
n(N) n(¹@(Li)) n(¹@

A
'

1 1 1 1 36 3 3
B
'

1 !1 1 !1 36 3 3
A

6
1 1 !1 !1 36 3 3

B
6

1 !1 !1 1 36 3 3

Note. n (N) denotes the total number of modes; n(¹@(Li)), n(¹@(In)), and n
MoO2~

4
ions, respectively; n(L) and n(int) denote the number of librational
High-Temperature Phase of LiIn(MoO
4
)
2

The high-temperature modi"cation of LiIn(MoO
4
)
2

is
stable above 7003C (16) but it may be easily quenched to
ambient temperature. Its crystal structure is monoclinic,
P2

1
/c, and the unit cell contains four molecular units (16).

All atoms are situated in general positions and the MoO2~
4

ions occupy two sets of nonequivalent sites. The results of
factor group analysis are shown in Table 4 and the recorded
E 4
ature Phase of LiIn(MoO4)2 (P21/c, Z 5 4)

Activity
(In)) n(¹@(MoO

4
)) n(¸) n(int) IR Raman

6 6 18 * xx, yy, zz, xz
6 6 18 * xy, yz
6 6 18 y 2

6 6 18 x, z 2

(¹@(MoO
4
)) denote the number of translational modes of Li`, In3`, and

and internal modes, respectively.



FIG. 3. (a) IR and (b) Raman spectra of the high-temperature phase of LiIn(MoO
4
)
2
.

POLYMORPHIC FORMS OF LiIn(MoO
4
)
2

501
IR and Raman spectra are presented in Fig. 3. The vibra-
tional frequencies and the proposed assignment are shown
in Table 5. The number of well-resolved peaks in the Raman
spectrum, 34, and IR spectrum, 33, is approximately half of
that predicted, indicating that for the majority of modes the
Davydov splitting is very small and cannot be observed for
the polycrystalline samples. The stretching modes region is
well-separated from the lattice and bending modes, in agree-
ment with the X-ray analysis showing that the coordination
of the Mo atoms is tetrahedral. However, the observed
frequency range of stretching modes is unusually broad and
this may be attributed to the large distortion of the MoO2~

4
tetrahedra. The X-ray analysis shows that although one of
the MoO2~

4
tetrahedra is rather weakly distorted, the sec-

ond independent MoO2~
4

ion shows a large distribution of
Mo}O bond lengths, which change from 1.701(3) to 1.862(3)



TABLE 5
Measured Vibrational Modes (in cm21) for the

High-Temperature Phase of LiIn(MoO4)2 Together
with Literature Data for LiAl(MoO4)2 (19)

LiIn(MoO
4
)
2

LiAl(MoO
4
)
2

IR Raman IR Raman Assignment

* 983vw * * Overtone
978m 966m 972sh 977m l

4
(MoO

4
)

961m 952vs 963s 957vs l
4
(MoO

4
)

* 938vw * * overtone
930sh 916m 948m 929m l

!4
(MoO

4
)

919s 900w 902w 900m l
!4
(MoO

4
)

899sh * * * l
!4
(MoO

4
)

895s 881w 857s 861w l
!4
(MoO

4
)

853w * * * overtone
832s 839w 807s 835w l

!4
(MoO

4
)

792s 817m 750m 806w l
!4
(MoO

4
)

693sh 761w * * overtone?
686s 738w 700s 744w l

!4
(MoO

4
)

466m 431w 510s 518w
404m 403w 426m 487w d

!4
(MoO

4
),

400sh 383w 399m 451w ¹@(Li`), and ¹@(Al3`)H
* * 369m 424w
359w 352m 359w 403m
343w 335m 331w 380s d

4
(MoO

4
)
2

and
325w 318m * 331w ¹@(Li`) H
314w 313w 305m 317w
293m 301m 282sh 295m
273w * * 266m
260m 257w 251m 238w ¹@(In3`) and
231m 234w * * ¹@(MoO

4
) H

225m 209w 204m 200m
207w 199vw * 196sh
* 183vw * *

172w 176m 176w *

164sh 162m * 174m
159w 140m * 155m
153sh 127vw 137w 142w L(MoO

4
) and

140w 113w 127w 128vw ¹@(MoO
4
) H

135w 102w 115m
107w 91m 89m
94w 70m
85w 60m 75w 82m

50w
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A_ (16). Such a large di!erence in bond lengths may be
the result of interactions between the adjacent ions, which
lead to formation of weak Mo}O2Mo bridging bonds.
Such weak bonds, with the Mo2O distance of 2.43(3)
A_ , were found in LiAl(MoO

4
)
2

crystal, which has a
crystal structure very similar to that of LiIn(MoO

4
)
2

(16,18). Because of the similarity of the crystal structures
of the both molybdates, it is reasonable to compare their
vibrational properties in order to facilitate the assignment of
the observed modes. This is especially useful in our case
since the vibrational spectra of LiAl(MoO

4
)
2

were
studied in detail and the vibrational assignment was pro-
posed on the basis of phonon calculation and isotopic
substitution (19).

Such a comparison permits straightforward assignment
of the majority of stretching modes (see Table 5). It should
be noticed, however, that the spectra of LiIn(MoO

4
)
2

show
the presence of more vibrational modes than the spectra
recorded for LiAl(MoO

4
)
2
. These additional weak bands,

observed at 983, 938, and 853 cm~1, may be assigned most
likely to overtones or combination modes. The origin of the
761 cm~1 Raman band is not clear since its intensity seems
to be too high for an overtone. Moreover, the frequency
di!erence between this mode and the 738 cm~1 line seems
to be too large to permit the assignment of these two modes
as a Davydov doublet.

The comparison of the low-frequency spectra of
LiAl(MoO

4
)
2

and LiIn(MoO
4
)
2

allows us to conclude that
the bending vibrations give rise to the bands observed in the
290}470 cm~1 region. The translational modes of Li` and
MoO2~

4
ions, i.e., ¹@(Li`) and ¹@(MoO2~

4
), and librational

modes (L(MoO
4
)) are observed in the 290}470, 50}280,

and 50}180 cm~1 regions, respectively. The remaining
modes, describing translational motions of In3` ions, may
be located on the basis of vibrational studies of
LiAl(MoO

4
)
2

(19) and a few other alkali ion}indium and
}aluminium tungstates and molybdates (20, 21). These stud-
ies show that the substitution of Al3` ions by much heavier
In3` ions leads to frequency decrease from 400}500 to
200}250 cm~1, respectively. We may assign, therefore, the
multiplet in the 180}280 cm~1 range to the translational
modes of In3` ions coupled with ¹@(MoO

4
) phonons. The

proposed assignment is further supported by the observa-
tion that in the 370}520 cm~1 range more modes are ob-
served for LiAl(MoO

4
)
2

than for LiIn(MoO
4
)
2
, whereas

the opposite behavior is noticed in the 180}280 cm~1

range.

Phase Transition and the Vibrational Properties of the
Low-Temperature Phase of LiIn(MoO

4
)
2

LiIn(MoO
4
)
2

exhibits a "rst-order phase transition at
7003C (16) and its low-temperature structure was reported
to be similar to that of LiIn(WO

4
)
2
and LiFe(WO

4
)
2

(15, 22,
23), i.e., wolframite-type with MoO2~

4
ions connected each

other to through double oxygen bridges. The
conclusion that LiIn(MoO

4
)
2

is isostructural to the respect-
ive tungstates was derived from the similarity of their pow-
der di!raction patterns. The results of the single-crystal
X-ray study, presented in the previous section of this paper,
con"rm this conclusion. These results show that the "rst-
order transition is without a group}subgroup relation and
that as a result of the transition the structure of
LiIn(MoO

4
)
2

collapses, leading to 23.0% decrease in the
unit cell volume.
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The IR and Raman spectra of the low-temperature phase
of LiIn(MoO

4
)
2
(presented in Fig. 4) are also consistent with

the conclusion that LiIn(MoO
4
)
2

is isomorphous to
LiIn(WO

4
)
2
but has a di!erent structure than simple molyb-

dates. This is evidenced through the fact that the pattern
and number of bands observed for LiIn(MoO

4
)
2

are similar
as found for the tungsten derivative (24, 25) (see Table 6), but
are di!erent than found for a-CoMoO

4
(see Ref. 11). Both
FIG. 4. (a) IR and (b) Raman spectra of t
spectra di!er, however, signi"cantly as far as the frequency
and intensity of some modes is concerned. Before we discuss
the origin of these di!erences, we will "rst assign the vibra-
tional bands to the normal modes.

In wolframite-type structures all MoO2~
4

ions are con-
nected to each other through the double oxygen bridges
forming in"nite chains along the c-axis. Therefore, as a basis
for the factor group analysis a unit cell containing two Li`,
he low-temperature phase of LiIn(MoO
4
)
2
.



TABLE 6
Measured Vibrational Modes (in cm21) for the

Low-Temperature Phase of LiIn(MoO4)2 Together with
Literature Data for LiIn(WO4)2 (25)

LiIn(MoO
4
)
2

LiIn(WO
4
)
2

IR Raman IR Raman Assignment

940sh * 940w *

927s 966vs 908m 916vs

H Mo}O terminal* 949vw * *

* 790sh 825s 793m stretching modes
797s 784s * 775w
685m 689w 738sh *

H* * 716s 716w
580s 661w 648m 675w
* * 621s 626m Bridging stretching
518s 531w 528s 541m modes
541sh * * 528sh
* * 491vw *

H
426w 451m 460m 457w
* * 430w * In-plane and
392w 429m 412m 396m out-of-plane
360sh 403m 364w 368m bending, and
343w 371m * 340m ¹@(Li`) modes
338w 311m 327w 315m
* 286vw 301s 295vw
315s 268w 269w 268vw
274m 260w * *

261w * 254vw *

239sh 235m 241m 248m

H
232m * 231m *

227sh 222w 226w 213w Out-of-plane
207m 178m 198w 178w bending, wagging,
194w * 167m 166vw ¹@(In3`) and L modes
165w 164w 150m *

145m 143m 140m 135m
105w 128w 100w 89m ¹@(MoO

4
)]¹@(In3`)

90w 121m 71w 68m

T
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0
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1
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1
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two In3`, and two W
2
O4~

8
dimers can be chosen. The

results of this analysis are presented in Table 7. In order to
facilitate the assignment, the internal vibrations are sub-
divided into terminal (Mo}O) and bridging ( ,
denoted for simplicity in Table 7 as MoOOMo) modes,
where l denotes stretching and d bending vibrations. The
number of observed modes, 22 in Raman and 24 in IR
spectra, is smaller that predicted (see Table 6). Contrary to
the high-temperature modi"cation, a number of internal
modes show a large Davydov splitting which re#ects
a strong coupling between MoO2~

4
ions within polymeric

chains. This feature was reported by us previously for the
NaIn(WO

4
)
2

and NaSc(WO
4
)
2

crystals (26). By analogy
with the sodium compounds, we may assign the strongest
Raman line at 966 cm~1 to the A

'
and the weak 949 cm~1

band to the B
'

components of the terminal symmetric
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stretching mode. The respective IR bands are observed as
a doublet at 927}940 cm~1. The terminal asymmetric stretch
is observed around 784}797 cm~1 and the l(MoOOMo)
modes in the 500}700 cm~1 region. Since the normal coor-
dinate calculations, performed for sodium}indium and so-
dium}scandium double tungstates showed a high degree of
coupling among bending and lattice modes (26), the detailed
assignment of the observed bands to the respective normal
modes is meaningless. We may say only that the
250}500 cm~1 bands originate mainly from the in-plane
and out-of-plane bending modes coupled to ¹@(Li`) modes,
whereas the 130}250 cm~1 bands may be assigned to
coupled out-of-plane bending, ¹@(In3`), and librational
modes. The mentioned calculations showed also that the
modes below 130 cm~1 involved large contribution of
translational motions of heavy hexa- and trivalent ions. Our
study con"rms this conclusion since we observe a signi"cant
shift of the two lowest frequency modes toward higher
frequency when W atoms are substituted by Mo atoms. This
shift is especially well observed in the Raman spectra where
the 68 and 89 cm~1 modes of LiIn(WO

4
)
2

(25) shift to 121
and 128 cm~1 for LiIn(MoO

4
)
2

(see Table 6).
Let us now discuss the observed di!erences in the vibra-

tional properties of LiIn(MoO
4
)
2

and LiIn(WO
4
)
2

in detail.
The study of a number of molybdates and tungstates
showed that Mo}O stretching modes are generally located
at lower frequency than W}O stretching modes in iso-
structural compounds (7). Moreover, the study of
CdW

1~x
Mo

x
O

4
showed that the substitution of Mo for

W in the wolframite structure leads to the shift of the highest
frequency IR-active mode toward lower frequency, whereas
the position of the highest frequency Raman-active mode is
not a!ected (7). The comparison of the spectra obtained for
LiIn(MoO

4
)
2

and LiIn(WO
4
)
2

shows that in this case an
opposite trend is observed; i.e., the respective modes are
observed at much higher frequency in the case of the molyb-
date than was found for the tungstate (see Table 6). Such an
unusual shift of the terminal Mo}O stretching band toward
higher frequency results from the fact that the distortion of
the MoO

6
octahedra is larger than the distortion of WO

6
octahedra in wolframite-type double compounds. In par-
ticular, the length of the shortest MVI}O terminal bond
decreases from 1.79(2) A_ for LiFe(WO

4
)
2

(27) to 1.7031(19)
A_ for LiIn(MoO

4
)
2

(see Table 3). The observed shift may be
predicted on a basis of the valence bond model. This model
states that the valence, l

ij
, of a bond between two atoms

i and j is de"ned so that the sum of all valences from a given
atom i with valence <

i
obeys (28)

+
j
l
ij
"<

i
. [1]

The most commonly used relation between the bond length
d
ij

and valence is

l
ij
"exp[(R

ij
!d

ij
)/B]. [2]
Here B is commonly taken to be a universal constant equal
to 0.37 A_ and the parameters R

ij
for bonds between pairs of

atoms were tabulated by Brese et al. (28). In the case of the
Mo}O bonds the expression [2] may be written as

l"exp[(1.907!d )/0.37]. [3]

Since the Mo atoms in LiIn(MoO
4
)
2

are on #6 oxidation
state, for an ideal, regular octahedron the valence per Mo}O
bond should be equal to 6/6"1. Using the empirical for-
mula which relates the frequency of a Raman-active Mo}O
stretching mode with the bond length (29),

d"0.48239 ln(32895/lJ ), [4]

we may calculate the frequency of the highest terminal
Mo}O stretching mode from the measured Mo}O bond
length (1.7031(19) A_ ; see Table 3) to be 963.5$3.8 cm~1.
The calculated value is in a very good agreement with
Raman study, showing a strong band at 966 cm~1. The
respective valence for this bond, calculated with the use of
formula [3], is equal to 1.735$0.009. As one can see, in
order to ful"l the valence-sum rule [1], the sum of valences
for the other "ve Mo}O bonds in the octahedron must be
equal to 6!1.735$0.009"4.265$0.009. Therefore, the
valence per any of the "ve Mo}O bonds must be much
smaller than that found for the shortest bond, and sub-
sequently the respective Mo}O bond lengths must be much
longer and the Raman bands should be observed at much
lower wavenumbers. This explains the large gap between the
966 cm~1 mode and the second strong band, observed at
784 cm~1. As a result of a much stronger distortion of the
MoO

6
octahedra in LiIn(MoO

4
)
2
, when compared with

the WO
6

octahedra in LiIn(WO
4
)
2
, the observed gap is

larger for the molybdate (182 cm~1) than for the tungstate
(125 cm~1) (see Table 6).

The observation of a very strong distortion for the MoO
6

octahedra is consistent with the results presented in Ref. 10.
In this reference the MoO

6
octahedra were shown to be

usually much stronger distorted than WO
6

octahedra (10).
This strong distortion was related to the radius of Mo ion
which becomes, for #6 oxidation state, too small for co-
ordinating of six oxygen atoms (10). The di$culty in the
formation of octahedral coordination by Mo atoms may
explain the instability of wolframite-type structures for the
double and simple molybdates, although such structures are
common among tungstates. It is also worth noticing that
although the high-temperature polymorph of LiIn(MoO

4
)
2

is colorless, the low-temperature phase is pale brown. The
gradual change in color with pressure was observed pre-
viously for KY(MoO

4
)
2

and KDy(MoO
4
)
2

and was at-
tributed to backtransfer of charge from oxygen to the
molybdenum d orbital (30). This type of e!ect is known to
be observed in strongly stressed crystals, where the stress is
su$cient to move electrons from the compressed to
stretched cations and to stabilize an unexpected oxidation
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state (31). In our case, this explanation is, however, not
appropriate since the valence of the Mo atom calculated
with the use of formulas [1] and [3], and bond lengths
obtained from the X-ray analysis, is equal to 5.99 and agrees
with the formal oxidation state #6. The observed colora-
tion is due, therefore, most likely to the presence of a large
number of oxygen vacancies in the obtained crystals, and
therefore may re#ects the di$culty in coordinating of six
oxygen atoms by molybdenum atom. Finally, we would like
to point out that although the di!erence in the ionic radius
of MoVI and MIII#MI ions is the key parameter responsible
for the stability of wolframite-type structure, some other
e!ects must also play important roles since LiMIII(MoO

4
)
2
,

where MIII"Al, Cr, Ga, Fe, do not form a wolframite-type
phase at ambient temperature (32) even though these
MIII ions are much smaller than InIII ones. Moreover, in
spite of similarity between ionic radii of InIII and ScIII, the
lithium}scandium double molybdate seems to be very un-
stable since our attempt to obtain this compound resulted in
formation of mixture containing Li

3
Sc(MoO

4
)
3

and
Sc

2
(MoO

4
)
3
.

CONCLUSIONS

The results of IR and Raman investigations of the low-
and high-temperature phases of LiIn(MoO

4
)
2

have been
presented for the "rst time. The assignment of observed
bands has been proposed. It has been shown that the "rst-
order reconstructive transition leads to the collapse of the
structure and as a result the coordination of Mo atoms
changes form tetrahedral to octahedral in the high- and
low-temperature phase, respectively. The low-temperature
structure was shown to be isomorphic to the structure of
LiIn(WO

4
)
2
. However, this structure seems to be very un-

stable due to the smaller ionic radius of the MoVI atoms in
comparison with the WVI atoms. As a result of this instabil-
ity, the MoO

6
ocahedra are unusually strongly distorted (in

comparison with the WO
6
octahedra) and a large number of

defects is created, resulting in a pale brown coloration of the
crystal.
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