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Dark green crystals of the compound Na,V(SO,), suitable for X-ray structure
determination were synthesized by dissolution of V,O5 in NaHSO, melt at 420°C
under an SO.(g) atmosphere. Slow cooling of the solution from 420 to 3207 C over
a period of one week gave a large number of small Na,V(SO,); crystals. The
compound crystallizes in the rhombohedral (hexagonal) space group R3 with
a=b=13.439(1), c=9.091(1) A and Z=6. It contains two independent almost
perfect VO, octahedra (within which equal V-O bond lengths are found) linked
by three identical bridging sulfate groups, as an infinite —V-(SO,);—V—- chain
parallel to the c-axis. All oxygens coordinated to vanadium belong to the signifi-
cantly distorted equivalent sulfate groups, which contain four different types of
oxygen. The infrared and Raman spectra of polycrystalline Na,V(SO,), and
NaV(80,), have been recorded and interpreted. The severe distortion of the sul-
fate groups within Na,V(SO,); leads to a more complicated pattern of the vi-
brational spectra [i.e. IR activity of v,(SO,>") and extensive splitting of
vy(SO3~) in the IR and Raman spectra] compared to NaV(SO,),. Above
1500 cm ™' the Raman spectra, particularly at lower temperatures, exhibit broad
features which are interpreted as electronic Raman transitions between the 3Eg
and 3Ag split levels of the 3Tlg (*F) ground state of V**(d?) in octahedral oxide
fields.

The molten system V,0,/MHSO,/M,S,0; (M=K, Na
and/for Cs) in contact with SO,/O,/SO;/N, at
400-600°C represents a realistic model of the working
industrial SO, oxidation catalyst' when water is present
in the synthesis gas. Therefore, investigations of the
chemistry of this system are considered essential for the
understanding of this important process. Commercial al-
kali-promoted V,Oj catalysts contain mainly potassium
as the promoter, together with small amounts of sodium.
Recently, catalysts containing also cesium have been de-
veloped. At temperatures typically lower than 440°C the
commercial catalysts undergo deactivation, and the in-
fluence of the type and amount of promoters on catalyst
activity is well recognized.' Precipitation of V** (mainly)
and V** crystalline compounds has been shown to be
the reason for the activity loss during SO, oxidation in
V,05-M,8,0, melts.” In particular, the compounds
K, (VO),4(S0,)5, KV(SO,),, Na,VO(SO,),, NaV(S0,),,
Cs,(VO),(SO,), and CsV(SO,), have been identified as
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deactivation products® an characterized by X-ray and
spectroscopic methods.*™® Furthermore an in situ ESR
spectroscopic investigation on a working commercial
catalyst has shown® that the V** compound
K,(VO),5(S0,)s is indeed formed during catalyst deacti-
vation.

The present work concerns the crystal structure and
the spectroscopic characterization of a new V** com-
pound, Na,;V(SO,);, which was discovered unexpectedly
while attempting to synthesize NaV(SO,), from the mol-
ten-salt—-gas system NaHSO,/V,0,-SO,. The infrared
and Raman spectra of NaV(SO,), are also presented.

Experimental

Synthesis of green crystalline Na;V(SO,);. The compound
was prepared by equilibrating an NaHSO,-V,0; molten
mixture with SO, in a pyrex ampoule. The NaHSO, used
was from Fluka (>99.5%, pure) and was dried by heating
under vacuum at 100°C for 2 h. The non-hygroscopic




V,0s, Cerac, pure (99.9% ), was used without further pu-
rification. The purity of SO, (Matheson/Union Carbide)
was better than 98.5% . All handling of chemicals took
place in a N,-filled glove-box with a controlled water
vapor content not exceeding 5 ppm.

Approximately 3 g of a NaHSO,~V,0; mixture with a
molar ratio Na/V=16 [i.e. mole fraction of V,Oq,
X(V,045)~0.059] were added into a 50 ¢m’® ampoule,
which was then connected to a vacuum line and evacu-
ated. Gaseous SO, was introduced at a pressure of
1.25 atm (at room temperature), and the ampoule was
then sealed by keeping the lower part (containing the
powderous chemicals and the liquified SO,) immersed in
liquid nitrogen.

The NaHSO,-V,05 molten-salt—gas mixture was
equilibrated for several hours at 420°C inside a double
quartz-walled transparent tube furnace. The ampoule had
an estimated gas-to-melt volume sufficiently large to
secure an excess of SO, even after complete reduction to
V(III) of the vanadium present. A bright green solution
(indicating a high degree of vanadium reduction) was
obtained within few hours. The temperature was then re-
duced gradually to 370°C, when small crystals appeared,
and afterwards it was lowered to 320°C in steps of
5-10°C during a period of one week. This resulted in the
formation of a large amount of small dark-green crystals,
accompanied by a decoloration of the melt, indicating
that almost all vanadium had precipitated.

The crystals were isolated by cutting the ampoule open
and gently flushing the solidified content with water,
which resulted in dissolution of NaHSO,. Proper crys-
tals, suitable for X-ray analysis, were isolated under a
polarization microscope.

It is noteworthy how the solvent and gas composition
influences the compound formation. Thus, blue needle-
shaped crystals of the V** compound Na,VO(SO,),””’
are precipitated while V,0;—Na,S,0, (Na/V = 3-5) melts
are treated with a 109, SO,, 11% O,, 79% N, mixture
in a reactor flow cell in the temperature range
470-400°C. On the other hand, only green crystals were
obtained from V,05-Na,S,0, melts with the molar ratio
Na/V =4 treated with a 109, SO,, 90%, N, gas mixture
at 470°C. Surprisingly, these crystals consisting mainly of
another V** compound [(Nag(VO),(SO,), as identified
by a single-crystal X-ray investigation]'® were green
[V(IV) compounds are usually blue], while a small
amount of the green NaV(S0,),® was also isolated. Fur-
thermore, equilibrating a V,05-Na,S,0; (Na/V=4.7)
molten mixture under 0.9 atm SO, in a sealed ampoule
in the temperature range 450-400°C resulted in the for-
mation of NaV(SQO,), only.

Infrared spectra. IR spectra were recorded on a BOMEM
DA3.26 FITR spectrometer. The samples were ground in
dry KBr and pressed into transparent discs.

Raman spectra. Raman spectra of polycrystalline samples
were excited with the 514.5 and 488.0 nm lines of a 4 W
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Spectra Physics argon ion laser. The scattered light was
collected at an angle of 90° (horizontal scattering plane)
and analyzed with a Spex 1403 0.85 m double mono-
chromator equipped with a —20°C-cooled RCA photo-
multiplier and EG&G/ORTEC photon counting electron-
ics. Samples contained in sealed tubes were immersed in
liquid nitrogen in order to obtain spectra at 77 K.

X-Ray investigation. Crystal data for Na,;V(SO,); are
given in Table 1. The intensity data were collected on an
Enraf-Nonius CAD-4F diffractometer with monochro-
mated MoKa radiation. The cell dimensions were deter-
mined by least-squares refinement based on the settings
of 25 high-order reflections. The intensity data were cor-
rected for Lorentz and polarization effects and corrected
for absorption by an empirical method,'' in which the
crystal shape is approximated by an ellipsoid and the
size (in units of pum~') and orientation are treated as
parameters. The refinement of the six parameters is based
on \Y-scans, in the present case Y-scans on four reflec-
tions and all their symmetry-related reflections. The quan-
tity minimized was R = Zw(l,, ~ I..,4)>, where 4 is the
absorption coefficient. The minimization problem con-
sisted of 411 observations and 6 parameters and was ac-
complished via the SIMPLEX method.'? The initial and
final values of R, = (R/Zwl*,,,)"* are 0.0390 and 0.0166,
respectively. An estimate of the linear absorption coeffi-
cient, u, may be found as the cube root of the ratio be-
tween the volume of the ellipsoid and the (approximate)
volume of the crystal. A value of 24 cm ~ ! was obtained,
in fair agreement with the actual value of 18.46 cm™".
The minimum and maximum transmission coefficients are
0.6601 and 0.7795, respectively.

The structure was solved by Patterson and Fourier
techniques and the structural parameters were refined by
full-matrix least-squares methods.'* The atomic scatter-
ing factors and the anomalous dispersion corrections

Table 1. Crystal data for NasV(SO,);.

M,,/g mol™’ 408.095

Crystal system Rhombohedral
(hexagonal setting)

Space group R3

a/A 13.439(1)

c/A 9.091(1)

V4 6

v/A3 1421.92

D./g cm™3 2.860

p(MoKx) 18.46

Crystal size/mm 0.19X0.15X0.09

Bmax/ ° 40

Total no. of reflections 3154

No. of unique reflections 1954

R between symmetry-related 0.0194

reflections [Zwl/— (I1>)?/Zwi?]"/?

No. of rejected reflections 310

No. of parameters b9

Weight function, w w™'=6?%(F)+0.0003F?
R=Z R |- IF.|I/Z |F] 0.0274
R,=(Zwi|F,| = |F.)?/Zw|Fy|)""* 0.0399
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Table 2. Coordinates of the atoms in NazV(S0O,);.°

Atom x/a y/b z/c U,”

V(1) 0 0 0 0.0092
V(2) 0] 0] 0.5 0.0080
S —0.0251(1) 0.1623(1) 0.2599(1) 0.0095
Na —0.2557(1) 0.1079(1) -0.5086(1) 0.0273
0(1) 0.0338(1) 0.1366(1) 0.3801(1) 0.0208
0(2) —0.1480(1) 0.1016(1) —0.7198(1) 0.0207
0(3) 0.0284(1) 0.2871(1) -0.7427(1) 0.0188
0(4) 0.0070(1) 0.1291(1) 0.1182(1) 0.0234

“The temperature factor parameters can be obtained from

the authors. “U,,=1/3 ZU,a*a*a,a,.

are from Ref. 14. Details of the refinement are given
in Table 1. Atomic coordinates, equivalent isotropic
parameters, bond lengths and angles are listed in Tables 2
and 3. Lists of observed and calculated structure factors
as well as anisotropic thermal parameters may by ob-
tained from the authors.

Results and discussion

Description of the structure. The unit cell contains two
crystallographically independent VO, octahedra with the
vanadium atoms situated on three-fold inversion axes,
e.g. (0, 0, 0) and (0, 0, '/2). The VOg units are almost
perfect octahedra. Identical V-O bond lengths are found
within each octahedron. All oxygens coordinated to
vanadium are sulfate oxygens [O(4) and O(1)] but there
are also oxygens, i.e. O(2) and O(3), which are bound to
sulfur but not to vanadium. As shown in Fig. 1, the crys-
tallographically different vanadium atoms are linked by
three bridging sulfate groups, thus forming an infinite
chain parallel to the c-axis. The remaining two sulfate
oxygens have short contact distances to the sodium ion,
which are located between the —V—(SO,);—V- chains.
Bond distances and angles for the octahedra are given in
Table 3 and have values typical of vanadium(IIl) com-
pounds.'?

Table 3. Bond and contact lengths (in A) and angles (in °) in
Na,V(S0,),.”

V(1)-0(4) 2.003 (6X) O(4)-V(1)-0(4) 180 (3X)
93.9 (6X)
86.1 (6X)
V(2)-0(1) 1.982 (6X) O(1)-V(2)-0(1) 180 (3X)
92.6 (6X%)
87.4 (6X)
S-0(2) 1.442 0(2)-S-0(3) 114.9
S—0(3) 1.457 0(2)-s—-0(1) 1115
S-0(1) 1.489 0(2)-S-0(4) 111.2
S—-0(4) 1.496 0(3)-s-0(1) 105.4
0(3)-5-0(4) 106.2
0(1)-S-0(4) 107.2
Na—-0(3) 2.294, 2.514, 2.702
Na—0(2) 2.431, 2.621
Na—0(4) 2.711
Na—-0O(1) 2.938

“ESD: 0.001 A for lengths and 0.1° for angles.

The bond lengths between sulfur and non-coordinated
oxygens [O(2) and O(3)] are relatively short (1.442 and
1.457 A) compared with the S—O(4) and S-O(1) bonds
(1.489 and 1.496 A) found in the vanadium-oxvgen—
sulfur coordination bridges. Around the sulfur atoms,
nearly tetrahedral angles are found deformed in such a
way that the bridging O(1)-S-0(4) angles (107.2°) are
smaller than the ideal tetrahedral angle of 109.47°, prob-
ably due to repulsion from the short-bonded oxygens,
whereas the O(2)-S-0(3) angles of 114.9° involving the
non-coordinated oxygens are larger than 82 out of 84
measured O-S-0O angles in the sulfate groups of six dif-
ferent vanadium compounds K,(VO);(SO,);, KV(S0,),,
Na,VO(S0,),, NaV(S0,),, CsV(S0,), and
Cs,(V0),0(80,),.37%%1 Generally, the S-O distances
were found to depend on the angles in such a way that
the larger the average of the three possible O—S-0O angles
involving a particular bond, the smaller is the S-O dis-
tance of that bond. This is shown in Fig. 2, where an
approximately linear relationship (linear regression) is
found which is similar to that observed for the twelve

Fig. 1. Stereo plot of the infinite —V—(S0O,};—V chain along the c-axis.
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Fig. 2. Plot of S—O distances for a particular bond versus the

average of the three angles involving this bond and the other

S—0 bonds of the sulfate tetrahedron (four solid points). Also

shown are 49 points from the literature.3 %8¢

different sulfate ions in the K,(VO);(SO,)s, KV(SO,),,
Na,VO(SO,),, NaV(S0,),, CsV(SO,), and
Cs,(V0),0(S0,), structures.* **!¢ This dependence in-
dicates a general relationship between S—-O bond dis-
tances and hybridization of the sulfur atom in the sulfate
groups in these cases as pointed out previously,® except
for a possible partial breakdown in the case of
Cs,(V0),0(S0,),."* Generally, the bond lengths and
bond angles of the sulfate tetrahedra (Table 3) are close
to the usual values of 1.474 A and 109.47° for the sulfate
group.'’

Vibrational spectra. Oriented single-crystal vibrational
spectroscopic work using polarized light was difficult to
undertake because of the large crystal unit cell of
Na;V(SO,); and the polyhedral crystal shape. Therefore,
only powder work is reported. Vibrational spectra of the
NaV(S0,), compound, previously characterized by single
crystal X-ray analysis,® were also obtained and are
reported in this work.

If the Na,;V(S0O,), crystal is considered to be com-
posed of Na*, V** and SO3 - ions, one should expect
to observe the free group vibrations of the complex ion
(here SOZ ), i.e. a number of bands near the positions
of the four SO% - fundamentals that are known to span
the following representation for a regular tetrahedral (7,)
ion configuration:

Ty = Aj(vy) + Ex(vy) + 2Fy(vs + vy)

All modes are Raman active and only F, is IR allowed.
In the usual approximation of weak couplings, modes
labelled as v, and v, are stretchings and v, and v, are
bendings. In Na,V(SO,),, the equivalent SOZ- ions

CRYSTAL STRUCTURE OF Na,;V(SO,);

present in the unit cell have nine internal vibrational de-
grees of freedom that should be distributed on the original
v,-v, sulfate modes that are well known,'® mainly from
Raman spectroscopy on aqueous sulfate solutions:
vi(AD~981 cm™!, vy(E)x451 cm™!, vy(F,)=~
1104 cm ' and v,(F,)~613 cm ™ '. Infrared spectra of a
large number of hexagonal (P 321) M'M"(SO,), salts in
KBr disks have previously been recorded and as-
signed,’®?” and thorough vibrational analyses, including
oriented single-crystal Raman work on KV(SO,),* and
CsV(S0,),,® have been performed.

Infrared spectra. Figure 3 shows infrared spectra of dark
green Na,V(SO,), and bright green NaV(SO,), obtained
at room temperature from finely ground powders in
pressed KBr disks. The IR band positions for both com-
pounds are summarized in Table 4.

Raman spectra. Raman spectra obtained from stationary
polycrystalline Na;V(SO,), and NaV(SO,), samples at
room temperature are shown in Figs. 4 and 35, respec-
tively. Both the 514.5 nm and the 488.0 nm argon laser
lines were used to excite spectra without significant dif-
ferences in the exhibited spectral features. Spectra were
recorded also at liquid nitrogen temperature, and apart
from the expected effect of band sharpening were iden-
tical with those recorded at room temperature in terms of
numbers and positions of bands observed. The Raman
wavenumbers are listed in Table 4.

Discussion. The infrared bands observed in the IR spectra
of both the Na,V(SO,); and NaV(SO,), compounds

T T T
NazV(S0,)-
=
1)
4
<
=
=}
=
n
Z
<
o
(=
NaV(S0,).
N 1 L 1 " 1
400 800 1200 1600 2000

WAVENUMBER, cm™

Fig. 3. Infrared spectra of Na,V(SO,), and NaV(SO,), pow-
ders in pressed KBr disks at room temperature. Resolution,

ca. 5 cm” .
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Table 4. Infrared and Raman bands (cm™') of Na,V(SO,), and NaV(SO,), and their tentative assignments.’

Na;V(SO,), NaV(S0,),
IR Raman IR Raman
(Fig. 3) (Fig. 4) Assignment (Fig. 3) (Fig. 5) Assignment
~ 1590 w,vbr P R ~ 1610 w,vbr Ve, (CE <A
1256 w,sh
1300 m Vs 1305 s Vj
1245 s 1254 m A 1276 m Vs
1198 m Vg 1112 w,sh 1114 w,sh
1136 s vy 1074 s 1065 s Vs
1018 s A 1002 s 1008 s Vg
981 s 1036 vs v, 940 w,sh 933 vs v,
962 m,br 2v,(478)? ~ 1000 m,br 2v,(495)?
665 w V, 698 s 685 w Va
641 s 641 m V, 624 w Vg
632 w,sh
592 s 593 m Vg 592 s 598 m V,
477 s 478 m Vv, 487 m 495 m v,
443 m v, 458 w 457 m v,
290 m v, ¢ 315 s v,
221 m,sh A 223 m A
146 sh A 141 vs v,

?Intensity codes: w: weak; m: medium; s: strong; v: very; br: broad; sh: shoulder.

(Fig. 3) can be assigned unambiguously as due to the
v,—-v, sulfate ion fundamentals (Table 4). As can be seen
from Figs. 3—5 many of the observed bands are common
to both kinds of spectra for each of the examined com-
pounds. The presence in the IR and Raman spectra of a
number of bands in the regions of 1000-1300, 600-700
and 450-500 cm "' is interpreted as indicating a lowering
of the 7, symmetry of the free SO3- group in both
Na;V(S0,); and NaV(SO,), crystals. Coordination of
the sulfate ion and interactions with other ions in the
crystal lattice is indeed known to reduce the symmetry
and lift the degeneracies of the v,, v; and v, modes.'*

Similar ~ band-rich  spectra  were reported for
NagV(S04)s
300 K
>
£
w0
Z
=
F
Z
: |
2
: ’
<
]
=
& mmju
LL L | t 1 ! | 1

2000 1500 1000 500 0
RAMAN SHIFT,em™

Fig. 4. Raman spectrum of Na;V(S0O,); powder at room tem-
perature. A,=514.5 nm; laser power, 200 mW; resolution,

ca. 2 cm™ .
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v,: electronic mode.

e v, : lattice mode.

Na,VO(S0,),,* k,(VO);(SO,)s* and for sulfate groups
studied under various crystal environments.”'

A careful examination of the Raman spectra indicates
that most bands can be easily and unambiguously
assigned as due to v,—v, (sulfate) and v, (lattice) modes
(Table 4). However, the spectra of both compounds con-
tain features that call for further attention. Firstly, as
shown in Figs. 4 and 5, Raman spectra of both
Na,V(S80,); and NaV(S0,), exhibit a very broad weak
band centred around ca. 1600 cm ™', i.e. ca. 300 cm ™'
further away from the most blue-shifted v, component.
Secondly, both spectra possess a broad band of appre-

NaV(S0,).
S
|
wn
Z
[
F *
Z 77 K |
" .
= I
= Y
< ! y
=) |
= |
& |
300 K
1 . 1 1 \ 1 J
2000 1500 1000 500 0

1

RAMAN SHIFT,cm”

Fig. 5. Raman spectrum of NaV(S0,), powder at room tem-
perature. Insert shows the high frequency range at liquid ni-
trogen temperature. A,=514.5 nm; laser power, 200 mW;

. -1
resolution, ca. 2 cm™ .



ciable intensity, located at 962 cm ™' for Na,;V(SO,); and
ca. 1000 cm ! for NaV(S0Q,),, the latter band being ob-
scured by the 933 (v,), 1008 (v,) and 1065 (v;) modes.

The broad weak bands around 1600 cm ™' are attrib-
uted to electronic Raman transitions of the V?* jon. A
characteristic feature of electronic Raman bands is that
they are generally much broader than vibrational bands,
even at very low temperatures.”>?> Spectra of samples
from different preparations, using different excitation
laser lines (i.e. 488.0 and 514.5 nm), preclude the assign-
ment of these bands either to an impurity or as resulting
from a fluorescent process.

It should be pointed out that electronic Raman tran-
sitions of the V3* ion have been observed previously
in the KV(SO,),* and CsV(S0O,),* crystals at ca. 1560
and ca. 1400 cm™' respectively and in the
CsV(S0,), 12H,0 and NH,V(SO,),-12H,0 compounds
at ca. 1940 cm ™'

As discussed in the reports on CsV(SO,),"
KV(S0,),,* the ground electronic state of V3*(d?) in oc-
tahedral field is 3Tlg( F), which in a trigonal S, field splits
into a *E, and a A, state.”> It is normally assumed that
the 3A state is the ground state. Similar splittings occur
in the two excited triplet states *T,,(°F) and °T,,(’P). In
Fig. 6 the electronic states of V3+ in octahedral oxide
fields are estimated by using a theoretical energy dia-
gram”® with the Dq parameter being ca. 1600 cm~ . In

ABSORBANCE

25

S
- °1,CP) Y -
_—\l/fmw) A CPT o ECPITY oo

25

20
{

15

ENERGY, 10%m™

10

S

NaV(80,)s
CaV(S0,).

| v, ~ 1610 em™ [ v, ~ 1400 cm™
L S Nvvw S o 3 '1}"'X'“‘ e
—— v CALET) & ECETY

ol N e e - o

ELECTRONIC RAMAN
SCATTERING

FIELD
SYMMETRY O, Se

Fig. 6. Energy states of V3% with Dg~ 1600 cm™ ' in an
octahedral O, field and splittings of triplet states in the trigo-
nal field of NaV(SO,),. O, energy states underlined by broken
lines indicate states associated with spin-forbidden transi-
tions from the ground state. The absorption (v,, v, and v,)
and electronic Raman (v,) bands of crystaliine NaV(SO,), are
shown in arbitrary intensity units. To the right, the respective
spectra of crystalline CsV(SO,), are included for comparison.

ENERGY, 10%m™
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the same figure the visible absorption spectrum of crys-
talline NaV(S0O,), is presented, and the respective spec-
trum of CsV(SO,), is also included for comparison. The
Na,V(SO,); that usually grows in polyhedral shaped
crystals did not allow the recording of a similar spectrum
for this compound. Nevertheless, the V>* energy levels
are not expected to be significantly different, as can be
seen by comparing the electronic spectra of CsV(SO,),*
and KV(S0O,),.* The observed bands in the visible region
are attributed to transitions of V?* in the trigonal crystal
field:

3ACF, *Ty)ACF, °Ty), v~ 13600 cm - !

SE,CF, 3Ty 3A,CF, Ty,  vox15100cm !

These values are obtained by resolving the broad feature
centred at ca. 14900 cm ™! into Gaussians. The decon-
volution is made by assuming that the relative intensities
of the two bands are the same as in the case of Cs-
V(SO,),* and KV(SO,),.* The shoulder band in the near
UV region is assigned to the split component, A, of the
second triplet excited state *T,,(*P):

AP, T )< *ACF, °T,),  v,~23000cm -

The separation of the *A,(°T,,) and *E,(’T,,) states is
Av = v, - v,~ 1500 cm !, which according to ligand field
calculations®>?® is smaller than the separation of the
*E,(T,,) and *A,(CT,,) in the ground state. In other
words, for the Ver jon in the NaV(SO,), and
Na,V(S0O,), crystals, the first electronic Raman transi-
tions are likely to occur in a region near and above
1500 cm ~'. The broad weak bands at ca. 1590 and ca.
1610 cm ™' in the Raman spectra of Na;V(SO,); and
NaV(SO,), are in this expected region and are thus as-
signed to the electronic transitions between the split com-
ponents of the ground state, *T,(’F). Such a transition
is allowed according to the electronic Raman selection
rules, since the direct product A, x E, contains the rep-
resentation E, which belongs to the Raman polarizability
tensor components 22.23

On the basis of crystal-field model calculations, the
splitting of octahedral states in trigonal fields of interme-
diate strength can be calculated in terms of two param-
eters v and v'.?>"%" For the triplet states in Fig. 6 the
splittings are:

APPT ,CF)] = v + 3/3’
APT,CF)] = 1w

APT,,(P)] = '/2(v = v')

The values of the first two splittings measured from the
spectra of NaV(S0O,), are ca. 1610 and ca. 1500 cm ™'
respectively, and thus v~3000 cm~' and v'x
—2085 cm ™ '. From the third difference, the energy of the
upper ‘E,CP,’T,,) state can be estimated as ca.
25500 cm ™! based on v, ~23000 cm .
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Table § lists the electronic Raman transitions observed
to date between the ‘Eg and A split components of the
T, ( F) ground state of V** m octahedral oxide fields.

As mentioned above, the Raman spectra in Figs. 4 and
5 also show broad bands in the spectral range around
1000 cm ' [ie. 962 cm ™' for Na,V(SO,), and ca.
1000 cm ' for NaV(SO,),]. Similar bands are exhibited
in the crystal Raman spectra of KV(SO,),* and Cs-
V(SO,),* at ca. 950 and 924 cm ~ !, respectively. The ori-
gin of these bands is not yet completely understood. As
shown in Fig. 6 the green-to-blue laser lines used to excite
the Raman spectra overlap with the tail of the Lapporte-
forbidden UV absorption bands corresponding to tran-
sitions from the ground state to the ‘A (3 P]T, o) and
’E,(*P.’T,,) levels. Therefore, the electronic and vibra-
thI’ldl Rdman bands might exhibit preresonance enhance-
ment of their intensities,”® and a series of combinations
and/or overtones of fundamental vibrations might be ob-
served in the Raman spectrum. Consequently, the 962
and ca. 1000 cm "' bands can be due to a combination
or an overtone of lower-lying fundamentals, whose in-
tensity enhancement could be accounted for by the pre-
resonance conditions described or by Fermi resonance
with the v, mode. For example. the first overtones of the
v, modes at 478 for Na,V(SO,); and 495 cm~' for
NaV(S0O,), result in states with energies at 956 and
990 cm ™', which are lying very close to the observed 962
and ca. 1000 cm ' bands. As pointed out by one of the
reviewers, use of excitation sources with energies lying far
away from the energies of the electronic transitions (e.g.
recording the NIR-FT Raman spectra of the com-
pounds) can provide conclusive evidence concerning
whether the intensity increase of the overtones is due to
preresonance conditions or not. The broad bands previ-
ously observed at 950 and 924 cm ~ ' in the crystal Raman
spectra of KV(SO,),* and CsV(SO,),® can also be at-
tributed to the first overtones of the respective v,(E,)
modes observed at 474 and 467 cm ™', respectively.*® It
seems less likely that the 962 and ca. 1000 cm ! bands
(Table 4) could be of electronic origin. Electronic Raman
transitions are generally very weak, and it is not expected
that a resonance between a totally symmetric vibrational
state [i.e. v,(SO3 - )] and an electronic state can transfer
appreciable intensity from the vibrational to the electronic
band.

Table 5. Energies of electromc Raman transitions, v, be-
tween the 3EQ and A split components of the 3T (3F)
ground state of V3*(d? } in octahedral oxide crystal f|e|ds

Crystal v, cm™' Ref.
Na,;V(SO,), ~ 1590 (This work)
NaV(S0,), ~1610 (This work)
KV(S0,), ~ 1560 4
CsV(S0,), ~ 1400 8
CsV(SO,)," 12H,0 ~ 1940 23
NH,V(SO,)," 12H,0 ~ 1940 23
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Conclusions

The compound Na,V(SO,),; has been isolated from
NaHSO,/V,05 under an SO, atmosphere and its struc-
ture was determined. The infrared and Raman spectra of
polycrystalline Na,V(SO,), and of NaV(SO,), have been
recorded and interpreted. The severe distortion of the sul-
fate groups within Na;V(SO,); leads to a more compli-
cated pattern of the vibrational spectra [i.e. IR activity of
v,(SO3 7 ) and extensive splitting of v,(SO2 - ) in the IR
and Raman spectra] compared to NaV(SO,),. This is in
good accordance with the sulfur—oxygen bond lengths,
interionic distances and geometries of distorted sulfate
groups found in Na,V(SO,); (Table 3) and NaV(S0,),.°
Above 1500 ¢cm ™' the Raman spectra, particularly at
lower temperatures, exhibit broad features which are in-
terpreted as electronic Raman transitions between the 3E

and “A, split levels of the °T,, (°’F) ground state of
V3 (d? ) in octahedral oxide ﬁelds
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