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A complete vibrational study of xerogels of vanadium oxide corresponding to the formula VrOI . nH,O 
with n = 1.6, 1.2,0.6,0.4, and 0.3, was performed. Raman and infrared spectra of powder and oriented 
films of the samples have been recorded at 100 and 300 K. It has been possible to verify the existence of 
two different structures. For n = 0.3, VzOs layers are connected as in the crystal through V=O-V 
bonds, each water molecule trapped into cavities being linked by its two hydrogen atoms to the oxygen 
lattice, the interlayer distance (b parameter) should be close to that of the crystal. For n = 0.6, the 
VrO, layers are not connected as in the crystal through the long V-O bonds, but the vanadium atoms 
are coordinated to Hz0 molecule by V-OH, bonds. For 0.6 < n < 1.4 three kinds of water molecules 
are likely present. Finally, it is shown that the conclusions are consistent with the literature structural 
models proposed from diffraction methods. 0 1985 Academic Press, Inc. 

I. Introduction 

The electronic properties of gels of vana- 
dium oxide have stimulated a large number 
of recent studies on this system. The gels 
can be obtained by two methods: (i) the 
amorphous V205 is dissolved in water 
(noted gels A) and (ii) by the polymeriza- 
tion of the decavanadic acid (noted gels P). 

The gels obtained by the second method 
have given rise to recent structural studies 
(1-5) and for this reason we shall limit this 
study to gels P. The comparison between 
gels P and gels A is discussed by Abelb and 
Lucazeau (15). 

Abello and Pommier, from precise DTA 
and TG (slow heating rate) measurements 
(6) have shown that the water contents 
characterized by n = 0.3, n = 0.6, and n = 
1.4 correspond to specific compounds. The 
n = 0.3 content appears as a limit below 
which the crystallization occurs. In this re- 

spect it must be underlined that these two 
compositions (0.3 and 0.6) differ from those 
(n = 0.1 and n = 0.5) reported by Aldebert 
et al. (I), the rapid heating rate used in 
their study could explain this discrep- 
ancy. Abello et al. have shown that for the 
composition n = 1.4 three different types of 
water molecules can be considered. Figure 
1 sums up this discussion. The swelling of 
gels by water with 0 < n < 20 has been 
studied by X-ray diffraction and by wide 
angle neutron scattering by Aldebert et al. 
(5); it has been shown that the first stages of 
hydration is stepwise. Electronic and X-ray 
diffraction measurements had led Legendre 
et al. (2, 3) to propose a description of the 
long- and short-range order for the n = 1.6 
and n = 0.5 compounds but the water mole- 
cules were not definitively placed. How- 
ever, the n = 0.3 limit compound was not 
investigated and the aim of the present 
work is to study the structure of this gel and 
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FIG. 1. TG curve corresponding to the dehydration 
of a V205 . nHzO gel (6) from n = 4 to n = 0. 

to check for n = 1.6 and n = 0.6 to what 
extent the short-range order model pro- 
posed form diffraction methods is compat- 
ible with the vibrational results, with a par- 
ticular emphasis on the Raman results, the 
sensitivity of this technique to short-range 
structure being well known. This work is 
the continuation of a previous ir-Raman 
study on a VZ05 single crystal (7) and on 
amorphous and water-rich gels of VZOs (8). 

The experimental results are presented 
and discussed in the present paper. The 
normal mode calculations which have been 
performed on the structural models dis- 
cussed here will be reported in a forthcom- 
ing paper (9). The prominent results of this 
study have been presented recently (10, 
11); since an infrared study of water in 
V205, n = 1.6 and 0.5 H20, has been pub- 
lished (12). 

II. Experimental 

1. Samples 
The vanadium pentoxide gels are pre- 

pared by polymerization of decavanadic 
acid. A yellow solution of decavanadic acid 
is obtained from metavanadate solution in 
contact with an acid-exchange resin (13). 
This solution polymerizes spontaneously at 
room temperature in a few hours and one 
can obtain gels with a composition of about 

300 parts Hz0 per 1 part V205. Above 1100 
Hz0 one obtains a colloidal solution. The 
xerogels are obtained by evaporation of wa- 
ter, they correspond to a water content 
comprised between 1.6 and 0.3 HZ0 per 
V205. At room temperature this evapora- 
tion leads to a gel with the approximate for- 
mula V205 * 1.6 H20. A further dehydra- 
tion can be achieved under vacuum (~0.6 
H20) or by heating the sample up to 0.3 
H20, the hydration-dehydration is revers- 
ible for n 2 0.6; for n 5 0.3 the hydration 
does not occur any more. The precise water 
content of our samples were obtained by 
TG measurements (6). 

2. Infrared Spectra 

A Perkin-Elmer 580 spectrometer was 
used. The samples were studied as Nujol or 
Fluorolube mulls or dispersed in CsI. Films 
of xerogels were obtained by evaporation of 
gels on AgBr. This substance is inert to- 
ward V205 even when it is heavily hydrated 
(which is not the case for KBr or even CsI) 
and allows to investigate the range 4000- 
200 cm-*. 

3. Raman Spectra 
Samples have been recorded on a triple- 

monochromator Raman spectrometer using 
the 647.1~nm exciting line of a krypton la- 
ser. The samples have been studied either 
as powders or as films evaporated on the 
external surface of glass tubes maintained 
in rotation in order to prevent the laser 
heating of the sample. 

For powder samples, the different com- 
positions have been obtained by heating a 
tube, containing a gel, for several hours at 
the appropriate temperatures (473, 423, 
373,340, and 300 K), corresponding to n = 
0.3, 0.4, 0.6, 1.2, and 1.6 compositions, re- 
spectively. The tubes were sealed in situ 
and then cooled down. For the films the 
sample was maintained at the appropriate 
temperature during the recording of the 
spectra. 
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FIG. 2. Schematic representation of the ribbon 
structure of V,O, xerogels [after Legendre et al. (2, 
311. 

III. Structural Considerations and 
Selection Rules 

1. Literature Models 

VZOS . 1.6 HzO: Legendre and Livage (2) 
have shown from electron microscope ex- 
periments that this compound is made up of 
entangled fibers. These fibers can be de- 
scribed as ribbons of 1.000 x 100 A. A two- 
dimensional periodical structure with a = 
27 8, and c = 3.6 A closely related to the 
crystalline V205 has been proposed and 
each ribbon should be made of fibrils of a 
width equal to 27 A connected to each other 
by sharing water molecules. The organiza- 
tion of the ribbon in a direction perpendicu- 
lar to the plane of the ribbon has been de- 
duced from X-ray diffraction (1, 3). Each 
interribbon distance being of 11.55 A. This 
model is sketched in Fig. 2. 

V205 . 0.5 H20: the structure of the V205 
framework is the same as above, however 
the interribbon distance decreases to 8.75 
A. 

V205 . 0.3 H20: as already mentioned 
there are no structural informations on this 
phase. 

2. Selection Rules 

The discussion of the spectra refers to 
three basic structures: (i) the orthorhombic 
DZh, V205 crystal, (ii) one independent 2D 

layer of a DZh symmetry, and (iii) the quasi- 
one-dimensional fibril presented above. 

The number and the activity of the k = 0 
normal modes of the two first structures are 
identical and have been already reported in 
(7), however the suppression of interlayer 
bondings can introduce some frequency 
shifts in the case of the independent layer. 
We shall limit this section to the classifica- 
tion of the modes of the isolated fibril. 

If we consider that the fibril is of infinite 
length (the c parameter is taken equal to 3.6 
A as in the VZOS crystal), the vibrational 
modes are those of a one-dimensional crys- 
tal. There are now five V205 per unit cell 
and thus 2.5 times more (k = 0) modes are 
expected than for the crystal or for the in- 
dependent layer containing two formulas 
per unit cell. 

All the vibrational modes become ir and 
Raman active and under the C, group they 
can be classified as 

= 70 A’ + 35 A” - (2 A’ + A”) 

when one takes into account the three zero 
frequency translations. The rotations of 
the fibril as a whole are expected at very 
low frequencies. 

In the crystal (Dzh) we have shown in Ta- 
ble 1 of Ref. (7) that each internal mode of a 
VI05 unit gives rise to doublets because of 
the coupling between the two Vz05 units of 
the unit cell. In the present model one ex- 
pects that two internal modes give rise to 
five “crystal modes.” Moreover, it is well 
known, as far as the local geometry is kept, 
that, in a first approximation, a local activ- 
ity (ir or Raman) can be ascribed to one 
given internal mode and that it determines 
the activity of the normal modes of the 
structure. As an example if we consider the 
stretching v(V=O) internal mode, the 
strongly Raman active crystal mode of Ag 
symmetry at 994 cm-l is expected to gener- 
ate Raman active modes in the fibril, recip- 
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FIG. 3. Infrared spectra of different films of xerogels 
deposited on an AgBr disk, containing 1.6, 1.2, 0.6, 
0.4, and 0.3 Hz0 per VzOX. respectively. In order to 
attenuate the dichroic effects, the angle between the 
normal N to the sample surface and the ir beam direc- 
tion 0 = (N, I), was taken equal to 13 = 15”. 

rocally the internal modes which do not in- 
volve a large polarizability change in the 
crystal are expected to remain quasi-inac- 
tive in the fibril whatever the symmetry 
might be. Most of the new frequencies are 
expected to fall into a narrow frequency 
range centered around those of the crystal. 
However, new defects modes can be ex- 
pected such as those associated with free 
terminal atoms resulting from the breaking 
of V-O bonds when going from the 3D 
crystal to 1D fibril. Finally, “local modes” 
resulting from the specific interactions be- 
tween HZ0 and V205 frame can also be ex- 
pected. 

IV. Experimental Results and Discussion 

Infrared and Raman spectra of gels II = 
1.6, 1.2, 0.6, 0.4, and 0.3 are presented in 
Figs. 3, 4, and 5, respectively. The polar- 
ized Raman spectra of an oriented film of 
the 1.6 HZ0 gel are reported in Fig. 6. The ir 
OH stretching region of VOS04 * 3 Hz0 
and VOSO, . 1.5 HZ0 (14) are given for 
comparison in Fig. 7. The ir dichroic effects 
are illustrated in Fig. 8. 

1. Raman 

(a) Evidence of two limit compositions: n 
= 0.3 and n = 0.6, The evolution of Raman 
spectra from n = 0 (crystal) to n = 1.6 (see 
Fig. 5) is described in terms of crystal bands 
which persist through all compositions, and 

R YSTAL 

1000 BOO 6W 400 cm” 

FIG. 4. Infrared spectra of xerogels under different 
conditions and in different media. (a) Oriented film on 
AgBr disk. t9 = 15” (see Fig. 3 for 0 definition). (b) the 
same with 0 = 0, (c) the same after scraping of the 
sample, (d) xerogel powder dispersed in KBr, (e) the 
same dispersed in Nujol, (f) the same dispersed in 
N’njol and heated at lOO”C, (g) the same dispersed in 
Nujol and heated at lWC, (h) polycrystalline VZOS 
dispersed in KBr. 
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L 
FIG. 5. Raman spectra of the xerogels (powder) 

V205 . nH20 with n = 1.6, 1.2, 0.6, 0.4, and 0.3 com- 
pared with crystal spectrum. 

which disappear or appear above a given 
value of n (see Table I). The Raman spec- 
trum for n = 0.3 is very similar to that of the 
crystal, all the bands of the crystal are 
present, in addition we observe a weak 
shoulder at 155 cm-’ and two bands at 267 
and 1042 cm-i. The two first features are 
present up to it = 1.6, while the last one 
disappears above n = 0.6 and is replaced by 
the 1020-cm-r band. In the same way for II 
> 0.6 seven new bands appear. The strong- 

d) VH 

1000 800 600 400 200 cm-l 

FIG. 6. Polarized Raman spectra of an oriented fdm 
of the 1.6 HZ0 gel compared with a xerogel powder 
spectrum. 

est ones observed at 55 and 890 cm-1 are 
located in new frequency ranges and this 
indicates that a structural modification has 
taken place. 

Thus the n = 0.3 and n = 0.6 composi- 

VO SO,. n Hz0 

4000 

FIG. 7. Infrared spectra (4000-2500 cm-l) of 
VOSO, . 3 Hz0 (after Tachez et al. (14)) and VOSO, 
. 1.5 H20. 
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larly to the rotation axis of the tube. This 
treatment is usually done for orienting liq- 
uid crystals. These samples were then dried 
at 300 K so as to reach the II = 1.6 Hz0 
composition. The Raman spectra of the 
“oriented” and “nonoriented” ribbons 
present quite a similar polarization behav- 
ior. The low-frequency region below 200 
cm-* is not very sensitive to the polariza- 
tion effect. The 50-cm-r band seems to be a 
bit stronger in VV and HH spectra for the 
“oriented” ribbons than for the second 
sample and a small intensity decrease is ob- 
served in VH and HV spectra (see Fig. 6a). 
If one takes the 180-cm-r band as an inter- 
nal standard, the ZvvIZuu depolarization ra- 
tios vary from 0.57 for the 895-cm-’ band to 
2.1 for the 670- and 350-cm-i bands. More- 
over, the Raman spectra of a n = 1.6 non- 
oriented gel investigated in its powder form 
is also very similar to those of oriented lay- 
ers (see Fig. 6b). This limited polarization 
effect is due to the fact that the out-of-plane 

FIG. 8. (a) The sample is unidirectionally oriented in 
an horizontal direction and 0 = 0”. (b) The sample is 
unidirectionally oriented in a vertical direction and 0 = 
0”. (c) Same as (b) but with 0 = 30”. (d) Same as (b) but 
with 0 = 45”. 0 is the angle between the normal of the 
gel support N and the ir beam direction I: 0 = (N, Z). 

tions appear as two blurred limits. As al- 
ready stated, below 0.3 the structure is un- 
stable and the crystal is formed, however 
for 0.3 < n < 0.6 the Raman spectrum is a 
mixture of II = 0.3 and 0.6 spectra (see n = 
0.4 in Fig. 5), the coexistence of two 
“phases” seems to be also observed near 
the exact composition 12 = 0.6, the corre- 
sponding spectrum still contains some traces 
of the n = 0.3 strongest bands (e.g., 985, 
280, 145 cm-r), however for IZ > 1 these 
bands are completely removed and are re- 
placed by different bands which persist up 
to n > 1100 (colloidal solutions) (15). 

(b) Polarization. X-Ray diffraction ex- 
periments and ir results [see Section 2(c) 
and Ref. (12)] have shown that evaporated 
gels are made of layers parallel to the sup- 
port and thus it was interesting to take ad- 
vantage of this to obtain polarized Raman 
spectra. 

A gel n = 300 Hz0 was deposited on two 
glass tubes; one of them was previously 
unidirectionally rubbed, in order to induce 
the alignment of V205 ribbons perpendicu- 

TABLE I 

Raman frequencies 

Crystal Xerogels 

n = 0.0 n = 0.3 0.4 0.6 1.2 1.6 

102(m) 

145(W) 

197(m) 

283(S) 
303(m) 

404(m) 

480(m) 
526(m) 

700(s) 

994(s) 

55(m) 55(s) 55(s) 

I 

100(m) WW loo(W) WW9 ww 
135&h) 135(s) 135(s) 

145(s) 145(s) 145(s) 
155(sh) 155(s) 155(s) 156(s) 155(s) 
195(m) 195(w) 

1 
267(w) 266(m) 265(m) 265(m) 265(m) 

283(s) 280(m) 280(m) 278(w) 278(w) 

MO(w) WXsh) 
325(m) 325(m) 325(m) 

35Wm) Wd 350(m) 
404(m) 41W) 395(W) 4oo(vw) 4owvw) 
482(m) 480(m) 485(m) 485(sh) 485(sh) 

52Wm) SW@ 515(m) 5Wm) SWN 

{ 
67qsh) 668(m) 667(m) 

7OOw 70Wm) 707(S) 707(s) 707(s) 

89OW 895(s) 895(s) 

I 

993(s) 987(w) 985(w) 
1020(w) 1020&v) lozqw) 

1042(w) 1038W 

Note. n: represents the number of water molecules per V,O,. s, 
strong; vs. very strong; w, weak; m, mean. 
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modes are certainly much weaker in Raman 
than the in-plane modes and that the YY, 
ZY, and XY components of the tensors as- 
sociated with all the normal modes are 
weak. This was the case for crystalline 
VzOS in which the XY(Bi,), ZY(&,), and the 
YY(A,) spectra were much weaker than the 
ZX(&,) and XX, ZZ(A,) spectra. On the 
other hand the limited range of variation for 
depolarization ratios indicates that either 
there is a stacking disorder along the b axis 
or (and) there is an orientational disorder of 
ribbons in the (a,~) planes. Nevertheless 
one can classify the bands which are en- 
hanced in VV or HH compared to VH spec- 
tra, as due to symmetric modes. If one as- 
sumes that the ribbons keep a symmetry 
plane perpendicular to the layer, one can 
consider that these modes are of A’ symme- 
try whereas if the crystalline symmetry is 
considered the diagonal spectra (VV, HH) 
should correspond to A, species and VH to 
BQ species. Thus neither precise symmetry 
assignments nor structural information can 
be drawn from the polarization data. How- 
ever, one can conclude that some long- 
range order exists and that the ribbons are 
made of units with a degree of symmetry 
sufficient to explain the anisotropy of polar- 
ization tensors. 

2. Infrared 

(a) Particle size effect. The evolution of 
ir spectra of gels is not so spectacular as 
that of the corresponding Raman spectra, 
however in contrast with the Raman obser- 
vations there is a strong modification of ir 
spectra from the crystal to the n = 0.3 gel 
(Fig. 4), e.g., thus one has to explain the 
shift of the absorption band at 815 down to 
765 cm-l (although there is no change in the 
Raman spectra). As already emphasized in 
Ref. (7) the particle size affects drastically 
the ir spectrum and in the present case it 
can be concluded that the dimensions of the 
active particles are strongly modified. 

For the crystal, the strongest TO-LO 

splittings deduced from reflection spectra 
and reported at 765-959,506-842, and 41 l- 
586 cm-r (16) (associated with the largest 
oscillator strengths) correspond to the 
broad and strong ir absorption bands cen- 
tered at about 765 and 515 cm-’ in the spec- 
tra of gels. Table II gives a possible inter- 
pretation of this observation. The ribbon 
has finite dimensions along the a and b axes 
of the crystal (see Fig. 2) and the vibra- 
tional excitations cannot propagate along 
these directions and thus some UT - wL 
splittings are not expected (depending on 
the symmetry and their character). In such 
a case, corresponding ir modes are ex- 
pected to be observed in a frequency range 
near from the “pure mechanical fre- 
quency”‘: e.g., in the crystal when E, is 
parallel to the a axis, the B3,, mode exhibits 
a TO-LO splitting (16) equal to 765-965 
cm-l (see Table II). For a ribbon the L and 
Tb phonons loose their character and tend 
toward a quasimolecular mode close to the 
pure mechanical frequency which, in the 
absence of the macroscopic electric field, is 
calculated at 821 cm-’ for the correspond- 
ing crystal mode (7). In agreement with 
what is expected, two frequencies are ob- 
served at about 821 (shoulder) and 765 cm-l 
(strong) for the ribbon. Thus it can be con- 
cluded that the structure of the V20s gels is 
strongly one-dimensional and that the rib- 
bon model proposed by Legendre et al. (2, 
3) is compatible with our results. 

The half-width reductions and the ap- 
pearance of shoulders and weak features in 
the ir spectra (Fig. 3), e.g., of gels embed- 
ded in Nujol, can also be related to varia- 
tions of size of fibrils due to the departure 
of water. In the same way the changes be- 
tween b and c spectra can also be associ- 
ated with the mechanical destruction of lay- 
ers of a n = 1.6 gel. 

L “Pure mechanical frequency” means that the cor- 
responding force constant is purely associated with the 
chemical bond. 
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TABLE II 

CORRESPONDENCE BETWEEN INFRARED ACTIVE MODES IN V20J CRYSTAL AND 
THEIR COUNTERPARTS IN THE RIBBON 

V20S nbbon 

&&,. 
~erpecred. (Ella,c) 

Elk 
@I,) 

Ella 
(&u) 

wn 708(s) 
%l 708(s) -680-700 

842 oL, OL 844(w) 1 

815 
959 OLo 

510 

821(s) 
767(s) 765(s) 
821(s) 1 820(sh) 

534(s) 505(s) 
411(s) 58O(sh) 
534(s) 550(sh) 

Ellb 
(Bzu) 

473 [OT, %l 476 
470 UT‘ wn 476 490 

490 @Lb wn 476 

Note. (i) wa and wb are the frequencies corresponding to transverse modes (Ellc) 
propagating in the a and b directions, . . . ; (ii) oL: longitudinal frequency; (iii) 0,: 
“pure mechanical” frequency (calculated in Ref. (II)). Because of the finite dimen- 
sions of the ribbon in the “a” and “b” directions some of the T and L modes cannot 
be defined and the corresponding frequencies tend toward the pure “mechanical 
frequency” deriving only from the chemical bond without taking into account the 
macroscopic electric field. 

(b) Host medium eflect. The ir maxima 
shift slightly, depending if the sample is de- 
posited on an AgBr surface or is embedded 
in Nujol or in KBr. This effect is related to 
the dielectric constant of the respective 
host media (7). 

(c) Dichroic effects. Figure 8 reports the 
effect of the orientation 8 of the normal of 
the gel support relative to the beam direc- 
tion. The strong 1025cm-i component visi- 
ble for unoriented samples (dispersed in 
KBr or Nujol) is not observed for 8 = o”, 
while it is strongly enhanced for 8 = 45”. 
This effect is also visible for 8 = 15” (see 
Fig. 4a). A similar dichroic effect although 
much less pronounced is also observed for 
the 3590~cm-i component. 

The 1025cm-i band, in the crystal, is as- 
signed to a Bzu v(V=OA) stretching mode 
(the atomic displacements and the dipole 

moments are perpendicular to the layers) 
and it can be concluded that the dichroism 
associated with the corresponding band in 
the gel indicates that there are V=O bonds 
also perpendicular to the layers stacked 
along the c axis. When the stacking order is 
destroyed (either by scraping the deposit on 
the AgBr face (see Fig. 4c), or after grind- 
ing, see Fig. 4, spectra d and e) the intensity 
and the half-width of the 1025-cm-’ band 
are strongly enhanced, correlatively the 
505-cm-i band seems to follow the same 
trend. The BZu mode which is placed in the 
crystal at 470 cm-’ could give rise to this 
band in the gel (see Table II). It should cor- 
respond to an out-of-plane G(VOaV) bend- 
ing mode and this confirms that the layers 
in the gel are organized in a similar way as 
in the crystal. On the contrary the 765-cm-1 
band should correspond to one in-plane 
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mode. The intensity of this band varies 
when a unidirectionally oriented sample 
(following the same procedure as in Raman) 
is rotated around the normal to its surface 
(Fig. 8); this confirms that, the ir beam be- 
ing 8% vertically polarized, there is a trend 
toward a uniaxial ordering in the plane of 
the layer, and that for this mode the dipole 
variation is likely parallel to the long axis of 
the fibril. The above remark is consistent 
with the correspondence between the &, 
crystal mode and the 765-cm-’ observed 
band reported in Table II. Finally, the 3590- 
cm-l ir band can be assigned either to an 
asymetric va(OHz) stretching mode or more 
likely to an OH vibrator of a water mole- 
cule nonperturbed by H bonding; for such a 
model one expects that the ir intensity ratio 
for 8 = 45 and 0” is of about cos 45” = 0.7. 
The observed dichroic ratio (D45/DO = 0.5) 
agrees with this model when one takes into 
account the increase of the apparent sample 
thickness for 8 = 45”. 

3. Qualitative Assignments 
As already stated in Section 2c, the 

stretching v(V=O*) vibrations give rise to 
the narrow ir and Raman bands between 
990 and 1050 cm-l. In addition to the Ra- 
man line already observed at 995 in the 
crystal, a new line at 1042 cm-1 appears, on 
the spectra of the n = 0.3 gel, this “blue” 
shift indicates that some V=OA bonds are 
strengthened, they could correspond to 
VOs pyramid in which one equatorial V-O 
bond is broken. In the 12 = 0.6 gel, these 
two frequencies slightly decrease to 985 
and 1020 cm-‘, respectively, while a new 
intense line appears at 895 cm-l. This fre- 
quency is high enough to indicate that it 
belongs also to a multiple V=OA bond; its 
lowering, compared to 995 cm-’ could be 
associated with the fixation of water mole- 
cules on the &OS fibril skeleton; there are 
two possibilities: hydrogen bonding with 
0~ atoms, which should partly block the 
motions of these atoms, or more likely for- 

FIG. 9. Organization of water molecules in the Le- 
gendre et al. structural model of a V20, . 0.6 Hz0 
“ribbon.” WA: water molecule coordinated on axial 
vanadium (V,J atoms. Ws: water molecule hydrogen 
bonded to oxygen (0s) atoms. Small dark circles: hy- 
drogen atoms of WA and Ws water molecules. Small 
open circles: vanadium atoms. Large open circles: OA 
oxygen atoms. Large dotted circles: Oa oxygen atoms. 

mation of coordination bonds with vana- 
dium atoms which should weaken the 
V=OA bonds (QT back donation). 

In that case if one refers to ir data on 
[M(H20)#+ salts (17) one expects V-OH* 
stretching frequencies at about 350-500 
cm-l. Actually new Raman bands are ob- 
served for 12 > 0.6 (Fig. 5) and the corre- 
sponding ir active modes could be over- 
lapped by the S(OV0) mode at 505 cm-l. 
The existence of such an axial water mole- 
cule implies that it plays a particular role 
and that it could be characterized in the 
corresponding OH stretching region. If one 
tries to combine the basal spacing of 8.75 A 
with the IZ = 0.6 composition, the model 
given in Fig. 9 seems highly probable, 
moreover it is shown that the occurrence of 
a free OH vibrator is possible. The narrow 
absorption band at about 3600 cm-’ could 
be characteristic of this type of coordinated 
water molecules noted WA, nearly free of 
hydrogen bonding. Such a band is clearly 
observed for n = 1.6, it is still present for n 
= 0.6 but it does not exist for n < 0.6. Ta- 
chez and Theobald (28) have studied the 
structure of VOSO, * 1.5 HZ0 and they 
have suggested that water molecules are 
coordinated axially to vanadium atoms. 
The great similarity between the 3600-cm-1 
ir region of this compound (Fig. 7) and of 
V20s gels is a further proof of the probable 
existence of axial HZ0 molecules for n > 
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0.6. On the other hand, the broad absorp- 
tion band observed below 3580 cm-1 is 
characteristic of hydrogen-bonded water 
molecules either with oxygen atoms of 
V205 or of Hz0 molecules. This broad band 
is observed on all the spectra, and thus this 
type of water molecules exists in all the 
gels. 

A certain number of Raman bands such 
as those at about 700, 500, and 100 cm-l, 
are observed in the same frequency range 
as for the crystal and they involve likely 
similar internal modes, this point will be 
confirmed by normal mode calculations 
(9). 

V. Conclusions 

The vibrational spectra of the xerogels II 
= 1.6, n = 1.2, n = 0.6, n = 0.4, and IZ = 
0.3, show in agreement with diffraction 
conclusions that these gels are made of lay- 
ers in which the short order is closely re- 
lated to those of crystalline V205. The ex- 
istence of finite dimensions in the a and b 
directions has been correlated with the dis- 
appearance of some T-L splittings. 

The spectra of the it = 0.3 gel are very 
similar to those of the crystal. Water mole- 
cules are hydrogen bonded and there are 
two possibilities: either they link two fibrils 
together as stated by Legendre et al. (3) or 
they are trapped into the large cavities of 
the V205 crystals made of 4 OA and 4 OB 
oxygens, they should be doubly bonded to 
the oxygen lattice by their two hydrogen 
atoms. DTA measurements have shown 
that the last 0.3 Hz0 molecules leave the 
structure only at 510 K just before the crys- 
tallization and thus, that they are strongly 
retained. This can be explained by assum- 
ing either that these molecules are strongly 
bonded or that they are trapped during the 
dehydration process. The ir absorption 
band, characteristic of the v(OH) vibration 
of these molecules, clearly shows that these 
molecules are weakly hydrogen bonded and 

therefore the second hypothesis, of Hz0 
molecules in cavities, seems more reason- 
able. If this last water had to play a interfi- 
bril bonding role it would be strongly hy- 
drogen bonded and its v(OH) frequency 
would be much more perturbed. Moreover, 
we have stated that the n = 0.3 compound 
has a structure very close to that of the 
crystal and it is reasonable to consider that 
the interlayers bonding are regenerated and 
that Hz0 molecules can be trapped during 
the reconstruction process. 

For n = 0.6 the V=O---V bridges must 
not exist, the interlayer distance being 
equal to 8.75 A and thus the layers must be 
nearly independent. This modification of in- 
terlayer cohesion is actually responsible for 
the large spectral changes observed for n = 
0.6. For this composition an additional sec- 
ond type of water molecules was evi- 
denced, it should be coordinated to vana- 
dium atoms. 

Above this concentration, the maximum 
of the ir absorption band at about 3500 cm-i 
is displaced toward low frequencies and 
this indicates that a third kind of water mol- 
ecules is present. The ir data indicate that 
for IZ > 1.6 the hydrogen bonding is of the 
same order of magnitude whatever the con- 
centration in water is. 

Finally, the n = 1.6 compound could be 
described as an intermediate situation be- 
tween the colloidal solution and the n = 0.6 
compound as far as the short-range order is 
considered. In other words, we do not ob- 
serve a marked spectral change associated 
with the II = 1.4 composition but the reduc- 
tion of the 3600-cm-’ ir shoulder is charac- 
teristic of relatively free HzO. This could 
correspond to the filling of the interlayer 
space available to H20, the excess of Hz0 
being involved to surround each ribbon. Fi- 
nally, it must be emphasized that the water 
molecules for a given phase can be consid- 
ered as randomly distributed over given 
sites and that for a given composition one 
can have a coexistence of two distinct 
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structures with the same composition, e.g., 
(i) for n = 1.2 one can describe the gel as a 
mixture of phase II (8.75 ;i> and phase I 
(11.55 A) in equilibrium, (ii) for n = 0.4 one 
can have a mixture of phase III (‘5 A) and 
of phase II (8.75 A), both of them contain- 
ing 0.4 mole of Hz0 per V205. 

Finally the stability domain for each 
phase is centered around a given n but the 
half-width An of the corresponding distribu- 
tion at the difference with an hydrate may 
be very broad. 
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