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Abstract. Sodium-containing intercalates having as general formula Na, VOPOP,(2 — x)H,0 (0.25 < x < 0.50)
have been obtained and characterized. Orthorhombic phases, which essentially maintain the structure of the
layered oxide hydrate VOPO,2H,0 result. Intercalated sodium ions act as ‘pillars’. The presence of H,O* ions
in the parent VOPO,-2H,0 and also in some reduced phases, is detected. The understanding of the structural role
of the water molecules is advanced and the topotactic dehydration/rehydration processes are studied. The
formation of a new metastable VOPO,-H,O phase is established.
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1. Introduction

Theoretical and applied interest concerning the V-P-O system has resulted in a plentiful
literature on its constituent phases [1, 2]. In particular, vanadyl phosphate, VOPO,, has
been widely studied owing to its catalytic relevance [1, 3, 4]. Up to now, five different
polymorphs have been reported, o; [5], «;; [6], f [7], y and & [1]. Besides these, the
dihydrate VOPO,-2H,0 can be derived topotactically from the a-phases [8]. Both a-phases
are tetragonal (P4/n) and layered, «;; being isostructural with several MOXO, compounds
[9]. The ab plane in the a-phases consist of VO, pseudo-octahedra sharing in-plane corners
with PO, tetrahedra. The distorted VO, octahedra form infinite linear chains parallel to the
c axis by sharing the apical oxygen atoms. The structure of the dihydrate VOPO,-2H,O has
been described based on a single-crystal X-ray study [10] and by powder neutron diffrac-
tion [11]. Although there is some disagreement between the results of both studies, “the
general features of the structure are clearly established” [12]. The space group is conserved
(with respect to the anhydrous a-phases), but a significant elongation of the ¢ axis occurs.
The octahedral-tetrahedral array in the tetragonal layers is essentially maintained, but the
layers are now separated by intercalation of water molecules. One water molecule (type A)
is directly coordinated to a vanadyl group (V==0) and the second one (type B) is inserted
into holes between PO, tetrahedra of adjoining layers, although the real position and local
symmetry of both water molecules have not been exactly determined [13, 4]. In fact, besides
the insensitivity of neutron diffraction to the vanadium atom, hydrogen atom positions are
not accurately determined (R factor = 0.19). This is probably due in part to the sample
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preparation procedure (see the Experimental section for pressure effects). Otherwise, hy-
drogen atoms may have no definite equilibrium positions.

The dihydrate VOPO,-2H,0 has been aptly described as a versatile host for intercalation
chemistry and phenomenological aspects of coordination [9, 14] and redox [12, 15] reac-
tions have been reported. However, some basic questions remain unresolved. Thus, it
seems clear that a more fruitful study of the intercalation reactions could be approached
if the dehydration/rehydration (deintercalation/intercalation) pathways were known. Like-
wise, these mechanisms could be better understood provided that the actual structural role
of the water molecules is established.

To progress in this sense, the present study is intended to elucidate the influence of the
intercalated species both from a structural point of view and on the reactivity of the host
lattice.

2. Experimental

The main features concerning the synthesis of the host lattice and its reduced phases have
been summarized in Table I. Solid phases have been prepared from an aqueous solution
containing NaH,PO, 0.770M, NaVO; 0.134M and HNO, 0.754M. The V/P ~ (.2 molar
ratio corresponds to the highest observed yield. The ‘dihydrate’ host lattice (Solid I, see
below) was obtained according to Jander’s procedure [16]. Reduced derivatives have been
obtained: (1) In homogeneous (liquid) phase. Ethanol (Solid IT) and SO, (Solids ITI-V)
were used as reducing agents. SO, was supplied as a fresh Na,SO;/HNO, solution (in such
a way that the pH and the Na*/NOj ratio in the starting solution were not altered). After
addition of the reducing agent, the solutions were heated to incipient boiling (this was
maintained for 15 minutes for Solids Il and IV) and then they were allowed to cool to room
temperature. The green crystalline solids obtained were filtered under vacuum, washed
with cold water and dried with ether (saturated with water); (2) By reduction of Solid 1
samples. Reduction was carried out thermally for Solids VIII and IX (samples of I were
maintained at the indicated temperature — see Table I — for 2-3 hours and then they were
allowed to cool to room temperature under the same O,-free atmosphere). Solid VII was
prepared by prolonged reflux of an ethanolic suspension of L. Solid VI was prepared by
reducing a 0.40M aqueous solution of I with an equal amount of a 0.20M aqueous solution
of Nal. The green crystalline solids were treated as above.

Vanadium content and oxidation states were determined by a redox titration procedure.
Samples were dissolved in dilute sulfuric acid and the V(V) was reduced with an excess of
Fe(II). The solution was then back-titrated with standardized MnO,~. The procedure was
carried out under a CO, atmosphere at 85 + 1°C. End points were determined potentio-
metrically using a Pt/Calomel PK-149 Radiometer redox electrode. Phosphorus was deter-
mined by atomic absorption (Perkin-Elmer Zeeman 5000) and Na using an EEL Flame
Photometer. Water was determined thermogravimetrically. The formulations in Table I
have been proposed on the basis of the analytical results.

Thermogravimetric analyses were performed using a Setaram 870 simultaneous TG-
DTA thermobalance. Crucibles containing ca. 100 mg of sample were heated at
4.43°C min~"' under a flowing N, atmosphere. The heating rates for the kinetic measure-
ments were slower, ranging from 0.83 to 1.80°C min~—!. Calcined Al,O; was used as
reference.

X-Ray powder diffraction patterns were obtained with a Kristalloflex 810 Siemens
diffractometer using Cu Ka radiation with the Pt peaks as standard. The apparatus is
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equipped with a variable temperature device working from room temperature to ca.
1200°C. During sample handling, even moderate pressures must be avoided. Partial de-
composition to V,0; is detected by spectroscopy and X-ray diffraction at pressures as low
as 2.9 KBar. The sample-layer morphology confers a strong tendency to show a preferen-
tial orientation. We have made use of this to obtain simplified diffraction patterns in the
variable temperature study.

IR spectra (KBr pellets made at low pressure) were recorded on a Pye Unicam SP 2000
Spectrophotometer. Polycrystalline powder EPR spectra were obtained on a Bruker
ER 200 D X-band spectrometer.

3. Results and Discussion
3.1. SYNTHESES

Examination of Table I shows that the nature of the sodium intercalates described here
depends strongly on the preparative procedure. Thus, heterogeneous phase reduction (i.e.,
processes analogous to those reported as “redox intercalation” [12]) can yield mixed solid
phases in which the fraction of vanadium(V) reduced is higher than the degree of sodium
intercalation (Solids VII-IX). In contrast, when working in an homogeneous medium
(aqueous solution), the Na/V(IV) ratio in the reduced phases is always close to 1/1 (Solids
II-VI). This last method (through reactions which are not intercalation reactions) is clearly
advantageous because homogeneous solid single phases (see below) are obtained. Our
results agree with the previous suggestion on the existence of an upper limit to the amount
of sodium that can be intercalated in the host lattice [12, 15]. Although kinetic factors are
important (e.g., IV is more extensively reduced than III despite the lower proportion of
reducing agent used), neither boiling for longer times nor addition of an excess of reductant
has allowed us to intercalate sodium in any amount higher than 46% of the total vanadium
content in the host lattice. On the other hand, all attempts to obtain reduced single phases
containing less than 25% of sodium have been unsuccessful, leading systematically to
mixed phases or to the formation of the corresponding amount of Solid IIl. However, a
remarkable feature is that, contrary to previous reports [12], the water content in the lattice
(see Table II) lessens as the proportion of V(IV) (and consequently the Na™ intercalated)
increases.

Solids ITI, IV and V were investigated for the presence of SO,>~ (with Ba®* in neutral
solutions) and/or SO3~ (nitroprussate test) always giving negative results. The IR spec-
trum of II rules out the presence of intercalated ethanol. The stoichiometries of II, IIf and
1V indicate a V(IV)/Na* = 1/1 molar ratio. The presence of two weak bands (bending
PO—H, 1375 cm~', sharp; v(PO—H), 2322 cm ™', broad [17]) in the IR spectrum of V,
supports proton insertion in order to compensate for the positive charge defect (due to the
upper limit to sodium intercalation).

As can be seen, Solid I contains a slight amount of Na(2% of V is V(IV)). This is a
systematic result when Jander’s procedure is used. A vanadyl phosphate practically free of
V(IV) can be prepared in the absence of Na using the Ladwig procedure [18] as modified
by Martinez et al. [14]. Notwithstanding, Solid I (which is indefinitely stable if preserved
from light) behaves almost identically to the true dihydrate compound. Thus, its X-ray
diffraction pattern (see Table III) practically coincides with that reported in the literature
for VOPO,-2H,0 [2}.
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The utilization of Nal as reducing agent illustrates the advantages of working in a
homogeneous liquid phase. Thus, Solid V1 is a single phase (see Table III) analogous to the
above (II-V), but when working in a heterogeneous medium mixed phases can result [12].

3.2. THE ORTHORHOMBIC DISTORTION: THE ROLE OF INTERCALATED SODIUM

X-ray powder diffraction pattern data (Solids I-VI) have been summarized in Table ITI.
Indexation and lattice parameter determination was performed by least squares fitting of
the data in the range 10° < 268 < 50°.

The pattern of Solid I is essentially like that reported for VOPO,2H,O [2]. When
indexed to a tetragonal structure, only three minor peaks remain unassigned (Table IIT)
and the calculated lattice parameters (a = 6.197(2) and ¢ = 7.417(2) A) fit rather well with
the previously reported values (¢ = 6.21 and ¢ = 7.41 A [2]). Nevertheless, indexation can
be improved and we will return to this aspect later on.

The patterns of Solids II-VI correspond to five different single phases. However, index-
ation to tetragonal structures as made by Jacobson for the analogous intercalates [12] gives
unsatisfactory results.

Actually, it seems reasonable to assume that replacing V(V) in the starting tetragonal
lattice by V(1V) together with Na™ insertion and H,O evolution would induce a structural
distortion. Thus, an accurate indexation has been possible for Solids II-VI, and even for
I (holding as little as 2% V(IV)). In all cases, the best fit to the observed diffractograms is
reached when an orthorhombic distortion is assumed. Indeed, for Solid I a full indexation
is achieved for an orthorhombic cell having @, =a + b, b, =2a — 2b and ¢, = ¢ (i.e., an
orthorhombic cell having a, = 9.35(1), b, = 17.60(2) and ¢, = 7.45(2) A). This multiple cell
is similar to that proposed by Pulvin and Bordes for AHVPO, derivatives [21]. On the
other hand, for Solids II-VI the best results are obtained when an orthorhombic distortion
is assumed in such a way that the new a, and b, parameters are approximately equal to the
diagonals of the hypothetical original tetragonal cell and ¢, is about twice ¢ (see Table III).
The variation of the parameters yielding the best fit (see Figure 1) involves c, lessening as
the water content decreases (and simultaneously as the Na and V(IV) contents increase)
and g, increasing in the same sense. The b, parameter remains practically unchanged with
a value close to 9 A. This value corresponds to the b parameter of the pseudo-orthorhom-
bic cell for VOPO,-2H,0 (b, = a\/ 2=8.76 A). As shown in Figure 1, a, tends asymptoti-
cally to b,.

As pointed out above, the ¢, variation is related to the sodium and water content in the
lattice. The thermal study (TG-DTA) of water evolution from these intercalates (see Table
II) shows that: (1) water molecules are always lost in two stages; (2) the first one corre-
sponds to the evolution of one water molecule per vanadium atom, regardless of the
intercalation degree (x); and (3) the amount of water eliminated in the second stage
approaches (1 — x) molecules per vanadium atom.

In accordance with previous results reported for VOPO,-2H,O [2, 13], it can be assumed
that the water evolved initially is that inserted into holes of the lattice (i.e., type B water).
Therefore, the remaining water will be that directly coordinated to vanadyl groups. On this
basis, and given the relation established between the intercalation degree (x) and the water
content in the lattice, sodium ions in the intercalates are very likely replacing water
molecules of type A (i.e., the sodium ions would be localized trans to the V=0 bond of
VO?* reduced vanadyl groups). This way, the charge defect induced by the reduction
should be neutralized locally. The resulting polyhedron of electronegative oxygen atoms
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Fig. [. Unit cell parameters as a function of the intercalation degree. Orthorhombic cell (Pmma) for

0.25 < x < 0.50, and tetragonal cell (P4,mc) for x = 0.50.

about each sodium cation would imply increased electrostatic interactions working to
bring the layers closer. The ¢ parameter decreases correspondingly. Thus, Na* ions may be
considered as ‘pillars’ fixing adjacent layers by introducing ionic interactions in the Van der
Waals gap. A similar effect has been observed for metal-complex intercalates [22] and also,
in a very recent publication, for the intercalation of some di- and trivalent cations [23}.

3.3. THE ORTHORHOMBIC DISTORTION: SPECTROSCOPIC RESULTS

The proposed tetragonai-orthorhombic-tetragonal structural evolution was first suggested
by considering the IR spectral changes associated with intercalation (Table 1V). Thus, the
main features of the IR spectrum of tetragonal VOPO,-2H,0 have already been described
(see Table IV) [13]. From these, it can be inferred that the PO, groups should have an
essentially C,, local symmetry [24], which in turn agrees with the X-ray results [10]. The IR
spectrum of Solid T is nearly coincident with the above. However, as the intercalation/re-
duction degree increases (Solids II-1V), a clear splitting of the §(OPO) strong band is
observed. Although less defined, there are no significant changes in the v,(PQO) and v(PO)
bands. But, when the intercalated Na approaches the ‘upper limit’ (Solids V, VI), PO,
bands appear again well resolved and é {OPO) is unsplit. While this last result is consistent
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with a C,,-PO, local symmetry, the splitting of §(OPO) in the spectra of Solids TI-1V
indicates a lowering of symmetry for the PO, groups, which become C, [24]. The C,(D)—
C,(II-'1V)—-C,,(V-VI) change must be related to the noted structural evolution. Otherwise,
for high degrees of reduction (Solids V, VI) the presence of both VO** and VO?* entities
is shown by the splitting of the v(V=0) band.

The presence of V(IV) even in Solid I is illustrated by its anisotropic EPR spectrum
(room temperature) displaying hyperfine structure (g = 1944, g, = 1.984, A =194G,
A, =73 G). These results are very similar to those reported for ‘pure’ VOPO,-2H,0 [4].
EPR spectra of Solids II-VI remain axial but the hyperfine structure disappears because
the dipolar and exchange interactions due to the increased V(IV) concentration.

3.4. THE INTERCALATED WATER
3.4.1. Reduced Phases

According to the IR spectra of Solids I-VI (Table IV), two water molecule types (A,
coordinated, and B, inserted) occur in all the reduced phases. Bands at 3610, 3520 and
1605 cm~! (Solid I) can be assigned to v, (OH), v,(OH) and §(HOH) vibrations of A-type
water molecules, respectively. Bands at 3350, 3160 and 1620 cm~! (Solid I) can be assigned
to v, (OH), v,(OH) and 6(HOH) vibrations of B-type water molecules, respectively.

Upon reduction, v,(OH) and v(OH) remain split and a slight decrease in the frequen-
cies assignable to A-molecules is observed. This can be related to the stronger coordinated
water-substrate interactions resulting from the associated interlayer space shortening (see
Section 3.2). Thus, from the data in Table IV it can be inferred that linear
V—0Oy—H—O=V hydrogen bonds are reinforcing the interlayer forces when the
amount of intercalated sodium increases. This conclusion is also supported by the observa-
tion of only one broad §(HOH) band. The strengthening of the hydrogen bonds would
increase the bending frequency [26]. This would lead to the overlapping of both A and B
0(HOH) bands.

Given that both water molecule types remain in the reduced phases, the understanding
of their structural role might be approached by working with the starting-material (Solid

D).

3.4.2. The ‘Monohydrate’ Phase

It may be thought that information on the A molecules could be provided by studying a
monohydrate phase containing only coordinated water. While making such a study, Livage
and coworkers have reported some interesting results [ 13]. They conclude that the coordi-
nated water molecules in the monohydrate have C, local symmetry and are arranged
having the pseudo-C, axis approximately perpendicular to the layers. This model coincides
with that proposed by Bruque et al. for NbOPO,nH,O (n ~ 1) [27]. Whereas our experi-
mental results agree essentially with that of Livage, some refinements are indicated. The IR
spectrum of the ‘monohydrate’ shows two strong bands at 3650 and 3555 cm~"' (3630 and
3540 cm ™! in [13]) which are assignable to v,.(OH) and v,(OH) vibrations of coordinated
water, respectively. However, there are also two very weak sharp bands at 3610 and
3520 cm~! (3603 and 3518 cm~! in [13]). These two bands, not discussed in [13], coincide
with those observed for the coordinated A-molecules in the dihydrate (see Section 3.4.1).
This result is a first indication of the different structural role of the coordinated water in
the ‘monohydrate’ with regard to the dihydrate phase. Therefore, the decrease in the v(OH)
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frequencies upon further hydration must be attributed to the occurrence of hydrogen
bonding interactions with the incoming B inserted water. Moreover, a broad weak band
around 3330 cm ™! (ca. 3350 cm ! in [13]) shows the presence of a slight amount of B water
molecules in the formally ‘monohydrate’. Accordingly, it can be concluded that, regardless
of the preparative procedure, the stoichiometric monohydrate phase always contains a
certain amount of inserted water molecules (see also Section 3.5). In any case no conclusion
regarding the symmetry and orientation of the coordinated molecules in the ‘monohydrate’
is extrapolatable to the dihydrate phase.

3.4.3. The Dihydrate Phase

Dealing with the dihydrate, our results on the band dichroism support the fact that the
orientation of the coordinated water molecules changes with respect to the structure pro-
posed for the stoichiometric monohydrate phase. Because the experimental data are similar
to those reported in [13], we do not include them here, but a comment is necessary. Thus,
contrary to the observed data for the ‘monohydrate’, there are the bands due to v, (OH)
and 6(HOH) which now become dichroic (both for A- and B-type water molecules),
whereas just the band due to v(OH) loses its dichroism.

On the other hand, we have recorded the IR spectrum of samples resulting from rehydra-
tion of a,-VOPO,. Rehydration was performed in a sealed flask in the presence of a
D,0/H,0 = 5/95 mixture. This low D,0 concentration ensured that only HOD molecules
will replace H,O molecules in the host lattice and also avoids problems arising from the

+-A>
~Ww

ABS —

1 i i L 1 I
4000 3500 3000 2500 2000 1800 1600 P 1400
cm

Fig. 2. Infrared spectrum (1400-4000 cm~') of partially deuterated VOPO,-2H,0. Band assignments: 1,
v.(OH); 2, v(OH); 3, v, (OH); 4, v(OH); 5, v,(OH); 6, v(OH); 7, v(OD); 8, WOD); 9, WVO—H); 10,
6(HOH) + L(motion); 11, 6(HOH); 12, 5(HOH); 13, (HOH); 14, S(HOD) and 15, S(HOD). A, B= A and B
type water molecules.
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possible vibrational coupling between 6(HOD) bands [28]. Syntheses of partially deuter-
ated VOPO,-2H,0 carried out in an aqueous solution having 10% of HOD led to the same
results. Figure 2 shows the more significant spectral zone. From Figure 2 it can be noted:
(a) there are two broad §(HOD) bands owing to the two types of water molecules; and (b)
the broadness of these unresolved bands argues strongly in favour of the existence of more
than one 6(HOD) vibration for both water molecule types [28]. Thus, a C; local symmetry
can reasonably be assumed in both cases. Otherwise, according to the results on the band
dichroism, the pseudo-C, axis of all coordinated and inserted water molecules will make an
angle with the crystallographic z axis [29].

3.4.4. Evidence for the Presence of H* (H,0) Ions in the Interlayer Space

A relevant aspect of the IR spectra of the dihydrate and the reduced phases, not yet
discussed, is the presence of a set of bands appearing around 2940, 2870 and 1695 cm~!
(see Table IV and Figure 2). In particular, the band at 1695 cm ! is clearly present also in
the spectrum reported in [13], but remained unassigned. It has been claimed that this band,
is a “fingerprint’ for H;O™* [30]. In a more recent paper, Corma and coworkers agree with
the assignment of this band to the antisymmetric bending vibration of the H;O* ion [31].
The bands at 2940 and 2870 cm~—! would be due to the antisymmetric and symmetric
stretching vibrations of the H;O* ion, respectively [30-32].

A general feature concerning these bands is their intensity decrease as the sodium inter-
calation degree increases. Besides this, an additional weak band at 2130 cm~! can be noted.
This band, whose intensity also decreases upon reduction, would be due to v(VO—H) [21].
The presence of OH groups linked to vanadium atoms is required if there are H;O" ions
in the interlayer space. In fact, it might be thought that the more acidic coordinated water
molecules of the solid VOPO,2H,0O are able to transfer one proton to inserted water
molecules through an internal acid-base equilibrium such as:

H---OH, H,O*
| 2

O0=V—0——H O=V—0——H~

Such a schematic mechanism, suggested by the spectroscopic results [29], should be
allowed by the hydrogen bonding network involving both A- and B-water molecule types
(see above). Moreover, the intensity decrease of the H;O* bands as the amount of interca-
lated sodium increases is consistent with the subsequent removal of coordinated acidic A
water molecules. Thus, VOPO,-2H,0 can be considered as a solid-acid.

3.5. DEHYDRATION/REHYDRATION PROCESSES

Figure 3a illustrates the time dependence of the IR spectrum of a sample of Solid I when,
settled on an Irtran plate, it is exposed to a thermal lamp. On the other hand, in Figure
3b, the evolution of the IR spectrum of anhydrous a,-VOPOQ, is presented as a function of
the time of exposure to wet air. From these, it becomes evident that dehydration and
rehydration proceed in very different ways. Thus, whereas dehydration involves two con-
secutive stages (as indicated also by the thermal analysis (see Section 3.2)), rehydration
occurs with simultaneous occupancy of both kinds of crystallographic water sites.
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Fig. 3. Evolution of the infrared spectrum of Solid I (1400-4000 cm—*). (a) Dehydration, (b) Rehydration.

Notwithstanding, it must be stressed that the bands due to B water molecules do not fully
vanish until dehydration is complete. So, as pointed out above, in no case can a monohy-
drate containing only coordinated water be isolated. Otherwise, upon heating, the band at
1695 ¢cm ! (antisymmetric bending of H,O ") is readily lost.

The deintercalation/intercalation (dehydration/rehydration) processes have been also
studied by variable temperature X-ray diffraction analysis. This study has been carried out
on the dihydrate (Solid I) and on the reduced phases (Solids II-VI). The tendency of the
samples to show preferential orientation allowed us to obtain simplified patterns in which
the evolution of the (001) peaks with temperature can be followed (Figure 4).

Figure 4a shows schematically the variation of the (001) and (002) peaks of the Solid I
(see Table III). It can be noted: (a) the dihydrate (d = 7.45 A) is the only phase present
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Fig. 4. Evolution of the (001) peaks in the X-ray powder diffraction pattern of Solid L. (a) Dehydration, ® New
metastable monohydrate phase. (b) Rehydration. Dotted lines denote minority phases.
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below 50°C [33]; (b) at 60°C, a phase having a well defined interlayer space —equal to
6.88 A —is observed together with the beginning of the formation of an essentially anhy-
drous phase (d = 4.43 A); (c) between 70 and 160°C, two phases, namely the so called
‘monohydrate’ (d = 6.37-6.30 A) and the anhydrous «,-VOPOQ, (d = 4.43-4.23 A), coex-
ist. In this temperature range, the ‘monohydrate’ is the prevailing phase; and (d) above
160°C, only the anhydrous phase (d = 4.23 A) remains [2]. Thus, the ‘monohydrate’ never
appears as a single phase. In conirast, as shown in Figure 4b, when the resulting anhy-
drous phase is allowed to cool down in air, there is a rather sharp cut (around 50°C)
between the anhydrous and dihydrate phases. Although indicated in the plot, peaks due
to the ‘monohydrate’ have very low intensity and the (001) reflection is very poorly
defined. Rehydration occurs therefore in a single step without appreciable ‘monohydrate’
formation.

Concerning the dehydration process, the formation of an intermediate phase whose
interlayer space (d =6.88 A) lies between that corresponding to the dihydrate
(d="145 A) and that reported in the literature for the ‘monohydrate’ (d = 6.30 A)isa
remarkable feature. The analysis of this sample reveals that it contains one water
molecule, a result consistent with the simultaneous apparition of the anhydrous phase.
We therefore observe a new metastable monohydrate phase. In fact, according to Section
3.4, the dihydrate—monohydrate’ transition would require, besides water removal, a
change in the orientation of the coordinated water molecules. If this orientation were
basically maintained in a first dehydration step leading to the metastable phase, then the
rearrangement (thermally induced) of the A water molecules to become oriented with the
pseudo C, axis perpendicular to the layers (in the resulting ‘monohydrate’) would involve
a shortening of the interlayer space. Finally, the fact that both (001) and (002) peaks are
always well defined for the ‘monohydrate’ whereas (001) peaks for the anhydrous phase
are poorly defined below 160°C indicates that the ‘monohydrate’~anhydrous conversion
is accountable in terms of the domain model — which has allowed the explanation of the
staging in related systems {34, 35]. On the other hand, rehydration of «,-VOPQO, layers
must involve a cooperative steady movement of water molecules to occupy both crystalto-
graphic site types [13].

General features of the dehydration/rehydration processes involving reduced phases are
analogous to the above. All phases retain their hydration water molecules until ca. 60°C
[33] and the only remaining phases above ca. 200°C are the anhydrous ones. In the
transition range, one intermediate hydrate coexists with the anhydrous phase, but no
metastable phase has been observed. Anhydrous derivatives rehydrate readily (in a single
stage) in air. As a significant result, it can be pointed out that the interlayer space in the
anhydrous phases decreases as the intercalated sodium content increases (ranging from
4.30 — Solid I - to 4.02 A — Solid V). Thus, it seems that sodium ions maintain their ‘pil-
lar’ role. Otherwise, if the anhydrous derivatives are heated above ca. 500°C, a phase
transition occurs (as shown by X-ray and DTA data) and the resulting solids do not
reabsorb water.

To finish this discussion, we have approached the study of the formal kinetics of the
dehydration and rehydration processes using thermogravimetric data. The values of the
kinetic parameters listed in Table V have been estimated firstly from the mathematical
approach of Abou-Shaaban and Simonelli (thus obviating the actual nature of the formal
mechanism) [36]. Then these parameters have been used as reference criteria for elucida-
tion of the formal mechanism type by non-isothermal procedures (applied to the same
data set) using the Satava’s integral method [37] to analyze the more widely assumed
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Table V. Kinetic parameters

Ist Stage 2nd Stage
Abou-Shaaban Satava Abou-Shaaban Satava
Solid AH ™ zZ AH* zZ Model* AH* VA AH* V4 Model*
I 21 1010 19 108 R, 21 10° 19 107 R,
m 15 10¢ 12 104 F| 11 103 13 103 R,
v 15 106 14 10° F, 12 10° 12 103 R,
I 16 108 17 107 F, 12 10° 12 103 R,
v 39 1020 43 1022 D, 31 1013 33 1013 R

N

* Sharp’s notation [42].

models for the kinetic study of solid state reactions [38]. In the case of Solid I, for which
the first dehydration stage is, very likely, a step-by-step process, an isothermal additional
experiment has been required [39, 40]. To shorten the discussion, only values provided by
the models leading to the best fit have been included in Table V.

From Table V, three different dehydration patterns are shown: (a) in the case of Solid
I, the rate-controlling process in the elimination of both water molecules is the reaction at
the phase-boundary (R; model); (b) all three solids containing intermediate sodium
amounts (Solids II-1V) behave similarly: B water elimination obeys the Avrami-Erofe’ev
equations (random nucleation, F; model) [42] and the rate of the A water evolution is
phase-boundary controlled (R; model); and (c) Solid V, having a high (although defective)
amount of sodium, loses B water through a diffusion-controlled reaction (D,), but A water
evolution is again phase-boundary controlled (R, model). The following statements can be
made: (a) the elimination of both water molecules (A and B) in the dihydrate (Solid I)
occurs by the same formal mechanism. Thus, the fact that the activation enthalpy in the
two stages is equal is evidence for the robustness of the hydrogen bonding network in the
dihydrate; (b) sodium intercalation would involve local breakdowns of the hydrogen bond-
ing network. As result, local nucleation and grain growth becomes determinant in the first
dehydration stage, but the activation enthalpy decreases correspondingly; (¢) in contrast,
the presence of protons in Solid V would cause local reinforcement of hydrogen bonds. At
the same time, the high sodium content might hinder the loss of the B water. In fact, this
stage is diffusion controlled and the activation enthalpy increases significantly; and (d) as
can be noted, the rate-controlling process in the elimination of the coordinated water is
always the reaction at the phase-boundary. The evolution of the activation enthalpy (see
Table V) may be thought of as a result of the change from the bulk phenomenon (Solid L,
R, model) to a ‘local’ one (Solids II-V, R; model), whereas the presence of protons (as
P—OH groups, see above) in Solid V is again shown by the high AH ™ value.

Additionally, the formal kinetics of the rehydration of a sample of Solid I (resulting
from the dehydration carried out at 2.2°C min ! of Solid I) was studied. After cooling of
the anhydrous phase (1.1°C min—') an isothermal experiment was performed at 20°C
under a humidified N, atmosphere. When In[ —In(1 — x)] is plotted as a function of In(?)
[42], the straight line In[ —In(1 — x)] = —5.95 + 1.06 In(#) (correlation coefficient = 0.998)
is obtained. Accordingly, a three-dimensional phase boundary model (R;) can be inferred
for this single-stage process [42].
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A remarkable feature is the coincidence in the formal mechanism for the rehydration and
the two dehydration stages of Solid I. The above statement on the ‘simultaneous’ cooper-
ative occupation of both crystallographic site types during the rehydration finds new
support in this result.

4. Concluding Remarks

Figure 5 illustrates a structural proposal for the limit phases Nag,sV(IV)g 5V V)75
OPO,-1.75H,0 (5a) and Nag 5,V(V)g.50V(IV), 560PO,-1.50H,0 (5b). Unit cells and space
groups are based on X-ray powder diffraction patterns, although those of the sesquihy-
drate have been inferred by extrapolation. This has been done by considering the conver-
gence suggested by Figure 1, even though experimental errors and the possible structural
disorder in the limit phases obtained might introduce some uncertainty on the convergence
point. The orthorhombic-tetragonal change may proceed through the progressive reduc-
tion of vanadium atoms in alternate planes. From Figure 5, it can be understood how the
incoming sodium would cause the shortening of the ¢, parameter and the elongation of a,
[by sequential substitution of A water along the (100) direction], whereas the b, parameter
would remain essentially unchanged.

From another point of view, the presence of H,O* ions allows us to consider
VOPO,-2H,0 as a Bronsted acid [VOPO,2H,0 =2 ~(HOVO)PO,(H;0) *] capable of
yielding V(V) salts like the ‘AHVPOg’ (A =NH;, K*, Rb*, CS*) reported by Pulvin and

Cr

ov(v ovivy ONs' v PO;” L HO®W o« HO®

Fig. 5. Schematic view of the proposed unit cell for (a) Na, 5V 50V V0.560PO0,1.50H,0 (tetragonal, Pd,mc)
and (b) Nag ,5V™(,5VV750P0,-1.75H,0 (orthorhombic, Pmma). For clarity only one PO2~ group and one
B-water molecule are shown in each unit cell.
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Bordes [21]. On the other hand, the Lewis acid strength of the vanadyl(V) group, which
results in the formation of coordination intercalates [9, 14], would be lowered in those sites
in which vanadium atoms become reduced. Indeed, it is well known that vanadium atoms
are frequently pentacoordinated in (VO?*) containing derivatives [43]. This and the local
charge neutralization tendency combine to fix the sodium location in the reduced phases.

Finally, it can be said that the inaccuracy in the literature data referring to the ‘monohy-
drate’ could be due to the simultaneous formation of the anhydrous phase and/or to the
appearance of the new metastable phase here reported.

In order to check the proposal advanced, a structural study from powder X-ray data is
in progress.
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