Thermochimica Acta, 58 (1982) 179-189 179
Elsevier Scientific Publishing Company, Amsterdam—Printed in The Netherlands

ON THE EXISTENCE OF PYROPHOSPHATES OF TETRAVALENT
METALS HAVING A LAYERED STRUCTURE

U. COSTANTIND
Dipartimento di Chimica, Universita di Perugia, Perugia (Italy)

A. LA GINESTRA
Istituto di Chimica Generale ed Inorganica, Universita di Roma, Rome (Italy)

(Received 17 March 1982)

ABSTKATT]

Affter an accurate investigation of the thermal behaviour (TG and DTA curves) af several
samples of a-Zr(HPO,),-H,0 and a-Ti(HPQ,),- H,0, prepared both by the refluxing and
HF procedures, y-Zr(HPO, ),-2 H,0 and y-Ti(HPO,),-2 H,0, new pyrophosphate phases of
tetravalent metals have been isolated.

The structure of these compounds, deduced from X-ray diffraction data, density measure-
ments and considerations of bond length and angles, arises from the packing of layers of «
and v type, identical to those present in the starting materials and held together by P-O-P
bridges.

These layered M(IV)P,0, are obtained after the condensation process of the HPO, groups
present in a and y-M(IV)(HPO,), and are stable until the transition to the respective cubic
pyropnospnates wdkes prace.

The range of stability of these phases changes on going from the a to the y phase and in
part depends on the degree of crystallinity and/or the crystal size of the starting layered
exchamgss. The <haminad Snpicaions o n- 209 3L MEENR.O» 25t amsimeh 200 dHsromeed.

INTRODUCTION

Cubic zirconium pyrophosphate is considered the prototype of the pyro-
phosphate of tetravalent metals, and its structure has been investigated by
several authors {1]. This compound is generally obtained by heating (at
1000°C) 1the amorphous precipiases formed by rmixing ammoninm acio
phosphate and a zirconyl salt [2], or by dissolution of a zirconium hydrate
oxide in concentrated phosphoric acid at 240°C, and subsequent precipita-
tion after slow cooling [3].

Cubic pyrophosphates of tetravalent metals are also obtained by the
thermal decomposition of layered ion exchangers belonging to the class of

0040-6031 /82 /00000000 /$02.75 © 1982 Elsevier Scientific Publishing Company



180

insoluble acid salts of tetravalent metals [4]. Cubic ZrP,O, and TiP,O, were
in fact obtained by heating at high temperature either a-Zr(HPO,), - H,0
and y-Zr(HPO,), - 2H,0 or «-Ti(HPO,), - H,0 and y-Ti(HPO,), - 2H,0.

Various authors [5-9] have investigated the thermal behaviour of these
exchangers, and their results may be summarised as follows.

(i) The thermoanalytical curves (TG, DTA) of a given compound may
differ considerably from each other since they depend on the heating rates
and on the method of preparation of the exchanger. .

(i1) The condensation reaction of the = POH groups sometimes occurs in
two steps, the first of which leads to mixed phosphate-pyrophosphate
phases [10].

(iii) Even when the condensation process is practically completed the
cubic pyrophosphates are not directly obtained and other pyrophosphate
phases, whose temperature of formation and range of stability strongly
depend on the composition, structure and preparation methods of the
starting materials, were detected.

It may be observed that the first maximum in the X-ray powder patterns
of these phases has a value a little lower than the interlayer distance of the
corresponding anhydrous acid phosphates, as if the layered structure is
maintained also when the condensation process is practically completed. In
several cases the transformation of these phases to cubic pyrophosphates
occurs only by prolonged heating at higher temperatures.

It seemed of interest to re-examine the conditions for the formation of
these new pyrophosphate phases and their stability range, as well as to make
some hypotheses on their structure based on elaborations of X-ray diffrac-
tion and density data.

EXPERIMENTAL

Samples of a-Zr(HPO,), - H,O and «-Ti(HPO,), - H,O were prepared
both by the method of slow decomposition of the Zr or Ti fluorocomplexes
in the presence of phosphoric acid [11] and by the refluxing procedure [12].

Samples of y-Zr(HPO,), - 2 H,0 and y-Ti(HPO,), - 2 H,O were prepared
with the methods described in refs: 13 and 14, respectively.

DTA curves were obtained with a Netzsch 404 model apparatus, equipped
with a Pt /Pt—-10%Rh thermocouple, heating rate of 5°C min~'. TG curves
were obtained with a Stanton TG 750 thermobalance, heating rate 2°C
min~'. Simultaneous TG-DSC measurements were performed with a Met-
tler TA 2000°C apparatus, with heating rates of 5° min™!,

X-Ray powder spectra were taken on a Phillips diffractometer using the
Ni filtered Cu K, radiation. X-Ray diffractograms at high temperature were
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obtained with an Italstructure Model AF3 attachment.
The densities were measured pycnometrically at 20.0 £0.1°C, using CCl,
as displacing liquid.

RESULTS AND DISCUSSION
Thermal behaviour

Figure 1 reports the TG and DTA curves of y-Zr(HPO,),-2H,0 and
several samples of a-Zr(HPO,), - H,0.

The phenomena occurring in the range 25-400°C, related to the dehydra-
tion process and to some phase transitions have been discussed in previous
works [5,6,8,9].

Let us consider the thermal behaviour of the samples in the range of
temperature in which the condensation of phosphate groups to pyrophos-
phate occurs (400-900°C).

For the a-zirconium phosphates the condensation process occurs in only
one step for materials with a low degree of crystallinity, i.e. a-ZrP(10,/100) *,
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Fig. 1. DTA and TG curves of several samples of a-Zr(HPQ,),-H,0 and of y-Zr(HPO,),-
2 H,0.

* The different phases will be hereafter indicated for sake of brevity as a- or y-ZrP or TiP,
where P corresponds to (HPO, ), present in the exchangers.
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while it seems to proceed in two stages for the samples refluxed for a longer
time or prepared with the HF procedure.

The two-step process is generally more evident in DTA than in TG
curves; if the heating rate is not sufficiently slow [8], as shown in Fig. 1(b),
an overlap is noted between the dehydration and condensation processes.
This is due to the fact that if the dehydration process is partially delayed at
the higher temperatures the higher is the degree of crystallinity and /or the
crystal size of the samples examined [8].

However, at 700-750°C the condensation process is practically completed
for all the samples.

The characteristic peaks of the cubic ZrP,0, were absent in the X-ray
diffraction patterns of samples heated at 700°C.

All the a-ZrP samples show an X-ray pattern typical of a layered
compound and the first reflection corresponds to the interlayer distance of
6.10 A. It may be noted that phases with similar interlayer distance have
been reported by Horsley and Nowell [6] and Clearfield and Pack [9], but in
ref. 6 the conditions for the preparation are not reported, and in ref. 9 it
seems that the phase reported had still to lose a further 0.2-0.3 H,O of
condensation.

Since the DTA curves do not show defined exothermic peaks relative to
the transition to cubic ZrP,0,, in order to examine the stability of such
pyrophosphates the samples of a-zirconium phosphate were heated in an
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Fig. 2. X-Ray diffraction patterns of various samples of a-Zr(HPO,),-H,O heated at the
temperature and for the time indicated. The last spectrum may be taken as reference spectra
of cubic ZrP,0,.
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oven at different temperatures (700-1400°C) for several hours and their
X-r2y powder patierns rooorded. Frome F2g 2 X may ve seen thar whie e
samples refluxed for relatively short times are transformed into cubic ZrP,0,
after two hours at 900°C (see the X-ray powder pattern of ZrP10-100), those
with a higher degree of crystallinity such as those obtained from the HF
procedure show the presence of the phase with d=6.10 A even when they
are heated at 1200°C for times as long as 24h. For such a sample the
conpfere conversion ro cudic Zri(. 1s acfiieved arfer Aearing for 34 ar
1400°C.

In the case of the y-ZrP sample, the transition to cubic pyrophosphate
occurs at 900°C and is indicated by a smooth exothermic peak, in the DTA
curve.- The TG curve shows a horizontal inflection point, during the weight
loss related to the condensation of phosphate groups [15]. X-Ray diffracto-
grams recacded wiln 4 high tempecature camera at the temperatuce af tuis
inflection revealed the presence of a phase with interlayer distance of 8.30 A.
This phase slightly transforms when the condensation process is completed
at TUU=- DUV 1o a 8.4 phase (Tabie J).

e RPN WS PELAAR R LRt KfRTEA FoRASFRalss.
Figure 3 shows the TG and DTA curves of y-Ti(HPO,),-2H,0 and of
several samples of a-Ti(HPO,), - H,O, while the X-ray diffraction patterns
of the sampies heated at §50° are reported in Fig. 3.

From the thermal behaviour of ¢-TiP samples we can deduce the follow-
ing.

(i) As observed for a-zirconium phosphates [7-9], the dehydration process
occurs following different kinetics depending on the preparation methods of
the materials and therefore on their degree of crystallinity. The less crystal-
line samphes §2.e. TP 125D Yose thedr crysiaime waler peow IVDC, and
their DTA curves show a well evident endothermic peak due to the phase
tramsttion of the anhvdrous TiP, {the wtertayer distance ctianges from 7.33
to 7.10 A) [8]. For samples with a higher crystallinity (i.e. TiP 12-500) the
dehydration process begins at higher temperatures and is completed at
35M0-4bD°C. Moreover the Xinetics seems slower ang are Jurthermore slowed
by the above-mentioned decrease in the interlayer distance.

(i1) The condensation processes beginning at 420-450°C occur in a single
step, and not in two steps as observed in the case of and some a-ZrP
samples.

(iii) The transition to cubic TiP,0, occurs between 800 and 900°C, as
indicated by the exothermic peak in the DTA curves.

In the case of y-TiP the condensation of phosphate groups to pyrophos-
phate proceeds in two steps (see the TG curve) and the transition to cubic
Til,O, occur at 850°C (see the DTA curve).

Figure 4 shows that the a-TiP samples, heated in an oven at 650°C, a
temperature at which the condensation process is completed, give rise to a
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Fig. 3. DTA and TG curves of several samples of «-Ti(HPQ,),-H,O and of v-Ti(HPO,),-
2H,0." ‘
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Fig. 4. X-Ray diffraction patterns of various samples of a-Ti(HPO,),-H,O heated at the
temperature and for the time indicated.
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phase having a first d value of 6.94 A. We believe that this phase, like that
derived from the y-TiP (8.3 phase) could be pyrophosphate phases of a
layered type.

Struciural considerations

From the series of results obtained by examining the thermal analytical
curves, IR sprue WA Keiwy Giffacn pavRtie U STwin sunpfs of
titanium and zirconium acid phosphate (a- and y-forms] after the condensa-
tion processes, we may suppose that the phosphate condensation leads
initially to pyrophosphate phases having layered structures similar to those
of the starting materials. The formation of P-O-P bridges in these samples
is supported by the presence of bands at ~740 cm™* in their IR specira.

Since single crystals of these phases, to work out the structure, are not yet
available to give further support to the previous hypothesis, the method
developed by Alberti and co-workers [16] was applied. This method allows
one to check if during the ion exchange or hydration processes of layered
acid salts of tetravalent metals, the structure of the [M'Y(PO,),,]*"~ macro-
anioms, cansttuting tae avers, caanges ar nol. ia particular (@ was found
that the parameter n = p(d/M) (where d, p and M are respectively the
interlayer distance (cm), the density (g cm™?) and the formula weight of a
given ionic form) does not appreciably change if the structure of the layers
of the acid salt remains practically unaffected irrespective of the water and
the nature of the counter-ions placed between them. The n-value which has
the physical meaning of the number of formula weights per square centime-
ter of layer, depends in fact on the structure of the planar macroanions and
it is characteristic of a given acid salt.

In Tablel the values of n, and of the parameters necessary for its
calculation, for the hydrated, anhydrous a and y-titanium and zirconium
phosphates as well as for the corresponding pyrophasphates, are reported. It
can be seen that the n-values of the pyrophosphate phases are very similar to
those obtained for the' hydrated and anhydrous forms of the corresponding
exchangers. Thus, the structure of these pyrophosphates arise from the
packing of iayers simiiar 1o those preseni in the acid saiis from which they
are @enved. Tnese Pnases Wi e MNCAIED 25 o- OT Y1 -DYIOPNDSONIES. DD
idealized structure of the a-L-ZrP,0, (with dyy, = 6.10 A), obtained only by
allowing the a-[Zr, (PO,),,]*"” macroanions to approach one another until
the formation of P-O-P bonds (revealed b the nresence of the bangd ay 740
cm™' in the IR spectra of samples heated at 600-700°C) is depicted in
Fig. 5.

The structure is very similar to that of a-Zr(HPO,), in which the >POH
groups belonging to two adjacent layers have condensed to P-Q-P groups
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TABLE 1

Values of n for hydrated, anhydrous and L- pyrophosphate phases of a and y zirconium and
titanium phosphates

Compound Formula Inter-layer Density n ¢{moles
weight distance (gem™®)  cm2x10'%)
(cmx10%)
a-Zr(HPO,),-H,0 301.2 7.56 272 . 6.8
a-Zr(HPO,), 283.2 7.41 2.62 6.8
Zrp,0, 265.2 6.1 2.86 6.6
v-Zr(HPO,),-2 H,0 319.2 12.2 2.43 9.3
v-Zr(HPO,), 283.2 9.4 2.79 9.3
ZrP,0, 265.2 8.26 2.99 9.3
a-Ti(HPQ,),-2 H,O 257.8 7.56 2.61 7.7
a-Ti(HPO,), 239.8 7.33 2.4 7.5
TiP,0, 221.8 6.94 2.46 7.7
v-Ti(HPO,),-2 H,O 275.8 11.6 237 10.0
y-Ti(HPO, ), 239.8 9.1 2.60 9.9
TiP,0, 221.8 8.11 2.77 10.1

and the value 6.10 A corresponding to the first reflection in the X-ray
diffractogram, is due to the distance between two adjacent planes of the
zirconium atom. It is known that the distance between the mean plane of
zirconium atoms and the mean plane of a phosphorus atom of the =POH
groups belonging to the same layer in a-Zr(HPO,), - H,0 is 1.64 A [17] and
that the distance between the phosphorus atoms in the P-O-P groups is

Fig. 5. Idealized structure of a-L-ZrP,0,.
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estimated to be 2.96 A, when the P-O-P angle is equal to 180° [1]. Thus, if
the structure of ne 'wvers renwEins Pracicdlly anliuiged, e aierriver
distanee 1 oL Z1E0, s PEHOMAL X2LIDH =030 A,

This value is very near to that experimentally observed. The assumption
that the P-O-P bridge is linear results from the fact that the terminal
phosphate groups should be in a parallel configuration as required by the
layered syrntinre. The presence U} HHRRT PYTOPHOSPHEE amons 15 uisnz, 1
has been observed in a variety of cubic ZrP,O, [1] and thus further
investigations are needed to confirm our hypothesis.

The estimate of the d, of the y-L-ZrP,0, cannot be made owing to the
lack of knowledge of the structure of y-layers.
~ On the other hand, if the P-O-P angle is 180°, the value of the interlayer
distance of y-L-M(IV)P,0, can be assumed to be equal to the thickness of
the y-[M™(PO,),,]1*"~ macroanion, considering this to be the distance

TABLIE 2
X-Ray powder patterns of layered Ti and Zr pyrophosphates

a-L-ZrP,0, y-L-ZrP,0,
from a-ZrP at 700°C from y-ZrP at 700°C
d i d i
6.10 vs 8.26 mw
5.12 mw 5.11 m
4.31 w 3.83 s
4.12 s 3.29 ms
3.69 w 2.68 mw
3.50 w 2.58 mw
3.05 vw 2.50 mw
2.92 vw 2.12 w
2.64 m
a-L-TiP,0, y-L-TiP,0,
From «-TiP at 650°C from y-TiP at 700°C
d i d i
6.94 s 8.11 s
4.24 ms 5.21 vw
3.90 m 4.06 vw
2.50 mw 3.73 m

3.69 ms

2.70 mw
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between the planes passing through the baricentres of the fixed charges (O 7)
present on the two surfaces of the y-layers.

Since the condensation process occurs between >P-OH groups belonging
to adjacent layers, it seems likely that the >P-OH groups present on the
surface of the microcrystals and distant from each other by 5.0-5.3 A and
4.4-4.6 A in the a- and y-phases respectively, will undergo the condensation
only when the compounds are converted into the respective cubic pyrophos-
phates. Thus, the a- and y-L-M(IV)P,0, should possess surface exchangeable
protons at very high temperatures.

Finally, it may be observed that the a- and y-L-M(IV)P,0, cannot
undergo uni-dimensional swelling without hydrolyzing the P-O-P bond.
Such a process seems very slow since a sample of a-L-ZrP,0, refluxed in
diluted H,PO, solution did not convert to a-Zr(HPO,), even after 24 h.

~ The X-ray powder patterns of the a and y-L-M(IV)P,0, are reported in
Table 2.

CONCLUSIONS

The main result of the present work lies in the isolation and characteriza-
tion of new pyrophosphates of tetravalent metals in which adjacent layers of
a- or y-type are covalently joined by P-O-P bridges.

These compounds are obtained after the condensation process of the
HPO, groups of the a- and y-M(IV)(HPO,), layered exchangers and they
persist until the transformation to the cubic pyrophosphates is obtained.
This phase transition, clearly evident in the DTA curves of a- and y-TiP and
v-ZrP samples, occurs very slowly for a-ZrP samples so that the heat of this
transition, spread out over a broad temperature range, cannot give evident
exothermic peaks in the DTA curve. However, the static experiments showed
that the transformation occurs, only after prolonged heatings, at tempera-
tures higher than 900°C.

This datum and those obtained from the DTA curves results in the
temperatures of transition to cubic pyrophosphates of the a-phases being
higher than those of the corresponding y-ones and, in turn, those of
zirconium salts being higher than those of the corresponding titanium ones.
Nevertheless, in preparing an L-pyrophosphate, care must be taken of the
crystallinity and of the crystal size of the starting material since these factors
may influence both the temperature at which condensation is complete and
that of transition to the cubic phase.
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