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Abstract Tin(II/IV) phosphate was prepared by various
synthetic methods. The different methods resulted in tin
phosphate with different properties, i.e., different crystalline
form and behaviour during thermal treatment. The prepared
materials have 3 mol water of crystallisation, which they
lose in different ways. Total mass loss was between 20 and
30%. This could be connected with water loss, going gen-
erally in two steps in parallel with endothermic processes. At
the end of thermal treatment, tin pyrophosphate is obtained,
irrespective of the method of preparation used.
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Introduction

Over the past 20-25 years, the metal phosphates (primarily
the tetravalent metal phosphates) have been extensively
studied because of their potential use in catalysis, in ion
exchange, and in phase separation [1-4]. In this series, the
o-tin phosphate has been obtained [5].

Nowadays tin phosphate [6-8] and some of its open-
framework derivatives are widely used in catalytic reac-
tions, in thin-film battery production [9, 10], in nuclear
waste utilization processes, and in nuclear medicine as
oxidising agents [11-19].
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The observation that there is a close relationship
between the structure of the end product and the method of
synthesis is very important in practical application. It is of
the same importance as the relationship between thermal
decomposition and compound structure, and the study of
the influence of metal and ligand nature on the process of
thermal decomposition. Therefore, many authors have
investigated these phenomena [20-32].

This study is an effort to investigate the thermal behav-
iour of tin(II/IV) phosphates prepared in different ways.

Experimental
Synthesis

The typical methods of synthesis were as follows:

(1) 6.77 g SnCl,-2H,O (Sigma) and 4.1 g NH,4);POy-
5H,0O(Sigma) were mixed and then transferred to a
quartz bottle and heated in an oven, under an argon-gas
blanket, at 200 °C for 1 h, then at 300 °C for 1 h, and
finally at 400 °C for 2 h. The resulting glassy-type
material was ground and stored at room temperature
under an argon-gas blanket (Sample 1).

(2) As a first step, 5.46 g SnCl,-2H,0 was dissolved in
20.86 cm® HF (40%) solution; the mixture was then
diluted to 25 cm® with de-ionized water and heated at
80 °C. At this temperature 4.744 g H;PO, (85%) was
added to the solution, very slowly, with constant
stirring,. The mixture was maintained at 80 °C for
7 days with magnetic stirring. After cooling to room
temperature, 20 cm? ethanol (in two parts) was added.
The resulting precipitate was thoroughly washed with
de-ionized water and the dried in desiccators at 60 °C
to constant mass (Sample 2).
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(3) 852.8 g H;PO,4 (85%) and 189.3 g conc. HNO; were
mixed, diluted to 1,000 cm® with de-ionized water,
and heated at 60 °C. To this solution was added
slowly under vigorous stirring 9.54 g SnCl,-2H,0.
The stirring was continued until the mixture became
homogeneous. The homogeneous solution was main-
tained at this temperature, under an argon-gas blanket
and with constant stirring, for 100 h. The precipitate
was then thoroughly washed with de-ionized water
until pH ~3.5-4.0 and dried in vacuum desiccators
above P,Os (Sample 3).

Chemical composition

The chemical composition of the end products was deter-
mined using the method of prompt gamma-activation anal-
ysis (PGAA). This method is a rapidly developing nuclear
analytical technique. When a nucleus absorbs a neutron,
prompt gamma radiation is emitted. This radiation is char-
acteristic, i.e., the gamma-ray energy identifies the element
(or even its isotope), and its intensity is proportional to the
amount of the element. The mass of the elements can be
determined from peak areas by using the detector efficiency
and spectroscopic data of the elements [33].

The measurements were performed at the cold-neutron
PGAA facility of the Budapest Research Reactor. The neu-
tron flux at the sample position was 1.2 x 10'* cm™* s~
Irradiation lasted 13—15 h. The temperature was 35 K and
the sample masses were about 0.5 geach. The determination
limit was 0.05 atom%.

The results are collected in Table 1.

Identification

X-ray analysis

X-ray diffraction (XRD) analysis with Bragg—Brentano
geometry, on powder samples previously pressed into the

sample holder, was performed with a DRON-2 computer-
controlled diffractometer (at 45 kV and 35 mA) with 8

Table 1 Molar quantity of elements (atom%)

Element Sample

1 2 3
H (1) 62.4 51.0 57.5
F (9) - N -
P (15) 25.0 33.0 28.0
Sn (50) 12.5 16.9 14.7
Total 99.9 100.9 100.2
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filtered Cog,, radiation (4 = 1.7890 10\) at 25 £ 1 °C. The
goniometer speed was 1/4° min~' in the range 20 =
3-110°. When data collection was complete, the first few
lines of the pattern were re-measured, to monitor of the
stability of the X-ray source. The diffraction patterns were
evaluated using “Exray” peak searching software (Z.
Klencsar, Personal communication, 1998). During the
estimation, the effect of texture on line intensity was taken
into consideration.

Mossbauer studies

The Mdssbauer spectra of the investigated samples were
obtained in transmission geometry, using a ~600 MBq
activity Ba''SnO; (room temperature) source. The pat-
terns were recorded at 298 K. The spectra were fitted using
“Mosswinn” refining computer software (Z. Klencsar,
Personal communication, 1996).

Thermal analysis

The measurements were carried out using a Mettler-TA1-HT
type computer-controlled thermo-balance, which simulta-
neously provided DTA and TG data. The heating rate was
5 K min~" in the temperature range 290-1,500 K. The ref-
erence material was dehydrated Al,O3, the atmosphere was
air, and a Pt crucible was used. The data obtained were
evaluated by use of suitable computer software.

Results and discussion

Comparison of the data in Table 1 reveals the tin/phos-
phorus ratio was 1:2 for all the samples investigated. The
analysis does not show chloride ions in the end materials,
and it was found that the chemical composition of samples
1 and 3 was practically are the same.

The patterns of XRD measurements are presented in
Fig. 1.

The pattern (Fig. 1a) for the glassy-type material (Sam-
ple 1) obtained from the first method of preparation, showed
amorphous character. The pattern characteristic of sample 2
(Fig. 1b) showed that this material is highly crystalline.
After evaluation and refinements it was found that crystal-
lographically this material is a double-phase system. Its
structure is monoclinic of space group P2,/n. On the basis of
data from analytical and Mossbauer study the two phases
found could be identified, at room temperature, as tin
phosphates of composition Sn(H,PO,4)4-nH,O and
Sn(HPO,),-nH,0. The unit cell dimensions are collected
(with data for sample 3) in Table 2.

The XRD pattern of sample 3 (Fig. 1c) showed that this
material is also highly crystalline. As a result of evaluation
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Fig. 1 Fragments of the XRD patterns of the samples investigated:
a, sample 1; b, sample 3; ¢, sample 2

Table 2 Crystal data

Sample no.

2 1 3

Sn (H,PO4),  Sn(HPO4),  Sn(HPOy),
a (A) 4.5860(2) 8.6121(2) 8.6059(2)
b (A) 13.6180(2) 4.9649(2) 4.9596(2)
c (A) 5.8180(2) 15.8608(3) 15.8613(3)
p° 99.61(3) 98.87(5) 98.48(5)
V (A% 358.68 669.83 669.51
dy (g cm™h 3.9801 22773 2.1892
d. (g cm™h 3.9789 22767 2.1879
Mass absorption 0.00 146.41 146.32

coefficient (cm gfl)

V4 7 7 7

and refinement of the pattern the cell dimension obtained
were very similar to those obtained for sample 1 (Table 2).

The structures

of the different

tin phosphates

Sn(H,PO,),-niH,O and Sn(HPO,),-n,H,O consist of
sheets. The SnOj; trigonal-pyramids and the PO, tetrahedra

connect together to form infinite two dimensional sheets. In
this configuration, each tin atom coordinates three phos-
phate groups. The O-O distance in the sheets was ~2 A,
which is the average for hydrogen-bonded phosphate
groups. Comparison of these data with those for mono and
dihydrate phosphate revealed some distortion in the struc-
ture of the latter compound.

The Mossbauer pattern of first sample (Fig. 2a) contains
a singlet with isomer shift of 0.04 mm/s, which is charac-
teristic of tin(IV). The broadening of the singlet can be
mainly attributed to the amorphous character of the sample.
In case of second sample, the pattern recorded at 298 K
(Fig. 2b), contains three peaks which can be decomposed to
one singlet and two quadruple doublets, characteristic of
tin(II). The weak singlet is characteristic of tin(IV) whereas
the doublets show the tin(II) species. From the spectra it is
readily apparent that this material predominantly contained
tin in oxidation state 2. The pattern recorded for the third
sample (Fig. 2c), showed an asymmetric peak which con-
tained only one singlet with an isomer shift of § =
0.01 mm s~', but ~1% of the tin(I) doublet can also be
observed. This singlet is characteristic of tin(IV); i.e., this
material mostly contains tin in oxidation state 4.
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Fig. 2 Patterns from Mossbauer study of the samples investigated:
a, sample 1; b, sample 2; ¢, sample 3
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Fig. 5 The DTA-TG curves for sample 2

Data from thermal analysis are shown in Figs. 3, 4 and
5, respectively, and collected in Table 3.

The vitreous glassy-type material (sample 1) of com-
position Sn(HPO,),-nH,O decomposed during thermal

@ Springer

treatment. The decomposition went through two endo-
thermic processes, with mass losses. Taking molecular
composition into consideration, these mass losses can be
associated with water loss. The first endothermic process
occurs in the temperature range 298-535 K, with a peak at
450 K; the mass loss of 18.87% can be attributed to loss of
water of crystallisation. The next endothermic process,
occurring in two steps in the temperature ranges 625-—
760 K and 760-1,100 K, with peaks at 675 and 875 K,
respectively, can be attributed to loss of structural water.
This water originated from chemical decomposition of
phosphate groups. In parallel with these processes, a con-
tinuous loss of mass resulted in a decrease of 7.87%. In our
experience this process occurs much more slowly in the
presence of Sn(IV) than in the presence of Zr(IV) or
Ti(IV), etc.

As a result of these processes, the total mass lost by the
material was 26.74%. In addition to the processes descri-
bed, an exothermic process was observed in the tempera-
ture range 1,130-1,140 K. This process, without mass loss,
covered the crystalline phase transition of SnP,O; from
monoclinic to orthorhombic. The latter data correlate quite
well with literature data given by Van Weser [34]. On the
basis of the DTA-TG curves in Fig. 3, the following
scheme can be proposed for thermal decomposition of this
material:

Sn(HPO, ), 31,0 20 gn(HpO,), 120,

SnP,0- Phase trans.

SHP207.

By comparing the chemical composition data and the
DTA-TG curves, the amounts of the two different types of
water lost were calculated. The result was three moles
water of crystallisation lost and one mole structural water
lost per molecule unit.

The end product of preparation, denoted “3” (sample 3),
with the same composition, Sn(HPO,),-nH,O, also
decomposed in a few steps during thermal treatment. The
processes in this case were similar, but not quite the same
as those described above. The main difference was in the
mode of loss of water of crystallisation, i.e., the total
quantity of three moles of such water lost per molecule unit
in two steps. The first loss, in the temperature range 298—
520 K (with a peak at 460 K), was 8.32% of the original
mass; the next loss, in the temperature range 520-850 K
(with a peak at 610 K) was 16.91%. Together, these pro-
cesses resulted a total mass loss of 25.23%. Comparison of
the data for chemical composition and DTA-TG curves,
for the first process the loss was calculated to be one mole
of water loss; for the second process three moles of water
were lost per molecule unit. On the basis of molecule
composition, the latter process must cover one mole of
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Table 3 Thermal analytical data

Sample Process Temp. range/K Peak temp./K Mass loss/% Mole water
3 of crystallisation
Partial Total
1 Endo 298-525 450 18.87 26.74 3
Endo 625-760 675
Endo 760-1,100 875 7.87
Exo 1,130-1,140 w.m.l.
2 Endo 298-415 360 1.16 29.51 05+ 25
Endo 415-571 480 11.26
Endo 570-860 680 12.82
Endo 860-960 890 4.27
Exo 1,100 w.m.l.
3 Endo 298-520 460 8.32 25.23 3
Endo 520-850 610 16.91
Exo 870-1,030 960 w.m.l.

w.m.l. = without mass loss

structural water, originating from dehydration of phosphate
groups, and the other two moles of water must be water of
crystallisation. It is possible that two differently bonded
types of water of crystallisation exist in the highly crys-
talline material, i.e., one mole is bonded weakly to the
surface of the crystals and the other two moles are
accommodated between the layers and bonded much more
strongly and, as a result, lost at a higher temperature.

At temperatures between 870 and 1,030 K an exother-
mic process was observed without mass loss. This is, per-
haps, connected with the same crystalline phase transition
of pyrophosphate groups as mentioned above. A difference
in the speed of this process was observed in comparison
with that of the glassy-type material.

On the basis of the DTA-TG curves in Fig. 4, the fol-
lowing scheme can be proposed for thermal decomposition
of this material:

SH(HPO4)23H20 ﬁ SHHPO4)2 . 2H20

-2+1H)H, 0

Ph .
SnP,0, ase trans

Sl‘lP207

For sample 2 (Fig.5) the situation was more
complicated. It is apparent from the Mdssbauer study that
this material contains tin atoms in both the two (~90%) and
four (~10%) oxidation states. Comparing these data with
those from chemical analysis, we assumed the end product
of the method of preparation, denoted “2” (sample 2),
consisted of tin phosphate of different compositions. On the
basis of the data given above, these are Sn(H,PO,4),-nH,O
and SH(HPO4)2'I’12H20.

The DTA-TG curves of the sample are shown in Fig. 5.
The DTA curve contains four endothermic processes

occurring with mass loss and an exothermic process without
mass loss. The first endothermic process occurs in the tem-
perature range 298415 K, with a peak at 360 K. The second
occurs at 415-571 K with a peak at 480 K. These processes
together resulted in 12.42% mass loss, divided between
them as 1.16 and 11.25%, respectively. The third endo-
thermic process was observed in the temperature range
570-860 K, with a peak at 680 K, and the last in the range
860-960 K, with a peak at 890 K. These processes together
resulted in 17.09% mass loss, divided between them as 12.82
and 4.27%, respectively. Finally, an exothermic process
without mass loss was observed at 1,100 K. Consequently,
after completion of the thermal treatment the total mass loss
of the sample was 29.51% of the original mass.

On the basis of the original molecular composition, the
endothermic processes with mass loss were identified as
water loss, and knowing the TG data it was possible to
calculate their quantity. On the basis of literature data [4]
and our earlier experience, such phosphate type materials
consist of water of crystallisation and structural water, the
latter originating during dehydration of phosphate groups.
On the basis of this knowledge, the first and second pro-
cesses were identified as loss of water of crystallisation
whereas the third and fourth were identified as loss of
structural water. From the DTA-TG data, loss of 2.5 + 0.5
moles of water of crystallisation and 2 + 1 moles of
structural water, per molecule unit, from the original
molecular composition were calculated.

As can be seen from the DTA curve, the part of the
material containing tin in oxidation state four loses its
water of crystallisation faster, at relatively lower temper-
ature, than those parts with tin in oxidation state two. The
opposite was observed for structural water loss. We believe
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Fig. 6 A fragment of the XRD pattern of SnP,0,

the phenomena observed can be explained on the basis of
the different compositions and the different structure aris-
ing from them.

Finally, the exothermic process observed can be con-
nected with the crystalline phase transition of SnP,0; (end
product of thermal treatment) from monoclinic to ortho-
rhombic, which occurs at approximately 1,100 K.

On the basis of these results, the following scheme can
be proposed for thermal decomposition of this material:

Sn (H:POy),2.5H,0 =29 g (1,p0,), 229

Phase trans.
_—

SnO - SHP205 SHP205

~0sH,0 "H0
Sn(HPO,),-0.5H,0 225 Sn(HPO,), —

SnP,0- Phase trans.

SIIP207.

To verify this assumption, the end product obtained after
completion of the thermal treatment was studied by XRD.
The XRD pattern of this material is shown in Fig. 6.

Both this evaluation and comparison with the appro-
priate ASTM card (no. 75-1143) unequivocally confirm
the presence of tin pyrophosphate.

Conclusions

The different methods of preparation result tin phosphate of
different quality. The first method results in a vitreous,
glassy-type material with a crystallographically amorphous
state. In this material, the tin atoms are in oxidation state four.

The third method of preparation results in the same tin
phosphate but in a highly crystalline form. During thermal
treatment, however, these materials behaved differently.

@ Springer

Whereas for the first sample loss of water of crystallisation
occurs in one step, in a relatively narrow temperature
range, for the second sample the same water is lost in two
parts. This must mean the water of crystallisation is bonded
differently in the latter form; i.e., the smaller part weakly,
perhaps on the surface of the molecule whereas the other
two thirds is present between the layers, and is strongly
bound. This explains the loss of this part of the water at a
higher temperature, together with the structural water.

The second method of preparation also results in highly
crystalline material. This tin phosphate contains approxi-
mately 90% of the tin atoms in oxidation state two and its
properties were slightly different from those of the other
two samples investigated. The tin atoms with different
oxidation state in this material result in different phosphate
composition. The tin phosphates of different compositions
lost their water of crystallisation and structural water
together in relatively narrow temperature ranges.

In general, all the samples investigated behave similarly,
but not exactly identically, during thermal decomposition.
Irrespective of the method of preparation, they have three
moles of water of crystallisation per molecule unit, which
are lost differently, and at the end of thermal treatment the
tin pyrophosphate is the result.
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