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ABRSTRACT

By mcans of a thermobalance the decomposition reactions of the thicortho-
phosphates of zallium. indium. bismuth. copper and of the thiohypodiphosphates of
cadmium. indium. mangancse. lead. and tin were determined in order 1o find their
stability rcgions.

The experiments were performed in atmospheres of flowing nitrogen or oxygen.
In nitrogen all compounds decomposc inte the corresponding metal sulphides and
volatile phosphorus sulphides. In oxygen the thioorthophosphates arc oxidized into
orthophosphaics, the thiohypodiphosphates into pyrophosphates. Exceptions arc the
copper thiophosphates Cu,PS; and Cu:PS, and the analogous copper sckno-
phosphates Cu;PSe; and Cu-PSe,, which are oxidized into copper sulphate, sclenile
and an unknown copper phosphate. respectively.

Some decompaosition diagrams indicate by varjous steps the occurrence of inter-
mediale products. In the case of Cu,PS; (Cuy,PSc;) the intermediate formation of
Cu; PS5, (Cu.PSe,) was proved. During the oxidation of the thivorthophosphatcs of
gatlium, ndium and bismuth. the formation of monothicorthophosphates (McPQ,;S)

is supposed.

INTRODUCTION

During recent years preparation and investization of complex chalcogenides
have become important, because many of them exhibit intercsting physical propertics.
Among the metal phosphorus chalcogenides new compounds were synthesized and
crystals were prepared by means of chemical vapour transport (CVT). To fadlitate
synlhcsns and crystal growih cxperiments it is desirable to have detailed knowledze
about the conditions of formation and decomposition of the compounds, ic. to
evaluate their existence rezions. Thermogravimetry represcnts a versatile methed of
providing this information.

Furthermore, thermogravimetric oftca cnables the discovery and preparation
of new compounds._ If the graph of the regisicred weight change shows various steps
the existence of intermediate products is inferred. In most cascs these intermediate
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TABLE 1

LIST OF DNSESTIGATED COMPOLNXDS

Formeda Afethod of Refs.
Prrparoiicn
GaPS; CvT 1.2
InFSy CVT . 3.4
BiP5, CVT 1.3
Mn: PS5 VT 1.6, 7
CulnP:Sc CVT 3
Cd-P-5« oY 1
IndP:Scks C¥T 4.9
S0-P:5« VT 1. 10, 11
Pb.P-Sc CNT 10, 12
CiaPSa CVT. 55 5.6 I3
CozPSc: 5s 14.15
CoP5c 35 16, 17
Co:PSce 35S 1 ¥4

products can be isolated for subsequent chemical and physical characterization.
This paper reports the imvestigation of the substances listed in Table 1.

EXPERIMENTAL

The metal phosphorus sulphides were synthesized by anncaling stoichiometric
proportions of the clements (S§S). Crystals were grown by chemical vapour transport
(CVT). Spexial data thercof are reported in the refs. of Table 1.

To characterize the compounds under investizalion and to check their punty
as well as to identify the decomposition products, X-ray photographs were taken with
a Guinicr-de-Wolfl-camera (Enraf-Noniuvs).

The thermogravimetric (TG) mcasurcments were performed on an automatically
recording thermobalance (Mettler Thermoanalyzer 1/2). All TG-runs were carried
out with a heating rate of 1°C min ™. Deflection of the curve of weizht loss indicatcs
the decomposition temperature 7, (first valuc in the following cquations). If the
rezctions kead to a definite end. this temperature is also noted (sccond value). Al
temperatures are given in “C.

RESULTS AND DISCUSSION

From a structural point of vicw the melal phosphorus chalcogenides can be
divided intlo two groups: the thia(s2leno-)orthophasphates and the thio(seleno-)hypo-
diphosphates. Many thicorthophosphalc structures confain approximalicly closcd
packed sulphur sublattices. The phosphorus atoms are tetrahcdrally coordinated by
sulphur. In the thioorthophesphates of B, Al, Ga, In, and Cu, thc mcials are also
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tetrahednally coordinated. BiPS, however shows an eight-fold coordination of Bi.
All thio(seleno-)hypodiphosphates contain P.S5, (P.Se,) zroups, in which a pair of
phosphorus atoms is octahedraliy coordinated by S (Se). The metals ofien occupy
octahedral voids of closed packed S (Se) layers. ez Mg and Fe. Some compounds
also show a ninc-fold coordination of the mctals. c.2 Sn;P.S, and Pb.P.S,.

These dilferences in the strociures of the thicorthophosphates and thiohypodi-
phasphates kead 1o varying chemical behaviour, as the following experiments indieate.

Decompaosition of the thioorthophasphates of Ga. In, and Bi

Na-atmospliere. The thwvorthophosphates are relatively stable compounds,
decomposition starts above 450°C. The following decompeosition reactions were
found

2 GapPs, 300-830 G, 5, = -P,S;”

2inPS, ¥30-700 .5, - -P,S”

2gips, ¥0° Bis, & P

* (Bi.S, decomposces simultancously)

The rcactions always lcad to the sulphides of the melals. They arc the only
possiblc compounds stable at elevated iemperatures, whereas the phosphorussulphides
cvaporate because of thair higher vapour pressures.

The rcal composition of these phosphorus sulphides 15 unknown. For this
rcason the formula “P,5:" should be scen only formal (see also the following reaction
formula).

The decomposition of BiPS; is more complicated because “P.S." evaporates
and the arnising Bi,S, decomposes simultancously into Bi and S,.

O, ammasplizre. The stability of the thioorthophosphates in air is lower than

in incrt atmosphere, the oxidation sets in at about 330°C. The following rcactions
were found

GaPs, + 6 Q, 300-900 G,p0, = 450,

sy oty

InPS, + 60, 400-900 1,00, = 450,

e e

BiPS, + 60, +10-800 gipo, - 450,

It is remarkable that there is no decomposition into the metal sulphide with
subsequent oxidation into the corresponding oxide, Only oxidation into the ortho-
phasphate is observed. This reaction becomes plausible considering the structurc.
In the above compounds phosphorus is 1ctrahedrally coordinated and appears in its
highest oxidation state of -+5; therefore no change of coordination is nccessary.
Hence the reaction ¢can be regarded as a substitution of sulphur by oxygen.
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o A

InPS,

) \

= - -3 o - - - R T, - - )

Fiz 1. Thamogam of the oxidation of InPS5:. BiPS;. and GaPS; into the comesponding ortho-
phosphatcs InPO:. BiPOy. and GaPO; Samplc weight 3. 20 mg: heating rate I °C min~*; atmosphore
N0z = 35U b

Intermediate producis. The oxidation raactions of the thicorthophosphates
icading 1o the orthophosphates show a very broad TG-step. accompanicd by some
broad DTA-peaks (see Fig_ 1). We ined to isolate the intermediate oxidauon products
of BiPS; (GaPS;) responsible for these steps. For this reason, the compounds were
hcated up to 473°C (450°C) and anncaled until the weight remained constant. The
most probable formulze cakulated from these TG-runs are BiPO,S (GaPO,S5). In

the case of InPS; the symptoms for the cxistence of an analogous In-compound are
less sirong.
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These compounds arc not yel known., but some thicerthophosphorus acids and
their alkali salts do exist'®~ 2% So far only the Pb <alt of H;PO,S could be preparcd
from aqueous solution. All other heavy metal salts decomposce below room tempera-
ture into the orthophosphates and the sulphides'®. Contrary to this the Bi- 2nd Ga-
compounds scem (o be rather stable. Attempis to find a suitable methad for growing
crysials of the monothioorthophosphates are in progress.

Decompasition af thichypodiphasphate of Afn, Cu = In, Cd. In, Sn. and Ph
N.-aimosplere. Here the following reactions were found

Mn.P.S, 360-750 3 g - -P.S,
CulnP.5, '190'7(!_,_ CulnS; = "P.5,.”
Cd;P:5, 350”70‘_)_ 2CeS - CP.S,T
Iny(P,S,), #30-700 3 yn.5, -~ ~p.5,”

Sn;P;S, 5?:9. 2SnS, -~ "P.S.”

= -—

* (SnS, - SnS decomposcs simultancously)

Pb.P.S. 600° spps - -ps,”

* (PbS decomposes simultancously)

The stability of the thiohypodiphosphatesis similar compared to that of the thicortho-
phosphatcs. the decompaesiiions siarting between 300 and 600°C. All reactions run
to the corresponding sulphide.

The decomposition neactions of 5n.P.S, (Pk.P.S.) show no hornizontal cnd
of the TG-curve, because of evaporation of the metal sulphides at higher temperatares.
However, in the residue of interrupted reactions there was found SnS plus SnS,
besides Sn.P.S, (PbS besides Pb.P.S.). Under flowing nitrogzen of atmospheric
prossure, SnSa begins 1o ovaporale incongrucntly at 5360 °C, by deccomposition into
volatile $nS and S,.

The exact composition of the phosphorus sulphides in this temperatore range
is unknown, thercfore the formula “P.5; ™ is only formally correct (secalso the following
equations).

Os-aimasphere. In analogy to the thivorthophosphates the temperatures of
decomposition in air are about 100°C lower compared to those in a N,-atmosphcere.
On the other hand the course of the diffcrent oxidation is not concordant
Mn.P.S, -~ 9,50, 300-8300 np p.O. = 650,

e e —

Cd:PJSG ‘E’ 9.5 01 :?&sw Cd=P107 bl 6 SO:

g
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Iny(P:S,); -+ 28,5 0, 330-830 yn,(P.0.); + 1850,

Sn.P.S, -+ 1050, 330-630 5,p.0. = SnD; + 650,

i s =

5 Pb,P,S, + 47,50, 320-83%0 pp.p,0,; - P,0; + 30SO;

Mn,P.S.. Cd.P.5.. and In.(P»S,)y arc oxidized 10 the corresponding pyro-
phosphatcs, reactions which were experied after 2 comparison with the thicortho-
phosphates. The formal oxidation state of the phosphorus atoms in the P.35, groups
is =4, a pair of phosphorus atems is cight-fold coordinated by sulphur. During the
oxidation into the pyrophosphate the oxidation statc changes to +3 and thercfore
the coordination must be changed. One possible way is substitution of the sulphur by
oxyeen and pushing an additional oxyzen between the twoe phosphorus atoms to form
the P.O; group. The exchanze of sulphur by oxyzen takes piace discontinvously, as
suggested by a step in the TG-curve of the oxidation of Ing(P;5,);-

Oxidation of Pb,P.S, Icads to Pb;P,O,; in onec TG-step. No intermcdiate
formation of the pyrophesphate scems to occur. Oxidation of $n;P.S, takes place
in another way because of the additional oxidation of Sn(li) into Sn(1V).

Decompasition of copper thio- and selenophospliates

N.-gimasphere. The reactions Iead clearly to the capper chalcogenidesinanalogy
to the results, with the thiophosphates of Ga. In. and Bi.

In conirast o the other thiophosphates the formation of intermediate products
is observed. Each TG-curve shows two steps (see Fig. 2). We tricd to isolate the com-

am %
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CuoPSag
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MMy W oo oo 00 =n T . oo ooy TG

Fig. 2 Thamozram of the docomposition of CuzP3: and CaPScs into Cu-S and Cu:Sc. Sampic
woight ca. 40 mg; heating rate 1°C min~%; anvosphoc Nz = 6 (L h-?)-
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L] P 9 120 9 600 =0 [~ 0 "C 00

Fig. 3. Thcrmogram of the oxidation of CusP3; mto CudQ; and 3 Cu-phosphatc. TG 17 100 mg
range. TG 2: 10 g range: sample woight ca. 40 mg: haating e 1'C min~?%; atmesphere N2O: =
35 {1 h=1)

pounds comresponding to these steps: CuyPS; (Cu;PSc;) were heated up to 575°C
(5320°C) and anncaled until the weizht was nearly constant. Guinier photographs
proved the formation of new compounds, the probable formulac of which were
calculated from the weight losses to be Cu-PS, (Cu.PSc,). The annealing process
yiclds no pure products, because decomposition into the sulphide (selenide) occurs
simultancously.

Recently it was shown®” that sintcrsynthesis is a suitable method for prepaning
these new compounds, which proves the suggested formula Cu:PS, (CuPSe, )

The following reactions were found:
7CuPS, 575 3Cu.PS. + 27P,Ss”

7Cu,PSe, 2907 3CuPSc + 2 PiSes”

* (see following equations)

2 Cu,PS, 120-%00 7Cy,5 = ~P,S,

e e———— - w—rfe

2 Cu;PSc, 480-1000 7 Cy.5c - ~P,Sey”

O>-atmaosphere. Contrary to the thicorthophosphates of Ga, In, and Bi, Cu,PS5;
oxidizes in 3 clear steps with corresponding intermediate products (see Fig. 3). The
first step (I, Fig. 3) occurs with increase of weight because of the oxidation into
CuSO; and an unknown copper phasphate. The reason is the higher affinity of copper
to sulphur and the change of bond rclationships due 10 the oxidation of Cu(l) into
Cu(Il.

Al higher temperatures a sccond double step is observed (2, Figo 3). This
weight Joss is associated with the well known decomposition of CuSO. into CuO.
The TG- and DTG-curves show the typical form of intermediate formation of CuQ -
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CuS0;- The copper phosphate begins 10 decomposc in a third step at about 950°C
3. Fig. 3).

From the second slep it is possible to caleculate the conteat of CuSO; after the
_ first oxidation (37-67%). Therefore. the content of copper of the unknown copper
phosphate is 49-34%2, the probable formula lics between 2 CuO - P,O; and 3 CuD -
P.Os.

During the oxidation of Cu.PS,. the same three steps are found. After the first
step the Guinier-photaograph however shows another intensity ratio of CuSO; to
copper phosphate according to another ratio of Cu:P:S as compared with Cu,PS,.

The oxidation of the analogous S¢ compounds occurs in a similar way. The
only difference is their lower stability - decompaosition at 130 °C — and the formation
of CuScQ, instcad of CuScO; (CuScO; cannot cexist under these condition).

The following reactions were found

Cu,PS, =n0, 20" uvS0; + Cu-P-O

Cu;PScy = n 0, 130" Cuseo, + Cu-P-O

Cu:PS, =~ r0, 290" Cuso, = Cu-P-O

- e v r——

CuPSe, +n0. 13" Cuse0, = Cu-P-0
* (CuSO; decomposes above 530)
* (CuSeO; devomposes above 300)

The performed thermogravimetric expenments viclded decomposition mecha-
nmsms and thermal stability of the examined thicorthophosphates and hypothiodi-
phosphates in nitrogen and oxygen atmospheres. Thus hints on appropriate iempera-
ture raness for syntheses and erystal growth of these compounds could be given.
During the decomposition reactions intermediate products were found: (a) the copper
phosphorus chalcogenides Cu;PS, (Cu;PSc,). and (b) two monothioorthaphosphates
with the probable compesition GaPO;S and BiPQ;S. Studics on crystal growth and
propertics of the latter compounds are in progress.
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