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.AItSTRACT 

B v mc~ns of  a Ihcrmobalanc~ Ihe dccomposilion rc~clions of  l i ~  Ihioorlho- 
phosphalcs of  ~eallium. indium, bismuth, coppcr and of  Ihc Ihiohypodiphosphal¢~ of  
cadmium, indium, man~ancy, c. lead. and tin ,l~cre d¢lermincd in ordcr to find their 
slabilily rceions. 

The CXl~rimcnls wcrc pcrformcd in almosphcrc~ of  flo~ing nilrogcn or oxygcn. 
In nitrogen all compounds dccompo~ inlo Ihc corrc~pondin~ racial sulphidcs and 
vo!alile phosphorus sulphidcs. In oxy~n the thioorthophosphalcs arc oxidizcd imo 
orlhophosphal¢~ I1~ Ihiohvpodiphosphalcs into p~Tophosphalc~ Exccplions arc lhc 
copper Ihiophosphalcs CujP$.t arid CuzPSb and the ana|o~.ous copper sclcno- 
phosphal~  Cu~PSc.~ and Cu-PSc,. I~-hich are oxidiT~'d inlo c o p p e r  su!phalc, selenil¢ 
and an unknown copper phosphale, respectively. 

S o m e  d c c o m p o s i l i o n  d i a g r a m s  indic-~lc b y  v a r i o u s  s t e p s  Ihc  o c c u r r c n c e  o f  in t e r -  

mediate products. In the case of  Cu3PS~ (Cu~PSe.~) the intermediate formation of  
Cu~PS~. (Cu:PSes) x~a~; proved. During lhe oxidalion of  Ihe thioorlhophosphales of  
gallium, indium and bismulh. Ihc formalion of  monolhioonhophosphalcs (McPO3$) 
is supposed. 

I .%~IRODUCTIO,~ 

During recent ycar~ prcparalion and in,~l i~al ion of  complcx chalco~cnides 
haw Ix'come imporlanl, Ix-cau~ many of  them exhibit inlcrcsling physical properlics. 
Among the: metal phosphorus chalco~cnid~s n~,v compounds x,~rc synth~i~-d and 
corra ls  w~re prepared by means of  chemical ~-apour transporl (C3,r1")_ To facilitate 
synth~'is and a 3 ~ a l  grox~lh experiments it is desirable to havc dclailcd knowlcdgc 
:about IlK: conditions o f  formation and docomposilion o f  Ihc compounds, i.c_ to 
ex~aluate their exislcnc~ r~-~ons. Thcxmogravimclry represents a versatile method of  
providing this informalion. 

Furthermore. thermograximetric uric.3 enables the discover3" and preparation 
o f  new compounds_ If  th~ graph o f  the rcgislcrcd i~ igh t  chan ej: shows x~arious steps 
the exist©nee o f  intermediate products is inferred. In most ca s~  t h ~  intermeclial¢ 
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TABLE I 

For,,,-~_ Afed~/of  ar~.  

G~P~ CVT i. 2 
InF~q C%W I. ~. 4 
BiF~q CVT !. 
MnzP.--~ C3FF !. 6. 7 
CulnP~;  C'VT 
C~P.--.% CVT I 
i n ~ P ~  CVT 4. 9 
~ P . ~ ,  ~--v'~r I. I0. t i 
Pb=P=,..~ ~ 10. 12 
Ctt~P~ CVT. SS I. 6. 13 
Cmu~-~ S~ 14. 15 
Cme. P ~  ~ 16. 17 
Cir. IPSo~ 5~ 17 

products  c~n be isolatc'd for sul~,cqucnt cbemica! and physical characterization. 
This  paper reports the inx~sligation o f  lbe substancc~ Ihtcd in Tab!c I. 

EXFERIME~'FAL 

The  metal phosphorus sulphidcs ~ _ c  s)-nthcsi~cd by anncalin~ s to ich iom~r i¢ 
proportion.~ o f  the elements (SS). C~3~tals ,,~re grovcn by chemical ~ p o u r  transport 
(CVT)_ Special data  thereof  are reported in the rcfs. o f  Tabk: I. 

To  characterize the compound~ under  investigation and to check their purity 
as well as  to  identify the cL.,-composition products.  X-ray photographs ,l~r¢ taken il~lh 
a Guinicr-~-~,Volff-camcra (Enraf-Noniu$)- 

The t hermogra~imctric fTG) measurements ~ : r c  performed on an automatically 
~ c o r d i n g  lhc~rnobolance (Merr ier The rmoana i s~ r  I~_)_ A l l  TG- runs  ~x~re carried 
OUt ~ i th  a ~ a t i n g  rate o f  ! :C  m i n -  ' .  DcTlection o f  the culA~c o f  ~x~ight I o~  indicalc~ 
-the decomposi t ion temperature Ta (first ~aluc in the follox,~nff, equations).  If  the 
reactions l ~ d  to a definite end,  this temperature _is also nou:d (second ~aluc). All 
lempcxatur~  a m  gi~ccrl in ~C. 

P, ESULTS A ~  DiSr~51C~.~ 

F r o m  a structural point  o f  view the metal  phosphorus  chalcoeenides  can  be 
divided into  two  ~roups: the th io(se leno-)orthophosphates  and  the th io(se leno-)hypo-  
diphospha~es.  M a n y  t h i o o n h o p h o s p h a t c  structures conta in  approximate ly  c l o u d  
packed sulphur  sublattie~_ T h e  phosphorus  a t o m s  are tetrahedrally coordinatc'd by 
sulphur. In the thioorthophosphates of  B, AI, Ga, In, and Cu, the metals are also 



143 

tetrahcdrally coordinated. BiPS.~ how,_-vcr shows an eight-fold coordination o f  Bi. 
All thio(s, cleno-)h}'podiphosphatcs contain P.S~, (P.Se.) groups, in which a pair of 
phosphorus agoras is octahedra!iy coordinated by S (So). The metals often occupy 
octahcdral voids of  closed packed S (So) la~crs, e.~ Mg and Fe, Some compounds 
also show a nine-fold coordination of  the n~ta!s, c_~_ SnzPzS b and Pb:P,S~- 

These differences in the structures of  the thioor',hophosphatcs and thiohypodi- 
phosphates had to s-ar~'in~ chcmica! bchaviour, as the follo~-ing ~xpcriments indicate_. 

Dec~mp~ilion uf  llw thiom-lhophosphalrs of  Go. In. and Bi 
N:-olntosplwr~. The thioorthophosph~tc~ are relatively stable compounds. 

decomposition sta~s above 450~C. The fol!oxxing decomposition reactions were 
found 

2 GaPS.~ 

~- InPS~ 

2 BiPS.~ 

~IX)-S.iO Ga:Sj~ ÷ "~P:S~'" 

75o- 0o ,._.s. " -P_.s,-- 

450* BizS~ ~" -PzSs'" 

" (BizS:, decomposes simultaneously) 
The reactions al~,-d}~s lead to the ~;ulphidcs of  the metals. They- are the only 

possible compounds stable at  elc~atcd temperatures, whereas the phosphorus sulphidcs 
c~-aporatc because of  thor  hic-I-,cr ~,~apour prcssurc~ 

The real composition of  t h ~  phosphorus sulphidcs is unkno,,Tn. For this 
reason the formula "PzS~" should be sccn only formal ( ~  also the following, reaction 
formula)_ 

The dccompodtion of  BiPS; is more comp!icatcd Ix:cause "PzS~" ct~apor-Jtcs 
and the ari~n~ BizS J d c c o m ~  simu!tancous!y into Bi and Sz- 

Oz almospI;~r¢'. The stability of  the thioorthophosphatcs in air is lower than 
in inert atmosphcre~ the oxidation sets in at about  330"C'. The follm~ing reactions 
~ found 

GaP5~ ~ 6 0 z  300-900 CraPO~ ÷ 4 ~O., 

InPS4 ~ 6 0 z  ~ } 0 - 9 0 0  !nPO.~ -~. 4 SOz 

BiPS.t @ 6 0 z  440--800 BiPO.I ~ 4 50. .  
Ip 

It is remarkable that there is no decomposition into the metal sulphide x, i th  
subsequent oxidation into the corresponding oxide. Only oxidation into the ortho- 
phosphate is observed. This reaction bt~com,~ plausible considering the structure. 
In the above compounds phosphorus is tett~hcd~lly coordinated and appears in its 
highest oxidation state of  @5; therefore no change of  coordination is necessary. 
Hcnc~ the reaction can b~ regarded as a substitution o f  sulphur by oxygen. 
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D I G  

DTA 

Tc 

F'r~ !- ~ m  or i I~ ox~l;zl~m ol r lni~,~. I~P~. and C~z!PS~ inlo l l~  ~ mlho- 
plhosphazc~ I n l ~ .  BiPCI~. and ~PO~. EL~mptlc ~ l  c~- 40 ~ hcazin~ r-ate ! "C rain ~ '= azmosphe~ 

Inlrrnrcdiule produclx. The oxidat ion rcaclions o f  Ihc Ihioo~hopho~phatcs~ 
L'adin~. to t l ~  orlhophce~phate~ show a ~,~xy. broad TG-~e !~  ac~ompanie~ by some 
broad DTA-pe:zks (see F i ~  !)_ We tried Io isolale the in tcrnu~ia lc  ox idal ion products 
o f  BiPS.~ (GaPS.O responsible for  t h c ~  slept,. For  this reason, the compounds were 
heated up t o  475"C ('4S0~C~ and annealed until the ~ _ . h t  remained constant.  The  
mos! probable formulae calculated from t h c ~  TG-rur~ are BiPOjS (GaPO~$). In 
the ~ o f  Hnl~4 t i~  ~ m p t o m s  for the e_~tenc~ o f  an ana |ogoc~ In-compound are 
less  strong_ 
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These compounds arc not yet known,  but some thioor thophosphorus  acids and 
their alkali sails do  exist ns- 2e_ So far only the Pb salt o f  1-13PO~S could he prepared 
from aqueous solution_ All other  hca~.- metal salts decompose below room tcmi~ra-  
lure into the or thophosphates  and the sulphidc~' a. Contrary to Ihis the Bi- ~nd Ga- 
compounds  ~ m  to be rather stable_ Attempts  to find a suitable method for growing 
cgy~tals o f  the mono th ioo r thophospha t~  are in p r ~ r ~ s ~  

Dct~mlmsilion o f  ddohylmdipllosphal¢ o f  Mn. Cu ~ In. Cd. In. Sn. aml Ph 
A%-o!mosplwre. Here the foi lo,, ing re:lctions ,,crc found 

Mn=P_.S6 560-750 2 MnS " -P-S4"" 

¢.nnp..s° 4fo- oo turns .  - -P :s ;"  

CdzPzS b 550-700 2 Cd5 ~- -P:S.~" 

In.l(P.,S,.). l  4 5 0 - 7 0 0  2 I n : S j  - "P:Sz '"  

Sn:P-S~ 520" ~_ SnS. " "P .S:  "° 

° (SnS: ~ SnS d c c o m ~  simultaneously) 

Pb:P:S6  600" 2 PbS ~- -P-S='" 

° (PbS decomposes simultaneously) 
The  stability o f  the thiohypodiphosphatcs  is similar compared Io that o f  the thioortho- 
phosphates. Ihc dccomlxJsi | ions starting bcmccn  500 and 600 ~C. All reactions run 
to the corresponding sulphide. 

The decomposi t ion rcaclions o f  SnzP..S.. (Pb21)2S6) shot,- no horizontal end 
o f  the TG-cun-e.  because ofe~-aporation o f  Ihe metal sulphides at higher lemperalures_ 
Hoil~'~er. in the residue o f  inlerrupted rcaclions there was found SnS plus SnS.  
besides Sn_.P.S~. (PbS besides Pb_.PzSs). Under  flowing nitrogen o f  atmospheric 
procure .  SnS2 bc~in:s to cvapotralc incon~rucnt!y at 560°C. by decomposit ion into 
volatile SnS and S:.  

The exact composi t ion o f  the phosphorus su!phidcs in this temperature range 
is unknown,  therefore the formula - PzS;'" is only formal!y correct (see aE;o the followin~ 
equations). 

O=-atmasphere. In analoey to the thioorthophosphates  the temperatures o f  
decomposit ion in air are about  IO0--C !ox~r compared to those in a N_.-atmosphcrc. 
On  the other  hand the course o f  the different oxidation is no t  concordant  

NllnzPzS 6 ~ 9 . 5 0 ~  .~O0-gO0 gtn.P20.~ .~ 6 SO:  

Cd_-PzS,s ~ 9.5 0~. 470--S00 Cd_.PaO-; -- 6 SO_. 
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ln.,..OPzS6)3 ~ 2 8 . 5 0 z  330-850 In.t(P_-,,O,:)j, ..~ 18 SO_-,, 

SnzPzS6 ~. 10,50_~ 3 S 0 - 6 ~  SnPzO= ~ SnO.. ~ 6 SO, 

5 Pt~P~S~, --~ 47..5 0_~ 320-8-~ Pb~P,O~:~ ~ P~O~ ~ 30 SO. 

Mn_.P_.S6. Cd_.P.S~.. and In-(P,$,.))  arc o x i d i ~ l  to thc corrc~ponding p)To- 
phosphates., reactions which xt~rc e_xpo~cd after a comparison , , i th the thioorlho- 
phosphates. The formal oxidation stale of  the phosphorus atoms in the PzS~, groups 
is ÷ 4 ,  a pair o f  phosphorus atoms ~ ~gh!-fold coordinat~l by sulphur. During the 
oxidation into the pyrophosphate the oxidation slale chan~:~ to ~-5 and therefore 
t l~  coordi l~l ion must Ix: chan~-~d. One po~iblc ~ay is substitution of  th~ sulphur by 
oxygen and pushing an additional ox~-gcn bctxt~c~rt the two phosphoru~ atoms to form 
the P~O~ ~ o u p .  The exchan~  of  sulphur by_ o_xx_-gcn takc~ place discontinuously, as 
su~,~cstcd by a ~tep in the TG-curv¢: of  the oxidation of  In~(P:Sb)3- 

Oxidation of  Pb.,PzS~, leads to Pb~P.tOt~ in one TG-$tep. No intcrmcdiat¢ 
formation o f  the p3Tophosphatc ~cms  to occur. Oxidation of  Sn .P .$s  takc~ plac~ 
in another ~ y  bccaus~ o f  the additional oxidation of  Sn( l | )  into Sn(iV). 

Decompasiti~e of  copper Ihio- and selenoplmsphutes 
N~.otmaspl~re. The reaclions kad  ckarly to the cop!x:r chalcogcnidcs in analogy 

to the resuIL~ with the thiophosphatc5 o f  Ga. In. and Bi. 
In contrast to the o e J ~  thiophosphat¢~ the formation of  intermc, diate products 

is o ~ .  Each TG-cun¢ s h o ~  two SlCl~ (~cc F ~  2). Wc Iricd to isolate the tom- 

6m.~ 

- = . . . . .  

F ~  ~ ~ of the dccmnpo~t~m of Cu~l~a~ and Cu~PSc4 into C u ~  and Cu~c .  ~amp;c 
~ t  ca. 40 ~ I ~ a i ~  ~a;© I ~C ,, , ; , ,-~ m ~ c ~ , h ~  N :  ~ 6 U h-~) - 
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I~g- 3. ~ m  o f  111~ oxit~lif~l  ~ f  CiJul~a b! lo  C u . ~ ) ,  and  ia C w p h t ~ p ~ l ¢ -  T G  I:  10o rn~ 
r . tng~ T G  ") .~ I0 ntg I~ngr.2 $ampk: ~' i~;hl ca- 40 rr~; ~ i ! in~ ,  talc I "C min-a; a lmo~bcr¢  N;~O: 
3;5 (I h~)_ 

pounds corrcsponding to Ihesc stcp~: CuaPS.~ (CujPSc.~) wcre heatcd up to 575~C 
(5_'20~C) and annealed until the ~eight ~ s  nearly conslant. Guinier photographs 
prox~l the formation of  new compounds, the probable formulae o f  which wcre 
calculated from the ~cight Ioss~ to he CusPS6 (Cu~PSc6)- The annealing process 
)-;clds no pure prc~lucL~ becau~ d~er~omposition into the sulphide (selenide) occurs 
simultaneously. 

Recently it ,a-as shown ~ ~" that dnlers3-nthcsis is a suitable method for preparing 
these new compounds, which pro~cs the su~-~stcd formula C u : l ~ 6  (Cu:PSc6). 

The follol,ing teat!ions we're found: 

7 CuaPS.~ Y/5* 3 CusPS6 ÷ 2 -PzS~'" 

7 CuaPSc ~ 290" 3 Cu-:PSc6 ÷ 2 -PzSe~'" 

° (see following equations) 

2 Cu.~IPS 6 420-900 7 Cu=S ~ -P:S~'" 

2 Cu~PSc6 480-1000 7 Cu_.Sc ~ -P._Se~'" 

O.~atmo.vphcrc. Conirat3- Io Ihc thioor~hopho~phatcs of  Ga. In. and Bi. CuaPS.t 
oxidizes in 3 clc=r steps ~7]th corresponding inlermediale produds  (see Fig_ 3)_ The 
first f~ep (! .  F i~  3) occurs with itq~r~if,£ o f  i t~_hl  be~_usc o f  the oxidation into 
CuSO4 and an unknown copper phosphate. The reason is the higher atTinily o f  copper 
Io sulphur and the change o f  bond rc!ationships duc to the oxidation o f  Cu(I) into 
Cu(!l) .  

At hi~Jtcr Icmpcraturc~; a second double step is obsc~'cd (~  Fi~ 3}. This 
weight loss is associated wilh the well known decomposition o f  CuSO.~ into CuO. 

TG- and DTG-~-ur~'es show the typical form of  intermediate formation of  CuO - 
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CuSO.~. The  copper phosphate  b,_~ins to dccomlx)sc in a third step at about  9 ~ ) ' C  

O. 3). 
From t l~  second step it is possibl~ to ea lcubl¢  the contcat  o f  CuSO~ afler  lhe 

first oxidation ($7-67%).  Thcn:fon:.  the content  o f  coppc'r o f  Ihc unknown copper  
phosphate  is 4 9 - 4 4 ~ ,  the probable formula lies hetwccn 2 C u O -  P.O~ and 3 C u O  - 
PzO~ - 

During the oxidation o f  CusPS,.  the same three slcps arc found. ,Aflcr the first 
step the Guinicr-photograph however shows another  intensely ratio o f  CuS0,x to 
copper  phosphate  accordin~ to another  ralio o f  Cu : P-'S a~; c,.~mparcd ,,vilh Cu~i)S~_ 

The  oxidation of  the analogous S¢ compounds  occur~ in a similar x~-ay_ The  
only difference ix their louver slabili ty ~ dccomposhion at 130 "C ~ and the formation 
o f  CuScO~ irkstcad of  CuScO.~ (CuS¢O.~ cannot  e_xisl under Ihcsc condit ion).  

The  following reactions xvcre found 

C u s P S .  + n O z  240" 

C u ~ P ~  ~ 130" -~ i l  O ~  

CusPS6 ~ ~ O z  240° CuSO~ 

I ~ °  C u ~ P S ~  -F n Oz . . . . . . .  CuScO~ 

Cu50.~ + C u - P - O  

CuScO~ ~- Cu-P~O 

~ C u - P - O  

-:- Cu-P-O 

* (CuSO.~ dccompmcs above 5:~) 
* (CuS¢O~ decomposes above 300) 

The parformed thermogravimetric exl~rimcnts ~elded decomposition rnccha- 
nisms and tl~'rrna! stability o f  t l~  e_xamincd thioorthophosphal~ and hypolhiodi- 
phosphates in nitrogen and ox) '~n atmosptmrcx. Thus hints on appropriate tempera- 
tun: ran~s for o 'nthcs~ and co'~tal grm~th of  t h ~  compounds could Ix: ~ven. 
Durin~ I[11¢ decomposit ion rcaction~ intc~.~-~cdiate producL~ ~ n :  found: (a) the copper 
phosphorus  chalcogenidcs Cu:PS. ,  (Cu:PSc,.). and (b) txvo monothioor lhophosphates  
x~ith the probable composit ion G a P O j 5  and BiPO~S, Studies on  cryr,~al ~roxxlh and 
proi~T~ics o r  ii1¢ b t t c r  compound~ arc in pr%,-r~_ s_ 

ACIK ~'~¢~XV LIEI~ ~ EM L~'T 

Financial suppo~ of  the -Dcut~cl~  F o r s c h u n ~ m c i n s z : h a f t ' "  is highly 
appreciated. 

RE1FI~E_~CI~ 

I I t .  ~itsch~ and P. Wild..~lo-rer. Rex. BaO-..S tlgTO) 419. 
2 P. Buck a~l C- D. Carl~micr..4,-ta (7.rr~r~/,,gr.. ~nr. B. _~ (1973) IS64L 

C. D- Ca~po~liar. R- Oidd ~,nd R- Nilsch~ ~ . ~ u e ~ ~ n .  $ tlgTO) 393- 



149 

S |[. Zi~nn. C- D. Carpcmlior and R- ~.-;itschc..-lrla C'o"~rallo$:r...Tees. B, 31 [197~) 2f~0.x_ 
6 XV. Klinti~n. G- E u l o t b a ~ r  and H- l l a l m . . X ~ u r , r - ~ r / - ~ .  ~5 ( 1 ~ )  2_"9. 
7 B- E- TaFIor, Jl. J .  S , t ~  attd A- ~Void...L Sol /d  State C/~m..  7 1197.~} 46,1. 
$ ~V. F. Koh% Oi#xra~xbrif, ~n~x-t~it~! Ftrk-'itmtr'C.- 197~. 
9 S- ~ ~nd A_ s.t~o~J. ~tfmrtr. Re's. Bu/ / . .  ! I It IQTb| 6 , .~ .  

l0  C- D. Cazqpcnlicr. OiJmrxlarim!. tdni-.-ct~t~! Frcibur~ !9T4. 
! I C- BOchcl~ D i ~ k .  lJnk~t~it='l Frcibmg. 19T5. 
IX ~V. Klitzt~n. EL Oi l  and t l .  Hahn. Z- A ~ -  ttLe~- Cik'm-. ".,t~ r) ai9T3) 271. 
13 A. F~rr'ari ~ L- Cax~ak~;I. Go2=. Chim. Ital.. T~ 119.1~1 2s3- 
14 J- Gami and F- P~r l l~. .4du CrrslnlL~r-. c~r¢l, g. ~_S {1972) .~sT~_ 
IS P. Buck. unpublished ~r lc .  
16 S. T. Tcmg. D i ~ n ~ r ~ r i l .  Unitct~il:~l F r c i M ~  !gT~. 
!~ ~V. F- Kuhs. M.Schuh¢-Kdlinghattr~ V. Krf in~r and EL- Nilschc. Z- Aomrj'nrsrh.. 32~ (19T'/I 1100. 
]lg R- K l o x t ~ l .  Z .  dm~rg'- tli!~'. C ~ . .  2.T3 ¢!94T} 23"Z'_ 
1~ R. E- Thilo and G- !L.~d~,-i~ .4~t'rtr. Chrn~-. 72 t 1960) ~,~- 
20 G. Lad~,-i~.l. Pr~. Cl~rm.. 2~t196~} liT. 


