
Journal of AUoys and Compounds, 177 (1991) 17-30 17 
JAL 003] 

S u b l i m a t i o n  s t u d y  o f  t h e  t i n  s u l p h i d e s  SnS2 ,  Sn2S3 a n d  S n S  

v. Piacente, S. Foglia and P. Scardala 
Dipartimento di Chimica, Universitd "La Sapienza", Roma (Italy) 

(Received February 19, 1991; in final form May 28, 1991) 

Abstrac t  

The vaporization of SnS2(s) occurs following the equilibria 

SnS2(s) ' ½Sn2S3(s) + tS2(g) 

Sn2Sa(s) , 2SnS(s) + ½S2(g) 

SnS(s) , SnS(g) 

The vapour pressures over the condensed phases were measured by the simultaneous 
torsion-Knudsen effusion technique. The pressures of S2(g) over SnS2(s) and Sn2S3(s) 
and of SnS(g) over SnS(s) are expressed respectively by 

l o g p  (kPa) = (12.41 +0 .40 ) - (11 .3_+0 .3 )×  10a/T, AH~gs=54.5 + 1.0 kJ mo1-1 

l o g p  (kPa) = (11.81 ± 0 . 5 0 ) - ( 1 1 . 2 ± 0 . 4 ) ×  103/T, AH~98 = 112.0±2.0  kJ mo1-1 

l o g p  ( k P a ) = ( 9 . 4 0 ± 0 . 1 0 ) -  ( 10 .7±0 .1 )×  103/T, AH~gs=220.0±2.0  kJ mo1-1 

where the standard enthalpies are derived by second- and third-law treatment of the 
results. From these data the standard heats of formation of SnSz(s) and Sn2S3(s) were 
calculated to be -148___2 kJ mo1-1 and - 2 5 3 ± 2  kJ mol -~ respectively. 

1. I n t r o d u c t i o n  

The vaporization of tin monosulphide predominantly occurs according 
to the reaction 

SnS(s) , SnS(g) (1) 

A very small amount of the dimer form Sn2S2(g) was also found speetro- 
metrically by Colin and Drowart [1] in the vapour phase. Several authors 
have studied the vaporization of  this compound by measuring the vapour 
pressure by different techniques, e.g. boiling point [21, transpiration in the 
conventional way [3-5] or coupled to a quadrupole mass spectrometer  [6], 
Knudsen method [4, 7, 8] and mass spectrometry [1 ]. All the reported vapour 
pressure data are in agreement within a factor of  2. A set of pressures 
measured over SnS(s) by using an open crucible [91 is decidedly low, and 
this is probably due to the assumption of  a vaporization coefficient for SnS 
equal to unity, which is incorrect according to Wiedemeier and Csillag [81. 

In the ease of tin disulphide, contrary to AI-Alamy et  al.  [101 who report 
that SnS2(s) vaporizes to produce SnS(s) as residue, it has been found [111 
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that SnS2(s) vaporizes according to the reaction 

SnS2(s) , ½Sn2S3(s) + ¼S2(g) (2) 

The sulphur pressures over SnS2(s) were measured by Wiedemeier and Csillag 
[11], Gerasimov et al. [12] and Karakhanova et al. [13]; however, the 
reported results are not in good agreement. 

A pressure-temperature equation is also reported by Sevryukov [14], 
but the pressures are considerably lower than those found by other authors 
[11-13]. 

Finally, concerning the vaporization behaviour of Sn~Sa(s), some authors 
reported that this compound decomposes to SnaS4(s) [13, 15] or Sn4Ss(s) 
[ 12 ]; however, differential thermal analysis, high temperature X-ray diffraction 
[16] and a thermogravimetric study [17] did not provide any evidence of 
the existence of these intermediate phases. An accurate Knudsen effusion 
study of the decomposition of Sn2Sa(s), carried out with a mass spectrometer 
and a vacuum microbalance [17], proved that  this compound decomposes 
according to the reaction 

Sn2S3(s ) ) 2SnS(s) + ½S2(g) (3) 

The sulphur pressures over Sn2Sa(s) were measured by dew point [13] and 
Knudsen [ 17] methods. 

As part of our research programme on the vaporization process of metal 
sulphides [18-24] we have studied the vaporization of SnS2 by employing 
two different techniques. 

2. Experimental  details 

The tin monosulphide and disulphide used in this study were supplied 
by Strem Chemicals Inc. and Aldrich Chemical Inc. respectively, both having 
a purity of about 99.8%, the main impurity being sulphur. The pressure 
measurements were carried out mainly by the torsion method. Some pressure 
values were also simultaneously determined by the Knudsen method employing 
a torsion effusion-weight loss assembly described in detail in a previous 
paper [25]. Four torsion cells were used, each with a different size of effusion 
holes. The calibration constants necessary for torsion and Knudsen vapour 
pressure calculations were determined by vaporizing pure lead as reference 
material [26] and their values are reported in Table 1. 

A preliminary run was carried out in order to have qualitative information 
of the overall vaporization behaviour of tin disulphide (Fig. 1). The vaporization 
of this compound is characterized by a first step in which the vapour pressure 
shows reproducible values. When about 5% of the original sample is vaporized, 
the pressure decreases and the new values lie on a new log p vs. 1 / T  line. 
A similar behaviour occurs at higher temperatures when an additional 10% 
of the sample is vaporized. 

The vapour in the first and second steps of the vaporization is essentially 
constituted by S2(g), as inferred from the fact that the pressure values 



TABLE 1 

Instrumental constants of  the torsion-Knudsen assembly 
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Cell Nominal diameter Kto~o, KK~,d~. 
(material) (mm) (kPa rad -~) (kPa min K ~ mg -):z) 

A 2.10 7 . 4 × 1 0  3~ 3 . 0 × 1 0  3 
(graphite) 

B 1.80 1 0 . 7 × 1 0  -3 4 . 4 × 1 0  3 
(pyrophyllite) 1.80 14.8 × 10 - ~  4.4 × 10 -3 

C 0.40 20 .5×  10 -2 6.1 × 10 -2 
(graphite) 0.40 24.8 × 10 -2~ 6.1 × 10 -2 

D 0.30 39.4 × 10-  2 
(pyrophyllite) 

aChanged the torsion wire. 
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Fig. 1. Preliminary run showing the vaporization of tin disulphide: A, pressure values measured 
on decreasing the temperature. The dashed lines a, b and c represent eqns. (4), (5) and (8) 
respectively (see text). 

c a l c u l a t e d  b y  t h e  K n u d s e n  e f f u s i o n  m e t h o d  e m p l o y i n g  a s  m o l e c u l a r  w e i g h t  
o f  t h e  e f f u s e d  v a p o u r  t h a t  o f  S 2 ( g )  a g r e e  v e r y  w e l l  w i t h  t h o s e  m e a s u r e d  
s i m u l t a n e o u s l y  b y  t o r s i o n  e f f u s i o n  ( s e e  T a b l e  2 ) .  O n  t h i s  b a s i s  t h e  v a p o r i z a t i o n  
b e h a v i o u r  o f  S n S 2 ( s )  m a y  b e  d e s c r i b e d  b y  t h e  c o n s e c u t i v e  r e a c t i o n s  ( 2 ) ,  ( 3 )  
a n d  ( 1 ) .  In  T a b l e  3 a n d  F i g .  2 a r e  r e p o r t e d  t h e  v a p o u r  p r e s s u r e s  m e a s u r e d  
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TABLE 2 

Comparison of torsion and Knudsen data 

Run Surface of T (K) 
sample 

Vapour pressure (10 -4 kPa) 

Torsion Knudsen a 

39 SnS2 725.5 6.2 6.1 
736 10.5 10.5 
740.5 13.6 13.7 

Sn2Sa 759.5 14.6 14.6 
767 19.7 20.0 

41 SnS2 734 10.3 10.6 
742 15.6 15.6 

Sn2Sa 747 8.2 8.2 
767 17.5 17.8 

45 SnS2 796 197.0 191.0 
SneSa 822 160.0 158.0 

848.5 422.0 410.0 

~Calculated considering S2(g) the only gaseous species in the vapour phase. 

by  the  to r s ion  m e t h o d  in the  first s tep  of  vapor i za t ion  of  SnSe(s) when  the  
a m o u n t  o f  SneSa on the  s am p l e  su r face  is negligible.  Unfor tunate ly ,  a l imited 
n u m b e r  o f  po in t s  were  m e a s u r e d  by  the  Knudsen  effusion technique ,  b e c a u s e  
a t  low t e m p e r a t u r e  the  weigh t  loss  ra te  is no t  easi ly  m e a s u r a b l e ,  be ing  at  
the  l imit  o f  the  in s t rumen t  sensi t ivi ty,  while  a t  h igher  t e m p e r a t u r e s  the  
c o m p o s i t i o n  of  the  c o n d e n s e d  su r face  m a y  change  app rec i ab ly  in the  cour se  
of  we igh t  loss  ra te  m e a s u r e m e n t  in i so the rmal  condi t ions .  Fo r  this  r e a son  
the  v a p o u r  p r e s s u r e s  m e a s u r e d  with  this  last  m e t h o d  are  only  t a k e n  as  a 
check  of  the  to rs ion  ones.  Three  runs  in the  overal l  t e m p e r a t u r e  r ange  
689- -806  K were  car r ied  out  by  us ing  different  effusion ceils. The  l inear  
l eas t - squares  t r e a t m e n t  of  the  da t a  po in t s  g ives  for  each  run  a c o r r e s p o n d i n g  
log p v s .  1 / T  equat ion.  The  equa t ions  so  ob ta ined  are  s u m m a r i z e d  in Table  
4. F r o m  these ,  the  fol lowing equa t ion  r ep re sen t a t i ve  o f  the  t e m p e r a t u r e  
d e p e n d e n c e  of  the  su lphur  p r e s s u r e  ove r  SnSe(s) was  se lec ted:  

log p (kPa)  = (12.41 ± 0 .40)  - (11.3 ± 0.3)  × 10 a / T  (4) 

The  e r ro r s  in the  s lope  and  in t e rcep t  o f  this  equa t ion  and  of  the  s u b s e q u e n t  
se lec ted  p r e s s u r e - t e m p e r a t u r e  equa t ions  a re  e s t ima ted  cons ide r ing  as  the  
only  unce r t a in ty  sou rce  tha t  a s soc i a t ed  with  the  t e m p e r a t u r e  m e a s u r e m e n t .  

F r o m  the s lope  of  eqn.  (4)  the  en tha lpy  a s soc ia t ed  with  r eac t ion  (2) at  
the  m e a n  e x p e r i m e n t a l  t e m p e r a t u r e ,  AH~a~ -- 54 .0  ± 1.4 kJ  m o l -  ' ,  was  derived.  
The  hea t  capac i t i e s  o f  SnSe(s) and  Sn2S3(s) r e p o r t e d  by  W i e d e m e i e r  e t  a l .  
[27] and  fo r  Se(g) those  se lec ted  by  Hul tg ren  e t  a l .  [26] s h o w e d  tha t  this  
en tha lpy  d o e s  no t  change  a p p r e c i a b l y  up  to  298  K. This  s t anda rd  en tha lpy  
was  a lso  ca lcu la ted  by  third- law t r e a t m e n t  of  the  v a p o u r  p r e s s u r e  at  each  
e x p e r i m e n t a l  t empe ra tu r e .  The n e c e s s a r y  f r ee -ene rgy  func t ions  for  this  cal- 



TABLE 3 

Vapour pressure of SnS2 
SnS2(s) --* ½Sn2Sa(s) ÷ {S2(g) 
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and third-law standard enthalpy of the process 

Run T a p -RlnKp --A[(G~.--H~98)/T ] AH~9 s 
(cell) (K) (10 -2 tad) (10 -4 kPa) (J tool -l K -1) (J tool -l  K -l)  (kJ mol -l)  

39 
(B) 

689 0.94 1.01 28.7 50.6 
696 1.14 1.22 28.2 50.6 
704.5 2.04 2.13 27.0 50.6 
710.5 2.76 2.94 26.4 50.6 
719.5 4.36 4.66 25.4 50.6 
725.5 5.77 6.18 24.9 50.5 
727.5 6.98 7.50 24.5 50.5 
736 9.90 10.54 23.7 50.5 
740.5 12.51 13.58 23.4 50.5 
745 13.66 14.59 23.2 50.5 

Average 

41 693 0.87 1.22 28.2 50.6 
(B) 702 1.44 2.13 27.2 50.6 

703.5 1.74 2.53 26.8 50.6 
710 2.32 3.34 26.2 50.6 
714 2.62 3.85 25.9 50.6 
719 3.79 5.67 25.1 50.6 
722.5 4.36 6.48 24.9 50.6 
727 5.81 8.61 24.3 50.5 
734 6.98 10.33 23.9 50.5 
737 8.73 12.97 23.6 50.5 
742 10.47 15.60 23.0 50.5 
743 11.64 17.12 22.8 50.5 

Average 

45 751 1.16 23.71 22.2 50.0 
(C) 759.5 1.74 35.87 21.3 50.5 

786.5 6.11 124.62 18.7 50.4 
796 9.60 197.58 17.8 50.4 
802.5 10.77 221.90 17.4 50.3 
806.5 12.40 254.32 17.2 50.3 

Average 

54.7 
54.8 
54.7 
54.7 
54.7 
54.7 
54.6 
54.6 
54.7 
54.9 

54.72=0.1 

54.6 
54.6 
54.5 
54.5 
54.6 
54.4 
54.5 
54.4 
54.7 
54.4 
54.5 
54.4 

54.52=0.1 

54.6 
54.5 
54.4 
54.3 
54.4 
54.5 

54.42=0.1 

c u l a t i o n  w e r e  t a k e n  f r o m  the  l i t e r a t u r e  [26,  27] .  T h e s e  e n t h a l p i e s  a re  r e p o r t e d  

in  T a b l e  3 a n d  t h e i r  a v e r a g e  va lue ,  AH~98 = 5 4 . 6 _  0.1 kJ m o l - 1 ,  is p r a c t i c a l l y  
e q u a l  to  t h a t  d e t e r m i n e d  b y  the  s e c o n d - l a w  m e t h o d .  

C o n s i d e r i n g  t he  v a p o r i z a t i o n  p r o c e s s  o f  SnS2 ( r e a c t i o n  (2)) ,  c o n t i n u i n g  
t he  v a p o r i z a t i o n ,  t he  s u r f a c e  of  t he  s a m p l e  is p r a c t i c a l l y  c o n s t i t u t e d  b y  o n l y  
Sn2Sa. T h e  v a p o u r  p r e s s u r e  d a t a  t a k e n  at  t h i s  s t age  of  t he  v a p o r i z a t i o n  a re  
r e p o r t e d  in  T a b l e  5 a n d  d r a w n  in  Fig.  3. T h e  e x p e r i m e n t a l  r e s u l t s  w e r e  
t r e a t e d  in  t he  s a m e  w a y  a s  t h o s e  o b t a i n e d  in  t h e  f i rs t  s t ep  w i th  SnS2(s) .  
F r o m  the  p r e s s u r e - t e m p e r a t u r e  e q u a t i o n s  r e p o r t e d  in  T a b l e  4 the  e q u a t i o n  

log  p (kPa )  = (11 .81  + 0 . 5 0 )  - (11 .2  ± 0 .4)  × 10 ~ / T  (5)  
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Fig. 2. Vapour pressure of SnS2(s): O, run 39; Q, run  41; A, run  45. 

TABLE 4 

Pressure - tempera tu re  equations determined during the vaporization of SnS2, Sn2S3 and SnS 

System Run Cell Number  of AT (K) log p ( k P a ) = A - B / T  
points  

A B 

SnS2 a 39 B 10 6 8 9 - 7 4 5  12 .23±0 .31  
41 B 12 6 9 3 - 7 4 3  12 .46±0 .32  
45 C 6 751-806 .5  1 2 . 6 3 ± 0 . 4 0  

Sn2Sa b 39 A 8 724-775 .5  1 1 . 9 3 ± 0 . 9 7  
41 A 9 6 9 9 - 7 6 7  11 .25±0 .49  
45 B 15 776 - 862  1 2 . 0 9 ± 0 . 2 0  

SnS b 39 A 6 795 - 863  9 . 1 9 ± 0 . 1 4  
40  B 7 952 .5 -1047  9 . 2 9 ± 0 . 2 6  
44 B 16 878 .5 -1039  9 . 7 0 ± 0 . 2 0  
45 B 16 9 1 3 - 1 0 4 4  9.71 ±0 .11  

SnS a 43 A 10 8 1 6 - 9 4 0  9 . 4 3 ± 0 . 0 4  
46 B 15 906 -1043 .5  9 . 3 8 ± 0 . 0 7  
47 A 11 793--932 9 . 1 6 ± 0 . 0 5  

1 1 1 9 6 ± 2 1 9  
1 1 3 1 3 ± 2 3 2  
1 1 4 4 6 ± 3 1 4  

1 1 2 3 9 ±  726 
1 0 7 0 8 ± 3 6 0  
11425 ± 1 6 3  

1 0 3 8 0 ± 1 1 4  
1 0 4 8 4 ± 2 5 5  
10941 ± 1 8 9  
1 0 9 3 5 ± 1 0 9  

1 0 7 7 0 ± 3 2  
1 0 7 4 0 ± 6 6  
1 0 5 2 8 ± 4 0  

The quoted 
aPure. 
bEesidue of 

errors  are s tandard deviations. 

vaporization of SnS2. 
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TABLE 5 

Vapour pressure of Sn2S ~ (residue of SnS~ vaporization) and third-law standard enthalpy of 
the process  Sn2S3(s ) ~ 2Sn2S3(s ) + ~S2(g) 

Run T a p - R I n K ~ ,  - A [ ( G ~ , - H ~ g s ) / T ]  AtI,~gs 

(cell) (K) (10 -2 rad) (10 -4 kPa) (J tool - j  K -~) (J tool -I K - j )  (kJ mol - j )  

39 
(B) 

41 
(B) 

45 
(c) 

724 1.45 2.13 54.4 103.0 114.0 
727.5 2.26 3.34 52.5 103.0 113.1 
740.5 3.79 5.67 50.3 103.0 113.5 
752 7.28 10.84 47.7 103.0 113.3 
759.5 9.90 14.59 46.3 103.0 113.4 
764 12.74 18.85 45.4 103.0 113.3 
767 13.28 19.66 45.2 103.0 113.7 
775.5 14.84 22.09 44.6 103.0 114.5 

Average 113.6_+0.5 

699 0.57 0.81 58.1 103.0 112.6 
713.5 1.09 1.62 55.6 103.0 113.2 
717 1.09 1.62 55.6 103.0 113.7 
729.5 2.07 4.25 51.4 103.0 112.6 
732 2.61 3.85 51.8 103.0 113.3 
744 5.53 8.21 48.7 103.0 112.9 
747 5.53 8.21 48.7 103.0 113.3 
757 8,15 12.16 47.1 103.0 113.6 
767 11.92 17.53 45.6 103.0 113.9 

Average 113 .2±0 .4  

776 0.87 21.58 44.8 103.0 114.7 
788 1.45 35.87 42.7 103.1 114.9 
792 2.04 50,76 41.2 103.1 114.3 
798 2,62 63.35 40.2 103.1 114.4 
803 3.17 78.63 39.5 103.1 114.5 
812.5 4.07 101.32 38.3 103.1 114.9 
817 4.90 121.59 37.5 103.1 114.9 
822 6.46 160.09 36.4 103.1 114.6 
829 8.15 201.63 35.4 103.1 114.8 
835 10.47 260.40 34.5 103.1 114.9 
841.5 13.51 335.38 33.3 103.1 114.8 
848.5 17.04 422.52 32.3 103.1 114.9 
853 20.45 507.63 31.6 103.1 114.9 
858 24.60 609.97 30.8 103.1 114.9 
862 27.00 669.75 30.5 103.1 115.1 

Average 114.7___0.2 

w a s  s e l e c t e d  a s  t h e  m o s t  r e p r e s e n t a t i v e  o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  

t h e  s u l p h u r  p r e s s u r e  o v e r  S n 2 S a ( s )  i n  t h e  o v e r a l l  t e m p e r a t u r e  r a n g e  7 0 0 - 8 6 0  

K. F r o m  t h e  s e c o n d -  a n d  t h i r d - l a w  t r e a t m e n t s  o f  t h e  r e s u l t s  t h e  s t a n d a r d  

e n t h a l p i e s  a s s o c i a t e d  w i t h  r e a c t i o n  ( 3 ) ,  A H ~ g s = 1 0 8 + 4  k J  m o l  - I  a n d  

1 1 4 . 0 _  0 . 5  k J  m o l  -~  r e s p e c t i v e l y ,  w e r e  c a l c u l a t e d .  I n  a d d i t i o n  t o  t h e  f r e e -  

e n e r g y  f u n c t i o n s  a n d  t h e  h e a t  c a p a c i t i e s  o f  S n 2 S a ( s )  a n d  S 2 ( g )  u s e d  p r e v i o u s l y ,  

t h o s e  o f  S n S ( s )  w e r e  a l s o  t a k e n  f r o m  t h e  s a m e  l i t e r a t u r e  s o u r c e  [ 2 7 ] .  
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Fig. 3. Vapour pressure of Sn2Sa(s): O, run 39; A, run 41; E], run 45. 

On continuing the vaporization, the vapour pressure above the residue 
decreases again. When its surface is practically covered by only SnS(s) and 
the vapour is constituted by only SnS(g), the temperature dependence of 
its pressure is represented by the equation 

log p (kPa) = (9.57 _+ 0.30) - (10.8 + 0.3) × 10 a/T (6) 

This equation, drawn as a continuous line in Fig. 4 with the experimental 
points, was selected from those reported in Table 3. In particular, two sets 
of vapour pressures (runs 40 and 44) were obtained by fast heating SnS2 
samples without measuring the vapour pressures over SnS2 and the inter- 
mediate compound Sn2S3; measurements were started when about 30% of 
the original weight was vaporized. 

The usual third-law treatment of the vapour pressure data gives the 
standard sublimation enthalpies of SnS(s) reported in Table 6. The necessary 
free-energy functions of SnS(g) were taken from ref. 28. The average value 
Asu~r-/~98 = 218.4 ± 0.5 kJ mol-1 is in very good agreement with that obtained 
from the slope of  the selected equation (6), AsuJ-/~2o=206±6 kJ m o l - '  
corrected at 298 K, Asub//~ga = 220 ± 6 kJ tool-1, by using the heat capacities 
reported in the literature [27, 28]. 

In order to check the consistency of the pressure values measured during 
the different vaporization steps of SnS2(s), some vaporization runs of pure 
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Fig. 4. Vapour  pressure of  SnS(s): O, run 39; A,  run 40; O, run 44; /k, run 45. 

SnS(s)  we re  also carr ied  out. The  resul ts  a re  r epo r t ed  in Table  7 and  Fig. 
5. 

The t e m p e r a t u r e - p r e s s u r e  equa t ion  

log p (kPa)  = (9 .33 _ 0 .10)  - (10.7 _ 0.1) × 103/T (7) 

was  se lec ted  in the  usual  way.  This  equa t ion  ag rees  within e x p e r i m e n t a l  
uncer ta in t ies  with tha t  found  over  the res idue  of  the  vapor i za t ion  of  SnS2(s), 
which  p r o v e s  tha t  w h e n  a b o u t  209/0-30% of  SnS2(s) is vapor ized ,  the  su r face  
of  the  res idue  is prac t ica l ly  cons t i tu ted  by  only  SnS. 

On this  bas i s  we  p r o p o s e  as r ep re sen ta t i ve  of  the  t e m p e r a t u r e  d e p e n d e n c e  
of  the  v a p o u r  p r e s s u r e  o v e r  SnS(s) the  se lec ted  equa t ion  

log p (kPa)  = (9 .40 _ 0 .10)  - (10.7  +__ 0.1 ) × 103/T (8) 

This  third- law e labora t ion  of  the  v a p o u r  p r e s s u r e  va lues  m e a s u r e d  ove r  p u r e  
SnS(s)  g ives  a sub l imat ion  en tha lpy  hsubH~gs = 220 .7  +_ 0.5 kJ  m o l - '  in g o o d  
a g r e e m e n t  wi th  tha t  der ived by  the  s econd  law (AsubH~05 = 205  _ 2 kJ  m o l -  ' ) ,  

o _ _  _ _  . A s u b H 2 9 s - 2 1 8 + 2  kJ  m o l - '  

3. C o n c l u s i o n s  

Our selected temperature-pressure equations determined over SnS2(s), 
Sn2S3(s ) and SnS(s) are reported in Table 8 with those found in the literature 
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TABLE 6 

Vapour pressure of SnS (residue of SnSz vaporization) and third-law standard sublimation 
enthalpy of the process  SnS(s)--~ SnS(g) 

Run T a p - RlnKp - A[ (G ~.- H~98)/T] A~udt/~98 
(cell) (K) (10 -2 tad) (10 -4 kPa) (J tool -] K -])  (J tool - j  K -))  (kJ tool - l )  

39 
(B) 

40 
(D) 

44 
(D) 

45 
(D) 

795 0.87 t .30 112.8 159.8 
824 2.62 3.95 103.6 159.3 
826.5 2.91 4.36 102.8 159.3 
837.5 4.07 6.08 99.9 159.1 
852 6.68 9.93 95.9 158.9 
863 9.30 13.98 93.1 158.8 

952.5 4.94 193.02 71.4 157.4 
975.5 8.87 351.29 66.2 157.1 
989 15.60 440.00 64.3 156.9 
998 15.40 608.00 61.6 156.9 

1013.5 22.40 882.54 58.6 156.7 
1027.5 33.70 1335.60 55.1 156.3 
1047 45.80 1802.60 52.6 156.1 

878.5 0.57 22.70 89.0 159.3 
903 0.87 34.35 85.6 158.2 
913 1.17 46.30 83.1 158.0 
921 1.74 68.49 79.8 157.9 
931.5 2.26 90.28 77.5 157.7 
941.5 2.91 113.68 75.6 157.6 
952 4.07 160.60 72.8 157.4 
962 5.24 206.90 70.6 157.3 
970.5 6.52 260.40 68.7 156.2 
981.5 8.78 351.29 66.2 157.0 
994 12.43 496.28 63.3 156.8 

1003 15.29 610.48 61.6 156.7 
1012 19.49 768.65 59.8 156.6 
1019 24.43 967.65 57.8 156.4 
1028.5 32.29 1275.50 55.5 156.3 
1039 38.60 1533.60 54.0 156.2 

913 1.45 56.94 81.4 158.0 
925 2.04 80.45 78.5 157.8 
938 2.85 113.68 75.6 157.6 
948 3.79 149.85 73.3 157.5 
957 4.84 193.02 71.2 157.4 
965.5 6.09 243.07 69.3 157.2 
972 7.28 285.53 68.0 157.2 
982 9.60 376.42 65.7 157.0 
989 11.32 442.28 64.3 156.9 
996.5 13.63 544.11 62.6 156.8 

1004.5 16.28 639.25 61.3 156.7 
1013 20.37 804.72 59.3 156.8 
1020.5 26.31 1036.80 57.2 156.4 
1028 32.29 1275.50 55.5 156.3 
1036 38.42 1533.60 54.0 156.2 
1044 42.76 1681.50 53.2 156.1 

Average 

Average 

Average 

Average 

216.7 
216.7 
216.6 
217.0 
217.1 
217.3 

216 .9+0 .3  

218.0 
217.9 
218.5 
218.1 
218.2 
217.3 
218.5 

218.1 +0.4 

218.2 
220.1 
220.1 
219.0 
219.2 
219.6 
219.2 
219.3 
218.3 
219.1 
218.8 
219.0 
218.9 
218.3 
217.9 
218.3 

218 .7+0 .8  

218.6 
218.6 
218.8 
218.8 
218.7 
218.7 
218.8 
218.6 
218.8 
218.6 
218.5 
218.9 
218.0 
217.8 
217.7 
218.5 

218 .5±0 .4  
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TABLE 7 

Vapour pressure of SnS and third-law standard sublimation enthalpy of the pure SnS according 
to SnS(s) --* SnS(g) 

Run T a p -RlnKp - A [ ( G ~ - H ~ g s ) / T ]  Asub//~ga 
(cell) (K) (10 -~ tad) (10 -4 kPa) (J tool - j  K J) (J mol -~ K - l )  (kJ tool -~) 

43 
(A) 

46 
(D) 

47 
(A) 

816 2.32 1.72 110.5 159.5 220.3 
825 3.19 2.43 107.8 159.3 220.4 
834 4.36 3.24 105.1 158.2 219.6 
848 7.28 5.47 100.9 159.0 220.4 
862 11.64 8.61 97.1 158.8 220.5 
878.5 19.49 14.59 92.7 158.5 220.7 
893 31.12 23.20 88.8 158.3 220.7 
910 52.36 39.41 84.4 158.1 220.7 
926 84.35 62.52 80.6 157.8 220.8 
940 122.17 92.41 77.4 157.6 220.9 

Average 2 2 0 . 5 ± 0 . 3  

906 0.87 34.35 85.6 158.1 220.8 
916 1.13 45.29 83.3 158.0 221.0 
925.5 1.45 56.94 81.4 157.8 221.4 
932 1.74 68.49 79.8 157.8 221.4 
945 2.60 103.65 76.4 157.6 221.1 
955 3.42 136.68 74.1 157.4 221.1 
965.5 4.62 184.41 71.6 157.3 220.9 
977 6.23 248.75 69.1 157.2 221.1 
986.5 7.65 306.00 67.4 156.9 221.9 
994 9.43 376.42 65.7 156.8 221.1 

1004.5 12.43 496.28 63.3 156.7 221.0 
1025 20.37 804.82 59.3 156.4 221.1 
1034 24.23 967.65 57.8 156.2 221.3 
1043.5 29.82 1190.40 56.1 156.1 221.4 

Average 221.2___0.3 

793 1.01 0.71 117.2 159.8 219.6 
813 2.18 1.62 110.8 159.5 219.8 
828 3.79 2.84 106.3 159.3 219 
842 6.11 4.56 102.4 159.1 220.4 
856.5 9.90 7.29 98.4 158.9 220.4 
871 15.17 11.65 94.6 158.6 220.5 
886 25.88 19.25 90.4 158.4 220.1 
898 37.52 27.86 87.3 158.2 220.5 
912 55.85 42.25 83.9 158.0 220.6 
924 78.54 58.26 81.2 157.8 220.8 
932 110.53 82.38 78.3 157.8 220.0 

Average 2 2 0 . 3 ± 0 . 4  

f o r  c o m p a r i s o n .  O u r  r e s u l t s  a r e  i n  b e t t e r  a g r e e m e n t  w i t h  t h o s e  o b t a i n e d  b y  

W i e d e m e i e r  a n d  C s i l l a g .  C o n t r a r y  t o  w h a t  w a s  r e p o r t e d  b y  t h o s e  a u t h o r s  

[ 1 1 ,  1 7 ] ,  n o  o b v i o u s  i n f l u e n c e  o f  t h e  e f f u s i o n  h o l e  d i a m e t e r  o f  t h e  u s e d  

c e l l s  o n  t h e  v a p o u r  p r e s s u r e  v a l u e s  a b o v e  S n S 2 ( s )  a n d  S n 2 S 3 ( s )  w a s  o b s e r v e d  

in  o u r  e x p e r i m e n t s .  
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Fig. 5. Vapour pressure of pure SnS(s): ©, run 43; A, run 46; FI, run 47. 

In conclusion, this study has shown that the vaporization of SnS2(s) 
occurs in three steps connected with the change in chemical composition 
of  the surface of the sample according to the consecutive equilibria (2), (3) 
and (1). 

The S2(g) pressure above SnS2(s) and Sn2Sz(s) can be well expressed 
by the selected equations (4) and (5) respectively and the SnS(g) pressure 
above SnS(s) by eqn. (8). Second- and third-law treatment of  the results 
gives the following average standard enthalpies associated with reactions 
(2), (3) and (1): 

AH~gs(reaction (2)) = 54.5 ± 1.0 kJ tool- 1 

AH~98(reaction (3)) = 112.0 ± 2.0 kJ mol-  1 

A,u~/~98(reaction (1)) = 220.0 fl: 2.0 kJ mol-  1 

The heat of formation of Sn2Ss(s) has been calculated by combining 
M-/~9s of reaction (3) selected here, the heat of formation of SnS(s) 
( -  102.9 ± 0.1 kJ mol-1)  [8] and the partial sublimation enthalpy of  sulphur 
to S2(g) (130.4 LJ m o l - i )  [28]. The value Aform//~.gs(Sn2Sz) -- - 2 5 3  LJ mol-1, 
with an error estimated to be less than ± 2  kJ mo1-1, is in good agreement 
with that reported by Wiedemeier and Csillag ( - 2 5 4 . 5  kJ mo1-1) [17] and 
with that selected by Mills ( - 2 6 3 ± 2 1  LJ mol - I )  [28]. 
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From our heat of formation of Sn2Sa(s) and employing ~ /~98  selected 
for reaction (2), the heat of formation of  SnS2(s) has been calculated. Also 
in this case the value Afo~r/~ga(SnS2)= - 1 4 8 _  2 kJ mol-1 agrees with that 
found by Wiedemeier and Csillag ( - 1 4 9 . 7  kJ m o l - ' )  [11] and with that 
selected by Mills ( - 1 5 3  kJ m o l - ' )  [28]. 
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