
329 

Acta Cryst. (1957). 10, 329 

The Crystal Structure of PdSe2 and PdS2 

BY ~REDRIK GRONVOLD AND ERLI~G ROST* 

Kjemisk Institutt A, Universitetet i Oslo, Blindern, Norway 

(Received 15 October 1956) 

The compounds PdSeg. and PdS 2 have orthorhombic structures with the following cell dimensions: 

PdSe2: a = 5.741, b ---- 5.866, c---- 7-691 A; 
PdS~: a ---- 5.460, b ---- 5-541, c ---- 7-531 A. 

The probable space group is Pbca-D~ with 4 Pd in special positions (a) and 8 Se(S) in general 
positions (c) with the following parameters: 

PdSe~: x = 0-112, y ---- 0-117, z = 0.407; 
PdS2: x = 0.107, y = 0.112, z = 0.425. 

Each Pd atom is surrrounded by four Se(S) atoms at the comers of a square. The metalloid atoms 
are bonded into pairs. The shortest interatomic distances are 

Pd-4Se = 2.44, Se-Se = 2-36, Pd-4S = 2-30 A; S-S = 2-13 A .  

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

In  a recent s tudy  of the  pal ladium chalcogenides 
(Gronvold & Rost,  1956) the  phases PdSe~ and PdS~ 
were identif ied by means of X-rays.  The structures 
are or thorhombic  with the  following cell dimensions:  

a (h) b (h) c (A) 
PdSe~ 5-741 5.866 7.691 
PdS 2 5.460 5-541 7.531 

Considerable interest  is connected with the atomic 
ar rangement  in these structures,  especially if it  might  
bear some resemblance to t h a t  of RhS2 (Thomassen, 
1929) and RhSe 2 (Geller & Cetlin, 1955) with the  
pyr i te - type  structure.  

The present  invest igat ion shows t h a t  this is the case 
to some extent ,  bu t  t h a t  the  near ly  regular octahedral  
a r rangement  a round the  meta l  atom, characterist ic 
of the  pyr i te - type  structure,  is t ransformed into a 
square a r rangement  as two of the  six metal loid atoms 
have  moved away. At  the same time, the  configuration 
around the  metal loid a tom has lost its regular tetra-  
hedral  character.  

D e t e r m i n a t i o n  o f  t h e  s t r u c t u r e  

Powder photographs  of P d S e  2 and P d S  2 w e r e  t aken  
with fil tered iron rad ia t ion  in cameras of 11-48 cm. 
diameter.  The relat ive intensit ies of the  reflexions 
were determined from photometer  recording of the 
films. I n  the  case of PdSe2 a small crystal  flake was 
invest igated on the  Weissenberg goniometer  with 
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copper radiat ion.  Even  though  not  a single crystal,  
i t  was of some help in the  s t ructure  determinat ion.  

Missing reflexions on the  photographs  were Okl 
when k = 2 n + l ,  hO1 when 1 = 2 n + l  and hk0 when 
h = 2 n + l .  The characterist ic space group is thus  
Pbca-D12~. On the basis of the  observed densities, 
6.77 g.cm. -3 for PdSe2 (Gronvold & Rost ,  1956) and 
4-833 g.cm. -3 for PdS2 (Biltz & Laar,  1936), the  uni t  
cell contains four pal ladium atoms and eight selenium 
(sulphur) atoms. 

I n  the space group Pbca the  pal ladium atoms are 
supposedly located in fourfold, special positions and  
the metal loid a toms in eightfold general positions as 
follows: 

4 P d  in (a)" 0 , 0 , 0 ;  ½, ½,0; 0,½,½; ½,0, ½. 
8 Se(S) in (c): ±(x,y,z; ½+x, ½-y, - z ;  - x ,  ½+y, ½-z; 

½-x,-y, ½+z) 

The parameters  of the metal loid a toms were deter- 
mined by t r ia l  and error, and the  best agreement  
between observed and calculated intensit ies was ob- 
ta ined  with the  following parameters :  

x y z 
PdSe9 0-112 0-117 0.407 
PdS~. 0" 107 0-112 0.425 

Tables 1 and 2 show the  comparison between the  
intensities, which gives good suppor t  to the  correctness 
of the assumed structure.  The intensit ies of the  strong- 
est low-angle reflexions (002 for PdSe 2, 002 and l l l  
for PdSg) are considerably lower t h a n  calculated, 
probably  because of lack of p ropor t iona l i ty  between 
densi ty  and in tens i ty  of the  lines, and  because of ex- 
t inct ion.  In  addit ion,  the  observed intensit ies are 
sl ightly reduced a t  low angles by absorption.  
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hkl Io Ic 
002 54 100 
111 11 13 
102 29 32 
020 22 25 
200 25 29 
112 26 31 
021 17 20 
210 21 25 
121 23 27 
211 14 15 
022 19 21 
202 20 23 
113 37 42 
122 - -  0.0 
212 3.3 4.0 
220 11 14 
221 - -  4.1 
023 23 21 
004 - -  0.0 
123 - -  0.5 

213 21 19 
222 21 17 
131 37 40 
311 33 35 
114 7.4 4.1 
302 11 8.9 
132 9.3 8.4 
312 4.4 2.6 
230 7.7 7.2 
024 5.5 4.8 
223 - -  0.6 
204 4.9 4.2 
231 - -  2.2 
321 12 11 

T H E  C R Y S T A L  S T R U C T U R E  O F  P d S e ~  A I ~ D  P d S ~  

1. Observed and calculated intensities for  P d S %  T a b l e  

hkl Io Ic 
124 - -  0-1 
214 5-5 4.3 
133 11 8.0 
232 - -  1.8 
313 9.0 7.7 
322 - -  0.1 
040 - -  0.3 
1 1 5 } 3 1  {27 
041 0.1 
400 - -  0.2 
224 8.2 7.7 
141 - -  0.2 
410 - -  0.4 
411 - -  0.3 

233 6.6 5.0 
025 - -  0.4 

304 4.4 2.8 
331 4.4 3.0 
402 - -  0-8 

i42 8.2 5.2 
125 8.2 5.5 
314 - -  0-9 
215 - -  0.4 
412 - -  0.1 
240 - -  2.0 

332 5.5 1.9 
241 0.0 
006 - -  0.2 

421 3 3.6 
106 - -  0.4 

hkl 
143 
234 } 
242 
324 
225 
413 
116 } 
422 
333 
135 
026 } 
315 
206 
044 
243 
43O 
423 
341 
126 
404 
216 
431 
144 
151 
414 
511 } 
334 
235 
342 
325 
432 
152 
502 
226 
250 

- -  0.0 
12 ( 4.0 

5.5 
- -  0 . 0  

- -  0 . 0  

- -  0.7 
11 { 0.4 

5.9 
10 7.4 

- -  1 . 0  

3.8 { 2.5 
1.6 

- -  2-0 
13 13 

- -  0.0 
- -  0 . 4  

- -  0.0 
0.3 
0"0 

22 12 
5.0 

- -  0.1 
- -  0.2 
22 22 
- -  0.3 

33 1 . 2  

0.2 
8.4 

13 9.7 
- -  0 . 1  

- -  0 . 3  

- -  0.8 
8.2 7.4 

- -  2.2 

hkl !o r~. 
5 1 2 }  { 6 . 6  
244 15 11 
251 - -  3-1 
424 13 10 
306 - -  0.7 {oo 
117 18 16 
343 - -  0-0 
521 - -  1-7 
433 - -  0.6 
136 - -  0.8 
153 8-8 6-5 
316 - -  0.3 
252 - -  0-7 
145 - -  0.3 
415 - -  0.0 
513 8.8 7.2 
522 - -  0.1 
027 9-3 6-6 
440 26 28 
335 21 22 
441 - -  0.2 
127 - -  0.3 
217 9.3 8.2 
236 9.3 14 
326 - -  0.0 
253 14 19 
3 4 4 }  8 . 2 { 1 0  
245 0-0 
351 - -  4-1 
4 3 4 } 2 4  { 1 . 0  
442 __ 37 
425 1-4 
154 - -  2-7 

D i s c u s s i o n  o f  t h e  s t r u c t u r e  

A p r o j e c t i o n  of t h e  s t r u c t u r e  of P d S %  is s h o w n  i n  
F ig .  1. E a c h  p a l l a d i u m  a t o m  is s u r r o u n d e d  b y  f o u r  
s e l e n i u m  a t o m s  i n  a p l a n a r ,  n e a r l y  s q u a r e  c o n f i g u r a -  
t i on .  T h e  d i s t a n c e s  Pd- -4Se  a r e  2.44 A. T w o  m o r e  
s e l e n i u m  a t o m s  a r e  f o u n d  on  a n  ax is  t h r o u g h  t h e  

) y  

) ( 

Fig. 1. Projection of the PdS% structure on (001). The large 
circles indicate the selenium atoms and the small circles 
the palladium atoms. Figures in the circles give the z para- 
meters of the atoms. 

p a l l a d i u m  a t o m  a n d  a l m o s t  n o r m a l  t o  t h e  p l a n e  
t h r o u g h  t h e  o t h e r  f o u r  s e l e n i u m  a t o m s ,  a t  t h e  d i s t a n c e  
3.25 A f r o m  t h e  p a l l a d i u m  a t o m .  

E a c h  s e l e n i u m  a t o m  h a s  a n o t h e r  s e l e n i u m  a t o m  as 
n e a r e s t  n e i g h b o u r  a t  t h e  d i s t a n c e  2.36 A, t w o  pa l l a -  
d i u m  a t o m s  a t  2-44 J~ a n d  one  a t  3 . 2 5 / ~  a t  t h e  c o r n e r s  
of a t e t r a h e d r o n .  T h e  S e - S e  d i s t a n c e  is s l i g h t l y  l o n g e r  
t h a n  t h e  t e t r a h e d r a l  c o v a l e n t  d i s t a n c e  2 - 2 8 / ~  ( P a u l i n g  
& H u g g i n s ,  1934). 

T h e  s t r u c t u r e  m i g h t  be  l o o k e d  a t  as  a d e f o r m e d  
p y r i t e - t y p e  s t r u c t u r e ,  w i t h  s u c h  w e a k  b o n d s  b e t w e e n  
a t o m s  in  t h e  c d i r e c t i o n  t h a t  a l a y e r  l a t t i c e  is f o r m e d .  
Th i s  e x p l a i n s  t h e  f l a k y  a p p e a r a n c e  of s o m e  of t h e  
P d S %  p r e p a r a t i o n s .  

I n  a p p l y i n g  t h e  v a l e n c e  b o n d  d e s c r i p t i o n  ( P a u l i n g ,  
1945) t h e  p a l l a d i u m  a t o m  p r o b a b l y  c a n  be  sa id  t o  f o r m  

dsp  2 b o n d s  a n d  t h e  s e l e n i u m  a t o m  t o  f o r m  sp ~ b o n d s ,  
or  sp a b o n d s  w i t h  a n  i n e r t  e l e c t r o n  pa i r .  N o n e  of t h e  
a t o m i c  e l e c t r o n s  of p a l l a d i u m  n e e d s  t o  be  e x c i t e d  t o  
o u t e r  o r b i t a l s  a n d  t h e  r a d i u s  of s q u a r e  P d ( I I )  is ex-  
p e c t e d  t o  be  t h e  s a m e  as t h a t  of o c t a h e d r a l  P d ( I V )  
w i t h  a r a d i u s  of 1.31 /~. Th i s  g ives  a P d - S e  d i s t a n c e  
of 1 . 3 1 +  1.14 = 2.45 A, in  e s s e n t i a l l y  e x a c t  a g r e e m e n t  
w i t h  t h e  o b s e r v e d  va lue s .  T h e  s a m e  a g r e e m e n t  is 
o b t a i n e d  w i t h  t h e  u se  of t h e  m e t a l l i c  r a d i i  of t h e  
e l e m e n t s  ( P a u l i n g ,  1947), g i v i n g  a r a d i u s  s u m  P d + S e  
of 1 . 2 3 +  1.22 = 2 . 4 5 / ~ .  T h e  o b s e r v e d  S e - S e  d i s t a n c e  



hkl Io Ic 
002 52 100 
l l l  44 77 
102 5 5.8 
020 25 28 
200 26 28 
112 6.5 5.2 
021 3.5 2.8 
210 4.5 4.5 
121 5.5 4.6 
211 3.5 2.2 
022 20 27 
202 20 27 
113 27 35 
122 - -  0.1 
212 - -  0.1 
220 17 16 
221 - -  0.1 
004 5.5 4.5 
023 5 4.2 
1 0 4  - -  1.3 
123 - -  0.1 
213 4 4.0 
222 19 21 
131 29 29 
114 - -  1.5 
311 26 26 
302 3 1.5 
132 3 1.6 
312 - -  0.3 
024 7 6.9 
204 7 6"9 
223 - -  0.2 
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T a b l e  2. Observed and calculated intensities for  P d S ~  

hkl Io Ic 
230 3 1.7 
231 - -  0.2 
124 - -  0.0 {0, 
321 5 2-9 
133 11 13 
313 11 13 
232 - -  1 . 2  

322 - -  0.0 
115 14 17 
040 - -  0.5 
400 - -  0.6 
041 - -  0.0 
224 8.5 10 
410 - -  0.1 
025 - -  0.9 
141 - -  0.0 
304 - -  1.3 
233 - -  0.9 
411 - -  0.1 

042 3 2.1 

402 5 2.3 
215 0"9 
134 - -  1.4 
331 10 7.7 
314 - -  0.6 
142 - -  0.8 
006 - -  1.6 
412 - -  O.1 
240 5.5 3.6 

hkl Io Ic 
332 - -  0.2 

106 6.5 0-1 
214 - -  0.0 
043 - -  0.1 
421 - -  0.5 
116 - -  0.1 
225 - -  0.1 
234 - -  0.2 
143 - -  0.0 
324 - -  0-1 
242 9 7.9 
413 - -  0.3 
422 9.5 8.5 
333 9 9.0 
026 6.5 4.0 

206 9 3.7 
315 6.5 7.3 
126 - -  0.0 
216 - -  1.4 
044 8 6.9 
243 - -  O.O 
404 7.5 7-3 
423 - -  2-8 
430 - -  0-3 
144 - -  1.2 
341 - -  0.3 
431 - -  0.0 
414 - -  0.0 
151 25 22 
235 - -  0.5 

hld Io Ic 
325 - -  1-6 
334 - -  0"5 
511 27 24 
342 - -  2"0 

432 9 0.2 
502 - -  0.1 
152 - -  0.2 
117 16 25 / {o, 
244 16 17 
512 - -  1.3 

424 11 16 
136 - -  0.2 
045 - -  0.3 
251 - -  0.9 
316 - -  O.1 
343 - -  0.0 
521 - -  0.2 
433 - -  0.3 
027 - -  0.0 
145 - -  0-6 
153 12 24 

4 1 5  - -  0-4 
252 - -  0.4 
127 - -  3.3 
513 15 31 
217 - -  0-1 
335 16 36 
522 - -  0-0 
440 29 58 
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is,  h o w e v e r ,  s o m e w h a t  s m a l l e r  t h a n  2 . 4 4  A ,  b u t  s l i g h t  
e r r o r s  i n  t h e  p a r a m e t e r  v a l u e s  h a v e  a m a r k e d  in-  
f l u e n c e  o n  t h a t  d i s t a n c e .  

I n  t h e  s t r u c t u r e  o f  P d S 2  t h e  i n t e r a t o m i c  d i s t a n c e s  
a r e  c o r r e s p o n d i n g l y  s h o r t e r .  H e r e  p a l l a d i u m  is s u r -  
r o u n d e d  b y  f o u r  s u l p h u r  a t o m s  a t  t h e  d i s t a n c e  2 . 3 0  A 

a n d  t w o  m o r e  s u l p h u r  a t o m s  a t  t h e  d i s t a n c e  3 . 2 8  A.  

T h e  e x p e c t e d  c o v a l e n t  r a d i u s  s u m  P d + S  is 1 . 3 1 + 1 . 0 4  

= 2 . 3 5  A ,  w h i c h  is s l i g h t l y  l a r g e r  t h a n  o b s e r v e d .  T h e  
o b s e r v e d  S - S  d i s t a n c e  is 2 . 1 3  A ,  o r  s l i g h t l y  l a r g e r  t h a n  

t h e  t e t r a h e d r a l  c o v a l e n t  d i s t a n c e  2 . 0 8  A ,  i n  a n a l o g y  

w i t h  w h a t  w a s  f o u n d  f o r  P d S % .  B y  u s i n g  t h e  m e t a l l i c  
r a d i i  ( P a u l i n g ,  1947)  t h e  P d - S  d i s t a n c e s  a r e  e x p e c t e d  

t o  b e  1 . 2 3 + 1 . 0 9  = 2 . 3 2  A ,  in  v e r y  g o o d  a g r e e m e n t  
w i t h  t h o s e  o b s e r v e d .  T h e  S - S  d i s t a n c e ,  2 . 1 8  A,  is 

s l i g h t l y  l a r g e r  t h a n  t h e  o b s e r v e d  v a l u e .  

P a l l a d i u m  d i s e l e n i d e  a n d  d i s u l p h i d e  h a v e  s t r u c t u r e s  

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

a s  t h e  p a l l a d i u m  c o o r d i n a t i o n  is c o n c e r n e d .  I n  P d S  

t h e  s u l p h u r  a t o m s  a r e  a r r a n g e d  i n  d e f o r m e d  s q u a r e s  

a r o u n d  t h e  p a l l a d i u m  a t o m s  ( G a s k e l l ,  1937) .  F u r t h e r -  
m o r e ,  t h e  s u l p h u r  a t o m s  a r e  s u r r o u n d e d  b y  p a l l a d i u m  

a t o m s  a t  t h e  c o r n e r s  of  d e f o r m e d  t e t r a h e d r a .  T h e  
f o u r  d i f f e r e n t  P d - S  d i s t a n c e s  a r e  2 .26 ,  2 .29 ,  2 . 3 4  a n d  

2 . 4 3  /~. T h e  a v e r a g e  of  t h e  t h r e e  f i r s t  is e q u a l  t o  t h e  
d i s t a n c e s  2 . 3 0  A f o u n d  f o r  P d S  2. 

T h e  a u t h o r s  w i s h  t o  t h a n k  P r o f .  H a a k o n  H a r a l d s e n  

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