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Abstrac t  

Transparent pale yellow crystals of Na4Cu2S 3 w e r e  obtained from the melt of a corresponding 
mixture of the binary sulphides. Na4Cu2S 3 iS tetragonal, space group/41/a  with a = 9.468(1) 
/~, c=36.64(2) ~ and Z=16 .  The crystal structure was determined from four-circle 
diffractometer data and refined to a conventional R of 0.021 for 1682 observed reflections 
with Fo2> 3a(Fo 2) and 83 variables. 

An outstanding feature of Na4Cu2S8 is the formation of discrete V-shaped thiocuprate 
anions [S-Cu-S-Cu-S] 4- with copper in an almost linear coordination by sulphur. The 
bond lengths (dc~-s = 2.15/~) and angles are in good agreement with those of the infinite 
anionic chains of KCuS. 

The crystal structure is based on a cubic close-packed arrangement of sulphur atoms 
with sodium in the centres of the tetrahedral voids, while copper atoms are shifted from 
the centres towards one of the edges in order to attain a linear co-ordination. 

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

Despi te  the  fac t  tha t  the  f o r m a t i o n  of  low mel t ing  s o d i u m  t h i o c u p r a t e s  
u s e d  to  p lay  an  i m p o r t a n t  role  in the  meta l lu rg ica l  ra f fmat ion  of  C u - N i  
sulphide  m i x t u r e s  (Orford  p rocess ) ,  i n fo rmat ion  on  the  in t e rmed ia t e  p h a s e s  
in the  t e rna ry  s y s t e m  N a - C u - S  is r a the r  scarce .  Thus,  until  recent ly ,  only  
th ree  s od i um  th iocup ra t e s  have  b e e n  s t ruc tura l ly  charac te r ized :  t he  m i x e d  
va len t  c o m p o u n d  Na3Cu4S4 [1], which  has  an  in te res t ing  pseudo-one-d i -  
mens iona l  s t ructure ;  the  l ayered  c o m p o u n d  NaeCu4Sa [2], i sos t ruc tura l  with 
Cs2Ag4S3 [3]; the  c o m p o u n d  NaCu~Ss [4], which  had  been  ob t a ined  by  
h y d r o t h e r m a l  synthesis .  

In p rev ious  l i te ra ture  c la ims  have  b e e n  m a d e  for  the  ex i s t ence  o f  the  
c o m p o u n d s  Na2CuaSa [5], NaeCusS5 [6] and  NaCuS [7, 8] . However ,  these  
f indings were  no t  co r robo ra t ed .  

In the  cou r s e  o f  a re inves t iga t ion  of  the  N a - C u - S  sys tem,  which  had  
b e e n  s t imula ted  by  these  d i sc repanc ies ,  we  found  no  indica t ions  of  the  
f o r m a t i o n  of  the  equ ia tomic  t e r n a r y  c o m p o u n d  NaCuS. In the  ca t ion- r ich  
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region of the section Na2S--Cu2S we were, however, able to detect a new 
intermediate phase, Na4Cu2S3, the preparation and structure of which will 
be reported in the following section. 

2. Experimental  detai ls  

The starting materials for the preparation of  Na4CueS3 were the binary 
compounds Na2S and CusS. For the preparation of the alkali sulphide, a 
freshly prepared solution of  NariS was reacted with an equimolar amount 
of NaOH. The reaction mixture was cooled, the precipitated compound 
Na2S. 9HeO isolated and recrystallized twice under an oxygen-free atmosphere. 
The nonahydrate was decomposed  in a desiccator and the residual water 
was removed by the careful evacuation of  the product  by slowly raising the 
temperature from ambient to 280 °C. Cu2S was obtained by the reaction of 
an intimate mixture of  freshly reduced copper  powder  and sulphur (both of 
99.99% purity). The product  was then annealed at 300 °C for several days. 
Both starting materials (as was shown by their Guinier diagrams) were 
roentgenographically pure. 

For the preparation of Na4Cu2S3, the two binary sulphides were mixed 
in the corresponding molar ratio and sealed into a silica tube whilst maintaining 
a vacuum of 10 -2 Pa. The sample was heated to 1070 K (when the product  
became molten) and then allowed to cool to ambient temperature with a 
controlled cooling rate of  4.6 °C h -I .  The microscopic investigation of the 
crushed sample performed under inert conditions revealed transparent pale 
yellow crystals of Na4Cu2S3 to be the major component.  The compound is 
extremely sensitive to both air and moisture. 

3. Structure determinat ion 

For the determination of the crystal structure, an irregularly shaped 
single crystal with the approximate dimensions 0 . 1 2 5 × 0 . 1 0 × 0 . 0 7 5  mm 3 
was selected, sealed into a thin-walled glass capillary and transferred to a 
four-circle diffractometer (Enraf-Nonius CAD4). Preliminary investigations 
performed on the diffractometer revealed tetragonal symmetry (Lane class, 
4/m). From the systematic absences (hkl; h +k +l./,2n; hkO, h=/,2n; 00/, 
l~4n)  the space group was unambiguously identified as I41/a (No. 88). 
Precise cell dimensions were obtained by least-squares refinement of the 
angular positions of 24 well-centred high-angle reflections (30°> 2 0 >  40°). 
The data collection was carried out at a controlled temperature of  21(1) °C 
using graphite monochromated Mo Ka radiation (A -- 0 .71069 /~). The intensity 
data were determined with conventional background peak background (BPB 
scans) over one octant of  the reflection sphere in the range 2 0 < 2 0 < 5 6  ° 
(eo-20 scan mode; scan width, 0 .80°+0.35°tan  O; maximum scan time, 120 
s). The periodic determination of  three control reflections, well distributed 
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in r ec ip roca l  space ,  r evea led  no  signif icant  changes  in the  diffract ion p o w e r  
of  the  crys ta l  dur ing  the  t ime  of  the  da ta  col lect ion.  A to ta l  o f  2260  ref lect ions  
w a s  m e a s u r e d .  The  final da ta  se t  ob ta ined  a f t e r  ave rag ing  the  s y m m e t r y  
equiva len t  ref lec t ions  (Rin t=0 .014)  and  the  e l iminat ion  o f  the  sys t emat i c  
a b s e n c e s  c o m p r i s e d  1972 ref lect ions,  f r o m  which  1682 with F o 2 > 3 a ( F o  2) 
were  cons ide red  as  significant.  

The  crys ta l  s t ruc tu re  was  solved by  di rec t  m e t h o d s  (MULTAN 82 [9]). 
An E - m a p  ca lcu la ted  f r o m  a p h a s e  se t  of  191 E - v a l u e s  g r ea t e r  than  1.65 
( 2 9 1 0  t r ip le t  re la t ions)  r evea led  the C u - S  par t ia l  s t ruc ture .  The  sod ium a t o m s  
were  loca ted  in a ser ies  of  s u b s e q u e n t  d i f ference  Four i e r  syn theses .  Least-  
squa re s  r e f inements  o f  the  c o m p l e t e  s t ruc tu re  wi th  i so t rop ic  t e m p e r a t u r e  
f ac to r s  and  unit  we igh t s  led to  a conven t iona l  R va lue  of  0 .052.  The re f inements  
wi th  an i so t rop ic  t e m p e r a t u r e  f ac to r s  and  an op t imized  weigh t ing  s c h e m e  
finally c o n v e r g e d  a t  R = 0 . 0 2 1  ( R w = 0 . 0 2 1 ) .  A final d i f ference  Four ie r  m a p  
w a s  fea ture less .  Fu r the r  detai ls  on the  re f inement ,  cell  d imens ions  and  o the r  
c rys ta l lographica l ly  r e levan t  da ta  are  s u m m a r i z e d  in Table  1. 

The  a t o m i c  sca t t e r ing  f ac to r s  for  the  neu t ra l  a t o m s  and  a n o m a l o u s  
d i spe r s ion  co r r ec t ions  were  t aken  f r o m  the In te rna t iona l  Table  for  X-ray 
Crys t a l log raphy  [10]. The  abso rp t i on  effects  we re  no t  a c c o u n t e d  for.  All the  
ca lcu la t ions  were  p e r f o r m e d  on  a DEC-MicroVAX 3 5 2 0  c o m p u t e r  us ing  
p r o g r a m s  of  the  E n r a f - N o n i u s  c rys ta l lograph ic  so f tware  p a c k a g e  [11 ]. The  
a tom i c  co -o rd ina te s  and  equiva len t  i so t rop ic  t h e r m a l  p a r a m e t e r s  are  g iven 
in Table  2. Lists o f  o b s e r v e d  and  ca lcu la ted  s t ruc tu re  f ac to r s  and  an i so t rop ic  
t he rma l  p a r a m e t e r s  have  been  depos i t ed  unde r  C.S.D. No. 55732  with  the 
F a c h i n f o r m a t i o n s z e n t n u n  Karlsruhe,  Gese l l schaf t  ftir wissenschaf t l ich-  
t e chn i sche  In fo rma t ion  m.b .H. ,  W - 7 5 1 4  E g g e n s t e i n - L e o p o l d s h a f e n  2, FRG. 

TABLE 1 

Crystallographic data for Na4Cu2S 3 

Pearson symbol t/144 
a (/~) 9.468(1) 
c (/~) 36.64(2) 
Space group I41/a (No. 88) 
Z 16 
V 0 ,3) 3284(2) 
d (g cm -z) 2.55 
Relative formula mass (RFM) 315.23 
Absorption coefficient (~Mo K~) (C m-~) 60.4 

Structure refinement 
Unique reflections 1972 
Fo z > 3o(Fo 2) 1682 
Refined variables 83 
R=~[F o [ -  ]Fc[/~ [Fo[ 0.021 
Rw = [~w(lFo[ - IFJ)2/~wlFol2] 1/2 0.022 
w = [ o(/) 2 + (0.008Fo2) 2 ]- ~2 
Residual electron density (e/~-3) 1.6 
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TABLE 2 

Positional and equivalent isotropic thermal parameters for Na4Cu2S3 

Atom Wykoff x y z B~ (~2)a 
position 

Na(1) 4a 0.000 0.250 0.125 1.41 (3) 
Na(2) 4b 0.500 0.750 0.125 1.72 (3) 
Na(3) 8e 0.000 0.250 0.03363(4) 1.84(3) 
Na(4) 8e 0.000 0.750 0.11740(4) 1.57(3) 
Na(5) 8e 0.500 0.250 0.03847(4) 1.90(3) 
Na(6) 16f 0.2534(1) 0.9562(1) 0.03937(3) 1.60(2) 
Na(7) 16f 0.2505(1) 0.4932(1) 0.11859(3) 1.49(2) 
Cu(1) 16f 0.39582(3) 0.59947(4) 0.04544(1) 1.583(6) 
Cu(2) 16f 0.11570(3) 0.59426(3) 0.04328(1) 1.501(6) 
S(1) 16f 0.25733(7) 0.69667(6) 0.00546(2) 1.22(1) 
S(2) 16f 0.98691(6) 0.48733(6) 0.08267(2) 1.11(1) 
S(3) 16f 0.48369(6) 0.01114(6) 0.08622(2) 1.17(1) 

aBeq = i/3(B11 +B22 =B3a). 
Estimated standard deviations are given in parentheses. 

S(3) 

sO) 

s(2) 

Fig. I. The complex anion of Na4Cu2Sz (bond distances in ~). 

4.  D i s c u s s i o n  

The  in te ra tomic  d i s t ances  and  b o n d  ang les  fo r  Na4Cu2S3 a re  g iven  in 
Tab le  3. The  crys ta l  s t ruc tu re  con ta ins  s even  c rys ta l lographica l ly  i n d e p e n d e n t  
sod ium a toms ,  all o f  which  o c c u r  in d i s to r t ed  t e t r ahed ra l  su lphur  co -ord ina t ions  
(dNa-s) 2 .728--2 .874  ~) ,  while  the  co-ord ina t ion  for  the  two  i n d e p e n d e n t  
c o p p e r  a t o m s  is c lose  to  linear.  As s h o w n  in Fig. 1, the  c o p p e r  a t o m s  t ake  
p a r t  in the  f o r m a t i o n  of  un ique  V-shaped  anionic  g r o u p s  [ S - C u - S - C u - - S ]  4-  . 
These  g r o u p s  have  an  a l m o s t  C2v s y m m e t r y  wi th  a m e a n  Cu--S b o n d  leng th  
o f  2 .152  ~k, the  Cu--S b o n d s  to  the  t e rmina l  su lphu r  a t o m s  be ing  sl ightly 
sho r t e r  t han  t hose  to  the  cent ra l  S(1)  a tom.  The  b o n d  ang les  on  the  c o p p e r  
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Bond Distance (/~) Angle (deg) 

Co-ordination o f  the N a  ÷ cations 
Sa(1)-S(2) 2.728(1) (4 x)  
Na(1)-Na(3) 3.341 (1) (2 × ) 
Na(1)-Na(7) 3.308(1) (2 x)  
S(2)-Na(I)-S(2) 108.78(2) (4 x ) 
S(2)-Na(1)-S(2) 110.86(2) (2 x ) 
Na(2)-S(3) 2.8504(6) (4 X) 
Na(2)-Cu(1) 3.3846(3) (4 x)  
Sa(2)-Na(7) 3.392(1) (4 ×) 
S(3)-Na(2)-S(3) 104.33(2) (4 x ) 
S(3)-Na(2)-S(3) 120.33(2) (2 x)  
Na(3)--S(1) 2.865(1) (2 X) 
Na(3)-S(2) 2.874(1) (2 x)  
Na(3)-Cu(2) 3.357(1) (2 x)  
Na(3)-Cu(2) 3.4501(4) (2 x)  
Na(3)-Sa(6) 3.673(1) (2 x)  
S(1)-Na(3)-S(2) 97.90(2) (2 x ) 
S(2)-Na(3)-S(2) 102.79(5) 
S(1)-Na(3)-S(2) 119.01(2) (2 X ) 
S(1)-Na(3)-S(1) 120.16(5) 
Na(4)-S(2) 2.791(1) (2 X) 
Na(4)-S(3) 2.828(1) (2 x)  
Na(4)-Cu(2) 3.272(1) (2 x)  
Sa(4)-Na(5) 3.442(2) 
Na(4)-Na(7) 3.340(1) (2x)  
Na(4)-Na(7) 3.332(1) (2 ×) 
S(2)-Na(4)-S(3) 105.06(2) (2 x ) 
S(3)-Na(4)-S(3) 106.28(5) 
S(2)-Na(4)--S(3) 106.62(2) (2 x ) 
S(2)-Na(4)-S(2) 125.87(6) 
Na(5)-S(1) 2.845(1) (2 ×) 
Na(5)--S(3) 2.858(1) (2 X) 
Na(5)-Cu(1) 3.4555(3) (2 x ) 
Na(5)-Cu(1) 3.523(1) (2 ×) 
Na(5)-Na(6) 3.625(1) (2 x)  
S(1)-Na(5)-S(3) 99.30(2) (2 x ) 
S(3)-Na(5)--S(3) 104.69(5) 
S(1 )-Sa(5)-S(1) 111.25(5) 
S(1)-Na(5)-S(3) 121.90(2) (2 x ) 
Sa(6)-S(l) 2.749(1) 
Na(6)-S(1) 2.802(1) 
Na(6)-S(3) 2.817(1) 
Na(6)-S(2) 2.820(1) 
Sa(6)--Cu(1) 3.363(1) 
Na(6)-Cu(2) 3.524(1) 
Na(6)-Cu(2) 3.540(1) 
Sa(6)--Cu(1) 3.637(1) 
Na(6)-Cu(1) 3.642(1) 

(continued) 
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TABLE 3 (continued) 

Bond Distance (/~) Angle (deg) 

Na(6)-Cu(2) 
Na(6)-Na(7) 
S(1)-Na(6)-S(2) 
S(1)-Na(6)-S(3) 
S(2)-Na(6)-S(3) 
S(1)-Na(6)-S(3) 
S(1)-Na(6)-S(2) 
S(1)-Na(6)-S(1) 
Na(7)-S(3) 
Na(7)-S(3) 
Na(7)-S(2) 
Na(7)-S(2) 
Na(7)--Cu(1) 
Na(7)-Cu(2) 
S(2)-Na(7)-S(2) 
S(2)-Na(7)-S(3) 
S(2)-Na(7)-S(3) 
S(3)-Na(7)-S(3) 
S(2)-Na(7)--S(3) 
S(2)-Na(7)-S(3) 

Geometry of the [Cu2Sa] 4- 
Cu(1)-s(3) 
Cu(1)-S(1) 
Cu(1)-Cu(2) 
Cu(1)-Cu(Z) 
s(1)-Cu(1)-s(3) 
Cu(2)-S(2) 
Cu(2)-S(1) 
Cu(2)-Cu(2) 
S(1)-Cu(2)--S(2) 
Cu(1)-S(1)-Cu(2) 

anion 

3.663(1) 
3.392(1) 

2.778(1) 
2.812(1) 
2.815(1) 
2.816(1) 
3.170(1) 
3.181(1) 

2.1476(7) 
2.1666(7) 
2.6488(4) 
3.4600(5) a 

2.1394(7) 
2.1542(7) 
3.6669(5) a 

100.70(4) 
101.31(4) 
104.23(4) 
115.36(4) 
115.66(4) 
117.35(4) 

103.94(4) 
104.51(4) 
104.81(4) 
107.33(4) 
107.35(4) 
126.93(4) 

174.33(3) 

176.26(3) 
75.62(2) 

aClosest Cu-Cu distances between neighbouring groups. 
Estimated standard deviations are given in parentheses. 

atoms are close to 175°; that on the S(1) atom is 75.62 °. These values 
compare well with those found in the infinite anionic zig-zag chains of  KCuS 
[12] (dc~_s=2.145/~, £ S--Cu-S= 179.0 °, £ Cu-S-Cu--- 76.6°). Comparison 
with CsCu3Sz [13 ], the only other alkali thiocuprate with linearly co-ordinated 
Cu(I), reveals a very weak dependence of the Cu-S bond length on the co- 
ordination number of the chalcogen. The hexagonal anionic sheets contain 
IZ3-coordinating sulphur; a slightly larger Cu--S bond length of  2.166 /~ is 
observed. 

Although Na4Cu2S3 crystallizes with a surprisingly large unit cell, its 
crystal structure may still be related to quite simple packing principles. 
Essentially, as in the binary sulphide NaeS (anti CaF 2 type), the packing is 
characterized by a cubic close-packed arrangement of  the chalcogen atoms 
with the sodium ions in (distorted) tetrahedral voids. As in the related structure 
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of NaaAgS2 [14] the coinage metal atoms do not, however, simply substitute 
for the sodium atoms in the crystal structure, but are shifted from the centres 
of the tetrahedra towards the edges, thus attaining an almost linear sulphur 
co-ordination. This complexity arises from the fact that the identity period 
c (as shown in Fig. 2) comprises 12 cation layers in an alternating sequence. 
After a pair of mixed layers, each built up by the copper atoms and the 
sodium atoms Na(2), Na(5) and Na(6), follows a pure sodium layer built up 
by the remaining sodium atoms at z = (2n + 1)/8. The neighbouring mixed 
layers are crystallographically related to each other by the mirror glide planes 
at z = 0, 0.25, 0.5 and 0.75. 

A single mixed layer and its adjacent sulphur atoms are shown in Fig. 
3. The edge-sharing NaS4 tetrahedra are arranged in zig-zag rows, separated 
from each other by corresponding rows of vacant tetrahedra. The copper 

Ic 

\ /  \ /  
/ \  0 

e $ e 8 e 

a 

Fig. 2. Projection of the unit  cell of Na4Cu2S 3 along [100]. Shaded circles, sodium; full circles, 
copper;  open  circles, sulphur. Cu--S bonds  are indicated by heavy lines. 
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la2 

Fig. 3. The mixed te t rahedral  layer as seen in project ion along [001]. Sodium atoms occupy 
the  centres  of the dotted tetrahedra.  Copper atoms (full circles) centre two adjoining edges 
of every second vacan t  sulphur  te t rahedron.  Cu-S bonds  are indicated by heavy lines. 

atoms centre the two adjoining edges of every second vacant sulphur tet- 
rahedron, thus forming the V-shaped thiocuprate ions. 

The complex anion in Na4Cu2Ss represents the first example of  an 
oligomeric group which belongs to a hypothetical series [M~X,+I] (n+2)- 
(M = coinage metal, X = chalcogen) of chain-type anions formed by linearly 
co-ordinated metal atoms and ~2-bridging chalcogen atoms. For n - -  ~ ,  this 
series yields the infinite zig-zag chains, ®I-[MX]-, found in KCuS [12] and 
in KAuS or KAuSe [15], while for n =  1, the monomeric dumbbell-shaped 
anions of NaaAgS2 [14] or Na~AuS2 [16] are formed. Since the cation-rich 
sections of the systems A-M-X (A = alkali metal) have not been thoroughly 
investigated, other oligomeric members  of this series might well exist. Since 
among the coinage metal d lO ions Au(I) has the highest preference for linear 
co-ordination, investigations in the corresponding gold systems might prove 
most  promising for searching for such oligomeric chain-type anions. So far, 
NavAusS6 [17] is the only other intermediate compound besides Na4Cu2Ss 
which formally belongs to this series. However, it does not contain finite 
pentameric [AusSs] v- chains, but  instead its anionic partial structure is 
characterized by the coexistence of infinite chains ~ 1-[AuS]- and monomeric 
[AuS2  ] 3 -  groups. 

Discrete complex anions with linearly co-ordinated metal atoms could, 
in principle, also be obtained by the nucleophilic attack on the infinite chain 
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o f  r e d  HgS  [18]  b y  a l k a l i  s u l p h i d e s .  In  t h i s  w a y ,  a l m o s t  l i n e a r  [ S - H g - S ]  2 -  

a n i o n s  a r e  o b t a i n e d  in  t h e  c r y s t a l  s t r u c t u r e s  o f  Na2HgS2 a n d  KzHgS2 [19] .  
H o w e v e r ,  In  h i g h e r  t h i o m e r c u r a t e s  t h e  l i n e a r  c o - o r d I n a t i o n  o f  t h e  m e r c u r y  
a t o m s  is  o n l y  r e t a i n e d  in  p a r t ,  w h i l e  t h e  r e m a i n i n g  m e r c u r y  a t o m s  a c q u i r e  
h i g h e r  s u l p h u r  c o - o r d i n a t i o n s .  T h u s ,  t h e  s t r u c t u r e s  o f  K2Hg3S4 [20] ,  Na2HgaS4 
[21]  a n d  K2Hg6Sv [20]  a r e  c h a r a c t e r i z e d  b y  in f in i t e  c o m p l e x  a n i o n s .  

A c k n o w l e d g m e n t s  

T h e  a u t h o r s  a r e  g r a t e f u l  t o  t h e  A u s t r i a n  F e d e r a l  M i n i s t r y  fo r  S c i e n c e  
a n d  R e s e a r c h  a n d  to  t h e  L i n z e r  H o c h s c h u l f o n d s  fo r  t h e  s u p p o r t  o f  t h i s  s t u d y .  
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