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Chromium(III) tris-(O-ethylxanthate) crystallizes in the rhombohedral space group R~, with two mol- 
ecules per unit cell, a=9.72 A, e= 100o48 '. The crystal structure of the chromium xanthate has been 
refined by the least-squares method, starting from the atomic positions determined for the isostructural 
cobalt(III) tris-(O-ethylxanthate). The final agreement index for the observed reflexions was R1 = 0.069. 
Each molecule is formed by three ethylxanthate ligands coordinated to a chromium atom through the 
sulphur atoms; the molecule has trigonal symmetry 6"3-3. The intermolecular interactions are of the van 
der Waals type. Mean bond lengths are Cr-S 2.393 (3) A,, S-C 1.691 (7) A,, C-O 1.297 (11) A. The 
• .. $2 (-)C = OC+)R form makes an important contribution to the structure of the xanthate radical. 

Introduction 

This work is part of the program of research carried 
out in our laboratory on the crystal structures of 
dithiocarbamates and xanthates, with the aim of 
gaining information on metal-sulphur bonds and on the 
structure of dithiocarbamate and xanthate ligands. 

Recently the crystal structures of cobalt(III) tris-(O- 
ethylxanthate) (Merlino, 1969) and ofiron(III)tris-(O- 
ethylxanthate) (Hoskins & Kelly, 1970; Watanabe & 
Yamahata, 1970) were determined. It seemed useful 
to investigate the crystal structure of chromium(III) 
tris-(O-ethylxanthate) in order to specify which dif- 
ferences arise in the structure of the xanthate ligand by 
coordinating it to different metal atoms. 

Experimental 

The morphological, optical and X-ray crystallography 
of chromium(III) tris-(O-ethylxanthate) was investi- 
gated by Franzini & Schiaffino (1962); the cell data 
of this compound, as reported by these authors, are" 
Cr(III)(S~COCzHs)3, M.W.415.60; 

arh=9"72 + 0"01 A, 
ahox= 14.98 A, 
Urh = 862"4 A? ; 
D,,, = 1"59 g.cm -a, 
Z = 2 ;  
Space group R3. 

arh = 100°48 ' + 10'; 
ehex= 13"31 A; 

De= 1-591 g.cm -a, 

Throughout the present paper the rhombohedral 
(obverse setting) indices and coordinates will always be 
used. 

Three-dimensional intensity data were recorded on 
Buerger precession photographs with the multiple- 
exposure technique and integration process; zirconium- 
filtered Mo Kct radiation was used. 

A crystal, prepared according to the method de- 
scribed by Franzini & Schiaffino (1962), was ground 
to a nearly spherical shape with a mean diameter of 
0.84 mm. (/zR=0.58 for Mo Kct radiation). 

On the photographs of six layers, with [010] as the 
precession axis (k = 0 to 5), a total of 902 independent 
reflexions were observed. The intensities, measured 
with a Nonius microdensitometer, were corrected for 
Lorentz, polarization and absorption factors by means 
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o f  a d a t a - r e d u c t i o n  p r o g r a m  (Catani  & Zanazz i ,  1965),  
w h i c h  m a k e s  use,  for  the a b s o r p t i o n  factor,  o f  the 
three -cons tant s  f o r m u l a  p r o p o s e d  by P a l m  (1964)• 

T a b l e  1. O b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  

. . . . . . . . . . . . . . . . . . . . . . . . .  i " . . . . . . . . . . . . . . . . . .  . . . . . . .  

oo,o..,..t,o, o,, o . . . . .  ili il !i! iil i .................... ;ii i ?iii:i ! The structure of chromium xanthate has been deter- i!iii:i!ii i !?! iili {! ili i}ii il iii i 
m i n e d  start ing f r o m  that  o f  coba l t  xanthate ;  coordi -  . ......... :: . . . . . . . .  ! . . . . . . .  " - .~ . . . . . . . . . . . . . . . . . .  " ' 
hates  a n d  ind iv idua l  i so trop ic  t e m p e r a t u r e  factors  i? :??i!}i? ?i i~i :!5 ?? ,i?? ~!!! i:~?.? :ii! . . . . . . . . . . . . . . .  :::: 4:: . . . . . . . . . . . . . . . . . . . . .  :::: .:::: :.::, .,::: . ::: -::: ...... ° . . . . . . . .  
der ived  f r o m  the latter structure were  a s s u m e d  for the i! ?ii ~ii) ..... :: ::: ::; : ::, ~: :; ::: ::: .'::: ::',: ° ::" :;: 
h e a v y  a t o m s  and  then  ref ined by the fu l l -matr ix  least-  '° 21,"' ! iil .i!! .:: :';: -::, !! i~i !!i 5 i2! .!ii " ~:: ::: ',: ::: :::: 
squares  p r o g r a m  o f  Bus ing ,  Mart in  & Levy  a d a p t e d  ~ii!i ' '  -! ,,,o.,,,'!':!-!:'! , 2:;".,. _.,,." .,!! ~,.?~i .,,,!!? . ....... .,..,~, ,~"'!i!.,, '-!!i..~, !! !i! :?!i 
for  the C r y s t a l  S t r u c t u r e  C a l c u l a t i o n s  S y s t e m ,  X - r a y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
63 (Stewart ,  1964)• A t  first all  the ref lex ions  were  p laced  i:)':i !iii ::i ii! :ii! i ill ~!! :: !i!., '~: ! iii :ill !i .~,i..!i~ :~ i~-i~ 

. . . . . . . . . . .  . . . . . . .  ',; ~.'" -;,~ . . . . . .  , . ;  ";~ .;,",'; -~ ,'~', . . ' ;~ "~ **'i .~,:: 
on  the s a m e  scale  by  c o m p a r i n g  the ref lex ions  c o m m o n  ii :!i!-!:'5! . ii:" °, i:: :!~! .:!!i ! iii :i!i i~ ii) -i~! :: ::: ::; -;: ::: -::: 

to the various layers; subsequently the six scale factors !:,• !!! il !!!"::: '".~:: :ili :i!i !i !i! iili i ili iili !!!! )iili 
were  i n c l u d e d  a m o n g  the ref ined parameters ,  Af ter  :i iii I :il i!! I !)! i '  
three  re f inement  cycles  wi th  uni t  we ights  for all  the " , . ,  . ! .......... , . ,  
o b s e r v e d  ref lex ions  the rel iabi l i ty  index  R~, def ined  as " ::'- :::: . . . . . . .  : ::: ::: -:: ":::-'::: . . . . . . . . . . .  ~:;-:::o' , ::: .::: 
R ~ =  Y. [[Fol I f~ l l /Y~ l fo l ,  r e d u c e d  f r o m  0•306 to 0 .128.  : ::: . . . . .  :':~ :::: ::0:-::: ...... '::': ::": :: :0:-::: : ::: ::: 
T w o  m o r e  re f inement  cycles ,  in w h i c h  an i so trop ic  !j,!?j *i2:2-;: ::: :::: :~'~::-*::; '::;-::: :: :': :::' . . . . . . . . . . . . .  
t e m p e r a t u r e  factors  in the f o r m  exp { - ( h ~ n  +kZfl~z i!-iii-i:,ii -~"~i;*.:~: ii'?~ }ii *.i ?i!. iill '.'!,!.*,. ',?ii ,iii -! !!i-!:~i 
+ l ~ f l a ~ + 2 h k f l ~ 2 + 2 h l f l ~ + 2 k l f l ~ a ) }  were  in troduced ,  re- :2 .:.i :!iJ .12 2:; 2:: ..... .~ .... i) .;~i :i~i il ~({ .iii ,! ~!! :ili , '2;7.,,, 
d u c e d  the Rz va lue  to 0 .090.  

A t  this stage a t h r e e - d i m e n s i o n a l  Four ier  di f ference 
synthes i s  was  ca lcu lated .  T h e  pos i t i ons  o f  the h y d r o g e n  
a t o m s  were  ca lcu la ted  a s s u m i n g :  (a) C - H  b o n d  lengths  
o f  1 . 0 8 / ~ ,  (b) te trahedral  h y b r i d i z a t i o n  o f  the c a r b o n  
a t o m s ,  (e) s taggered  c o n f o r m a t i o n  o f  the ethyl  g r o u p s ;  
the pos i t i ons  so o b t a i n e d  were  f o u n d  to c o r r e s p o n d  to 
areas o f  pos i t ive  e lec tron  dens i ty  on  the Four ier  dif- 
ference  map .  In the s u b s e q u e n t  re f inement  the hydro-  
gen  a toms ,  w i th  an i so tropic  t h e r m a l  p a r a m e t e r  o f  5 Az, 
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Fig. 1. The molecular structure of chromium(III) tris-(O-ethyl- 
xanthate). 
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Table 2. Positional and thermal parameters for the heavy atoms and positional parameters for the hydrogen atoms 

Standard deviations are given in parentheses. Values for the heavy atoms are multiplied by 104 and for the hydrogen atoms by 103 . 

x y z f i l l  fl22 fl33 fl12 fl13 fl23 
Cr 2963 (2) 2963 (2) 2963 (2) 56 (2) 56 (2) 56 (2) 13 (2) 13 (2) 13 (2) 
S(1) 2330 (2) 4809 (2) 4546 (2) 74 (2) 79 (2) 63 (2) 22 (2) 9 (2) 9 (2) 
S(2) 921 (2) 3525 (2) 1566 (2) 79 (2) 85 (2) 63 (2) 25 (2) 8 (2) 7 (2) 
0 223 (6) 5660 (7) 3238 (6) 89 (7) 97 (7) 82 (7) 34 (6) 12 (6) 15 (6) 
C(1) 1033 (8) 4747 (8) 3099 (8) 63 (8) 59 (8) 60 (8) - 8 (6) 5 (7) 17 (6) 
C(2) - 983 (10) 5601 (11) 2044 (10) 97 (11) 126 (13) 90 (11) 41 (10) - 5 (9) 26 (10) 
C(3) -1434 (13) 6995 (13) 2362 (13) 140 (15) 129 (14) 137 (15) 62 (12) 11 (12) 38 (12) 

H(1) 
• H ( 2 )  
H(3) 
H(4) 
H(5) 

Table 2 (cont.) 

x y z 
- 67 546 103 
- 189 470 197 
-235 702 151 
- 56 789 243 
-178 714 337 

were introduced and the following weighting scheme 
was applied to all the observed reflexions: 

1/w=(O.OllFol+ 1) -1 

Three more refinement cycles, in which the positional 
and thermal parameters  of  the hydrogen atoms were 
maintained constant,  led to the final values of  Rx= 
0.069 and R 2 = [ ~  wllFol-IFcllZ/E wlFolZlt/2=O.089. The 
shifts of  the parameters  in the last cycle were less than 
one tenth of  the corresponding estimated s tandard 
deviations. 

The atomic scattering factors used in the structure 
factor calculations were taken f rom International 
Tables for X-ray Crystallography (1962). 

The observed and calculated structure factors are 
compared in Table 1. The final positional and thermal 
parameters  are given in Table 2. 

Table 3. Shortest intermolecular distances 
S(1) 
S(l) 
S(1) 
S(1) 
S(1) 
S(2) 
S(2) 

O 
O 
O 

c(l)  

• S(1 m) 3"58 A 
0 ti 3"60 
C(2 li) 3"85 
C(3 ii) 3"91 
C(3 v) 3.96 
C(2 el) 3.77 
C(3 el) 3.89 

• 01 i  3"95 
• C(2 v) 3"54 
• C(3  iv) 3"90 
• C(3 iv) 3"88 

The atoms of the different asymmetric units are related to the 
symmetry equivalent atoms of the fundamental unit as follows: 

i z x y 
ii - - x  1 - - y  1 - - z  
iii 1 - z  1 - x  1 - y  
iv 1 - y  1 - z  - x  
v z l + x  y 
vi --x 1 --y --z 

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

The structure consists of  enant iomorphous  molecules 
Cr(SzCOCzHs)3 (Fig. 1); their crystal packing is 

governed by normal  van der Waals  interactions, as in 
the related compounds  of  Co(III)  and Fe(III) .  

The interatomic distances and bond angles were 
calculated by means of  the p rogram BONDLA in- 
corporated in the Crystal Structure Calculations 
System, X-ray 63 (Stewart, 1964). In Table 3 we report  
the closest intermolecular distances (less than 4.0 A). 

In t ramolecular  distances and bond angles are re- 
ported in Table 4 and in Fig. 1. 

Table 4. Bond distances and angles with their standard 
deviations 

Distances 
Mean Calculated 

Cr---S(1) 2-387 (3) A~ 2.393 A 
Cr--S(2) 2.399 (3) 
S(1)-C(l) 1-687 (7) 1.691 1-685 A, 
S(2) -C(l) 1.694 (7) 
C(1)-O 1.297 (11) 1.297 1.295 
O ---C(2) 1.471 (11) 
C(2)-C(3) 1.497 (17) 

AngTes 
S(1) -Cr- -S(2)  74 ° 14 (5)' 
Cr--S(1)-C(1) 84°28 (17)' 
Cr--S(2) -C(1) 83 o 57 (17)' 
S(1) -C(1)-S(2) 117° 20 (29)' 
S(l) -C(1)-O 117°28 (31)' 
S(2) -C(1)-O 125 ° 11 (33)' 
C(l)-O ---C(2) 120 ° 1 (38)' 
O---C(2)-C(3) 106 ° 55 (43)' 

As in the crystal structures of  Co(III)  and Fe(III)  
ethylxanthates,  the molecule has symmetry Ca-3, with 
three ethylxanthate ligands coordinated to chromium 
through the sulphur a toms;  distances and angles in the 
chromium coordination sphere are given in Table 5. 
The six sulphur a toms form a distorted octahedron 
about  the metal atom. All the a toms of  each ligand, 
except the terminal carbon atom, lie approximately in 
a plane with the chromium a tom (Table 6). 

Table 5. Distances and angles in the chromium coor- 
dination sphere 

Cr--S(1) 2-387 A S(1)-Cr-S(2) 74 ° 14' 
Cr--S(2) 2.399 S(1)-Cr-S(1 i) 95 26 
S(I)-S(2) 2 - 8 8 8  S(1)-Cr-S(2 i) 98 11 
S(l)-S(1 i) 3 . 5 3 3  S(2)-Cr-S(1 i) 163 35 
S(1)-S(2 l) 3 - 6 1 7  S(2)-Cr-S(2 l) 94 19 
S(2)-S(2 i) 3.518 
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The mean value of the two crystallographically 
independent Cr-S distances (2.393 A) corresponds to a 
covalent radius for octahedrally coordinated Cr(III) 
of 1.35 A, which is in a good agreement with the values 
obtained for Cr(III) in pnictides by Pearson (1965). 

The mean values of the S-C and C-O bond lengths 
are 1.691 and 1.297 A respectively (Table 4); the bond 
distances calculated in terms of the valence-bond 
theory agree well with these values, assuming the fol- 
lowing contributions of the resonance structures: 

(-) (-) 
s s s 

/ \ ~+~/ / \ / / \ / 
C=O C - O  C - O  

\~-~/ \~-~/ \ / 
s s s 

(I) 30 % (II) 35 % (III) 35 % 

Bond-order/bond-length curves were derived with the 
use of the Pauling relation: 

3 x  
rx = rl - (rl - !"2) 2x + 1 " 

The values assumed were for the S-C bond rl = 1.812 A 
and r2=1.607 A (Pauling, 1960); for the C-O bond 
r l =  1.437 A and rz= 1.185 A (Cox & Jeffrey, 1951). 

It seems useful to compare the structures of cobalt, 
iron and chromium ethylxanthates. In Table 7 we 
report in the first column the electronic configuration 
of the metal, in the four following columns the metal- 
to-sulphur, sulphur-to-carbon, carbon-to-oxygen and 
oxygen-to-carbon bond lengths, and in the last columns 
the contributions of the resonance structure (I), as 
determined from the S-C and C-O bond lengths. The 
relevant feature of the Table is the decrease of the con- 
tribution of the resonance structure (I) in the sequence 
chromium, iron, cobalt xanthate, with a consequent 
shortening of S-C bond distances and lengthening of 
C-O bond distance. The explanation for this can be 

found in the increase of metal d-electron delocalization 
in the sequence Cr(III), Fe(III), Co(III); the greater 
the d-electron delocalization, the smaller the contribu- 
tion of the resonance form (I). The position of Cr(III), 
Fe(III) and Co(III) in the nephelauxetic series (Figgis, 
1966) is in harmony with our explanation. 

Another point of interest of the structure is the value 
of 1.471 (11) A found for the O-C bond distance, i.e. 
for the bond between the oxygen atom and the first 
carbon atom of the ethyl group; the deviation from the 
value of 1.426 A found in paraffinic alcohols for oxygen 
to carbon single-bond distance is highly significant 
(Tables o f  Interatomic Distances and Configuration in 
Molecules and Ions, 1958, 1965). Such a lengthening is 
observed also in Fe(III) O-ethylxanthate (1.476 (10) A), 
while in Co(III) O-ethylxanthate it is not significant 
(1.431(17)A). The lengthening of the same bond 
distance has been found also in the crystal structure 
of sodium xanthate dihydrate (Mazzi, Tazzoli & 
Ungaretti, 1969) where one of the two indepen- 
dent ethylxanthate ligands has bond distances C-O 
of 1.336 (8) A and O-C of 1.480 (13) A, and the 
other has bond distances C-O of 1.321 (11)A and 
O-C of 1.474 (11)A. It appears from recent X-ray 
analyses of good accuracy that whenever in the ethyl- 
xanthate group the resonance form S~-)C=O~+~R 
gives a substantial contribution, there is a significant 
lengthening of the bond between the oxygen atom and 
the carbon atom of the ethyl group. This structural 
feature can be explained (Merlino, 1972) in terms of a 
smaller ionic contribution to the bond in question, with 
a consequent lengthening of the bond over the values 
normally found in alcohols and ethers. 

This research was supported by the Consiglio Nazio- 
nale delle Ricerche, Roma. All the calculations were 
performed on the IBM 7090 computer of tho Centro 
Nazionale Universitario di Calcolo Elettronico (C.N.U. 
C.E.) Pisa. 

Table 6. Mean-plane parameters and deviations o f  atoms from the plane 

The equation of the plane is in the form Ax + By + Cz = D, where x, y and z are fractional coordinates, calculated after Schomaker, 
Waser, Marsh & Bergman (1959). 

A B C D Atoms defining the plane 
5.5587 6.2957 -5.4003 1-8949 Cr, S(1), S(2), C(1), O, C(2) 

Deviation Deviation 
Cr -0.017 A C(1 )  0.006/~ 
S(1) 0.027 O -0.044 
S(2) 0.009 C(2) 0.019 

C(3) -0.436 

Table 7. Comparison o f  some bond lengths with the electronic configuration o f  the metal and the contribution 
o f  the resonance structure (I) in Cr(III), Fe(III) and Co(III) ethylxanthates 

Electronic 
M configuration M-S S-C C-O O-C % (I) 

Cr(III) (t2s) 3 2"393 A 1"691 A 1"297 A 1"471 A 30 
Fe(III )  (t2g) 5 2"312 1"685 1"328 1"476 22 
Co(II I )  (t2g) 6 2.277 1.673 1"359 1.431 13 
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The Relation between Electron Concentration and Stacking Variants in the Alloy Systems 
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In the pseudo-binary systems MgNi2-MgZn2 four new stacking variants were found in the mixed 
region of Ca6 and Cls and of C15 and C14 in the phase diagram given by Lieser, K. H. & Witte, H. (Z. 
Metallk. (1952) 43, 396). These four stacking variants are isomorphous with the ones found in the 
systems MgCu2-MgNi2 and MgCu2-MgZn2. Homogeneity ranges of the various stacking variants 
among above three systems were shown as a function of electron concentration. A remarkable corre- 
spondence was found in the relation between electron concentration and crystal structure. The follow- 
ing structures are given in order of increasing e/a: 4-layer, 6-layer, 3-1ayer, 4-layer, 10-layer, 9-layer, 
8-1ayer and 2-layer type structure. The relation between the electron concentration and the stabiliza- 
tion of stacking variants is evident in these Mg-base ternary alloy systems. 

Among several factors governing the crystal structure 
of alloy phases, the electron concentration is important 
for the stabilization of long period anti-phase domains 
(Sato & Toth, 1961, 1962) and of long period stacking 
order in several alloy systems (Sato, Toth, Shirane & 
Cox, 1966; Sato, Toth & Honjo, 1967; Sato & Toth, 
1968; Pearson, 1970). The origin of the stabilization of 
the structure has been understood as being due to the 
creation of Brillouin zone boundaries at the Fermi sur- 
face. Stacking variants of the Friauf-Laves phases seem 
to be another example of structures restdting from this 
phenomenon. 

Laves & Witte (1936) and Lieser & Witte (1952) 
reported a relationship between electron concentration 
and the crystal structure of Mg-base ternary Friauf- 
Laves phases. They discussed structural changes of 
Friauf-Laves phases as a function of e/a (the electron- 
atom ratio). For example, when Cu atoms in MgCu2 
are replaced by other metal of different valency, the 
cubic C~5(MgCu2) type structure is changed to the 

hexagonal C14(MgZu2) type or C36(MgNi2) type struc- 
tures depending upon the electron concentration. Al- 
though they discussed only three fundamental struc- 
tures of C14, C15 and C36, Komura, Mitarai, Nakatani, 
Iba & Shimizu (1970) reported similar relationships 
including three new stacking variants in addition to 
C~4, C~s and C36 for the systems of Mg-Zn-Cu and 
Mg-Zn-Ag. The~e new structures are called 8-, 9- and 
10-layer types on the basis of the layer stacking. Ko- 
mura, Nakaue & Mitarai (1972) found another new 
stacking variant of the 6-layer type in the system 
Mg-Cu-Ni.  We undertook a reinvestigation of the 
work of Lieser & Witte (1952) for the three ternary 
systems Mg-Cu-Zn,  Mg-Ni-Zn and Mg-Cu-Ni  in 
order to see the dependence of the structural change 
on the electron concentration in more detail, and also 
to study the possibility of finding new stacking variants 
in the system of Mg-Ni-Zn as in the case of Mg-Cu-Zn 
and Mg-Cu-Ni.  

The structures of Friauf-Laves phases and their 


