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[Hg(SCN)~I[Cu(en)2]* 
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Crystals of [Hg(SCN)4 ] [Cu(en)2 ] are monoclinic with: 

a ~- 7.51, b --- 18.03, c = 14.20 A,/3 ---- 96 ° 32'. 

The space group is P21/c with four molecules per unit cell containing four units of [Hg(SCN)4] 
[Cu(en)9.]. 

The structure was determined by two- and three-dimensional Fourier methods, using the heavy- 
atom technique. The two-dimensional analyses established the positions of the tIg,  Cu and the 
four S atoms, and then from three-dimensional Fourier syntheses more accurate co-ordinates 
for all the atoms were obtained. The results are as follows: The four S atoms were found to be 
tetrahcdrally situated about the Hg atom but the thioeyanate groups themselves, which are placed 
at  an angle to the Hg-S bonds, do not follow the tetrahedral  arrangement of the S atoms. The 
(SCN) groups appear to be kinked at the C atom. Mean values of bond lengths and bond angles 
in the Hg(SCN)4 unit are: 

Hg-S -~ 2.55/~, S-C ---- 1-57 A, C-N = 1.34 ~ .  
S-Hg-S = 109 ° 16', Hg-S-C ~- 102 ° 5', S -C-N =- 163 ° 12' .  

The Cu(en)~ grbups form two five-membered non-planar rings symmetrically placed about each 
copper atom, but  with different orientation for the two crystallographically different copper atoms. 
Mean dimensions of the Cu(en) rings are:  Cu-N---- 2-07 /~, N-C ---- 1-41 /~, C--C = 1.53 A, with 
N - C u - N  angle of about 80 °. 

Two N atoms of the (SCN) groups are co-ordinated to each Cu atom, thus giving it a total of 
sixfold co-ordination. This co-ordination direction is approximately a t  right angles to the plane 
containing the Cu and the amino N atoms. 

1. Introduction 

The spat ia l  dis tr ibut ion of the  mercury  valency bonds 
in the  mercuric t e t ra th iocyana tes  has not  been studied 
with  a n y  cer ta in ty .  I n  1945 Prof. W. Wardlaw,  who 
posed the  problem, k indly  supplied us with crystals  
of the  four compounds Co[Hg(SCN)4], Ni[Hg(SCN)4], 
[Cu(en)2][Hg(SCN)4 ] and [Cu(pyr)][Hg(SCN)4 ] which 
were prepared  a t  the  Chemistry  Depa r tmen t  of Birk- 
beck College. There was also the  question whether  the 
sulphurs or some other a toms of the  th iocyana te  
groups were a t t ached  to the  mercury  atom. The cobalt  
compound with  space group I 4  (Jeffery, 1947) implied 
t h a t  the  four  th iocyana te  groups in this compound 
were t e t rahedra l ly  a r ranged  about  the mercury  a tom,  
and  from two-dimensional  Fourier  syntheses it  was 
suggested t h a t  the  sulphur  a toms were themselves 
t e t rahedra l ly  s i tua ted  about  the  mercury  a tom.  This 
analysis,  however,  was not  carried far  enough to give 
reliable informat ion about  the  carbon and  ni t rogen 
a toms of the  (SCN) groups. 

The crystals  of the  other  three compounds were of 
a lower s y m m e t r y  and gave no clue to the a r rangement  

* This paper is an abridged version of a thesis approved 
by the University of London for the degree of Ph.D. 

of the  (SCN) groups about  the  mercury  atoms.  The 
Cu(en)~-compound, however,  offered the  oppor tun i ty  
of invest igat ing a t  the  same t ime the  s tereochemist ry  
of copper-diethylenediamine itself, and  a detailed 
X - r a y  crysta l  s t ruc ture  analysis  of this compound was 
accordingly under taken .  A pre l iminary  account  has 
a l ready  appeared  (Scouloudi & Carlisle, 1950). 

2. Preliminary investigation: experimental 

The crystals  of [Hg(SCN)a][Cu(en)2], which are deep 
purple,  crystall ize from acetone and  water  in well 
developed monoclinic pr ismat ic  plates wi th  forms 
{011}, {110}, {101} and with {010} dominat ing.  

The birefringence is positive with 7lib and  fl lying 
a t  about  24 ° to the  c axis in the  obtuse angle. 2 V ~ 65 ° 
(in glycerin). Dichroism is observed on {010}, the  
colour changing from light mauve  to da rk  purple 
when the  vibra t ion direction is normal  to c~ and fl 
respectively. 

Oscillation and Weissenberg photographs  t aken  with 
copper radia t ion  (~t = 1-542 A) gave 

a = 7 - 5 1 0  , b =  18-033 , c =  14-201A, f l = 9 6  ° 32 '+1 ' ,  
V = 1910-60/~a.  
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The density by flotation was 2.12~ g.cm. -a. The 
molecular weight, calculated from HgCuS4NsCsHle, is 
616.56; hence there are four (calculated 3-96) mole- 
cules per unit cell containing four units of Hg(SCN)4 
and Cu(en)~. F(000)=  293 per molecule. #l = 211.4 
c m  -1. 

Among the X-ray reflexions systematic absences 
occurred for reflexions of the type (0k0) when k is 
odd and (hO1) when 1 is odd; so the space group is 
P2z/c. 

Altogether 1160 (hkl) reflexions were used in the 
determination of the structure; these were recorded 
from a series of equi-inclination Weissenberg photo- 
graphstaken about the three principal axes. In order 
to reduce absorption errors, small specimens were 
used with cross-sections (0.16 × 0.07) mm. 2, (0.16 × 
0.13) ram. 2 and (0.07×0.07) ram. 2 for the a, b and c 
axes respectively, and were completely immersed in 
the X-ray beam. 

The multiple-film technique (Robertson, 1943) was 
employed and in some cases a thin sheet of aluminium 
foil was inserted between the second and third films. 
The intensities of the X-ray reflexions were estimated 
visually, using an arbitrary intensity scale. 

In correlating the intensities of the X-ray reflexions 
recorded on all sets of films, the following two factors 
were taken into consideration: (a) the variation in size 
of spots on Weissenberg photographs other than those 
from the zero-level, and (b) the rotation factor. The 
former effect, which arises because of the divergence 
of the X-ray beam together with the motion of the 
film (Buerger, 1942), causes certain reflexions on one 
half of the films with # # 0 to be recorded on a smaller 
area (compacted spots) than those on the other half 
of the film, where the spots are drawn out into a 
streak. Hence, when reflexions occurring on both 
halves of the films had to be used, because .F(hkl)# 
.F(hkD, an empirical correction was applied in the 
following way: 

Reflexions of the type hkO or Okl, lying on the axes, 
which on space-group considerations would have been 
identical for both positive and negative values of h or l, 
were estimated from the upper and lower halves of 
each layer-line photograph and the ratio Ilower/Iuppe r 
for each pair of reflexions of the above type was plotted 
as a function of sin 0 separately for every layer line. 
As can be seen from Fig. 1, this ratio increased with 
the layer line level n for values of sin 0 < 0.7. For the 

same layer line (constant # angle), however, the values 
of the ratio decreased with sin 0, all tending to unity 
for sin 0 ~> 0.7. In this way every hkl reflexion on one 
half of each film was multiplied by the appropriate 
factor corresponding to its sin 0 value. 

Rotation-factor corrections were obtained from the 
data given by Tunell (1939) for equi-inclination 
Weissenberg photographs. 

After applying these two corrections, satisfactory 
agreement was ~btained between measured intensities 
of identical reilexions recorded on different layer lines 

and with crystals oscillated about different axes.* 
The measured intensities were finally corrected for the 
Lorentz and polarization factors, using a graphical 
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Fig. 1. Curves showing the correlation of intensities of re- 
flexions occurring on the upper and lower halves of each 
n-level Weissenberg photograph. 

method devised by Goldschmidt & Pitt  (1948), and a 
set of coefficients proportional to F2(hkl) was obtained. 

3.  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  

The structure has been determined by making use of 
the heavy-atom technique (Robertson & Woodward, 
1940). The difficulties of this method are well known 
(Cox, 1938), and we did in fact find that  it was not 
possible to locate from the projections the light carbon 
and nitrogen atoms. 

The space group P21/c requires four general po- 
sitions with co-ordinates x, y, z; x, ½-y ,½+z; Y~, ½+y, 
½-z; x, y, z; or there can be four twofold special 
positions at 0, 0, 0 and.  0, ½, ½; ½, ½, ½ and ½, 0, 0; 
0, 0, ½ and 0, ½, 0; ½, 0, ½ and ½, ½, 0. The [Hg(SCN)4 ] 

group does not possess a centre of symmetry and it is 
possible that  the four mercury atoms are in general 
positions. The two ethylenediamine groups, however, 
are likely to be chelated to the copper atom, through 
the nitrogen atoms, to form with it two symmetrically 

* Owing to the large number  of the recorded pIanes, no 
a t t empt  was made to correct the intensities for absorption. 
Although this effect could not  be negligible, inspection of the 
X-ray  photographs showed a ra ther  uniform distribution of 
the intensity, viewed visually, inside the area occupied by  each 
re flexion. 
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arranged five-membered rings. In  this case, the copper 
a toms could be placed at  special positions. 

From Patterson projections on (100), (010) and (001) 
it was possible to locate the mercury atom at x = 
0.133, y = 0.225, z = 0.285. The three Patterson pro- 
jections were also consistent with the four copper 
atoms lying at the centres of symmetry:  ½, 0, 0 and 
½, ½, ½; ½,0,½ and ½, ½, 0. 

ia) Two-dimensional Fourier syntheses 
Assuming the above positions of mercury and copper, 

the co-ordinates of the sulphur atoms were obtained 
from Fourier projections on (100), (010) and (001). 
The final projection on (100) is shown in Fig. 2. 
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Fig. 2. Electron-density projection on (100) based on the 
con t r ibu t ion  of the  mercury ,  copper and  four  su lphur  a toms  
wi th  coordinates  as shown in the  figure. Contours  a t  a rb i t r a ry  
intervals.  

The final co-ordinates of the mercury, copper and 
sulphur atoms, as obtained from the projections 
(Table 1) gave the following discrepancy factors 
R = XIIFoI--IF~II+XIFoI: 

B(o;,o = 0.34, R(hoO = 0.43, R(hk0 ) = 0"33. 

These values were considered satisfactory to proceed 
to three-dimensional Fourier syntheses. 

Table 1. Co-ordinates obtained from the two-dimensional 
analyses 

A t o m  x y z 
t t g  0.133 0.227 0-292 
S z 0.020 0.120 0.210 
$9 0-020 0-302 0.230 
S a 0.053 0.202 0.475 
S~ 0.493 0.203 0.306 
½(Cu) ½ o o 
½(Cu) ½ o ½ 

(b ) Three-dimensional Fourier syntheses 
The 1160 recorded hkl reflexions were used to 

evaluate electron-density sections parallel to the three 
main axes. Space does not permit  a presentation of 
all these electron-density sec t ionsqa  detailed de- 
scription of the work can be found in a Thesis (Scou- 
loudi, 1951). We shall confine ourselves here to the 
results. The final co-ordinates of all the atoms are 
given in Table 2. 

Table 2. Final co-ordinates of all the atoms derived from 
three-dimensional Fourier syntheses 

A t o m  x y z 

H g  0.133 0-228 0.287 
S 1 -- 0.012 0-116 0.203 
$9. 0.049 0-355 0.230 
S 3 0.046 0.206 0-456 
S 4 0.479 0.208 0.298 
C 1 -- 0.038 0.066 0.289 
C~ 0"160 0-410 0.310 
C a 0.135 0-277 0.490 
C 4 0.439 0-123 0-302 
N 1 -- 0.057 0.036 0.377 
N 2 0.286 0.446 0.362 
N a 0-291 0.296 0.537 
N 4 0-469 0.051 0-318 
N 5 0"633 0"097 0-047 
N e 0.717 0-018 --0.081 
C~ 0"741 0"130 --0"018 
C 6 0.863 0-068 -- 0.047 
N~ 0.590 0.088 0.068 
5T~ 0.380 -- 0.026 0.128 
C~ 0-474 0.083 0.135 
C~ 0.511 0.008 0"187 
N~ 0.704 0.072 0.521 
N 8 0.358 0.079 0.569 
C~ 0"598 O. 133 0.545 
C 8 0.502 O. 112 0.629 

The Hg(SCN)4 group.--The four sulphur atoms were 
found to be tetrahedral ly arranged about the mercury 
atom at a mean distance of 2.56 • and at  a mean 
S-Hg-S angle of 109 ° 16'. Individual bond lengths 
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Fig. 3. P a r t  of the  electron dens i ty  section a t  x = 0.94 showing 
(a) one (SCN)-group f rom the  molecule a t  x, y, z and  (b I the  
mercu ry  and  three  of the  su lphur  a toms  f rom the  molecule 
a t  5, ½+y,  ½--z. Contours  a t  a rb i t r a ry  intervals .  
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a n d  b o n d  ang le s  fo r  t h e  HgS4  t e t r a h e d r o n  a r e  s h o w n  
i n  F ig .  7(a) .  T h e  t h i o c y a n a t e  g r o u p s  l ie  a t  a n  a n g l e  
f r o m  t h e  c o r r e s p o n d i n g  H g - S  b o n d s  a n d  t h e  a n g l e  
a t  t h e  s u l p h u r  a t o m s  h a s  a m e a n  v a l u e  of 102 ° 5 ' .  
T h e r e  is a p o s s i b i l i t y  t h a t  t h e  t h i o c y a n a t e  g r o u p s  i n  
th i s  s t r u c t u r e  a r e  n o n - l i n e a r  (see F ig .  3) a n d  t h i s  w a s  
s e e m i n g l y  c o n f i r m e d  f r o m  o t h e r  sec t ions .  W e  h a v e  t o  
b e a r  in  m i n d ,  h o w e v e r ,  t h a t  t h e  p e a k  p o s i t i o n s  of t h e  
l i g h t  a t o m s  c a n  be  a f f e c t e d  b y  t h e  d i f f r a c t i o n  r i n g s  of 
t h e  h e a v i e r  a t o m s  ( B r a g g  & W e s t ,  1930;  J a m e s ,  1948;  
R o b e r t s o n  & W o o d w a r d ,  1940) a n d  so t h e s e  conc lu -  
s ions  s h o u l d  be  a c c e p t e d  w i t h  s o m e  c a u t i o n .  I f  w e  
a s s u m e  t h e  t h i o c y a n a t e s  t o  be  S - C - N , *  t h e  a n g l e  a t  
t h e  c a r b o n  a t o m  h a s  a m e a n  v a l u e  of a b o u t  163 ° a n d  
t h e  m e a n  S - C  a n d  C - N  d i s t a n c e s  w e r e  f o u n d  t o  be  
1.57 a n d  1-33 _~ r e s p e c t i v e l y .  T h e  f o u r  t h i o c y a n a t e  
g r o u p s  d o  n o t  f o l l o w  t h e  t e t r a h e d r a l  a r r a n g e m e n t  of 
t h e  s u l p h u r s  a b o u t  t h e  m e r c u r y  a t o m  b u t  t a k e  u p  

T a b l e  3. Bond lengths and bond angles 
(a) Hg(SCN)a group 

Hg-S 1 = 2-53 A S~-Hg-S~. = 120 ° 12' 
Hg.-S 2 = 2.49 S~-Hg-S 3 ---- 100 1 
Hg-S  3 = 2.59 S~-Hg-Sa = 106 54 
Hg-S 4 = 2.61 S2-Hg-S 3 = 111 11 
S~-C~ = 1.55 S2-Hg-Sa -- 111 9 
$2-C 2 ---- 1-66 S3-Hg-S ~ ---- 106 8 
Sa-C a = 1-50 Hg-Sx-C~ -- 100 21 
St-C 4 = 1"56 Hg-S~-C 2 = 103 49 
C x - N ~  = 1"38 H g - S 3 - C  ~ = 91 0 
C~--N~ = 1"31 Hg-St -C ~ = 8 6  4 4  

Cs-N~ = 1.33 S rC~-N x = 167 15 
Ca-N~ = 1.33 S~-C=-N~ = 163 42 

S~-Cs-N~ = 135 58 
S~-Nx = 2.91 (inter) S4-Ca-Na = 158 41 
S = - N ~  = 2-93 (inter) 
S~-N~ = 2.62 (inter) 
Sa-l~Ta = 2-85 (inter) 

(b) Copper-ethylenediamine ring 
(Cu-NH~-CH~-CH~-NH2-Gu) 

Groups at  ½, 0, 0 
(a) (b) 

Cu-:N 5 ---- 2.08 /~ Cu-N~ = 1.94 
• Cu-N~ = 2.13 Cu-N~---- 2-17 
~ - C ~  = 1-41 ~£-C£ = 1-36 
Ne-Ce ---- 1.45 N~-C~ = 1-36 
C~-C o = 1-53 05-0 ~ = 1-55 

N ~ - C u - N ~  70031 ' l~ -Cu-N~ = 85012 , 
Ns--Cs-Ce = 105 30 N~-C~-C~ 107 15 
N e - C e - C  ~ = 95 23 N ~ - C ~ - : C ~ ,  = 91 18 
Cu-N~-C 5 = 116 47 Cu'-N;-C~ 94 34 
Cu-N6-C e 119 13 ' ' ' = = Cu -Ne-C o 94 26 

Group at ½, 0, ½ 
Cu-N 7 = 2"00/~ I~7-Cu-N s = 84 ° 54' 
Cu-N s ---- 2.09 N7-C7-C s = 106 40 
N ? - C ?  = 1-43 N s - C s - C  ~ = 92  2 
Ns-C s = 1.43 Cu-NT-C ~ = 95 36 
C7-C s = 1.50 Cu-Ns-C s ----- 99 52 

* The present analysis is incapable of deciding whether  
a carbon or a nitrogen a tom of a thiocyanate  group is a t tached 
to the sulphur atom. However,  chemical evidence suggests 
tha t  the thiocyanate  is probably S-C-N, and this has been 
accepted and is considered in the present discussion. 

u n s y m m e t r i c a l  pos i t i ons  s a t i s f y i n g  t h e  s t r u c t u r a l  f e a -  
t u r e s  of g e o m e t r i c a l  p a c k i n g  a n d  c h a r g e  n e u t r a h z a t i o n  
(Fig .  6(a)).  T h e  o b s e r v e d  b o n d  l e n g t h s  a n d  b o n d -  
a n g l e s  in  t h e  Hg(SCN4)  g r o u p  c a n  be  s een  i n  F ig .  7. 

The [Cu(en)2 ] group.--As t h e  c o p p e r  a t o m s  l ie  a t  
t h e  t w o f o l d  spec ia l  pos i t i ons ,  e a c h  p a i r  of  Cu(en)2 h a s  
a n  o r i e n t a t i o n  i n d e p e n d e n t  of t h e  o t h e r .  T w o  e t h y l e n e -  
d i a m i n e  g r o u p s  a r e  ~ - o r d i n a t e d  t o  e a c h  c o p p e r  a t o m  
t h r o u g h  t h e  a m i n o - n i t r o g e n s ,  t h u s  f o r m i n g  t w o  f i v e -  
m e m b e r e d  r i ngs  s y m m e t r i c a l l y  a r r a n g e d  a b o u t  t h e  
c o p p e r  a t o m s .  T h e s e  r i n g s  a r e  n o n - p l a n a r  (see F igs .  
4 a n d  5) a n d  o n l y  t h e  a m i n o - n i t r o g e n s  l ie o n  t h e  s a m e  
p l a n e  w i t h  t h e  c o p p e r  a t o m  a t  a n e a r l y  s q u a r e  co- 
o r d i n a t i o n ,  b u t  t h e  t w o  c a r b o n s  i n  e a c h  r i n g  l ie  o u t  

b t 

Y(i / ( ( , C ~ - ~  - o q ~ D S  , ~  
• , ,  £ . . - *  , : .  . . "  - 

/ t~ ? ] i ( " ~ N s  . . . . . . .  ,:1,..2.. ~ ' ~ - - - "  
k \(rLx.\( ;(/'Y::T~ ...... '---" J / .-- 

'. ", ; (" ', : -)  "-" X" 

./' i t . . . .  . : : . i  • .., 
~ i ~ , . ,  ~ 'L' "-' ..... , ~ , ., /,', -....... -.., .... ,,. "~ 

L_~./ ' . . ,~-v --~ ....... 

~ k ' ~ ~ : ' S " " :  . . . .  :; .... ; "; ~ ~ ~ i i  ~"., ' ~< 

.-'wJ,., \ ~ k .  <----, " -  ,-.~-'i- 
>,-._c~, 1_. . ' )  --'~C.~,",',' . .~ - , , : ' ~  

,"--' I ; .... ".--'~/.." %0_\ "" J~.. , ',, , .,< ._. 

~,, . ~ . . . . ~  ~ .... . ~ ,  , . ~  
1 

O 5 A  
I , i i I I 

Fig. 4. Electron-density section at  x = ½. The (en)~. groups 
a t tached to the copper atoms at ½, ½, ½ are outlined. Con- 
tours at  arbi t rary intervals. 
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F i g .  5. P a r f ~  o f  t h e  e l e c t r o n - d e ~ i t y  s e c t i o n  a t  z = 0. T h i s  
sec t i on  s h o w s  an  a l m o s t  c o m p l e t e  Gh~(en)2 g r o u p  w i t h  t h e  
c o p p e r  a t  ½, 0, 0. C o n t o u r s  a t  a r b i t r a r y  i n t e r v a l m  
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Fig. 6. (a) The a tomic  a r r angemen t  in the  cell as p ro j ec t ed  on (100). The  a l te rna t ive  or ien ta t ion  of the  (en)2 group a t t a c h e d  to  
the  copper  a t  the  ½, ½, ½ posi t ion  is omi t t ed  to avo id  confusion.  (b) F ina l  e lec t ron-dens i ty  p ro jec t ion  on (100), ba sed  
on the  a r r angemen t  of a t o m  posi t ions  in (a). Contour  in tervals  are 20 e .A -~ for  the  m e r c u r y  and  copper  a toms ,  4 e .A -9 for  
the  su lphur  a toms  and  2 e .A -2 for the  ca rbon  and  n i t rogen a toms.  

of the corresponding planes by  about +0.35 and 
-0 .55  /~ respectively. 

The bond-lengths and bond-angles in the Cu(en) 
rings are given in Table 3. 

I t  was found tha t  the (en)2 groups attache~l to the 
copper atoms at  ½, 0, 0; ½~ ½, ½ can take up alternative 
positions, thus indicating two possible stereochemical 
configurations for these rings. This was suggested by 
the sections at x = ½ (Fig. 4) and z = 0 (Fig. 5), where 
the (en)2 groups at tached to the same copper atom, at  
½, 0, 0, are outlined. As the planes x = ½ and z = 0 
are at right angles, no more than one or two atoms of 
the same (en)g roup  should appear in these two 
electron-density sections. 

Calculations of the intra-molecular distances be- 
tween the copper atoms and the nitrogen atoms of the 
thiocyanate groups gave the values" 

(Cu)I-N ~ = 2-58 A, (Cu)2-N 4 = 2.81 A ,  
(Cu)I-N s = 4.06 A, (Cu)2-N 1 = 3-60/~.  

These intramolecular distances indicate tha t  the two 
nitrogens N2 and N 4 co-ordinate to the copper atoms 
(Cu)l and (Cu)~.* 

Similar co-ordination from the corresponding nitro- 
gen atoms from the other molecules give a total  sixfold 
co-ordination for each copper atom. The co-ordination 
directions l~9-(CU)l-N 2 and N4-(Cu)2-N 4 are approxi- 

* The no ta t i on  (Cu)z and  (Cu)2 refers to the  copper  a toms  
a t  ½, 0, 0 or ½, ½, ½ and  ½, 0, ½ or ½, ½, 0 respect ively.  

mately at  right angles to the plane containing the 
copper and the amino-nitrogens. 

4. D i scuss ion  of the accuracy of the resul t s  

The aim of this investigation was to establish the 
stereochemistry of the Hg(SCN)4 and Cu(en)2 com- 
plexes. In the course of the work we experienced many 
difficulties due to the heavy atoms in the structure. 
Apart  from errors in the observed JF['s, owing to 
absorption, the diffraction effect of the mercury atom 
alone could be enough to distort the shapes and heights 
of the electron-density peaks of the other atoms. 
Furthermore, no correction was made to allow for the 
termination of the Fourier series, and it is also possible 
tha t  some of the signs of the IFl's used in the three- 
dimensional syntheses are incorrect. I t  follows, there- 
fore, tha t  of all the interatomic distances and bond 
angles of Table 3, the most reliable are those between 
the mercury and the sulphur atoms. The mean Hg-S 
distance of 2-55 • is in good agreement with the 
theoretical value of 2.52 J~, as derived from the atomic 
radii for a tetrahedrally co-ordinated mercury atom 
(r = 1-48 /~) and a single-bonded sulphur atom 
(r = 1.04 A), and with the experimental values of 2.5 
and 2.56 /~ observed in the mercury n-alkyl mercap- 
tides (Wells, 1937) and chloro-mercury alkyl mercap- 
tides (Johansson, 1939) respectively. Recently, Zhda- 
nov & Sanadze (1952), from X-ray investigation of 
the Hg(SCN)~. K(SCN) and Hg(SCN)2. NH4(SCN), give 
Hg-S bonds of 2.51 and 2-45 A. 
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The bond angles are generally more sensitive to 
errors in the co-ordinates. However, in spite of the 
variation of about 20 ° between two of the S-Hg-S 
angles, . the mean of 109 ° 16' is very close to each of 
the other four S-Hg-S angles. The observed distortion 
of the HgSa tetrahedron is shown in Fig. 7(a). 

i I 
11  

S1-Hg-S2=120 ° 12' 

x\ Sl-Hg-S3--100 ° 1' 

"~ ~ . ~ x .  S1-Hg-$4=106 ° 54' 
" < 2 \  S2-Hg-S3--111 ° 11 ' 

k 

S2-Hg-S,--111 ° 9' 
• 8 r ~-.~- - - S3-Hg-S~=10b ° 

( ~ 5 1  . S2 

~ '  2 

(b))~11:33 

Fig. 7. Tnteratomie distances, bond lengths and bond angles  
in (a) the HgS 4 tetrahedron, (b) the [Hg(SCN)4 ] group. 
All distances in AngstrSm units. 

Although the four sulphur atoms were located with 
a fair degree of accuracy, this is not the case 
for the carbon and nitrogen atoms of the (SCN) 
groups. The following are the weighted mean values 
for the bond lengths and bond angles of the Hg(SCN)4 
group as obtained from this structure analysis: 

Hg-S = 2-55 A S-Hg--S = 109 ° 16' 
S-C = 1.57 J~ Hg-S-C = 102 ° 5' 
C-N = 1.34 A S-C-N = 163 ° 12' 

S-N = 2.90 A 

To our knowledge, no accurately determined crystal 
analyses of compounds containing the thiocyanate 
group have so far been reported (Klug, 1933 ; Zhdanov 
& Sanadze, 1952). 

The mean experimental values of 1.57 and 1.34 A 
which we found for the S-C and C-N bond lengths 
respectively, are, within the limits of error, close to 
the theoretical values of 1.60 and 1.27 .~ as expected 

for double S-C and C-N bond lengths. There is also 
good agreement with other experimental values 
(Table 4). 

I t  is possible, accordingly, that  the bond character 

in the (SCN) group may be the result of resonance 
between structures: 

- S - C = - N , - S + = C = N  - and - S 2 + - C - N  2-, 

in which the second is perhaps predominant. 
The interatomic distances and bond angles in 

Cu(en)2 are generally less accurate than those in the 
Hg(SCN)4. Here, the Cu-N bond distances should be 
taken as the more accurate of this group, as there are 
no errors in the co-ordinates of the copper atoms, and 
the observed mean Cu-N value of 2.07 /~ is close to 
the expected covalent Cu-N bond of 2-02 JL The 
H,N-Cu-NH 2 angle in all the five-membered rings is 
less than 90 ° and would possibly arise as a result of a 
non-planar ethylenediamine group co-ordinated to the 
copper atom. Reference can be given here to other 
saturated five-membered rings for which deviation 
from planarity was observed. Such examples are: 
the d-ribose ring in cytidine (Furberg, 1950), the 
thiazolidine ring in penicillin (Crowfoot, Bunn, Rogers- 
Low & Turner-Jones, 1949), the fructofuranoside 
(Beevers & Cochran, 1947) and the ring d in cholesteryl 
iodide (Carlisle & Crowfoot, 1945). 

5. Conclusions 

In carryin~out this structure analysis, no preconceived 
ideas about the stereochemistry of the molecules were 
employed and the use of the heavy-atom technique 
has made it possible to arrive at a feasible stereo- 
chemical model for the Hg(SCN)4 and Cu(en)2 groups. 

The discrepancy factors R for the three projections, 
using the co-ordinates of all atoms as given in Table 2, 
were found to be 

R0b/) = 0.26, /~(h0l) = 0.26, R(hb0) = 0.25. 

These values were further reduced to about 0.16 when 
empirical f curves for the mercury, copper and sulphur 
atoms were used.* The fHg curve was derived from 
a small number of reflexions for which the mercury 
atoms were mainly contributing. For the sulphurs, 
the empirical curve derived from thiophthen (Cox, 
Gillot & Jeffrey, 1949) was used. From these two 
f curves the f curve for the copper atom was obtained 
by interpolation. The f values for the mercury and 
copper atoms are given in Table 5. 

The low values for the discrepancy factors are in no 
small measure due to the presence of the heavy atoms, 

but the three-dimensional analyses leave us in no 

* For the carbon and nitrogen atoms the Robertson ?-curve 
has been used throughout the analysis. 

1.64 
1-54 A 
1.56 A 
1.56 A 
1.61 -~ 

Table 4. Observed sulphur-carbon distances 
in thiourea 
in CS~ 
in CSO 
in CHaNCS and HCNS 
in CH~SCN 

Pure double bond 
Resonance structure } 
Resonance structure 
Resonance structure } 
Resonance structure 

(Wyckoff & Corey, 1932) 

(Cross & Brockway, 1935) 

(Beard & Dailey, .t949, 1950) 
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Table 5. Experimental atomic scattering factors 

sin 0/A Hg Cu 

0.1 78.0 28.5 
0.2 71-0 24.0 
0.3 58-6 18-0 
0.4 40.8 12.5 
0.5 38.5 8.4 
0.6 22-0 7.5 

doubt  t h a t  the  s tereochemistry  of the  [Hg(SCN)4 ] 
[Cu(en)~] s t ruc ture  is essentially wha t  we have  de- 
scribed it to be. 
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A n o m a l o u s  Lattice Constants  of Zinc Oxide  

BY G. D. A_RC~ARD* 

The University, Reading, England 
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Samples of zinc oxide examined by X-ray diffraction were found to exhibit (1) axial ratios 1 par t  
in 5000 lower than normal, and (2) significant discrepancies in the lattice spacings determined 
from different reflexions. The same samples exhibited abnormal electrical conductivities. 

With a view to explaining the observations, two hypothetical lattice distortions were considered. 
I t  was found that  a small change in the nominally 120 ° angle of the hexagonal cell could be confused 
with a change in axial ratio, and that  changes in the nominally 90 ° angles together with mutual  
translations of the atoms could explain the discrepancies in the lattice spacings. Certain samples 
changed from 'regular' to 'anomalous' behaviour after exposure to the atmosphere, thus suggesting 
a possible cause for the phenomenon. 

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

In  a recent  repor t  on a series of measurements  of the  
lat t ice constants  of zinc oxide (Rymer  & Archard,  

* Now at Associated Electrical Industries Ltd, Aldermaston, 
Berkshire, England. 

AC6 

1952) it  was ment ioned t h a t  certain samples, excluded 
from the results given, behaved in an anomalous 
fashion; for example,  their  axial  rat ios fell consider- 
ably  below the average value, and the  latt ice spacings 
deduced from various reflexion planes appeared  mark-  
edly different, even when the  effects of absorpt ion 
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