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tu re  de To impliqu6s dans ce tri~dre soient 'respon- 
sables ' :  seuls le sont n6cessairement ij, ilc, jlc dont  le 
fus ionnement  dans les calculs vient  de provoquer  
l 'arr~t  des op6rations. En  effet n 'on t  6t6 test6s au 
cours de la condensation que les tri~dres compos6s 
a y a n t  des sommets notds par  des indices en succession 
naturel le  sans lacunes (1234, 12345, . . .  ), et il se peut  
que 125,ijk (i, j ,  ]c 4: 3, 4), par  exemple, dont  on ne sait  
rien, soit la seule cause de l ' inconstructibili t6 de 
1. . . (x , i jk .  I1 importe  donc d 'y  remonter  par  le biais 
d ' u n  sous-programme. Deux chemins sont possibles. 

Le plus systdmat ique consiste £ in terver t i r  les lignes- 
colonnes de la par t ie  utile de To de fa~on £ y faire 
appara i t re  i, j ,  k en tgte, puis £ condenser dans l 'ordre 
i, j ,  k, l ,  2, . . .  jusqu '£  rencontre d 'une  inconstructi-  
bilit6 m e t t a n t  en cause m, n, p. On reclasse alors le 
tab leau  des ijk, . . .  m . . .  n . . .  p . . .  (troisi~me conden- 
s a t i o n - d o n c  priv6e de lignes-colonnes i, j ,  k) en y 
faisant  appara l t re  les lignes-colonnes m, n, p en t6te, 
et  ainsi de suite jusqu '£  ce que l ' inconstructibili t6 se 
produise au contact  du domaine reclass6. 

Le second proc6d6, moins stir mais souvent plus 
rapide, consiste £ reprendre la condensation des 
tab leaux T~_I, T~_2, . . .  d6j£ calcul6s, en y suppri- 
m a n t  la premigre colonne, puis en op6rant  de m~me, 
si ndcessaire, sur les nouveaux  tab leaux  d6riv6s. 

7. Rectif ication des hypotheses  de sip, nes 

Un groupe de signes a y a n t  6t6 reconnu incompatible 
avec une densit~ ~lectronique positive, il convient de 

le modifier. Cette modification, op6r~e sur To, rend 
caduque une part ie  des calculs de condensation d6j£ 
effectu6s, qu'il convient alors de recommencer.  De la 
sorte, l ' inversion du 'signe' de ij ( i < j )  oblige £ re- 
calculer: 

(1) l'616ment j i  dans les tab leaux  T1 £ Ti-1, 
(2) la ligne-colonne j dans les t ab leaux  Tt ~ Tj-1, 
(3) la totali t6 des tab leaux d'indice sup6rieur £ j - 1 .  

Outil  p ra t ique :  un cache en rhodoide pe rme t t an t  de 
gommer  un seul te rme et une seule ligne. 

8. Stockage  des incompat ibi l i t~s  

Le stockage des incompatibili t6s est effectu6 sur un 
tableau en t~te duquel f igurent  les indices cristallo- 
graphiques des angles ij dans l 'ordre de leur inter- 
vention dans les calculs. Les signes relatifs £ chaque 
incompatibil i t6 sont inscrits dans les colonnes corres- 
pondantes ;  en regard,  les indices tensoriels qui carac- 
t6risent le sous-espace inconstructible.  

Lors du changement  d 'hypoth~se,  il convient 6vi- 
demment  de vdrifier que l 'on ne va pas reproduire une 
hypoth~se d~j£ essay~e. 
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The monoclinic unit cell has dimensions: 

a=17.34,  b=3.90, c=17.46 A; fl=96.9 ° . 

The space group is P21/n and the cell contains 2 Cu (at symmetry centres) and four molecules of 
C16HllNeO. The structure was determined from the intensities of 1807 hkl reflexions by least- 
squares refinement on Pegasus; R = 16 %. 

The copper atoms have square planar coordination, with two oxygen atoms at 1.93/~ and two 
nitrogen atoms at 2-01/~. The next nearest neighbours are oxygen atoms of two adjacent molecules 
(Cu-O =3"00 _~) which complete a distorted octahedral coordination group. The structure shows 
that  only one nitrogen atom of each azo group is bonded to the metal atom. 

Introduction 

Although the aromat ic  azo compounds are ext remely 
numerous  and of considerable technical  impor tance  
and  theoretical  interest,  very  few have  been subjected 
to s t ruc tura l  studies. The crystal  s t ructures  of the two 

isomers of azobenzene have  been determined (de 
Lange, Rober tson  & Woodward ,  1939, H a m p s o n  & 
Robertson,  1941), and  more recent ly  benzene diazo- 
n ium chloride has been studied (Romming,  1959). 
Stable meta l  derivat ives are formed by compounds 
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R1-N = N-Re in which R1 and R~. are aromatic  systems 
having  subst i tuents  in one or more of the ortho posi- 
tions which are capable of bonding to a meta l  atom. 
I t  is supposed tha t  in these chelate compounds the 
ortho subst i tuent  and the azo group are bonded to the 
meta l  atom, but  it was not known whether the bond 
to the azo group involves one or both of the nitrogen 
atoms. The structure of the copper derivat ive of ben- 
zene azo-fl-naphthol has been studied to dist inguish 
between these two possibilities. 

I '  ( hld) = I ( hkl) + 0-2I(llch) 

I ' ( llch ) = I ( llch ) + 0. 2I  ( hlcl ) . 
Thus 

I(hkl)= 1.04 {I '(hkl)-O.2I '( lkh)} 
=I ' (hld)-O.2I ' ( lkh)  to the usual  

accuracy of visual estimation. This correction was 
applied to I'(hlcl) if I '( lkh)> ¼I'(hlcl). 

Experimental 
The complex was obta ined in the form of acicular 

crystals which appeared a dark metall ic  green by  re- 
flected light. By  t ransmi t ted  light the th innest  crys- 
tals appeared deep red when the electric vector was 
parallel  to the needle axis and  opaque when the l ight  
was polarized at r ight  angles to the needle axis. 

X-ray  photographs showed tha t  the crystals are 
monoclinic, the needle axis is the symmet ry  axis, and 
the cell dimensions are" 

a=17 .34 ,  b=3.90 ,  c = 1 7 . 4 6 A ;  f l=96 .9  ~. 

Wi th  this choice of axes the only sys temat ic  ab- 
sences are hO1 for h + 1 = 2n + 1, and 0k0 for k = 2n + 1. 
The space group is therefore P21/n. The measured 
densi ty  is 1.577 g.cm.-8, the densi ty calculated for 
two molecules of Cu(C16HnN20)e is 1-581 g.cm. -3. The 
copper atoms must  therefore lie at  centres of symme- 
t ry  at 0, 0, 0 and ½, x2, ½- 

Weissenberg photographs of zero, first, second and 
th i rd  layers about  [b] were taken;  the usual  multiple- 
f i lm and visual-est imat ion techniques were used to 
obtain observed intensities, which were then corrected 
for polarization and rotat ion factors in order to obtain 
values of F2(hkl) and hence F(hkl) on an a rb i t ra ry  
scale. There are 312 F(h0/), 570 F(hl/) ,  550 F(h2/), 
and 385 F(h3/) measured structure factors. 

The extreme acicular habi t  of the crystals made it 
impract icable  to obtain reliable in tens i ty  da ta  except 
for rotat ion about  [b]. The separate layers were brought 
to an approximate ly  absolute scale by  comparison 
wi th  calculated structure factors during the refine- 
ment.  

The photographs of the first, second and th i rd  layers 
were taken with a different crystal from tha t  used for 
the zero layer; it was not until the higher layers came 
to be es t imated tha t  it was noticed tha t  this crystal 
was twinned,  one component  having a and c axes 
i~terchanged with respect to the other. Because of 
the near  equal i ty  of the two axes, reflexions hkl from 
one component  and lkh from the other overlap accu- 
ra te ly  except for large values of h or 1. Intensit ies of 
separated high-angle reflexions indicated a ratio of 
5" 1 for the intensit ies of the two components.  

If  I(hkl), I(lkh) are actual  intensit ies from the 
stronger component,  and I'(hkl), I'(lkh) intensit ies 
measured on the film, 

X-ray structure analysis 

Since the copper atoms must  lie at  centres of symme-  
try,  and thus give a m a x i m u m  positive contr ibut ion 
to all hO1 structure factors, it  m a y  be assumed tha t  
most of these will have positive signs. A projection in 
which all observed F(hO1) were included with positive 
signs showed peaks from which the positions of all 
atoms in the benzene azo-/~-naphthol molecule could 
be deduced. Coordinates were assigned and structure 
factors calculated. These indicated tha t  several mode- 
ra te ly  large terms were negative.  The projection was 
accordingly corrected, fresh coordinates were assigned, 
and the structure factors were recalculated. I t  was 
then possible to incorporate all the  observed F(hO1), 
of which all bu t  20 were positive, in a final electron- 
densi ty  projection. 

Recalculat ion of the F(hO1) with coordinates derived 
from this synthesis gave good agreement and no indica- 
t ion of fur ther  sign changes. 

A first approximat ion to the y-coordinates was ob- 
ta ined by  computing the generalized projection. 

h+l odd 

C(1) - ~ • F(hll) cos 2~(hx+l z ) .  
h l 

Copper makes a m a x i m u m  contribution to all 
F(hlcl) for which h + k + l  is even; hence those F(hll) 
for which h + l  is odd m a y  be assumed positive. The 
height  of a peak at (x, z) in C(1) is proportional to 
the value for cos 2~y for the atom at tha t  position, 
and  thus enables an est imate of y to be made. This 
est imate was checked by comparing bond lengths 
measured in projection with those expected for regular 
benzene and naphtha lene  rings. 

Since the y-coordinates of the two nitrogen atoms of 
the azo l ink are both close to zero there is an ambi-  
gui ty in the sign of the y-coordinates of the phenyl  
group, which m a y  be t i l ted either up or down with 
respect to the/~-naphthol  group. The terms F(h l / )  for 
which h +/c + l is even are of the form 

19 

F(hll) (even) = 2fcu+2 _,Yfi cos 2~(hx~+lz~) cos 2~zyi 
i = 1  

and are unaffected by  the sign of y~; calculated 
structure factors showed reasonable agreement with 
exper imental  values. 

The ambigu i ty  was resolved by  calculating struc- 
ture factors F(hll) for which h + / c +  1 is odd; for these, 
there is no copper contribution, so tha t :  
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19 
F(hll) (odd) = ~ f i  sin 2g(hxi+lzi) sin 2 ~ y i .  

i=1 

It was soon seen that one of the alternative sets of 
y-coordinates gave better agreement than the other. 
These y-coordinates were refined by computing gen- 
eralized projections, of both C and S terms, first for 
t he  F(hll), a n d  la te r  for F(h2l)  and  F(h3l) .  

This  process was c o n t i n u e d  un t i l  t he  signs of all bu t  
a few smal l  s t ruc tu re  factors  were  se t t led ,  w h e n  the  
ind iv idua l  layers  were scaled by  m u l t i p l y i n g  by  

XIFcl/XIF°l" Table  1. Atomic 
The r e f i n e m e n t  was c o m p l e t e d  by  a t h r ee -d imen-  

sional  least-squares method on a Ferranti 'Pegasus' x (A) y (A) 
compute r .  The  p r o g r a m m e s  used  were  suppl ied  by  Cu 0.000 0.000 
Dr D. W. J. Cruickshank. The weighting factor w was c I 3.095 0-320 
given by 1/w=F+F2/80. C 2 2.130 0.984 

C a 2.523 1.432 
Three  pos i t iona l  p a r a m e t e r s  a n d  one isotropic t em-  c~ 3.820 1-193 

perature parameter were refined for each carbon, C 5 6.117 0-360 
nitrogen and oxygen atom, and one isotropic temper- c 6 7.047 -0.281 
ature parameter for the copper atom. The overall c 7 6.713 -0-739 C 8 5.410 - 0-521 
scale fac tor  for t he  Fo was also ref ined.  H y d r o g e n  c 0 4.435 0.129 
a toms  were inc luded  in  the  s t ruc ture - fac tor  calcula- c10 4.799 0.551 
t ions  bu t  were no t  re f ined  by  the  leas t -squares  pro- c n 1.691 -0.321 

C12 0.632 0.209 
g r amme .  E a c h  h y d r o g e n  a t o m  was p laced  1.00 A f rom C~3 0.598 -0.004 
its carbon atom, along the extension of the diagonal c14 1.658 -0.668 
of the corresponding six-membered ring. The scales of c15 2-713 - 1-186 
the individual layers were adjusted separately in order C~6 2.748 -0.996 
to m a k e  ZFo =.~Fc w h e n  these  sums differed by more N17 1.688 --0.083 N18 2-904 -- 0-036 
t h a n  5% for any  par t i cu la r  layer.  O~9 0.914 1.275 

The  f inal  a g r e e m e n t  factor  is R= 16.0%, ca lcu la ted  
for 1807 ref lexions;  10 ref lexions w i t h  smal l  indices  
were  o m i t t e d  as t h e y  were  obvious ly  a f fec ted  by  ex- 
t inc t ion .  The  accuracy  of t he  s t ruc tu re  d e t e r m i n a t i o n  
is limited by the inadequate intensity data--in par- 
ticular by the twinning and omission of F(hkl) for k > 3. 

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

Pos i t iona l  and  t e m p e r a t u r e  pa r ame te r s  of all t he  a toms  

parameters 
z (A) B (A S) 
0.000 3.25 

--0.313 2-63 
-- 1.255 2.40 
--2.512 2.93 
--2.810 2.96 
--2.276 3.19 
-- 1-360 3.62 
--0-147 3.19 

0.212 3.18 
-- 0-665 2.51 
--1.913 3.16 

2.704 2.38 
3.283 3.05 
4.684 3.83 
5.416 3.60 
4-838 3-09 
3.444 2.71 
1.309 2.52 
0.935 2-57 

- 1.013 3.02 

I 

i C14 

~ C~C,~ "~ ) C15 

0"67 I 
/ 

Fig. 1. Molecule of Cu(II)bis(benzene-azo-fl-naphthol) projected down b-axis: figures on left are y-coordinates in A. 
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~ . - , / ~  I "39 

~1 "41 

1"33 - 1"41 

Fig. 2. Cu(II)bis(benzene-azo-fl-naphthol): bond lengths (in -~_) and bond angles. 

are given in Table 1. The estimated standard devia- 
tion of the carbon atoms is about 0.015 /~, and of the 
nitrogen and oxygen atoms about 0.010 A. 

Bond-lengths and bond-angles are given in Fig. 2, 
which also indicates the direction of tilt of the various 
planar groups of atoms. The copper atoms are spaced 
at intervals of 3.90 A (b) along the b-axis, and have 
square planar coordination, with two oxygen atoms 
at 1.93 • and two nitrogen atoms (N17) at 2.01 _&. 
This square is tilted about its N-Cu-N diagonal by 
41½°, so that  the next-nearest neighbours of any copper 
atom, in a direction roughly perpendicular to the 
square, are two oxygen atoms (one from each adja- 
cent molecule), which complete a distorted octahedral 
coordination group (Cu-O=3"00 A). 

As can be seen from Figs. 1 and 2, only one nitrogen 
atom (N17) of the azo-group is bonded to copper. The 
situation is similar to that  in the cuprous chloride 
azomethane complex (Brown & Dunitz, 1960) where 
it is concluded that  interaction between copper and 
the azo group is due to a dative (r-bond formed by 
the unshared pair of electrons on one nitrogen atom, 

The ten carbon atoms of the naphthalene group are 
all within the estimated standard deviation of their 
mea~ plane (0.015 A). The oxygen atom (no. 19) is 
0 . 0 6 A o u t  of the plane and the two nitrogen atoms 

(nos. 17 and 18) are 0.07 and 0.11 /~ respectively out 
of the plane. The mean plane of the naphthalene 
group is tilted by 28 ° from the a-c plane, so that  the 
perpendicular distance between parallel groups re- 
lated by the b-translation is 3.43 A. 

The six carbon atoms Cn to C16, and nitrogen N17, 
are coplanar to within the estimated standard devia- 
tion, and the tilt of 31 ° relative to the a-c plane 
results in a perpendicular spacing of 3.35 A between 
these groups along the b-axis. The angle between the 
plane of the six-membered ring and that  of the naph- 
thalene group is 19 °. 

The bond lengths and bond angles in the ring sys- 
tems are within the range of values usually obtained 
in comparable organic structures but the accuracy of 
the structure would not justify detailed discussion of 
the significance of particular bond lengths. 
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