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The crystal  s tructure of the va t  dye isoviolanthrone (isodibenzanthrone), C34H160~, has been solved 
from three-dimensional  photographic da ta  and refined by  least squares. The space group is P21/c 
with  a--15.21,  b =3.825, c =33.12 /~, and there are two independent  molecules in the asymmetr ic  
unit .  Their  orientat ions and  relative positions have been found by  the applicat ion of Fourier  t rans-  
form considerations to the whole weighted reciprocal latt ice.  The structure is r emarkab ly  similar 
to t ha t  of the isomeric violanthrone (reported in the preceding paper) and in part icular  the molecular 
packing is of the s tacked ploughshare type.  There are significant deviat ions of the molecule from 
p lanar i ty  and the low value of formally single C-C bonds, wi th  a mean  of 1-45 + 0.01 _~, suggests 
appreciable contr ibut ions from excited canonical forms. 

Introduct ion  

In connection with their use as model substances in 
carbonization experiments the crystal structures of 
several vat dyes have been studied. The preceding 
paper gives an account of the crystal structure of one 
of thes% violanthrone. The crystal structure of its 
isomer isoviolanthrone (I), which is of equal impor- 
tance in this relation, is reported here. 

(I) Cs4H1602 

* Present address: M.R.C. Laboratory of Structural Biology, 
Hills Road, Cambridge, England. 

Crystals of isoviolanthrone can be obtained from 
specially purified samples (kindly supplied for this 
work by E. I. Du Pont de Nemours & Co.) by the 
sublimation method used for violanthrone. These are 
needle shaped about [b] and, generally, twinned about 
[001]. The unit cell was found to be monoelinie with 
the dimensions: 

a = 15.21 • Dm= 1.53 g.cm -3 
b = 3.825 D~ = 1.52 
c=33.12 Z=4 
fl=90-8 ° 

As the hO1 reflexions with 1 odd and the only two 
observable 0k0 reflexions with k odd were missing, 
even on very strong photographs, the space group 
was assumed to be P21/c. 

All intensity data were recorded by the eqni-inclina- 
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tion' Weissenberg method with Cu K ~  radiation and 
the crystal mounted about the b axis. This was neces- 
sary because easy cleavage along this axis prevented 
the cutting of crystals of suitable dimensions for other 
orientations. The hO1 to h31 zones, comprising 89% of 
the accessible data, were recorded, visually estimated 
and correlated with the double-slit method (Stadler, 
1950). 

T h e  s t r u c t u r e  d e t e r m i n a t i o n  

The unit-cell dimensions are very close to the violan- 
throne values, and suggested a possible similarity 
between the two structures despite the different space 
groups. This was strengthened by  the very similar 
distribution of groups of strong reflexions (undoubt- 
edly corresponding to transform peaks) in the weighted 
reciprocal lattice. Moreover the (hO1) intensi ty pa t te rn  
(Fig. 2) had pronounced pseudo-halving for odd h and 
low values of I (see preceding paper). In  view of these 
similarities it  seemed reasonable to t ry  and solve the 
structure by the three-dimensional Fourier transform 
considerations which had led to an understanding of 
the violanthrone structure. 

Since the violanthrone molecule has a centre of 
symmetry,  its transform, G, is everywhere real and 
readily evaluated. This transform could be adjusted 
against the (hOl) weighted reciprocal latt ice section 
to give superposition of the high peaks in six different 
orientations. These were caused by the sixfold pseudo- 
symmetry  of the high transform peaks. 

However, all but  one of the resulting molecular 
orientations could be excluded by  packing and by a 
detailed comparison of the shape of the transform 
peaks, which are roughly elliptical, with their images 
in the weighted reciprocal lattice. 

The molecules themselves are centrosymmetrical 
and were expected to lie on space-group centres of 
symmetry.  With four molecules per unit cell, this 
meant  there were two unrelated half molecules in the 
asymmetric unit,  centred on (0, 0, 0) and (½, 0, 0) or 
(½, ½, 0). However, a single orientation had been found 
in the transform fit of the (hO1) projection• This, like 
the pseudo-halving, was analogous to the behaviour 
of violanthrone (see preceding paper) in which two 
independent molecules gave the same orientation in 
projection but  were t i l ted out of the plane about dif- 
ferent lines. This should show in the weighted reci- 
procal lattice as two separate transform origin peaks 
on each (hnl) section as in violanthrone, and this 
proved to be so. The origin peaks can be seen in Fig. 1, 
which also shows the orientation of the molecular 
planes inferred from the origin peak positions. These 
make angles of 26 ° with (010). The positions of the 
origin peaks are consistent with two orientations for 
each molecule corresponding to the up-down ti l t ing 
out of the (010) plane (Fig. 1), because of the symmetry  
of the weighted reciprocal lattice, but  these appear 
the same in projection. 

I t  was now possible to derive the plane transforms 
of the foreshortened molecules as they appear in pro- 
jection by expanding the scale of the transform by 
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Fig. 1. The t r ans fo rm origin peaks  on the  (hl/) and  (h2/) 
weighted  reciprocal  la t t ice  sections of isoviolanthrone.  I f  
the  direct ion of t i l t  of one molecule  out  of the  plane 
(about  OA) is f ixed then  the  second molecule  m a y  be 
t i l ted up or down abou t  OB. Both  possibilities give origin 
peaks in the  same positions. 
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F i g .  2 .  T h e  (hOl) w e i g h t e d  r e c i p r o c a l  l a t t i c e  o f  i s o v i o l a n t h r o n e .  

T h e  t r a n s f o r m  p e a k s  f r o m  t w o  u n r e l a t e d  m o l e c u l e s  o v e r l e p  

b e c a u s e ,  a l t h o u g h  t h e y  a r e  i n  t h e  s a m e  o r i e n t a t i o n  i n  

p r o j e c t i o n ,  t h e y  a r e  t i l t e d  o u t  o f  t h e  p l a n e  a b o u t  d i f f e r e n t  

l i n e s .  

(cos26°) -1 along OA or OB (Fig. 1). These were 
matched as accurately as possible against the (hO1) 
weighted reciprocal lattice (Fig. 2) and the magnitudes 
of G1 and G2, the transform values at  the reciprocal 
lattice points, were read off. The expression for Fc in 
terms of these is formulated by adding the contribu- 
tions of each molecule to a particular structure factor 
multiplied by the appropriate fringe function (e.g. 
Taylor & Morley, 1959; Bolt•n,  1963). 

In this case i t  reduces to: 

F(hO1) = 2G1 + 2G~ for h = even 
= 2G1 - 2G2 for h = odd 

This was evaluated to allocate signs unambiguously 
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to 78 h igh  Fo. The  resu l t ing  :Fourier syn thes i s  (Fig. 3) 
conf i rmed  t he  s t ruc tu re  as i t  showed  t he  a toms  of b o t h  
molecules  c lear ly  a n d  the re  was l i t t l e  spur ious  dens i ty .  
A tomic  coordina tes  f rom this  gave  an  R va lue  of 0.335 
for obse rved  hOl ref lexions  wh ich  r e d u c e d  to  0-142 
af te r  cyclical  leas t -squares  r e f inements .  

Fig. 3. The Fourier synthesis on (010) with signs 
obtained from the (hO1) transform fit. 

Assuming  a molecule  (I) a t  (000) in  a f ixed incl ina-  
t i on  i t  r e m a i n e d  on ly  to  f ind  t he  he igh t  of t he  second  
molecule  (II) above  t he  p lane  of p ro j ec t ion  and  i ts  
re la t ive  t i l t  to  solve t he  s t ruc tu re  th ree -d imens iona l ly .  
E a c h  of t h e  possible  a r r a n g e m e n t s  gives t he  same 
d i s t r i bu t ion  of peaks  in  t he  w e i g h t e d  reciprocal  lat-  
t ice  sections.  However ,  i t  is found  by  s u m m i n g  t he  
t r a n s f o r m  con t r ibu t ions  w i th  the  appropr ia t e  f r inge  
func t ions  t h a t  for (hl/) s t ruc tu re  factors  w i th  odd  l, 
i r respec t ive  of t i l t ,  

or 
F=(G~÷G~)-(G2+G~) (1) for I I  on  ½½0 

F--(G~+G~)÷(G2+G~) (2) for I I  on  ½00 

where  G1, G~ a n d  G2, G~ are t he  con t r ibu t ions  of mole-  
cules I a n d  I I  a n d  t he i r  space-group r e l a t ed  mates .  
These  are r ead  off d i r ec t l y  f rom the  t r a n s f o r m  f i t t e d  
aga ins t  t he  (hl/)  w e i g h t e d  rec iprocal  l a t t i ce  sect ions  
(Stadler ,  B o l t o n  & Mai t land ,  1964). Cons i s ten t  agree- 
m e n t  for severa l  ref lexions  was on ly  possible  w i t h  I 
showing  t h a t  molecu le  I I  was on (½½0). 

I n  a s imi lar  way,  t he  express ion  for F(hll) w i t h  1 
even  can be w r i t t e n :  

or 

! F =  (G1- G1)- (G~- G~) 

= (~1 - ~ ; )  + (G~ - G~) 

(3) 

(4) 

d e p e n d i n g  on t he  re la t ive  t i l t s  of t h e  molecules  alone.  
Only  (4) agreed  cons i s t en t ly  w i t h  F(hll) a n d  the re fore  
f ixed  the  re la t ive  t i l t s  of t he  molecu la r  planes .  

B y  cons ider ing  the  over lap  of t he  two origin peaks  
only,  th is  resu l t  was s u b s e q u e n t l y  conf i rmed  b y  t h e  
m u c h  s imple r  m e t h o d  g iven  in  :Fig. 3 of Stadler ,  
B o l t o n  & Mai t l and  (1964). 

W i t h  t he  u n r e l a t e d  molecules  t i l t e d  in  th is  m a n n e r  
a n d  cen t r ed  on  (000) a n d  (½½0) a tomic  y coord ina tes  
were  a l loca ted  a s suming  a s t r i c t ly  p l ana r  configura-  
t ion.  The  a g r e e m e n t  i n d e x  for t he  f i rs t  s t ruc tu re  fac tor  
ca lcu la t ion  was a b o u t  0.32 (not all  (hkl) s t ruc tu re  fac- 
tors  were inc luded  in  the  f i rs t  calculat ions) .  This  

Table  1. Atomic positional and isotropic thermal parameters 
Molecule I Molecule II 

Atom x (•) y (A) z (h) B (h  9") 
O(1) -- 1-490 2.123 5.418 3.85 
C(1) --2.498 0.435 --2.769 2.90 
C(2) -- 1-211 0.378 --0.702 2.45 
C(3) 0.172 0.304 1.401 2.56 
C(4) 1-551 0.213 3.478 2.42 
C(5) 2.875 0-257 5-591 3.15 
C(6) - 2-314 0-724 - 1.405 2.20 
C(7) - 1-050 0.679 0.698 2.58 
C(8) 0-361 0-586 2-777 2-47 
C(9) 1.722 0-579 4.895 3.05 
C(10) 3.034 1.566 6.936 3-42 
C(11) - 2-045 1-358 1-423 2.50 
C(12)  -0.742 1.226 3-427 2.17 
C(l~}) 0"682 1"142 5"585 ~'05 
C(14) 1.950 1.167 7.573 4.30 
C(15) - 1.856 1.611 2.759 2.95 
C(16)  -0.557 1.498 4.877 3.50 
C(17) 0.782 1.444 6.904 3.56 
H(1) --3.40 0.77 --3.42 
H(5) 3.70 --0.30 5.08 
H(6) --3-10 1 .15  --0.80 
H(10) 4-00 0.30 7.37 
H(l l )  --2.92 1.48 0.85 
H(14) 2-00 1.30 8.60 
H(15) --2.65 1.98 3.36 
H(17) 0.01 1.93 7-48 

Atom x (h) y (h) z (A) B (A u) 
0(2) 9-098 1-299 -- 5-788 3-50 
C(18) 8.288 1.513 -3.640 2-41 
C(19) 7-471 1-571 - 1-391 1-88 
C(20) 6.597 1.612 0.931 2-60 
C(21) 5.781 1-659 3-209 2-40 
C(22) 5.584 1-283 1.860 2.04 
C(23) 6.417 1.234 - 0-453 2.20 
C(24) 7.228 1-249 - 2.763 2- l0 
C(25) 8-127 1-144 -5.043 2.62 
C(26) 6-933 0.515 - 5-504 2-62 
C(27) 6-022 0-617 - 3-240 2-15 
C(28) 5.240 0.640 - 0.961 2.24 
C(29) 6.774 0.167 --6-848 3-11 
C(30) 0"872 0"273 -4"011 2"94 
C(31) 5.080 0-310 - 2.302 2.62 
C(32) 5.590 - 0.337 - 7.358 3.28 
C(33) 4.672 -0.273 -5.150 3-13 
C(34) 4.520 - 0.596 - 6-498 3-24 
H(21) 5-04 1-38 3-95 
H(22) 4.56 0.81 1.75 
H(28) 4.43 0.41 -0-22 
H(29) 7.60 0.50 --7-52 
H(31) 4.15 -0.17 --2-63 
H(32) 5.20 -- 0.44 -- 8-40 
H(33) 3.85 -- 0.44 -- 4-22 
H(34) 3.52 -- 1.04 -- 6-90 
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reduced to 0.182 af ter  least-squares ref inement  and  
fu r the r  to 0.137 when hydrogen  atoms a t  1.09/~ from 
carbon atoms in the  mean  molecular  plane were in- 
cluded in the  calculations.  Ref inement  of the  144 non- 
hydrogen  a tom coordinate  and  isotropic t empera tu re  
parameters  was cont inued wi th  Cruickshank's  diago- 
nal  least-squares program for the  Fe r ran t i  Pegasus 
computer  using ttughes's(1941) weighting scheme. The 
t e rmina l  R value was 0.125 for all  observed reflexions. 
The mean es t imated  s t andard  deviat ions  are a(x)= 
a(y) = (r(z)=0.009/~ and  g(B)=0 .18  A 2, bu t  these are 
p robab ly  underes t imated  since in  the  f inal  two cycles 
there  were a tomic shifts of as much us 0 . 0 1 3 / l  in  one 
direct ion.  The atomic posi t ional  and  the rmal  para- 
meters  are shown in Table 1. A copy of the  f inal  .Fo 
and  Fc tables may  be obta ined  from the  au thor  on 
request .  

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 projected crystal  s t ructure  is shown in Fig. 4. 
The roughly  p lanar  molecules are 3.42 /~ ' thick '  (for 
molecules I and  II)  and  s tack parallel  to one another  
in the b direction. This makes angles of 27-9 ° and  
26.8 ° with the  plane normals  and  adjacent  molecules 
are held together  by  van  der Waals  forces as there are 
no abnormal ly  close approaches.  

The molecules are not  quite p lanar  as certain atoms, 
namely  C(5), (10), (14) and  C(33), (34), (32), 0(2), in  
molecules I and  I I  are re la t ively  large distances from 

the  least-squares planes. The equat ions  to the  mole- 
cular planes wi th  these a toms omi t t ed  are:  

- 0 . 4 0 9 x -  0-883y + 0.229z = 0 

0.414x - 0.893y + 0-175z - 1.430 -- 0 

The displacements  f rom these planes are given in 
Table 2. I n  terms of the  s t andard  deviat ions  several 
of these are significant  but  the only common system- 
atic feature is the bending of the ends of the  mole- 

Table 2. Distances of atoms from the mean planes 
Molecule I Molecule II 

Atom A (A) Atom A (A) 
C(1) - - 0 " 0 ] 0  C(18) 0.024 
C(2) -0.002 C(19) 0.015 
C(3) -- 0.011 C(20) 0.009 
C(4) -- 0-008 C(21) 0.023 
C(5) - 0-093 C(22) 0.042 
C(6) - 0.021 C(23) 0.038 
C(7) --0.006 C(24) -0.031 
C(8) - 0.015 C(25) 0.048 
C(9) - 0.069 C(26) 0.037 
C(10)  -0.140 C(27) --0.048 
C(ll) -0-029 C(28) -0-005 
C(12) 0.024 C(29) 0.005 
C(13) 0.020 C(30) --0.035 
C(14)  --0-054 C(31) --0.004 
C(15) --0.017 C(32) --0.070 
C(16) 0.049 C(33) --0.140 
C(17) 0.022 C(34) --0.140 
0(1) 0"004 0(2) 0"140 

O d  

~h.s94~ ~I"s88N .~ 

14 ~ 

~s~. 

% 3 = ~  ,; 3 ~ . 
; ' 34+6 3-63 

v . , .  ~ ~ ~ ; ~  (~ 

3 - 7 0 ,  ~, ' ' :",.~- - " ,<  

Fig. 4. The crystal structure of isoviolanthroae projected on (010). 
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eules represented b y  the large negat ive displacements  
of C(5), (10), (14) and  C(34), (33), (32). There does not  
appear  to be a s imple reason for the signif icant  non- 
p l ana r i t y  of such atoms as C(9) and  0(2). Viewed down 
the  plane normals,  the molecules superpose like the 
layers  of atoms in  the graphi te  s tructure or mole- 
cules of violanthrone (cf. Fig. 6(b) of the preceding 
paper). 

The molecular  packing is of the stacked ploughshare 
type  found in  violanthrone (Fig. 8(a) of the preceding 
paper) and the two structures are r emarkab ly  similar.  
Indeed,  if the asymmet r ic  uni ts  are superimposed, wi th  
the molecular  centres coincident, al l  the atoms in  the 
configurat ion common to both molecules coincide. 
This close s imi la r i ty  between the two offers an  ex- 
p lana t ion  why  i t  was not  possible to make single 
crystals  of ei ther  compound unless i t  was first  thor- 
oughly purif ied from the isomer, because co-crystalliza- 
t ion of even a smal l  amount  of one isomer with the 
other would cause considerable local d is turbance of 
the crystal  latt ice.  

Of the 22 pairs  of bonds in the two crystal lograph- 

Table  3. Observed and estimated bond lengths 

Double 
bond Calc. Obs. zJ 

Bond character (A) (•) (A) 

C(2)-C(7); C(23)-C(20) 0 1.504 1 . 4 4 3  0.061 
C(4) -C(9); C(27)-C(30) 1.504 1 -447  0.057 
C(16)-C(13) ; C(25)-C(26) 1.504 1 . 4 5 0  0.054 
C(12)-C(16) ; C(25)-C(18) 1.504 1 . 4 7 4  0.030 
C(7)-C(3); C(19)-C(20') 0 . 3 3 3  1 . 4 2 3  1 . 4 4 4  0.021 
C(3)-C(2); C(19)-C(23) 1.423 1 . 4 3 8  0.015 
C(1)-C(6); C(31)-C(28) 1.423 1 -397  0.026 
C(8)-C(4); C(24)-C(27) 1.423 1 -436  0.013 
C(3) -C(8); C(24)-C(19) 1.423 1 . 4 2 5  0.002 
C(11)-C(15) ; C(22)-C(21) 1.423 1 . 3 9 4  0.029 
C(8) -C(12); C(18)-C(24) 1.423 1 . 4 1 6  0.007 
C(5)-C(9); C(30)-C(33) 0.500 1 . 3 9 4  1 . 4 0 5  0.011 
C(9) -C(13) ; C(26)-C(30) 1.394 1 . 3 8 8  0.006 
C(13)-C(17) ; C(29)-C(26) 1.395 1 . 3 7 8  0.016 
C(14)-C(17); C(32)-C(29) 1.394 1 . 3 7 8  0.016 
C(10)-C(14); C(32)-C(34) 1.394 1 . 3 9 6  O.OO2 
C(5) -C(10); C(33)-C(34) 1.394 1 . 3 9 1  O.OO3 
C(2)-C(6); C(28)-C(23) 0.667 1-371 1 . 3 8 2  0.011 
C(4)-C(I'); C(27)-C(31) 1.371 1 . 3 5 8  0.013 
C(7) -C(ll) ;  C(20)-C(22) 1.371 1 . 4 1 0  0.039 
C(12)-C(15); C(18)-C(21") 1.371 1 . 3 8 1  0.010 

ical ly  different  molecules (shown in Fig. 4) only two 
are s ignif icant ly different  in terms of the mean  stan- 
dard  devia t ion of 0.017/~. The mean  bond lengths are, 
with certain notable  exceptions, in reasonable agree- 
ment  with those derived from Paul ing 's  (1960) bond 
order-bond length curve by giving equal  weight to 
the 21 possible Kekul~-like s tructures (Table 3). The 
largest discrepancies are for result ing single bonds, 
which lie on the steepest par t  of the curve. These are 
al l  shorter t han  predicted and have from 10% 
(C(12)-C(11), C(25)-C(18)) to 22% (C(2)C(7), C(23)- 
C(20)) observed double bond character. Also they  are 
much  shorter t han  the corresponding carbon (sp2)-car- 
bon (sp 2) single bonds in quaterrylene (Shrivastava & 
Speakman,  1960) which have an average length of 
1.53 A. 

This shortening indicates tha t  excited structures,  
p resumably  with > C-O-  bonds, make impor tan t  
contr ibutions to the ground state  of the molecule 
which is in  accord with i ts  strong colour. 
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t ion to Prof. W. F. K. Wynne-Jones  for his interest  
and encouragement  and to Dr H. P. Stadler  for his 
guidance and  advice. 

R e f e r e n c e s  

BOLTON, W. (1963). Acta Cryst. 16, 166. 
HUGHES, E. W. (1941). J. Amer. Chem. Soc. 63, 1737. 
PAULING, L. (1960). The Nature of the Chemical Bond. 

Ithaca: Cornell Univ. Press. 
TAYLOR, C. A. & MORLEY, K. A. (1959). Acta Cryst. 12, 

101. 
Stt:RIVASTAVA, H. N. • SPEAKMAN, J. C. (1960). Proc. 

Roy. Soc. A, 257, 477. 
STADLER, H. P. (1950). Acta Cryst. 3, 262. 
STADI,EI~, H. P., BOLTON, W. ~5 MAITLAND, P~. (1964). 

ActaCryst. 17, 1025. 


