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The crystal is monoclinic, P21/n, with 

a=17.13, b=7.49, c=6.97 A, fl=90.40 °, Z = 2 .  

The structure was determined by triM-and-error methods, and refined by three-dimensionM 
differential syntheses. The fluoranil molecule was found to be planar, and the perylene molecule 
nearly so. The two molecules overlap each other, and the average distance between their mean planes 
is 3.23 A. 

Introduction 
The 1:1 complex of perylene and fluoranil (Fig. 1) 
is a charge-transfer complex exhibiting moderately 
high photoconduetivity. The X-ray analysis was 
undertaken in order to facilitate the interpretation 
of the electronic and optical properties of the crystal, 
currently under investigation by Dr W. G. Schneider 
of the Division of Pure Chemistry. 

Fig. 1. The perylene-fluoranil complex. 

Experimental 
Crystal data 
Monoclinic. 

a=17.13_+0.01, b=7.49+_0.01, c=6.97_+0.01 A; 
fl = 90.40 +_ 0-05 °; V = 894.2 A S. 

Formula C20H12, C6F402; F.W. 432.36. 
Dm (measured densi ty)= 1.60 g.cm -S. 
D~ (calculated densi ty)= 1.605 g.cm -S. 
Z=2.  
# =  12.8 cm -1 (Cu Ka). 
Space group P21/n (C~h) (from precession photographs, 

and examination of reflections with XRD 5 
spectrogoniometer). 

Molecular symmetry" centre. 

The crystals, grown from toluene solution, are 

shiny, opaque, and bluish black, but  decompose in 
air, leaving a yellow-green residue. The usual form 
is the prism {110}, elongated in the c direction. 
Many of these prisms are modified to a lath shape by 
the pinaeoid {100}. One such lath was cut to give a 
specimen of dimensions 0.2 x 0.3 x 0.4 mm, with the 
shortest edge parallel to a, and the longest parallel 
to b. I t  was mounted with b parallel to the fibre axis. 
Unit  cell parameters and relative intensities were 
obtained from this specimen on the General Electric 
X R D 5  speetrogoniometer and goniostat. CuKc~ 
radiation and a scintillation counter were used, and 
reasonable monochromatization was achieved by 
means of a Kfl filter and a reverter (pulse-height 
analyser). The 'moving- crystal moving- counter' 
method of Furnas was used (1957). The goniostat 
settings were precomputed. Absorption corrections 
were deemed to be unnecessary, and were not made. 

The accumulation of extraneous material  due to 
gradual decomposition of the specimen caused some 
non-uniform, low-angle background scattering, which 
was believed to jeopardize the accurate measurement 
of some of the low intensities. For this reason, all 
of the weaker reflections with 20 <_ 65 ° were re- 
measured, on a freshly-prepared specimen. 

Of the 1994 reflections accessible to the spectro- 
goniometer (that is, those for which 20 < 165.4 °) 
1632 were observed. The range of observed intensities 
is about 1 to 48,000. 

Structure determination 
The very high intensities of the reflections 002 and 012 
indicated roughly the plane in which the molecules 
must lie, and a study of the hkO weighted reciprocal- 
lattice section suggested their orientations. Their 
positions were, of course, fixed by symmetry;  each 
had to lie on a centre. A trial  structure was thus 
easily deduced, and was refined somewhat with the 
aid of hOl and hkO electron-density projections. 
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R e f i n e m e n t  was c o m p l e t e d  b y  means  of a three-  
d imens iona l  Four ie r  synthesis ,  and  several  three-  
d imens iona l  d i f fe rent ia l  syntheses .  I n  t he  la te r  stages, 
ne t  coord ina te  shifts  were o b t a i n e d  by  compar i son  
of 2'o and  Fc syntheses .  The  sca t te r ing- fac tor  curves 
used  for t he  associa ted  s t ruc ture - fac tor  ca lcula t ions  
were  those  of F r e e m a n  (1959); t he  con t r i bu t ion  of 
t h e  h y d r o g e n  a toms  was inc luded,  us ing reasonab le  
a s sumed  posi t ions.  

Compar i son  of observed  and  ca lcula ted  peak  he igh ts  
a n d  curva tu res  i nd i ca t ed  a cons iderable  an i so t ropy  of 
t h e r m a l  mot ion ,  which,  whi le  no t  of f u n d a m e n t a l  
in teres t ,  was cons idered  l ike ly  to in ter fere  wi th  the  
e s t i m a t i o n  of f in i te  s u m m a t i o n  corrections.  The  mos t  
ser iously  a f fec ted  a toms  were  the re fore  r ep re sen t ed  
in  s t ruc ture - fac tor  calculat ions  by  galaxies  of two  or 
four f rac t ional  a toms,  su i t ab ly  d isposed  (Kar tha  & 
Ahmed ,  1960). The  coord ina tes  and  t e m p e r a t u r e  
factors  used  in t he  f inal  s t ruc ture - fac tor  ca lcula t ions  
(corresponding to  the  p e n u l t i m a t e  s tage of r e f inement )  
are  g iven  in  Table  1. The  quan t i t i e s  LiB1 and  LiB2 
do no t  appear  in  t he  calcula t ions;  t h e y  mere ly  ind ica te  
t he  m a g n i t u d e  of t he  an i so t ropy  r ep re sen t ed  by  the  
cor responding  d i s t r ibu t ions  of f rac t iona l  a toms.  Peak  
he igh ts  a n d  curva tu res  are g iven  in  Table  2; t he re  
is fair  a g r e e m e n t  b e t w e e n  obse rved  and  ca lcu la ted  
quant i t i es .  Much of t he  aniso t ropic  t h e r m a l  m o t i o n  
is r easonab ly  a t t r i b u t a b l e  to  a l ib ra t ion  of each  
molecule  abou t  i ts  centre ,  of r .m.s,  a m p l i t u d e  1.5 ° 
for pery lene ,  and  2.4 ° for f luoranil .  However ,  l ib ra t ion  

correct ions to  t he  a tomic  pos i t ions  were cons idered  
too smal l  to be s ignif icant ,  and  have  no t  been  appl ied.  
Difference Four ie r  p ro jec t ions  a long b and  c showed  
no deta i l s  incons i s t en t  wi th  the  proposed  s t ruc ture .  
The  u l t i m a t e  a tomic  pos i t ions  are g iven  in Table  3. 
The  grea tes t  coord ina te  shif t  in  t he  las t  cycle of 
r e f i nemen t  was 0-002/~, or abou t  half  t he  subsequen t ly  
e s t i m a t e d  s t a n d a r d  dev ia t ion  of coordinates .  

A s s e s s m e n t  of r e s u l t s  

S te reochemica l  p laus ibi l i ty ,  a g r e e m e n t  be tween  ob- 
se rved  and  ca lcu la ted  peak  heights ,  and  the  appear-  
ance of t he  difference pro jec t ions  all suggest  t h a t  t he  
p roposed  s t ruc tu re  is correct.  The  final  proof, how- 
ever,  is to  be found  in  t he  reasonable  a g r e e m e n t  
be tween  observed  and  ca lcula ted  s t ruc tu re  ampl i tudes .  
A s u m m a r y  of t he  a g r e e m e n t  is g iven  in Table  4;  
t he  observed  s t ruc tu re  amp l i t udes  range  f rom 0.6 to  
141-5, Fc(000) -- 440, and  t he  a g r e e m e n t  res idual  
R = ~ I  IFol - IFc l] /X]Fo]  =0.11 ,  for obse rved  reflec- 
t ions  only.  A comple te  l ist  of Fo and  Fc is ava i lab le  
f rom the  au thor ,  on reques t .  

The  s t a n d a r d  dev ia t ions  of coord ina tes  have  been  
e s t i m a t e d  by  Cru ickshank ' s  m e t h o d  (Lipson & Cochran,  
1953). The  m e a n  va lues  are :  for carbon,  0-0036; 
oxygen,  0-0029; f luorine,  0.0026 •. Because  of f in i te  
s u m m a t i o n  effects,  and  t he  an i so t ropy  of t h e r m a l  
mot ion ,  ind iv idua l  values  differ  f rom the  m e a n  by  
as m u c h  as 35%. 

Table  1. Parameters used in last structure-factor calculation 

Atom x y z B AB 1 AB~ 
C 1 0"0475 --0.1478 --0.0662 2.37 - -  - -  

C 2 0.0844 0.0022 --0.0015 2.20 0"59 - -  
0.0827 0.0229 0"0058 

C 3 0"0385  0.1603 0.0675 2.40 - -  - -  

C 4 0.1009 --0.2770 --0.1273 3.16 1.24 - -  
0.0888 --0.2928 --0.1300 

C 5 0-1678 0.0104 --0.0010 2-66 1.31 - -  
0.1662 0.0412 0.0112 

C 6 0.0814 0.3042 0.1283 3-43 0.94 - -  
0.0714 0.3188 0"1355 

C 7 0-1818 --0.2570 --0.1109 3.43 1"75 0.38 
0.1726 --0.2842 --0.1368 
0.1818 --0.2531 -0.1295 
0"1726 --0"2882 --0"1182 

C 8 0.2144 --0.1028 --0"0430 3.04 2"07 0"39 
0.2096 --0.1354 --0.0745 
0.2141 --0.0971 --0.0614 
0-2100 --0-1411 --0.0561 

C 9 0-2054 0.1722 0.0580 3-24 1"49 0"34 
0.1993 0-1968 0.0872 
0"2050 0.1661 0.0748 
0.1996 0.2029 0"0703 

C 10 0-1646 0.3108 0.1257 3.43 1.68 0"56 
0-1519 0.3396 0"1406 
0.1622 0.3112 0"1481 
0"1544 0"3392  0.1182 

Atom 
C l l  

C12 

C13 

O14 

F15 

F16 

H17 

H18 

t t l9  

H20 

It21 

H22 

x y z B AB 1 AB 2 
0.0413 -- 0.1523 0.4391 2.93 - -  - -  

0.0870 -- 0.0054 0.5045 2.40 0-94 - -  
0.0848 0.0206 0.4950 

0.0358 0.1603 0.5631 2.90 - -  - -  

0.1568 --0.0058 o 0.5065 3.22 1-49 0.86 
0.1542 0.0359 0-4923 
0.1562 0.0032 0-4795 
0.1549 0.0269 0.5193 

0.0924 -- 0.2783 0.3886 
0.0776 -- 0.3009 0.3768 
0.0864 -- 0.2783 0.3639 
0.0836 -- 0.3009 0.4014 

0.0825 0.2996 0.6051 
0.0664 0.3126 0.6304 
0.0791 0.2926 0.6338 
0.0697 0.3196 0.6018 

3.40 1-28 0.86 

3.40 1-52 0.98 

0.0662 --0.4048 --0.1790 5.00 - -  

0.0416 0 -4211  0-1792 5.00 - -  

0.2128 --0.3780 --0.1724 5-00 - -  

0.1860 0.4444 0.1826 5.00 - -  

0.2747 --0.1119 --0-0568 5.00 - -  

0.2654 0.1927 0.0740 5.00 - -  
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T a b l e  2,  P e a k  h e i g h t s  a n d  c u r v a t u r e s  

Values  in  i ta l ics  a re  f r o m  F c  d i f f e r en t i a l  s y n t h e s i s  

O~ ~ x x  ~Yy ~zz 
A t o m  (e .A -a ) (e .A -5 ) (e .A -5 ) (e./t~-5) 

C 1 10.3 -- 90.2 -- 96.5 - 108.7 
1 0 . 4  - 9 1 . 0  - -  9 9 . 5  - -  1 0 4 . 5  

C 2 10-2 - 9 5 . 2  - -90 .3  -- 108-0 
1 0 . 3  - 9 5 . 0  - 9 1 . 4  - -  1 0 6 . 0  

C 3 10.0 - 87.6 -- 91.8 -- 104.7 
1 0 . 2  - 8 9 . 9  - -  9 4 . 7  - -  1 0 2 . 0  

C 4 8-5 - -67 .1  - 7 8 . 1  - -83 .0  
8 . 5  - -  6 7 . 2  - 76"0 - -  8 2 . 1  

C 5 8.8 - 80.4 -- 69.6 - 87.5 
9 . 0  - -  7 8 . 8  - -  7 4 . 2  - -  8 6 . 9  

C 6 8.5 -- 68.0 - 80.1 -- 81-9 
8 . 4  - 6 8 . 1  - 7 5 . 9  - -  79 .1  

C 7 7.8 - 69.7 -- 64.3 - 70-3 
7 .8  - 6 6 . 0  - -  6 4 . 1  - 6 7 . 6  

C 8 7.9 - 77.5 -- 52.9 - 70.8 
8 . 0  - 7 2 . 5  - -  5 9 . 0  - 7 0 . 1  

C 9 7.9 - 77.2 -- 54.9 -- 72.5 
8 .1  - 7 4 . 0  - - 5 9 " 8  - 7 1 . 9  

C10 7-5 - -59 .3  - -63 .6  - -64 .2  
7 .6  - - 5 9 . 3  - 6 2 " 4  - - 6 2 . 5  

CI1 9.2 - 8 0 . 0  - 8 3 . 4  - 9 1 . 8  
9 . 4  - 8 1 . 4  - -  8 5 . 8  - 9 0 . 2  

C i 2  9.6 - 9 7 . 6  - 7 7 . 5  - -98-1 
9 . 8  - 9 5 . 4  - 8 0 . 5  - - 9 7 . 6  

C13 9.2 - 80.0 - 84.8 -- 90.3 
9 . 4  - - 8 1 . 5  - 8 6 . 2  - - 8 8 . 8  

O14 11.8 - 116.8 -- 88.3 -- 97.0 
1 1 . 7  - 1 0 6 . 4  - 9 0 . 3  - 9 5 . 4  

F15  13.4 - 107.8 -- 113.3 - 111.3 
1 3 . 7  - - 1 1 0 . 0  - - 1 1 3 . 7  - - 1 1 3 . 2  

F16  13.2 -- 103.8 -- 113.3 -- 110-8 
1 3 . 5  - - 1 0 6 . 4  - - 1 1 2 . 2  - - 1 1 1 . 2  

( e ~ [ 5 )  ~zz  @ z  (e .A -5) (e .A -5) 

2.5 0.3 5.2 
0 . 9  0 . 0  3 . 7  

- -1 -0  0-9 7-8 
- - 0 . 9  0 .5  5 .9  

- - 2 . 4  1.1 3.7 
- - 0 . 1  1 . 5  2 . 3  

4.4 1.8 1.0 
1 . 3  1.0 0"9 

- -1 .6  - - 0 . 0  7.1 
- - 0 . 9  - - 0 . 5  4 . 7  

- - 5 . 8  - - 1 . 3  2.1 
- - 2 . 5  - - 0 . 4  2 . 0  

13.3 4.8 2-2 
7 .4  2"9 1 . 7  

5.5 2.6 6.2 
2 . 3  1 . 5  4 . 5  

- -8 .3  - -3 .1  5.1 
- - 4 . 2  - - 1 . 3  2 . 9  

- 1 2 . 5  0.1 - 5 . 2  
- - 6 . 7  - 1 . 8  - 2 . 5  

6-6 2-2 - -0-3  
4 . 8  1 .5  O.7 

- -2 -3  0.3 4.6 
- - 1 . 8  0 . 7  1 . 2  

- -6 .9  - -2 .3  0.0 
- - 3 . 8  - - 1 . 7  0 . 6  

- - 2 . 6  - - 0 . 4  2.1 
- - 1 . 3  0 .1  0 . 7  

9.8 2.2 - -6 .9  
4 . 6  1 . 0  - - 4 . 2  

- -11 .6  - -0 .6  - - 4 . 0  
- - 5 . 2  - - 0 . 3  - - 2 . 3  

T a b l e  3.  F i n a l  a t o m i c  p o s i t i o n s  

+ ( x , y , z ;  1 - ½ + z )  _ ~ + x ,  ½ y, 

A t o m  x y z 

C 1 0 .0474 -- 0.1478 -- 0 .0664 
C 2 0 .0834 0.0125 0.0023 
C 3 0.0384 0.1605 0-0677 
C 4 0.0947 -- 0.2849 -- 0.1287 
C 5 0.1669 0.0257 0.0052 
C 6 0.0766 0.3114 0.1318 
C 7 0.1773 - -0 .2708  - -0 .1239  
C 8 0.2120 -- 0.1192 -- 0.0588 
C 9 0.2023 0.1847 0.0725 
CI0  0.1582 0-3252 0 .1330 

C l l  0 .0414 -- 0.1522 0.4393 
C12 0.0858 0.0077 0.4996 
C13 0.0357 0.1601 0.5629 
O14 0.1556 0.0150 0.4993 
F 1 5  0.0850 -- 0.2896 0.3828 
F 1 6  0 .0744 0.3060 0.6177 

D e s c r i p t i o n  of the  s t r u c t u r e  

I n d i v i d u a l  c h a r a c t e r i s t i c s  o f  t h e  t w o  m o l e c u l e s  a r e  

i n d i c a t e d  i n  F i g .  2 .  T h e  f l u o r a n i l  m o l e c u l e  m a y  b e  

T a b l e  4 .  A g r e e m e n t  s u m m a r y  

N u m b e r  of 
C a t e g o r y  r e f l ec t ions  

1. (I /IFI < F T  or  M F I  ~< 0"2Fo) 1758 

2. ( F T <  I/IF] _< 2 F  T or  0 - 2 F o <  M F I  _< 0 .4Fo)  224 

3. ( 2 F T  < [zJF] < 3 F T )  11 

4. ( 3 F T  < I/IFI ~< 4 F T )  1 

~ I F  = I F o l - -  IFcl .  
F T  = e s t i m a t e d  m i n i m u m  o b s e r v a b l e  s t r u c t u r e  a m p l i t u d e  

fo r  r e f l e c t i on  c o n c e r n e d ,  

c o n s i d e r e d  p l a n a r ,  a s  n o  a t o m  l i e s  m o r e  t h a n  a b o u t  

t w i c e  i t s  e s t i m a t e d  s t a n d a r d  d e v i a t i o n  f r o m  t h e  m e a n  

p l a n e .  H o w e v e r ,  t w o  a t o m s  o f  t h e  p e r y l e n e  m o l e c u l e  

l i e  a b o u t  t h r e e  t i m e s  t h e i r  e s t i m a t e d  s t a n d a r d  d e v i a -  

t i o n s  f r o m  i t s  m e a n  p l a n e ,  a n d  t h e  i m p l i e d  d e p a r t u r e  

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

n o  r e a s o n  t o  b e l i e v e  t h a t  t h e  m o l e c u l e  s h o u l d  b e  

p r e c i s e l y  p l a n a r ,  a n d  c e r t a i n  p h y s i c a l  m e a s u r e m e n t s  

i n d i c a t e  t h a t  i t  i s  n o t  ( C l a r ,  1 9 5 0 ;  B e r g m a n n ,  F i s c h e r  

& P u l l m a n ,  1 9 5 1 ) .  P e r h a p s  t h e  m o s t  s u r p r i s i n g  a s p e c t  
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of the apparent departure from planari ty is its 
smallness. 

~ (11"0) F ~  

o 

~(-3.s) 

(7"7) T 
123"51121.6 ° 

123"3 ° r 

Fig. 2. Molecular geometry ;  distances are given in A, and 
angles in degrees. Es t ima ted  s tandard  deviat ion of bond 
lengths is 0.005 A; of ang]es, 0.5 °. Quantit ies in parenthesis  
are distances of a toms from molecular  plane, mult ipl ied 
by  1000. They  are given only when such distance exceeds 
the  es t imated s tandard  deviat ion.  

Differences in length of as much as 0.018 A are 
found between chemically equivalent but crystallo- 
graphically distinct bonds. For the pairs of bonds 
concerned, a= [a(/1)9+ a(/2)2]½ =0.0072 J~. Thus Al= 
0.018 t~=2.5a. The difference might be significant, 

but is scarcely great enough to warrant discussion. 
The bond lengths found for perylene are reasonably 
close to the less precise values given by Donaldson, 
Robertson & White (1953). The shape of the fluoranil 
molecule is generally similar to tha t  found for chloranil 
by Chu, Jeffrey & Sakurai (1962). The angle between 
adjacent C-F bonds is 63.9 °, which is close to the 
corresponding value of 64.9 ° for chloranil. 

The molecular packing is i l lustrated in Fig. 3. 
The structure can be considered as consisting of 
layers like tha t  shown in Fig. 3(a), stacked by the 
operation of the n glide so that  perylene and fluoranil 
molecules overlap (Fig. 3b, c, d). 

The mean planes of the perylene and fluoranil 
molecules (in crystallographic coordinates) are: 

0-2523x- 2-7956y + 6.4647z-- 0 and 
0.2554x-  2.5775y + 6.5435z = 3.2718 respectively. 

The average distance between these planes (in the 
region of overlap) is 3.23/~. A similar]y short distance 
has been reported by Wallwork (1961) for the com- 
plex of chloranil with _hTNN'N'-tetramethyl-p-phenyl- 
enediamine. 

Both planes are nearly parallel (within 1 °) to a. 
They make angles of 21-9 ° and 20.1 ° with c, and are 

C 

1 

G 

/ 

3.19A 
/ 

(b) (c) (d) 

Fig. 3. St ructura l  details. (a) One ]ayer of the  structure,  near  plane z - 0, (b) A por t ion of the  z axis, showing overlap. 
(c) Two overlapping molecules, viewed along normal  to average molecular  plane. (d) Overlapping mo]ecules, viewed 
approximate ly  along a. The non-parallelism of adjacent  molecules is somewhat  exaggerated.  
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inclined to each other  a t  1-8 ° . The effect of non- 
parallelism is to increase the min imum distance of 
the fluorine a toms from the plane of the  overlapping 
perylene molecule (in the  region of overlap, Fig. 3c, d) 
by  0.08/~ to 3.31 A, and to decrease the  corresponding 
dis tance for fluoranil  carbon atoms by  0.04 A to 
3.19 /~. This resul t  is consistent both with F - C  
repulsion and C-C a t t rac t ion .  As might  be expected, 
the  shortest  intermolecular  distances are found 
between overlapping molecules; these have min imum 
values of 3.29 A for C-C, 3-34/~ for C-O, and 3.36/~ 
for C-F.  Minimum distances between non-overlapping 
molecules are 3 .39/~ for C-O, 3.45 A for F - F ,  3 .46/~  
for C-F,  and 3.53 A for C-C. 

The specimen mater ia l  was supplied by  Dr  W. G. 
Schneider. All computa t ions  for the project  were 
carried out by  Dr  F. R. Ahmed,  using the IBM650  
computer  of the Canadian  A r m y  Direc tora te  of 

Personnel Statistics, and the IBM 1620 computer of 
the National Research Council. Their assistance, and 
the continued encouragement of Dr W. H. Barnes, 
are gratefully acknowledged. 
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The paper deals with the probability distributions connected with the product of the structure 
amplitudes of a pair of related crystals and they represent, essentially, a generalization of the 
usual statistics to a pair of crystals. Expressions are derived for the distribution of the normalized 
'correlation intensity', Z=[FNI IFp[/(IN(Tp, and the 'normalized correlation amplitude', Y=Z½, 
where IFN] and [Fp I are the structure amplitudes of the two crystals containing N and P atoms 
respectively (P < N) and a~ and ap are the root-mean-square values of IFN[ and IFp[. One limiting 
form of the general distribution characterizes the usual statistics of a single crystal while the other 
corresponds to the two crystals being independent or 'non-related'. On the basis of these results 
a statistical criterion is proposed for use as an index to measure the 'degree of relatedness' between 
two compounds in practice. A critical assessment of the relative merits of the tests developed in 
this paper and the function P(w) suggested in Par t  I is also made. 

Introduct ion 

In  P a r t  I R a m a c h a n d r a n ,  Sr inivasan & Sarma  (1963) 
considered the problem of the  probabi l i ty  dis t r ibut ion 
of the difference in s t ruc ture  ampli tudes of two 
crystals  both when they  are related to and  when they  
are independent  of each other. F rom the results thus  
obtained it  was suggested t h a t  the dis t r ibut ion 
funct ion could be used in practice for test ing the  
degree of isomorphism of two compounds.  

In  this  paper  we shall be ma in ly  concerned with  
the corresponding problem of the dis t r ibut ion of the  
product  of the  two s t ruc ture  ampli tudes .*  Such a 
product  is in the  na tu re  of an  in tens i ty  and, in fact ,  
the  in tens i ty  f rom a single crystal  can be considered 
to be the product  of two ideally isomorphous,  identical  

* The nature of the general assumptions made and also 
the conditions of applicability etc. are the same as in Part I. 
So also the notation used here follows closely that of Part I. 


