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Crystals of triphenylene are orthorhombic with four molecules in a unit cell of dimensions a = 13.17, 
b --- 16-73, e = 5.26/~, space group P212121. The gross features of the structure, previously determined 
from two projections, have been confirmed using new three-dimensional data, the positional and 
isotropic thermal parameters of the carbon atoms have been refined by differential syntheses, and 
the hydrogen atoms have been located. There are small, but  significant, deviations from a com- 
pletely planar arrangement. These displacements are best described in terms of the plane of the 
central ring: atoms of two of the outer rings are displaced in one direction, and those of the third 
ring in the opposite direction from this plane. This slight molecular distortion is probably the 
result of intramolecular steric effects. The mean bond distances agree closely with the values 
predicted by valence-bond and molecular-orbital calculations. All the intermolecular separations 
correspond to normal van der Waals interactions. 

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

Pinnock, Taylor  & Lipson (1956) have  shown t h a t  
the  s t ruc ture  of t r iphenylene which was first  derived 
by  Klug (1950) had  the  molecules correctly oriented 
bu t  incorrectly positioned in the  uni t  cell. Their  
analysis  of the  [001] and  [100] projections indicated 
t h a t  there are no unusual ly  short  intermolecular  
separations,  but  the  available exper imental  da t a  were 
not  sufficiently accurate  to allow precise determina- 
t ion of the  molecular  dimensions. The present  paper  
describes a detailed analysis based on new three- 
dimensional  in tensi ty  data .  

E x p e r i m e n t a l  

Crystal data 
Triphenylene,  ClsHle; M = 228.28; m.p. = 198.5 °C. 
Orthorhombic,  space group P212121, remeasured  cell 

dimensions 
a=13-17  +0-03, b=16-73+0 .03 ,  c = 5 - 2 6 + 0 . 0 1 / ~ .  

Volume per uni t  cel l= 1159 A ~. 
Dc (with Z=4)=  1.308 g.cm -3, 
Dm (Klug, 1950) ~ 1-3 g.cm-S. 
Absorpt ion coefficient for X-rays ,  

---- 1.542 A, /z = 6.8 cm-1. 

Total  number  of electrons per uni t  cell = F ( 0 0 0 ) =  480. 
The intensities of the  hkl reflections were measured 

visual ly  on Weissenberg films of the  hk0, hkl ,  . . . ,  hk4 
zones, and  the s t ruc ture  ampl i tudes  were derived 
f rom the usual  formulae,  no absorpt ion corrections 
being considered necessary.  The absolute scale was 
established separa te ly  for each level by  comparison 
with  the  first  set of calculated s t ruc ture  factors and 
re-examined following each stage of the refinement.  

Structure analysis 
Star t ing  with  the  coordinates given by  Pinnock,  

Taylor  & Lipson (1956) for the  carbon atoms,  the  
s t ruc ture  factors were calculated using Freeman ' s  
(1959) scat ter ing-factor  curve. Ref inement  of the  
positional pa ramete rs  proceeded by  successive cycles 
of s t ructure-factor  calculation and  differential  syn- 
theses using Ahmed ' s  programs (1961) for the  IBM 650 
computer.  In  the  second and succeeding cycles, 
differential  syntheses were computed,  also, wi th  the  
calculated da t a  in order to apply  series-termination 
corrections. The isotropic the rmal  pa ramete r s  were 
refined by  comparison of the observed and calculated 
electron densities and  their  curvatures  a t  the  atomic 
positions, and  by  tak ing  into account  the  overall  
correction derived f rom the plot of loge (XlFcl/2:[Fo]) 
against  sin e 0. In  the  first  S.F. calculation B - - 4 . 5  A 2 
was assumed for all the atoms,  then  in the second and  
th i rd  calculations three different t empera tu re  factors 
were applied to the  three types  of a toms in the  
molecule (depending on their  distances from the centre 
of the molecule), and  f inally each a tom was given 
the  thermal  pa ramete r  indicated by its own electron- 
densi ty  distr ibution.  Progress of the  ref inement  is 

Table 1. Progress of refinement 
Parameters from R* 

Pinnock, Taylor & Lipson (1956) 0.220 
1st differential synthesis 0.186 
2nd differential synthesis 0.133 
2nd synthesis + ideal H positions 0.116 
3rd differential synthesis 0.123 
3rd synthesis + observed H positions 0.096 
4th differential synthesis 

* For the observed reflections only. 
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lO  112  16  21  
10  • 2  2 11 19  
10 13 2 15 12  
lO  14 2 1o 12 
l o  15  2 14  9 

. . . .  • ~? 
11  02  2 14  17  

11 04  
35  . . . .  <~ ,  
1 4  1 1  0 8  2 

11 o?  2 32  36  
11  08 2 60  64  
11  09  2 < ,11  o 

I I  10 2 20  24  
11  11  2 15  •2  
11  12  2 18  19  
11 132 21  25  
11  14  2 21  26  
12  oo  2 12  9 
12  O l  2 18  2?  
12  02  2 30  41  

46  12 ooi ~ 38 
12 21 29 
• 2 05 2 12 19 
12  062  28  25  
12  O?  2 24  32  
12  08  2 3 2  40  
12  09  2 27  32  
12  lO  2 15  12  
12  • 1 2  34  25  
12  •2  2 21  19  
12  13  2 12  18  
I I  oo g ,812 1'  
l ;  02 ~ . . . .  

03  30  3?  
1 3 0 4 2  16  26  

I ;  o°I ~ ,,2' ,~l 
13 08 14  
13 09  , 35  30  

h k ~ l ~  o I0Y¢ 

13  11  11  
14  O0 2 19  22  
14  01  2 11  12  
14  02  2 19  20  
14  03  2 11  ? 
14  04  2 20  21  
14  os  2 <1o  ? 

15  O0  < 1 o  
15  01  29  . . . .  2 2~  ' 1  

15  03  2 ~2  3 " /  

15  05  
Z6  oo 2 23  25  
16  OZ 2 16  11  
16  02  2 20  25  

oo  02  ~5  2 
O0  03  3 ?3  86  
oo  04  3 <35  13  
oo  o5  3 1 56  149  

3 53  31  oo  oe  

. . . .  I 3~ , ,  Ol  oo  4 63  
Ol  Ol 3 1o3 11o 
Ol  02  3 64  76  
o l  03  3 7 0  Ol  
O l  04  3 88  lO l  
oi 05  3 119  130  
o l  06  3 53  46  
O l  o?  3 <38  41  
01  08  3 51  44  
02  oo  3 <34  ? 
02  Ol 3 112 11 1 
02  02  3 1 ,58  164  
02  03  3 210  243  
02  04  3 84  93  
02  05  3 99  99  
02 06  ~ ,~4 60  
03  oo 3 106 129  
03  O l  ~ 84  89  
03  02  3 90  109  
03  03  3 9 1  89 o3i!; . . . . . .  03  44  ~6  
03  ~ 48  46  
03  07 5 51 49  
04  oo  3 90  60  
04  o1 3 57  45  
04  02  3 41 40  
o4 03 ~ . . . . .  

4 0 4  9 1  9 6  
04  0 3  3 59  53  
04  06  3 71  ?0  
04 o " r  3 84 84  

g, oo: , < . . . .  4 3 59  43  

. . . .  I ,~ , ,  05  Ol 3 33  
05  02  3 ?2  65  
05  03  3 <3e  24  
os  04  3 120  128  
os  03  3 so  82  
0 5  0 6  3 ~39  51  
05  o?  3 6e  56  
. . . .  3 1,3  143 
05  09  3 so  ?5 
05  lO 3 149  143  

oo / . . 39  
06  o1  3 , : 38  20  
o~ o, I . . . . .  

52  52  03  

06  06  3 203  210  
06  O?  3 ~75 2?3  
06  08  3 198  198  
06  09  3 61  45  
06  1o 3 <:.41 44  
06  11 3 96  104  
o?  oo  3 <39  4 
07  Ol 3 <39  31 
0 7  02  3 <39  17 
o ?  03  3 C40  50  
0 7  04  3 " : , 40  3 " /  
o?  03  3 109  100  
07  06  3 <40  61  
07  o?  3 86  91  
0?  08  3 16T  263  
0 7  09  3 156  141 
o ?  lO  3 7S  84  
08  oo  3 59  64  
08  01  3 <40  16  
08 O2 3 / - . 40  36  
08  03  3 ~40  21  
oo  04  3 <:41 ? 
. . . .  ~ . . . .  g 
O 8  0 8  < : 4 1  0. ~, ; . . . . .  
06  8 ~41  49  
08  09  3 ~41  54  
oo lO  3 ~40  33 
08 11  3 <40  23  
09  oo  3 61  79  
09  O l  3 74  '74 

1o o1 3 62  
10 02 3 8'7 89 
lO  03  3 < :41  41  

oo  oo  4 7 3  ?3  
oo  01  4 <20  4 
oo  02  4 21 17 
oo  03  4 3?  30 
oo  04  4 43  26 
oo  05  4 96  69  
oo  06  4 O?  09  
oo  o?  4 56  35  
oo  084  72  71 
oo  09  4 43  70  
oo  1o  4 84  9O  

01  O0  4 44  6 ' /  
Ol  O l  4 35 36  
O l  024  <20  1o  
o i  03  4 43  40  
o1  04  4 59  60  
o1 05  4 34  34  
O l  06  4 74  76  
O l  o?  4 93  77  
o1 08 4 42  37  
o1  09  4 54  62  
01  10  4 45  41  
02  O04  < ,20  14 
02  o l  4 35  40  
0202  4 39  44  
02  03  4 29  28  
0 2 0 4 4  40  38  
02  05  4 <21  11 
02  06  4 <23  15  
02  o?  4 so  47 
03  oo  4 < 2 1  10 
03  o1 4 125  126  
0302  4 83  e6  
03  03  4 98 104  
0 3 0 4 4  117  1 21  
03  05  4 7o  6 " /  
03 06 4 49  43 
. . . .  : ~2~ o 
04  Ol 33  11  
04  02  4 65 " t o  
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04  4 51  48  
04  05  4 ?9  79  
05  O0  4 92  83  
05  o l  4 e9  62  
05  02  4 104 9 0  
os o~  4 63  71  
05  04  4 76  ?e  
05  05  4 72  ?3  

06  oo 4 4 :2  
06  Ol 4 <22  9 

05  03  I! 
0 7  0 0  4 

07  O1  44 <23  22  
07  02  < 23  16  
07  03  4 6~  7~  
07  04  4 ~23  
07  05  44 24  2 '1 
07  06  56  57  

o?  o e  ss 
07  09  4 <22  12  

0 7  lO , 42  45  
0 7  1 ' ,  4 4 0  :36 
08  oo  4 45,  27  
08  O l  4 45  4 5  
OB 02  , 45  4 '7  
o8  0 3  , <2J  26  
08  04  4 71  72  
08  05  4 84  89  
08  06  4 7o  68  

o $  08  44 42~ 39  08  09  

08  11  
. . . . .  :: ~ ,~ 
09  01  4 41  
09  02  

99 04  4 44  4 '  
05  ,I 54  5e  

09  06  ' 4~  49  

Oo~ . . . . . . . . .  oo  , 40  1.3 
09  09  4 38  ~3  
09  10  4 , ~19  2 " /  
09  11  ,e. 32  ~e  

shown in  Table  1. The  h y d r o g e n  a toms  were  f i rs t  
a s sumed  to be s i t u a t e d  on  the  d iagonals  of t he  ou te r  
r ings  wi th  C - H =  1.08 J~, bu t  t he i r  posi t ions  were 
d e t e r m i n e d  la te r  f rom a t h r ee -d imens iona l  difference 
map ,  of which  a sec t ion  in  the  m e a n  molecu la r  p lane  
is shown  in  Fig. 1. I n  th is  syn thes i s  t he  ca lcu la ted  
s t r uc tu r e  factors  were  those  f rom the  second cycle 
exc lud ing  h y d r o g e n - a t o m  cont r ibu t ions ,  bu t  t he  Fo 
phases  were de r ived  f rom Fc w i t h  h y d r o g e n s  inc luded  
( tha t  is t he  theore t i ca l ly  e s t i m a t e d  h y d r o g e n  posi t ions  
were  e m p l o y e d  for correct ion of t he  Fo phases  s l ight ly) .  
The  h y d r o g e n  a toms  appea r  as wel l -def ined  electron-  
d e n s i t y  concen t ra t ions  w i th  m a x i m a  b e t w e e n  0.3 and  
0.6 e .A-3;  t he re  is also some res idual  e lec t ron  dens i ty  
as h igh  as 0.5 e.A-8 a t  t he  cen t re  of t he  b o n d  b e t w e e n  
a t o m s  12 and  13, b u t  o therwise  the  res t  of t he  differ- 
ence  m a p  is qu i t e  f la t  a n d  featureless .  

© 
(D 

;/,.~ j 

I '"'/ 

0 I 2 3 4A 

Fig. 1. Difference synthesis in the mean molecular plane. 
First contour lines are ___0.2 e.A -a, and the others are at 
intervals of 0.1 e.A-a. Dotted lines indicate negative elec- 
tron densities. Arcs show C-H distances of 1.09 A. 

The  obse rved  s t ruc tu re  ampl i tudes ,  and  those  
ca lcu la ted  w i th  t he  ca rbon  p e n u l t i m a t e  set of posi- 
t iona l  pa ramete r s ,  t he  h y d r o g e n  coord ina tes  de r ived  
f rom the  di f ference map ,  and  the  f inal  i sot ropic  
t e m p e r a t u r e  factors  are l i s ted  in  Table  2. The  cor- 
r e spond ing  overal l  R-fac tor  for t he  obse rved  d a t a  is 
0.096, a n d  a s u m m a r y  of t he  a g r e e m e n t  of t he  in- 
d iv idua l  ref lect ions (cf. H a n s o n  & A h m e d ,  1958) is 
g iven  in  Table  3. The  categories  have  been  chosen 
on the  basis of IFolmin.=l .0,  ]Folmax.=83"4, and  
R _ 0 . 1 .  Categories  (3) and  (4) which  cor respond to  

Tab le  3. Agreement summary  
Each category includes all reflections which meet the specified 
conditions and which have not been included in the preceding 

categories 
t~th = threshold value 

Observed reflections: 

Category Number 
1. JAF] _~ 1-0 or IAFJ ~_ 0.2Fo 694 
2. JAFJ ~ 2.0 or JzJFJ ~_ 0"4Fo 80 
3. JzJFI _~ 3.0 or JA_F] ~_ 0"6Fo 10 
4. IAF] > 3.0 and IAF] > 0"6Fo 1 

2 : 7 8 5  
Unobserved reflections: 

Category Number 
• 1 .  F c ~ 1.O.Fth 132 

2. .F c ~_~ l'5Fth 45 
3. Fc ~__ 2"OFth 5 
4. .F c ~__ 2"5Fta 1 

2 : 1 8 3  

h igh  discrepancies ,  inc lude  on ly  11 obse rved  reflec- 
t ions  a n d  6 unobse rved ,  all of which  are qu i t e  weak.  

Table  4. Electron densities (e .A -3) and curvatures 
(e .A -5) f rom f ina l  cycle 

@ - -  @XX - -  @ y y  - - @ z z  

Atom Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 

C1 5.52 5.42 38.7 40.0 39.3 3 7 - 8  27.1 26.7 
2 5.94 5 . 8 1  42.2 43-3 44-9 43-0 29.5 29.1 
3 6.48 6.40 50.6 50.8 50.1 47.6 35.3 34.9 
4 6.64 6.53 52.5 52.0 51.3 49.7 36.0 35.8 
5 5.71 5 . 7 1  41.5 42.7 39.6 39-0 2 9 . 1  28.9 
6 5.69 5.69 42.8 43.2 3 9 . 1  39.8 29.0 28.2 
7 5.30 5.40 38.3 37.6 3 5 . 1  37 -1  26.5 27.2 
8 5.70 5.72 43.3 43 -1  3 7 - 7  39.3 29.6 29.5 
9 6.23 6.19 48-1  47.6 48.0 46.9 32.7 32-4 

10 6.20 6.16 47.0 47.2 47.2 44.7 31.9 31.6 
11 5-64 5.65 38.5 40.6 4 4 . 1  41.8 26.9 27.2 
12 5 - 2 6  5.27 33.0 35.4 39.2 36.0 24.5 24.8 
13 5.35 5.33 34.4 36.5 39.3 37.6 24.3 24.8 
14 5 . 6 1  5.63 37.7 3 8 - 4  41.5 39.8 28.3 28.5 
15 6.42 6-31  48.3 48.3 51.7 47.9 3 3 - 9  33.6 
16 6.41 6 - 3 6  50.2 49.8 50.6 48.4 34.3 34-1 
17 6.06 5.95 46.8 47.0 43.6 43.0 30 -5  30.0 
18 5.57 5.57 39.2 39.5 40.3 39.8 27.8 27.7 

The  fou r th  and  f inal  set  of obs and  calc di f fe ren t ia l  
syn theses  sugges ted  some v e r y  smal l  changes  in  
ca rbon  a t o m  pos i t iona l  p a r a m e t e r s  (mean  cor rec ted  
shifts  of 0"0015, 0"0022, and  0-0044 • a long x, y, and  z 
respect ively) .  These  correct ions  were appl ied,  bu t  
s t ruc tu re  factors  were no t  reca lcula ted ,  as the  shif ts  
were too smal l  to p roduce  any  apprec iab le  changes .  
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T h e  f i n a l  o b s e r v e d  a n d  c a l c u l a t e d  e l e c t r o n  d e n s i t i e s  
a n d  c u r v a t u r e s  a t  t h e  c a r b o n  p o s i t i o n s  a r e  l i s t e d  i n  
T a b l e  4 ;  t h e  a g r e e m e n t  b e t w e e n  t h e m  i n d i c a t e s  n o  
s i g n i f i c a n t  t h e r m a l  a n i s o t r o p y  fo r  a n y  of  t h e  a t o m s .  

R e s u l t s  a n d  d i s c u s s i o n  

T h e  f i n a l  p o s i t i o n a l  a n d  t e m p e r a t u r e  p a r a m e t e r s  a r e  
g i v e n  i n  T a b l e  5, x, y, z b e i n g  c o o r d i n a t e s  r e f e r r e d  t o  
t h e  u s u a l  o r i g i n  a n d  e x p r e s s e d  as  f r a c t i o n s  of  t h e  u n i t -  
ce l l  edges .  T h e  c a r b o n  c o o r d i n a t e s  a r e  t h o s e  g i v e n  b y  
t h e  f o u r t h  d i f f e r e n t i a l  s y n t h e s e s  a f t e r  c o r r e c t i o n  fo r  
t h e  se r i e s  t e r m i n a t i o n  e r r o r s  b y  B o o t h ' s  b a c k - s h i f t  
m e t h o d  (1946),  a n d  t h e  h y d r o g e n  c o o r d i n a t e s  a r e  
t h o s e  m e a s u r e d  d i r e c t l y  f r o m  t h e  d i f f e r e n c e  m a p  
(Fig .  1). T h e  s t a n d a r d  d e v i a t i o n s  of  t h e  a t o m i c  
p o s i t i o n s ,  w h i c h  a r e  i n c l u d e d  in  T a b l e  5, a r e  t h o s e  
c a l c u l a t e d  f r o m  C r u i c k s h a n k ' s  f o r m u l a e  (1949) w i t h  
t h e  o b s e r v e d  d a t a  o n l y ,  t a k i n g  a(F)= I/]FI fo r  t h e  
c e n t r o s y m m e t r i c  z o n e s ,  (~(F)=21zJF I fo r  t h e  g e n e r a l  
r e f l e c t i o n s ,  a n d  a l l o w i n g  fo r  t h e  m u l t i p l i c i t y  of  t h e  
r e f l e c t i o n s .  N e a r l y  t h e  s a m e  s t a n d a r d  d e v i a t i o n s  a r e  
a l so  o b t a i n e d  if  C r u i c k s h a n k ' s  e x p r e s s i o n s  a r e  m u l -  
t i p l i e d  b y  a f a c t o r  of  1.60 a n d  a ( F )  is t a k e n  as  IAIF I 
fo r  a l l  r e f l e c t i o n s  ( S h o e m a k e r ,  D o n o h u e ,  S c h o m a k e r  
& C o r e y ,  1950).  

T h e  b o n d  l e n g t h s ,  a n d  t h e i r  s t a n d a r d  d e v i a t i o n s  
e s t i m a t e d  a c c o r d i n g  t o  t h e  e q u a t i o n  of  A h m e d  & 
C r u i c k s h a n k  (1953),  a r e  p r e s e n t e d  i n  F i g .  2(a).  T h e  
v a l e n c y  a n g l e s  a r e  g i v e n  i n  F i g .  2(b);  t h e i r  s t a n d a r d  

d e v i a t i o n s  as  e s t i m a t e d  f r o m  t h e  e x p r e s s i o n  i n  t h e  
International Tables for X-ray Crystallography (1959)  
a r e  b e t w e e n  0 .6  ° a n d  0-8 ° . 

T h e  m e a n  p l a n e  t h r o u g h  t h e  18 c a r b o n  a t o m s  of  t h e  
m o l e c u l e  w h o s e  c o o r d i n a t e s  a r e  l i s t e d  in  T a b l e  5 is 
r e p r e s e n t e d  b y  t h e  e q u a t i o n  

0 - 5 4 1 2 X -  0 .5451 Y + 0 - 6 4 0 5 Z +  1-3103 = 0 ,  

w h e r e  X ,  Y, Z a r e  t h e  c o o r d i n a t e s  i n  J~, r e f e r r e d  t o  
t h e  u n i t - c e l l  axes .  T h e  d e v i a t i o n s  (/11) of  t h e  a t o m s  
f r o m  t h i s  p l a n e  a r e  g i v e n  i n  T a b l e  5. T h e y  v a r y  i n  
a n  i r r e g u l a r  p a t t e r n  b e t w e e n  _+ 0 .05  • ,  a n d  a l t h o u g h  
t h e y  a r e  s m a l l ,  y e t  t h e y  a r e  h i g h l y  s i g n i f i c a n t ;  s i n c e  
Z 2 = 2 4 0 ,  a n d  fo r  v=15, P ~ 0.001 (for  v=15 a n d  
P - -  0 .001 ,  X 2 = 37-7 o n l y ) .  T h u s  t h e  t r i p h e n y l e n e  m o l e -  
c u l e  as  a w h o l e  a p p e a r s  t o  be  s i g n i f i c a n t l y  n o n - p l a n a r .  

T h e  b e s t  p l a n e  t h r o u g h  t h e  s ix  a t o m s  of  t h e  c e n t r a l  
r i n g  is 

0 . 5 3 2 5 X -  0 .5328  Y + 0 . 6 5 7 8 Z  + 1 . 2 2 9 9 - -  0 .  

D e v i a t i o n s  (zl2) of  t h e  a t o m s  f r o m  t h i s  p l a n e  a r e  
l i s t e d  i n  T a b l e  5 a n d  a r e  i l l u s t r a t e d  in  F i g .  2(c). T h e  
c e n t r a l  r i n g  i t s e l f  is  q u i t e  p l a n a r  ( Z 2 = 0 . 8  a n d  fo r  
v - - 3 ,  P > 0 . 5 0 ) ,  b u t  t h e  A2 d e v i a t i o n s  fo r  t h e  o t h e r  
a t o m s  a r e  of  c o u r s e  h i g h l y  s i g n i f i c a n t ,  a n d  s u g g e s t  
a r e g u l a r  d i s t o r t i o n  of  t h e  m o l e c u l e  f r o m  a p l a n a r  
c o n f i g u r a t i o n ,  w i t h  t h e  a t o m s  of  r i n g s  B a n d  C 
(Fig .  2(c)) b e i n g  d i s p l a c e d  i n  t h e  s a m e  d i r e c t i o n ,  
a n d  t h o s e  of r i n g  A in  t h e  o p p o s i t e  d i r e c t i o n .  T h i s  

T a b l e  5. Final positional parameters (fractional), with standard deviations (•),  isotropic thermal parameters (/~2), 
and deviations (/11) from the mean molecular plane and (de) from plane of central ring (J~) 

Atom x y z a(x) a(y) 6(z) 
C1 0.4405 0.6996 0.5767 0.008 0.008 0.010 

2 0"5199 0'7012 0.4031 0.007 0.007 0"009 
3 0-5327 0-6414 0.2175 0-006 0.007 0.008 
4 0-6181 0.6420 0"0451 0.006 0.006 0"008 
5 0.6917 0-7052 0.0477 0.007 0.008 0.009 
6 0.7703 0-7075 -- 0.1188 0.007 0.008 0.009 
7 0.7817 0.6476 --0-2986 0.008 0"009 0.010 
8 0.7132 0-5839 -- 0.3065 0"007 0.008 0.009 
9 0"6309 0.5811 -- 0"1377 0.007 0.007 0"008 

10 0.5558 0.5166 -- 0-1501 0.007 0-007 0.009 
11 0.5642 0-4559 --0.3394 0"008 0"007 0.010 
12 0.4918 0.3968 -- 0.3616 0"009 0.008 0.011 
13 0-4088 0"3966 -- 0.1937 0"008 0.008 0.011 
14 0"3997 0.4539 -- 0.0086 0"008 0.008 0"009 
15 0-4718 0"5163 0.0171 0"006 0.006 0"008 
16 0'4605 0'5785 0'2017 @006 0'006 0'008 
17 0.3793 0"5793 0"3748 0"007 0"007 0.009 
18 0"3692 0"6369 0.5594 0"008 0"008 0.010 

H1 0.425 0.750 0.740 - -  - -  - -  
2 0.578 0.750 0.402 - -  - -  - -  
5 0.692 0.751 0.197 - -  - -  - -  
6 0.826 0.753 --0.117 - -  - -  - -  
7 0"840 0"655 --0.453 - -  - -  - -  
8 0-720 0.535 -- 0.460 - -  - -  - -  

11 0.630 0.458 -- 0.467 - -  - -  - -  
12 0"497 0"362 -- 0.533 - -  - -  - -  
13 0-360 0.348 -- 0.200 - -  - -  - -  
14 0"335 0.455 0.130 - -  - -  - -  
17 0.328 0.526 0.345 - -  - -  - -  
18 0"319 0.635 0.713 - -  - -  - -  

B A 1 A 2 
5-3 0.013 0.078 
4-9 - 0.021 0.020 
4.4 - 0 . 0 0 9  0-001 
4.5 0.013 - 0 . 0 0 2  
5.1 - 0.030 - 0-040 
5.3 --0.052 --0.086 
5.5 -- 0.030 -- 0.094 
5.3 0-036 -- 0.034 
4-5 0"044 -- 0.002 
4-4 0.055 0.004 
5.1 0.031 --0.052 
5.5 --0.021 --0-109 
5.5 --0.045 --0"109 
5" 1 -- 0.009 -- 0.043 
4.5 0.022 --0.004 
4'5 --0'004 0'001 
4.9 -- 0.006 0.023 
5.3 0.018 0.078 

5"3 - -  - -  
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H H 

~, 1-411 / 
1.374 /18, , i \  1.389 (0.012V (0"011} X(0.012) 

H 1"13 {7 ~ 1"12 H 
1"405\ /1 "408 
(0.011)\ 1.421 /(0"011) 

H 1.431 16 3(kkl . H / 1.445 
112~ (0"01 (0"009) '~u.010) / ' I 0  
" " ~  1.418 ~ ,\ 1.434 / 

.1-372 /14(0.010)~ ~ V (0"010)5\1"356 
(0-013)/ 1.413\ /1.411 \(0.011) 

H 1"04 / (0"010)\101"4659/(0"010) \ 1"06 
~ 3  ? (0"010)~ ~ / )  H 

1.405\ /1.427 1.402\ /1.386 
(0"014)~j121"37911/(0"012) (0"011)~8 1"397 7/(0"013) 

1 . 0 /  (0"011, ~ '10 1 " 1 /  (0"012, ~'12 

H H H H 
(,~) 

H H 
1~113 1171/25 
'7120"2118.2~ " 

H ~ 2 " 6  122"2 ~ 2 1 ~  H 

\117"7119.1// 
H 121 "7)120.6119"3~ 21 "6 H 

12~3, ~1,22"0~.I I:~1:73 122 I~16 
/ :"°117.9X /"/'J122"1\ 

H ~ 0 " 8  119"5~: :0:121 :;821~0"0 120"2 1 1 1 ~  H 
\119"1121.1 / . . . .  _"~ 20"4120.1/ _ 
I~115 -1"2i(~ 17121 1 2 d ~  9 

H H H H 
(b) 

+78 +78 

+23 A +20 

--109 1~//3 C -86 

--109 --52 -34 -94 
(c) 

Fig. 2. (a) Measured bond lengths (~), and standard devia- 
tions (A) in parentheses. (b) Measured valency angles (o) 
(a=0.6 ° to 0"8 ° for C-C-C angles). (c) Deviations from 
mean plane of central ring (10 -8 A). 

distortion might be due to intra- or intermolecular 
steric effects (or both). Intramolecular overcrowding 
occurs due to close approaches of atoms 2 and 5, 

8 and Ii, 14 and 17, and especially between the 
hydrogen atoms attached to them. Steric repulsions 
between atoms 2 and 5, and between 14 and 17 
(and the associated hydrogens) would be relieved 
somewhat by the observed deviations from planarity, 
but since rings B and C are displaced in the same 
direction, interactions between atoms 8 and l l would 
not be reduced. However, the distance between atoms 
8 and I i seems to be increased, in comparison with 
a planar configuration, by a slightly greater displace- 
ment of ring C; in addition bond 9-10 is slightly, 
though only just significantly, longer than correspond- 
ing chemically equivalent bonds in the other positions. 
The distances between atoms 2 and 5, 8 and 11, 
14 and 17 are 2.936, 2.910, and 2.922 A respectively, 
so that the observed distortions from a planar molecule 
relieve intramolecular overcrowding about equally in 
all three regions. Such distortions, however, are not 
observed in biphenyl (Trotter, 1961) where similar 
steric interferences are present (except that the central 
bond is rather longer than bonds such as 9-10 in 
triphenylene), and where the molecule might be 
expected to distort more easily. Also, a slight twisting 
of each of the outside rings in triphenylene might be 
the expected distortion, since this would give a more 
symmetrical relief of the steric strain. 

Table  6. S h o r t e s t  i n t e r m o l e c u l a r  c o n t a c t s  ( JQ  

b e t w e e n  c a r b o n  a t o m s  

I molecule at x, y ,  z 
II molecule at x, y, 1 + z 

III molecule at 1½-- x, 1 -- y, -- ½ + z 
IV  molecu le  a t  - - ½ + x ,  1½--y, - -z  

I18 
I16 
I2 
It 
11 
I18 
I17 

• • II15 3.42 12 
I I l t  3.45 I17 
I I  9 3.47 I a 
I I  4 3.53 I l l  
I I  9 3.53 11 
II10 3.53 11 
II1t 3.53 I17 

I I  8 3"56 
II10 3"57 
I I  s 3"58 
I I Iv  3"60 
IV 7 3.61 
IV  6 3.64 
II12 3-67 

All the in termolecular  C-C and  C-H distances 
correspond to normal  van  der Waals  interact ions;  
the C-C approaches which are less t han  3-7 A are 
l isted in Table 6. The perpendicular  distance between 
molecules I and II  which are related by t rans la t ion c 
(see Table 6) is 3.37 J~, and the shortest  in termolecular  
C-C separat ion in the s tructure is 3-42 A between 
atoms 18 and 15 of molecules I and II,  respectively.  
All bu t  one (Ill to III~) of the fourteen shortest  
contacts l isted in Table 6 are between atoms 1, 2, 3, 
16, 17, and 18 of r ing A in molecule I, and atoms 
4, 6, 7, 8, 9, 10, 11, 12, and 15 of rings B and C in the 
neighbouring molecules I I  and IV. In  fact, the  van  
der Waals  interact ions between atoms of r ing A and  
of rings B and  C of the neighbouring molecules are 
relieved somewhat  by  the observed displacement  of 
atoms 1, 2, 17, and 18 of ring A in the opposite direc- 
t ion to the displacement  of atoms 5, 6, 7, 8, 11, 12, 13, 
and  14 of rings B and C of the same molecule. How- 
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ever, the non-p lanar i ty  could scarcely be due to 
these approaches alone, for any  strain introduced by  
these contacts could more readi ly  be relieved by a 
s l ight  reorientat ion of the whole molecule. 

8 1 

Fig. 3. Kekul6 structures for triphenylene. 

The measured C--C bond distances (Fig. 2(a)) fall  
into three dis t inct  ranges" bonds of type a (Fig. 2(c)) 
have lengths in  the range 1.431-1-465 ~,  types b, c, 
and  e (except bond 6--7) are in the range 1.402-1.434 A, 
and  type d is in the range 1-356-1.397 A. Some of the 
differences between chemical ly equivalent  bonds and 
angles are in the possibly significant region, and m a y  
be real, and a consequence of the slight molecular 
dis tort ion described earlier. However, for comparison 
with theoretical  values, the measured bond lengths 
which are chemical ly  equivalent  have been averaged 
according to their  e.s.d.'s assuming D3h symmetry ,  
and  their  weighted means are l isted in Table 7. 
Their  s tandard  deviat ions am as calculated from 
internal  es t imate  of the exper imenta l  errors (Cruick- 
shank,  1949), and a~, as derived direct ly from the 
deviat ions between the measured values and the 
means, are also given in  Table 7. Both am and a~, 

Table 7. Measured and calculated mean bond lengths ( A ) 

Measured Calculated 
Bond ^ 

(Fig. 2(c)) lm (Ym am" Kekul6 M.O. 
a 1-447 0-006 0"010 1"466 1.440 
b 1.415 0.006 0"003 1.401 1.416 
c 1-416 0.004 0.005 1.401 1.409 
d 1.377 0"005 0.006 1.386 1-393 
e 1.402 0.007 0.007 1.401 1.403 

are near ly  equal  for bond types b, c, d, and e, but  
a~n is s l ight ly  higher t h a n  ~m for type a due to the  

possibly significant elongation of bond 9-10. For 
comparison with these measured mean  distances, 
the theoretical  bond lengths have been calculated 
from the nine non-excited valence bond structures 
i l lus t ra ted in Fig. 3, and from the LCAO bond orders 
(Dictionary of Values of Molecular Constants, 1955) 
and the usual  correlation curves, and are given in 
Table 7. The general var ia t ion  of the measured 
distances is well reproduced in both sets of calculated 
values, and the individual  agreements  are also ex- 
t remely  good, par t icular ly  for the molecular orbi tal  
method. 

The hydrogen a tom positions have been de termined 
ra ther  imprecisely, so tha t  the var ia t ions in the C-H 
bond distances are not significant.  The mean  value 
for the C-H length  is 1.11 /~. 
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