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The Crystal  and Molecular Structure of Pentacene 
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Crystals of pentacene are triclinic, with two molecules in a unit cell of dimensions a = 7.93, b = 6" 14, 
c= 16.03 A, a= 101.9 °, fl= 112.6 °, y =85.8 °, space group P i .  The structure, which has been deter- 
mined from projections along the a and b crystal axes, is very similar to the structures of naphthalene, 
anthracene and tetracene. The two molecules in the unit cell are situated on independent centres of 
symmetry, the asymmetric unit consisting of two half-molecules. Both molecules are completely 
planar. Details of the molecular dimensions and of the intermolecular separations have been 
obtained. 

Introduction 

A detai led X-ray  invest igat ion of the crystal and 
molecular structure of pentacene (I), the next  higher 
benzologue in the naph tha lene-an th racene- te t racene  
series, has been under taken  to obtain an accurate 
account of the dimensions of the molecule, and of the 
intermolecular  separations. The structure is closely 
related to the lower members  of the series. 

As in the analysis  of the tetracene structure (Robert- 
son, Sinclair & Trotter,  1961), only a small  proportion 
of the theoret ical ly-observable intensit ies have been 
recorded, and the analysis  has again been confined to 
the projections along the a and b crystal axes. The 
bond lengths in the pentacene molecule have been 
determined with sufficient accuracy for comparison 
with the distances calculated by quantum-mechanica l  
theories. 

Experimental 
Crystals of pentacene obtained by  crystall ization from 
trichlorobenzene consisted of ext remely thin deep 
violet-blue leaflets, with only the (001) face developed. 
At tempts  to grow thicker specimens by recrystalliza- 
tion from trichlorobenzene in an atmosphere of carbon 
dioxide yielded only similar  very thin plate-like 
crystals. 

The unit-cell  dimensions were determined from 
rotation, oscillation and Weissenberg photographs of 
crystals rotat ing about  the a, b and c axes and various 
diagonals. The densi ty was determined by flotation 
in aqueous potassium-iodide solution. The crystal da ta  
were : 
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Pentacene,  C22H14; molecular we igh t=278 .3 ;  high 
melt ing point. 

Triclinic, 

a = 7 . 9 3 ! 0 . 0 2 ,  b = 6 . 1 4 ± 0 . 0 2 ,  c = 1 6 - 0 3 ± 0 . 0 5  A; 
= 101.9 ± 0.5 °, t~ = 112.6 ± 0.5 °, 7 = 85.8 ± 0.5 °. 

Volume of the uni t  ce l l=  705.0/~a. 
Density,  calculated (with Z = 2 ) =  1.303, m e a s u r e d =  

1.30 g.cm. -3. 
Absorption coefficient for X-rays,  ~t=1.542/~, # =  

6.80 cm. -1 
Total  number  of electrons per unit  cell = F (000)=  292. 
No systemat ic  absences; space group is either P1-CI 

or Pi-C~. 

The intensities of the Okl and hOl reflexions were 
recorded on Weissenberg films of the equatorial  layers 
for crystals rotat ing about  the a and b crystal axes, 
using Cu Ka radiation.  The mult iple-f i lm technique 
(Robertson, 1943) was used to correlate strong and 
weak reflexions. The range of intensit ies measured 
was about  1000 to 1 for the Okl zone and 3000 to 1 
for the hO1 zone, the est imates being made visually.  
The crystal used for the Okl zone photographs had  a 
cross-section normal  to the a-axis of 0.53 × 0.005 mm.,  
while tha t  used for the hO1 zone fi lms had a cross- 
section normal  to the b-axis of 1.06 × 0.005 mm. Due 
to the extreme thinness of the crystals, however, the 
mean pa th  through the specimens was almost  constant  
for all planes, and no absorption corrections were 
applied. 

The values of the structure ampli tudes  were derived 
by the usual formulae for a mosaic crystal,  the  
absolute scale being established later by  correlation 
with the calculated structure factors. 

61 Okl and 65 hO1 reflexions were observed, repre- 
senting about  26 and 21% respectively of the possible 
numbers  observable under  the exper imenta l  condi- 
tions. The small  proportion of reflexions observed is 
a consequence of the ra ther  poor qual i ty  of the very  
thin crystal specimens. 
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Fig. 1. (a) Electron-density projection along the a-axis. 

Contours at  intervals of 1 e./~ -2, with the one-electron line 
broken. (b) Projection of the structure along [I00]. 
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Fig. 2. (=) Electron-density projection along the b-axis. 
Contours as m Fig. I. (b) Projection of the structure along 
[010]. 
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S t r u c t u r e  a n a l y s i s  

A clue to the  a r r a n g e m e n t  of t he  molecules  in the  
p e n t a c e n e  crysta l  was p r o v i d e d  in cell d imens ions  and  
by t he  charac ter is t ic  appea rance  of t he  c-axis ro t a t ion  
pho tog raph ,  as exp la ined  in the  t e t r acene  analysis  
(Rober tson ,  Sinclair  & Tro t te r ,  1961). A compar i son  
of Weissenberg  f i lms of t e t r acene  and  p e n t a c e n e  also 
showed  a m a r k e d  s imi la r i ty  in t he  in tens i t i es  of cor- 
r e spond ing  reflexions.  The  10l and  30l ref lexions are 
qu i te  weak  in compar i son  wi th  the  20l planes,  and  
this  pseudo-monoc l in ic  s y m m e t r y  sugges ted  t h a t  t he  
two p e n t a c e n e  molecules  in the  un i t  cell were s i tua ted  
on centres  of s y m m e t r y  a t  (0, 0, 0) and  (½, ½, 0) in 
space group P1,  as is t he  case in crystals  of te t racene .  

A tr ial  s t ruc tu re  was therefore  set up, hav ing  the  
same molecu la r  o r i en ta t ions  as in te t racene ,  and  
s t ruc tu re  factors  were ca lcula ted  for t he  Okl and  hO1 
ref lexions using the  sca t te r ing  curve  for carbon of 
Berghuis  et al. (1955), correctcd for t h e r m a l  v ib ra t ion  
wi th  B=4.2  A ~ for all the  a toms.  The d i sc repancy  

Table  I. Assumed hydrogen fractional coordinates 

Atom x y z 
H1 0.202 0.087 0.482 

2 0.246 0.294 0.370 
4 0-202 0.321 0.218 
6 0.162 0.362 0.061 
8 -- 0.122 -- 0.395 0.098 

10 --0-085 -- 0-427 0.251 
l l  0.033 -- 0.272 0.420 

l" 0.553 0.661 0.475 
2' 0.447 0.853 0.335 
4' 0.401 0.873 0.178 
6' 0.362 0.887 0.020 
8' 0.673 0.104 0.142 

10' 0.718 0.088 0.304 
11' 0.700 0.265 0.453 

be tween  m e a s u r e d  and  ca lcula ted  s t ruc tu re  factors  
was 30.2% for the  observed  Okl planes  and  36-3% for 
the  hO1 reflexions. 

R e f i n e m e n t  of t he  posi t ional  and  t e m p e r a t u r e  
pa r ame te r s  p roceeded  by c o m p u t i n g  successive dif- 
ference syntheses ,  wi th  (Fo-Fc)  as coefficients,  and  
min imiz ing  the  slopes and  dif ference e lec t ron-dens i t ies  
a t  t he  a tomic  centres.  Bo th  pro jec t ions  were re f ined  
s imul taneous ly ,  t he  m e a n  values  of t he  shifts  in 
z-coordinate  being t a k e n  at  each stage.  The  first  
di f ference m a p  revea led  regions of pos i t ive  dens i ty  
close to the  posi t ions  expec ted  for h y d r o g e n  a toms,  
and  a con t r ibu t ion  f rom the  hyd rogens  was there fore  
in t roduced ,  coord ina tes  (Table 1) be ing  o b t a i n e d  by  
assuming  t h a t  t h e y  lay on the  r ing d iagonals  wi th  
C - H  dis tances  of 1.08 /~. Af ter  four cycles of refine- 
m e n t  the  discrepancies  were r educed  to  10.4% for t he  
Okl zone and  18.2% for the  hO1 zone, 3 .8% of this  
l a t t e r  f igure being due  to  the  207 plane,  which  m i g h t  
be affected by  ex t inc t ion .  F ina l  (Fo-Fc)  syn theses  
i nd i ca t ed  no fu r the r  s ignif icant  changes  in posi t ional  
or t e m p e r a t u r e  pa ramete r s .  The  values  of t he  m e a s u r e d  
and  ca lcula ted  s t ruc tu re  factors  are l i s ted  in Table  6, 
and  final  Fo syntheses ,  c o m p u t e d  wi th  measu red  
s t ruc tu re  amp l i t udes  and  ca lcula ted  signs, are shown 
in Figs. 1 and  2. 

Coordinates, molecular dimensions and orientation 
The  final  pos i t iona 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  of 

t he  carbon a toms  are l i s ted  in  Table  2, x, y and  z being 
coordina tes  re fer red  to  the  tr icl inic crystal  axes, and  
expressed  as f ract ions  of t he  uni t -cel l  edges, and  
X ' ,  Y' and  Z'  coord ina tes  in Angs t rSm uni t s  refer red  
to o r thogona l  axes a' ,  b and  c'. These  o r thogona l  axes 
consis ted  of t he  b crystal  axes, a '  t h e  p ro jec t ed  a-axis 

Table  2. Final positional and temperature parameters, and deviations (A 

Atom x y z X' 
C 1 0.1484 0.0183 0.4071 - 1.239 

2 0-1707 0.1361 0.3491 - 0.719 
3 0.1030 0.0604 0.2508 - 0.672 
4 0.1274 0.1650 0.1894 -- 0.115 
5 0.0572 0.0951 0.0950 -- 0.111 
6 0.0925 0.2095 0.0335 0.533 
7 -- 0.0227 -- 0.1227 0.0567 -- 0.516 
8 -- 0.0540 --0.2325 0.1225 -- 1.153 
9 0.0150 -- 0.1516 0.2149 -- 1.155 

10 -- 0.0152 -- 0.2634 0.2786 -- 1.772 
11 0.0519 -- 0-1800 0.3706 -- 1.786 

1' 0.5627 0.5733 0.4014 2.071 
2' 0.5035 0.6805 0.3286 2.034 
3' 0.5210 0.5876 0.2434 2.678 
4' 0.4582 0.7010 0.1686 2.624 
5' 0.4810 0.6062 0.0846 3.303 
6' 0.4231 0.7138 0.0100 3.287 
7' 0.5622 0.3794 0.0754 3.999 
8' 0.6103 0.2743 0.1483 3.948 
9' 0.6061 0.3652 0.2342 3.405 

10' 0.6549 0.2570 0.3094 3.345 
11' 0.6496 0.3487 0.3925 2.811 

Molecular centre I 0 0 0 0 
Molecular centre II 0.5000 0.5000 0 3.954 

) from the mean planes 

Y" z" B A 
--1.152 5.911 4.8 /~2 +0.042 .~ 
--0.223 5.069 4'8 +0.011 
- -  0.401 3.641 4.8 -- 0.026 

0.459 2.750 4"8 + 0"001 
0.302 1.379 4.8 --0.079 
1.229 0.486 4.8 -- 0.003 

- -  0.955 0.823 4.8 + 0"043 
- -  1"866 1'779 4"8 -- 0.026 
- -  1.635 3-120 4'8 + 0"020 
--2.551 4.045 4.8 --0.033 
--2.305 5.381 4.8 --0.005 

2"516 5.828 4"8 +0.006 
3"381 4.771 4"8 --0.016 
3.104 3.534 4-8 --0"003 
4-012 2.448 4.8 --0"031 
3.722 1.228 4.8 +0.013 
4.596 0.145 4.8 +0.003 
2.407 1.095 4.8 +0.004 
1"548 2.153 4"8 --0"045 
1.819 3"400 4"8 +0"027 
0"933 4.492 4"8 -- 0"029 
1.217 5"699 4.8 +0.043 

0 0 - -  0 
3.361 0 - -  0 
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(a sin 7), and  a th i rd  axis c' pe rpend icu la r  to a '  and  b. 
The equa t ions  of t he  m e a n  molecular  planes are 

Molecule I a t  (0, 0, 0): 

0 .8942X'  - 0.4339 Y' + 0.1100Z' -- 0 

Molecule I I  a t  (½, ½, 0): 

0 .8840X'  + 0.4193 Y' + 0.3345Z' -- 4.7464 

and  the  dev ia t ions  of the  a toms  from these planes are 
l is ted in the  final  co lumn of Table  2. 

The  bond  lengths  and  va lency  angles, ca lcula ted  
f rom the  coordina tes  of Table 2, are shown in Fig. 3(a). 
These values  sugges ted  t h a t  the  s y m m e t r y  of the  
p e n t a c e n e  molecule  d id  no t  differ f rom mmm,  and  the  
m e a n  values of t he  bond  dis tances  and  angles are 
shown in Fig. 3(b). 

The or ien ta t ions  of the  molecules  in the  crystal  are 
g iven  in Table  3, where  ;(L, WL, 09n; XM, WM, C0M; and  

1 1 "382 

~ ' ¢ 2 d  'v 'bq'l" 125. _ 126 126 12,5""-,,,,. 

L. ..~ ~ 11£~,1_19 120/~I 8 39 ~ 

(a) 

. • . • . 

1 . 4 4 1 ~ f "  L ) 

(b) 

Fig. 3. (a) Measured bond lengths (A) and valency angles 
(degrees). (b) Mean bond lengths and valency angles. 

Zlv, YJ~, WN are the  angles which the  molecular  axes, 
L, M (see Fig. 3) and  the  p lane  normals  N m a k e  wi th  

| | /  

Table 3. Orientation of the molecules in 
pentacene and tetracene 

Pentacene Tetracene 
^ 

"Molecule I Molecule II ~¢Iolecule I Molecule II" 

ZL 104" 4 ° 104" 3 ° 105" 9 ° 105" 6 ° 
V)L 106"5 104"] 106"7 104-8 
WL 22"2 20"3 23"4 21"7 

ZM 68.0 118.2 68.9 115.0 
~'M 30"4 28"9 30"3 25-5 
wM 70.1 84.1 69.3 85-1 

XN 26"6 32"4 26"7 32"3 
~lv 115"7 65"2 115"4 66"5 
wN 83"7 70-5 82-4 69"2 

the  or thogona l  axes a', b and  c'. The  axes L were  
t a k e n  t h rough  the  molecular  centres  and  the  mid-  
points  of bonds  1-11 and  l ' - ]  l ' ,  and  axes M th rough  
the  molecular  centres  and  a toms  6 and  6'. The  or ienta-  
t ion angles in te t racene ,  referred to analogous  or thog-  
onal axes, are inc luded  in Table  3 for comparison.  
The angles which  the  tr icl inic axes m a k e  wi th  the  
or thogona l  reference axes are g iven  in Table  4. 

Tab]e 4. Orientation of the. triclinic crystal axes 
in pentacene 

Xa= 4.2 ° Xb=90.0 ° Zc= 111"7 ° 
Y)a = 85"8 ~b = 0"0 Y)c---- 101"9 
(0a---- 90"0 Wb= 90"0 O)c---- 34"9 

I ntermolecular distances 

All the  in te rmolecu la r  separa t ions  correspond to  
no rma l  van  der  Waals  in terac t ions .  The  shor tes t  

Table  5. Measured and calculated bond distances 
in pentacene 

Kekul6 structures M.O. calculations 

Fig. 4. Kekul@ structures for pentacene. 

R.m.s. d over 
whole molecule 0.015 0-013 

Bond Meas- Calcu- Calcu- 
(Fig. 3) ured culated ./I lated zJ 

a 1.358 A 1.351 A 0.007/~ 1.369 A 0.011 A 
b ] .428 1.458 0.030 1-431 0.003 
c 1.381 1.370 0.011 1-399 0.018 
d 1.409 1.420 0.011 1.413 0.004 
e 1.396 1.392 0-004 1.408 0.012 
f 1-441 1.458 0.017 1.413 0.028 
g 1.453 1-458 0.005 1-458 0.005 
h 1.464 1.458 0.006 1.465 0.001 
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5 
6 
7 

O 0 1  
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4 
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12 
13 
14 
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0 1 1 4  
13 
12 
11 
10 

9 
8 
7 
6 
5 
4 
3 
2 
1 
T 

10 
- - _  

11 
_ _  

12 
13 

_ _  

14 
_ _  

15 
0 2 1 4  

13 
12 
11 
10 

9 
8 
7 
6 
5 

- ~ 0  

< 1.7 
83.0  

< 3.1 
4 .4  

< 4.5 
< 5.0 
< 5.3 
< 4 .6  
< 1.8 

41 .9  
7.1 

11.5 
< 4.8 
< 3-9 
< 3.7 

N o t  obs .  
32.6 
24.7 
17.7 
12.7 
16.5 
10.2 

5.4 
< 3.9 
< 4.2 
< 4.5 

4.7 
5.5 

< 4.8 
' < 4.6 

< 4"7 
4"8 

< 4"8 
< 4"7 
< 4"5 

4"1 
< 3"8 

3"5 
< 3"3 
< 3"0 
< 2"7 
< 2"4 
< 2"2 
< I ' 9  
< 1.8 
< 2 .0  
< 2.2 
< 2.4 
< 2.7 

13.0 
4.9 

< 3.6 
< 3.9 
< 4.3 
< 4.5 

7.1 
6.8 

< 4.9 
< 4.7 
< 4 .4  

6.6 
< 4.9 
< 4.9 
< 4.8 
< 4"6 
< 4"3 

9"1 
13.4 

4.9 

- -  3.1 
+ 8 6 . 1  
- -  2.7 
- -  3.8 
+ 1.4 
+ 2.9 
+ 0.2 
+ 0.5 
+ 4,1 
- -  43.5  
+ 8.2 
- -  8-9 
+ 0.9 
- -  1-8 
+ 2.3 
+ 3 6 . 1  
- - 3 0 . 0  
+ 2 4 . 1  
- - 1 7 . 3  
+ 1 3 . 4  
- -  17.2 
- -  10.6 
+ 5.3 
- -  3.3 
+ 2.3 
- -  3.1 
+ 6.6 
+ 4.3 
- -  2.5 
+ 1.0 

- -  1 " 1  

- -  7 " 3  

- -  1"3 
+ 2.2 
- -  2.3 
+ 2.3 
- -  1.5 
- -  5.7 
+ 3.6 
+ 2.6 
- -  0.4  
- -  1-5 
+ 0.2 
+ 4 .0  
- 4-9 
- 0 . 1  

+ 3.3 
- -  3.2 
+ 3.9 
+ 1 2 . 5  
+ 2.1 
- -  1.9 
- -  0 . 7  

- -  0.2 
+ 0.6 
- -  7.7 
- -  5.4 
+ 2.6 
- -  0.8 
- -  0 . 6  

- -  7 . 8  

- -  2 . I  
+ 1.3 
+ 0"1 
+ 0.5 
+ 2.0 
- -  9-3 
- -  14.7 
+ 6.1 

Table 6. Measured and calculated structure factors 

h k 1 2'o Fc 
0 2 4 < 3"2 - -  0"4 

3 4"8 --  4"0 
2 10"4 + 9"7 
1 29"6 - - 2 9 " 6  
]" < 2.6 - -  3.6 

7.2 + 7.1 
8.0 - -  9.7 
7.2 + 7.5 
3.8 --  3.3 

40.8  - - 4 3 . 4  
8.9 --  7.1 

< 4.3 + 1.1 
< 4.0 --  2.3 

10 < 4.3 + 1.4 
_ _  

11 < 4.6 --  4 .8 
_ _  

12 16.0 + 1 5 . 8  
13 10.4 + 1 0 . 9  
14 < 4.8 --  2.8 
15 < 4.7 + 1.7 

0 3  13 < 4.2 + 3.3 
12 < 4.6 + 1.7 
11 < 4.8 --  2 .0 
10 < 4.9 + 3.3 

9 < 4.8 - -  2.7 
8 < 4.7 + 4.2 
7 13-1 + 12.4 
6 < 4.3 --  0 .9 
5 < 4.1 + 0.4 
4 < 3-9 --  0 .3 
3 < 3.7 + 2.2 
2 < 3.6 --  1-3 
1 6.9 --  9.5 
T < 3.3 + 1.7 

< 3.3 + 0.5 
g < 3-4 - -  0.9 

< 3.5 + 1.5 
5.4 - -  6.7 

g 11.7 - 1 3 . 1  
< 3.9 + 2.9 
< 4.1 - -  2 .0 
< 4.4 + 0.5 

10 < 4.6 --  1.1 
11 < 4.7 - -  2.9 
12 16.4 + 1 6 . 5  
13 9.1 + 7.6 
14 < 4.8 --  3.1 
15 < 4.5 + 2.5 

0 4  l l < 4.2 - -  1.5 
10 < 4.6 + 1.3 

9 < 4-8 --  2-1 
8 4.4 + 3.2 
7 26.2  + 2 6 . 4  
6 7.7 + 7.0 
5 4.6 --  4 .3 
4 < 4.6 + 4.1 
3 < 4 .4  --  2 .8 
2 3.5 + 3.8 
1 1 2 . 6  - -  11.2 
~ 4.6 + 5.3 

3.3 --  3.5 
3.4 + 4 .0  
3.4 - -  2 .8 
4.2 + 2.5 

13.5 + 1 1 . 4  
< 4.5 + 1.8 
< 4.6 0 

§ < 4"7 - -  0"4 
10 < 4.8 + 1.2 
l l < 4.9 - -  1.8 

_ _  

12 6.8 --  8.4 

h k l Fo Fe 
0 4  13 < 4"7 --  2"5 

14 < 4"5 + 1"1 
0 5 9 < 4"0 - -  0"5 

8 < 4"3 + 1"5 
7 4-8 - -  5"1 
6 < 4"8 --  5"3 
5 < 4.9 + 2.3 
4 < 4.9 - -  2 .4  
3 < 4.9 + 0-7 
2 < 4.8 + 0.9 
1 < 4.8 --  0 .8 
T < 4.7 - -  2.7 

< 4.7 + 1.9 
< 4.7 - -  1.6 

Yi < 4-7 + 1.8 
< 4-8 + 3.8 

8.7 - - 1 0 . 1  
< 4-9 + 0"5 
< 4.9 + 1.2 

§ < 4.9 --  1.1 
_ _  

l 0  < 4.8 + 3.4 
_ _  

l l < 4.7 --  3-2 
_ _  

12 < 4.5 --  3.7 
- - _  

13 < 4.3 - -  0.7 
0 6 7 2.9 --  2 .8 

6 < 3-8 - -  0 .4 
5 < 4-1 + 0.2 
4 < 4.3 --  1-1 
3 < 4-5 + 0.7 
2 < 4.6 --  0 .4 
1 7 - 3  - -  5.9 
T < 4.8 --  0 .6 

< 4.8 0 
< 4"8 --  0"5 
< 4-8 - -  1.8 

11.3 + 1 2 . 7  
8.5 + 8.4 

< 4.7 - -  2.7 
< 4.6 + 1.7 
< 4.5 --  0 .4 

10 < 4.3 + 0.9 
- - _  

11 < 4.0 --  0 .4  
0 7  2 < 3.3 --  1.7 

1 < 3 . 6  - -  0.3 
T < 3.8 --  0.9 

< 3.9 0 
< 3.9 --  0.1 
< 3.9 --  1-5 

6.2 + 4-9 
4-3 + 2.6 

< 3.6 --  0.8 
< 3.5 + 0.7 

1 0 1 4  < 5.0 + 3.0 
13 13.9 - - 1 2 - 1  
12 14.5 - - 1 9 . 3  
11 < 5.0 + 3.8 
10 < 4.8 + 0.6 

9 < 4.5 --  3.8 
i 8 6.3 + 5.5 

7 12.0 - -  11.5 
6 22-5 - - 2 3 . 5  
5 3.6 --  2.1 
4 4.3 + 6-3 
3 3.2 - -  3.1 
2 < 2.2 + 0.4 
1 < 1.9 + 3-3 

i T < 1-6 + 5.6 
< 1-8 --  3.6 
< 2.1 + 2.3 

h k l  
1 0  7~ 

g 

_ _  

10 
_ _  

11 
_ - -  

12 
13 
14 
15 

2 0 1 3  
12 
l l  
i 0  

9 
8 
7 
6 
5 
4 
3 
2 
1 

T 

- -  

5 

l 0  
_ _  

l l  
_ _  

12 
_ _  

13 
_ _  

14 
_ _  

15 
3 0 1 2  

I I  
l 0  

9 
8 
7 
6 
5 
4 
3 
2 
1 
T 

g 

g 

g 
§ 

_ _  

10 
l l  

- - _  

12 
- - _  

13 
- - _  

14 
15 

- - _  

16 
4 0 1 1  

10 

Fo 
< 2"4 
< 2"7 
< 3-0 

3"3 
< 3"7 
< 4-0 
< 4"3 
< 4"6 
< 4"9 

1 3 7  
< 5"2 
< 5-1 
< 4.9 

6.5 
< 5"2 
< 5"1 
< 4.9 
< 4-6 
< 4"3 

23"6 
< 3"7 

4"4 
6"1 

lO.O 
18-4 
70-1 
31"3 
16.2 

7"3 
3-3 

< 3-1 
2O'8 

3"6 
< 4.0 
< 4.3 
< 4.6 
< 4-9 

7.2 
< 5.2 
< 5-2 

l l . l  
< 5.1 
< 5.2 
< 5.1 
< 5.0 
< 4.8 

5.2 
< 4.2 
< 4.0 
< 3-7 
< 3.5 
< 3.3 
< 3.0 
< 3.0 
< 3.0 
< 3.1 

4.5 
8.0 

21 .4  
4.4 
4.1 

< 4.3 
< 4.6 
< 4.9 

7.2 
6.0 

< 5.2 
< 5"0 
< 4.6 
< 5 4  

F c  

+ 0.5 
- -  0.7 
+ 5-9 
- -  1.1 
+ 0.2 
+ 0.9 
- -  3.0 
+ 3.0 
- -  4.9 
- - 1 1 . 2  
- -  0-4 
+ 0.8 
- -  1.1 
+ 6.4 
+ 1.7 
- -  0.9 
+ 0.3 
+ 0-2 
+ 1-1 
- - 2 3 . 7  
- -  7.5 
+ 5.8 
- -  7.6 
+ 1 1 . 5  
- - 2 1 . 0  

+ 1 0 1 . 1  
--  32 .8  
+ 1 4 . 6  
- -  5.2 
+ 0.1 
+ 1.7 
- - 2 1 . 7  
+ 3.8 
- -  1.7 
- -  0.2 
+ 0.8 
- -  2.9 
+ 7.5 
+ 1.1 
- -  0 . 1  

- -  1 2 . 5  

- -  3.9 
+ 3-5 
- -  2-4 
+ 2.0 
- -  1.9 
- -  8 . 4  

- -  4.4  
+ 2.3 
+ 1.7 
- -  3.1 
+ 4.6 
+ 1.6 
- -  0.8 
- -  2.0  
+ 4-0 
- -  5.7 
+ 7.9 
+ 2 2 - 3  
+ 5 .4  
- -  4.1 
+ 1-5 
- -  0.3 
- -  2.7 
+ 8.7 
+ 7.5 
- -  1.5 
+ 0.5 
+ 2.3 
- -  0.1 
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h k 1 t% t% 
4 0 9 < 5"2 + 0"2 

8 < 5.2 0 
7 < 5"1 + 1"0 
6 8-1 -- 6.7 
5 11-7  --15.3 
4 < 3-8 + 1.6 
3 < 4-3 + 1.2 
2 < 4.1 -- 2.8 
1 < 4.0 + 3"4 
] < 3-7 + 1.8 

< 3.7 + 0.2 
< 3-6 + 1.5 
< 3.7 + 0.5 
< 3"7 -- 3.6 
< 3.8 + 4.3 

22.7 --22.0 
8 7.6 --12.0 

< 4-4 + 4.4 
10 < 4.6 -- 3.4 
11 < 4.8 + 2.7 
12 < 5.0 -- 3.0 
13 < 5.1 + 0.8 
14 5.3 + 7.6 
15 < 5.2 + 0.8 

_ _  

16 < 5.0 -- 0.2 
5 0 9 < 4.6 -- 0.8 

8 < 5.0 + 1.5 
7 < 5.1 -- 0.7 
6 5.2 + 0.4 
5 5.9 + 6.0 

h k  l Fo 
50  4 < 5 " 2  

3 < 4"9 
'2 < 4"8 
1 < 4"6 

< 4"4 
< 4.3 
< 4.3 
< 4.2 
< 4.3 
< 4.3 

4.4 
4.5 

< 4.7 
_ _  

10 < 4.9 
_ _  

l l  < 5.0 
12 < 5.1 
13 8.9 
T,~ 16.2 
_ _  

15 < 5.1 
16 < 4-8 

60  7 < 4 . 5  
6 < 4.9 
5 < 5.1 
4 < 5.2 
3 < 5.2 
2 < 5.2 
1 < 5.1 
Y 17.0 

7.9 
< 4"9 

T a b l e  6 (cont.) 

Fc h k  l 
- 0 . 1  60  

0 
+ 0.2 
+ 0.2 
+ 0.3 g 
+ 1"6 § 

- - _  

-- 2 . 3  1 0  
- - _  

+ 1.5 l l  
- - _  

-- 1.7 12 
+ 1'0 13 
+ 4.7 14 

_ _  

+ 1.2 15 
- 1 . 5  70 5 
- 1 . 6  4 

+ 2.5 3 
- -  3 . 7  2 

+ 4.4 1 
419.5 ]" 
+ 2.5 
- -  2 . 4  

o 
- o . s  

- 2 . 1  

- 3 . 0  

+ l.S g 
- -  0 . 4  

- -  1-1 10 
- -  13.4 11 
--12.8 12 
+ 5.5 

d i s t a n c e  b e t w e e n  m o l e c u l e  I a n d  m o l e c u l e  I I  is 3 .66 /~ .  
B e t w e e n  m o l e c u l e s  r e l a t e d  b y  t r a n s l a t i o n  b, t h e  
m i n i m u m  s e p a r a t i o n  is 3.71 ~ ,  a n d  b e t w e e n  t h o s e  
r e l a t e d  b y  t r a n s l a t i o n  c, 3.94 A. T h e  m i n i m u m  d i s t a n c e  
b e t w e e n  m o l e c u l e s  I or  I I  a n d  t h e  m o l e c u l e s  I I  or  I 
one  t r a n s l a t i o n  a long  c is 3 . 6 4 / ~ .  

T h e  c o r r e s p o n d i n g  m i n i m u m  i n t e r m o l e c u l a r  ap-  

p r o a c h  d i s t a n c e s  in  t e t r a c e n e  a r e  3.70, 3.68, 3.86 a n d  
a.75 A. 

Standard deviations 

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  pos i t i ons  
w e r 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  (1949) f o r m u l a e .  
T h e  r .m.s ,  v a l u e s  for  all  t h e  a t o m s  w e r e  

a(x) = a(y)= a(z)= 0.030 A,  

so t h a t  t h e  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  of t h e  
m e a s u r e d  b o n d  l e n g t h s  a re  0.042 A. Th i s  v a l u e  m a y  
be c o m p a r e d  w i t h  t h e  r .m.s ,  d e v i a t i o n  of t h e  i n d i v i d u a l  

b o n d  d i s t a n c e s  f r o m  t h e  m e a n  d i s t a n c e s ,  w h i c h  is 
0 . 031 /~ .  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  m e a n  b o n d  

d i s t a n c e s  a r e  0.021 ~ for  bonds  a, b, c, d, e, a n d  0.030 A 

fo r  b o n d s  f ,  g, h. 

D i s c u s s i o n  

T h e  close s i m i l a r i t y  to  t h e  p r e c e d i n g  m e m b e r s  of t h e  
b e n z o l o g o u s  series ,  n a p h t h a l e n e ,  a n t h r a c e n e  a n d  t e t r a -  
cene ,  is t h e  m o s t  i n t e r e s t i n g  f e a t u r e  of t h e  c r y s t a l  
s t r u c t u r e  of p e n t a c e n e .  As w i t h  t e t r a c e n e ,  t h e  s l igh t  

d e v i a t i o n  f r o m  m o n o c l i n i c  s y m m e t r y  r e s u l t s  in a 
c loser  p a c k i n g  of t h e  p e n t a c e n e  m o l e c u l e s  in t h e  

Fo Fe I h k 1 F o Fc 
< 4.8 0 7 0 1 3  < 4-9 -- 2.1 
< 4.8 -- 2.4 14 10.8 + 7-9 
< 4.9 + 2.5 15 < 4.4 + 7.9 

11.9 -- 8.0 80  2 < 4.1 + 0.8 
12 .1  --15.8 1 < 4-3 -- 0.6 

< 5.0 -- 1.1 T 6.7 -- 0.5 
< 5.1 + 1.0 2 9.2 --10.1 
< 5.2 -- 1.2 3 < 4.9 -- 1.0 
< 5.2 + 0.8 4 < 5-0 + 2.8 
< 5.2 -- 2.0 5 < 5.0 -- 2-0 
< 5.1 + 2.8 6 < 5.0 + 1.3 
< 4.9 + 4.0 7 < 5.0 -- 1.6 

6.9 + 6.3 8 < 5.0 -- 4-1 
< 4-6 + 3.9 9 < 4.9 -- 2.7 
< 4.8 -- 2.1 10 < 4.9 + 0.2 

_ _  

< 5.0 + 0.5 l l  < 4.8 + 0-1 
< 5.2 + 0.2 12 < 4.6 -- 0.6 
< 5.2 + 0.9 13 < 4-4 + 0.6 
< 5.2 + 1.9 90  1 < 3-9 + 0-1 
< 5.2 0 2 < 3.9 + 1.1 
< 5.2 -- 0.1 3 < 3-9 + 1.0 
< 5.2 -- 0.1 4 < 4-0 0 
< 5.2 0 5 < 4.2 + 0-1 
< 5-2 + 0.6 6 < 4-2 -- 0-2 

7.3 -- 7.8 7 < 4.2 + 0.6 
< 5.2 -- 3.6 8 7.6 -- 4-1 
< 5.2 + 0.7 9 < 4-1 -- 6.4 

_ _  

< 5.1 -- 0.8 10 < 4-0 + 0-8 
< 5.1 + 0.9 11 < 4.0 -- 0.1 

c r y s t a l ,  a n d  a c o r r e s p o n d i n g  i n c r e a s e  in  d e n s i t y  
(of a b o u t  2%) .  

B o t h  p e n t a c e n e  m o l e c u l e s  in t h e  u n i t  cell  a r e  com-  

p l e t e l y  p l a n a r  w i t h i n  t h e  l i m i t s  of e x p e r i m e n t a l  e r ro r ,  
t h e  m a x i m u m  d e v i a t i o n  f r o m  t h e  m e a n  m o l e c u l a r  
p l a n e s  be ing  0.079 •, a n d  t h e  r o o t - m e a n - s q u a r e  
d e v i a t i o n  0.030 A. 

0 n  t h e  bas i s  of  t h e  s t u u d a r d  d ~ i a t i o n s  of t h e  b o n d  

d i s t a n c e s  g i v e n  a b o v e ,  i t  was  n o t  c o n s i d e r e d  t h a t  t h e  
m o l e c u l e  d e v i a t e d  f r o m  s y m m e t r y  mmm,  a n d  t h e  m e a n  
b o n d  l e n g t h s  a n d  v a l e n c y  ang le s  a r e  s h o w n  in  Fig .  3(b). 
T h e  b o n d  d i s t a n c e s  a r e  q u o t e d  to  0.001 J~ fo r  com-  
p a r i s o n  w i t h  t h e  c a l c u l a t e d  d i s t a n c e s  be low,  a l t h o u g h  

t h e  a c c u r a c y ,  as i n d i c a t e d  b y  t h e  s t a n d a r d  d e v i a t i o n s ,  
is n o t  n e a r l y  as g o o d  as this .  A c a l c u l a t i o n  of t h e  b o n d  
l e n g t h s  fo r  c o m p a r i s o n  w i t h  t h e  m e a s u r e d  d i s t a n c e s  
was  m a d e  f r o m  t h e  six n o n - e x c i t e d  v a l e n c e  b o n d  
s t r u c t u r e s  for  p e n t a c e n e  (Fig.  4). T h e  p e r c e n t a g e  
d o u b l e - b o n d  c h a r a c t e r  was  c a l c u l a t e d  for  e a c h  b o n d  
in t h e  mo lecu l e ,  a n d  t h e  c o r r e s p o n d i n g  b o n d  l e n g t h s  
d e r i v e d  f r o m  a c o r r e l a t i o n  c u r v e  d r a w n  t h r o u g h  t h e  

points (0, 1.50), (0.33, 1.42), (0.5, 1.39,,), (1-0, 1.337). 
~ - B o n d  o r d e r s  c a l c u l a t e d  b y  t h e  L C A O  m o l e c u l a r  
o r b i t a l  m e t h o d  a re  also a v a i l a b l e  (Dictionary of  Values 
of  Molecular Constants, 1955; B a l d o c k ,  B e r t h i e r  & 
P u l l m a n ,  1949), a n d  c a l c u l a t e d  b o n d  d i s t a n c e s  w e r e  
o b t a i n e d  f r o m  t h e  o r d e r - l e n g t h  c u r v e  d e s c r i b e d  b y  
G o o d w i n  & V a n d  (1955). T h e  b o n d  l e n g t h s  c a l c u l a t e d  
b y  t h e  v a l e n c y  b o n d  a n d  b y  t h e  m o l e c u l a r  o r b i t a l  

m e t h o d s  a r e  c o m p a r e d  in  T a b l e  5 w i t h  t h e  m e a s u r e d  
d i s t a n c e s ;  t h e  d i f f e r e n c e s  (A) b e t w e e n  m e a s u r e d  a n d  
c a l c u l a t e d  v a l u e s  a re  i n c l u d e d  in t h e  t ab le .  T h e  g e n e r a l  
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var ia t ion of the measured bond lengths is well re- 
produced in both sets of calculated distances. The 
indiv idual  agreements  are also r emarkab ly  good; for 
the valence-bond distances, the m a x i m u m  difference 
between measured and  calculated values is 0.030 A, 
and  the  root-mean-square deviat ion 0.015/~, while the 
corresponding deviat ions for the molecular orbital  
method  are 0.028 and 0.013/~. Both sets of calculated 
distances therefore agree equal ly  well with the meas- 
ured values. 

We thank  Dr E. Clar for the crystal  sample. One of 
us (R. B. C.) is indebted to the Depar tment  of Scientific 
and Indus t r ia l  Research for a main tenance  allowance, 
and one of us (J. T.) to the Univers i ty  of Glasgow 
for an I.C.I. Research Fellowship. 
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The Crystal Structure of N-Chloro -Succ in imide  
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N-chloro-suceinimide, C4H4C1NO 2, forms orthorhombic crystals with a--6.41, b = 7.11, c = 11.69 /~, 
space group P212121 and Z =4. The structure has been solved by application of the heavy-atom 
method to the bromine isomorph and refined by two-dimensional projections on the (100) and (010) 
planes. The molecular bond lengths and angles are bilaterally symmetrical, but  the molecule is 
significantly aplanar. A 'close' intermolecular approach of 2.88 /~ has been observed between C1 
and O. 

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

Pre l iminary  crystal lographic work on the heterocyclic 
compound succinimide (I) and its N-chloro and N- 
bromo derivatives had revealed tha t  the lat ter  two 
compounds form an isomorphous pair  (Brown, 1956). 

~ O  
j C  

H2C \ 
I NH (1) 

H,C~c/ 

%O 

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

N-chloro-succinimide (N.C.S.), C4H4C1N02, inch wt. 
133.5, was made from succinimide by the method of 
Hirs t  & Macbeth (1922). I t  is a colourless crystall ine 
solid mel t ing at  148 °C. Crystals were obtained from 
benzene by  slow evaporat ion as small  or thorhombic 
plates tabular  on {001 } with the addi t ional  forms {111 } 
(always present), {110} (common), {0II} (rare) and 

* Present address: Central Research Laboratories, hnperial  
Chemical Industries of Australia and New Zealand Limited, 
Ascot Vale, Victoria, Australia. 

{101 } (very rare). Optic orientation" X = a, Y = b, Z = c; 
optic sign negative. Refract ive indices, 

n x - -  1.492 + 0.002, n r  = 1.625 _+ 0.(}02, 

nz--  1.669 +_ 0.002,  

measured by the oil-immersion method.  Unit-cell  
dimensions,  assuming the Cu Ka  wavelengths of 
Lonsdale (1950)" 

a -- 6.412 _+ 0.003, b = 7.111 _+ 0.015, c = 11.691 _+ 0.004 ~.  

Systematic  absences" h00, 0k0, 001 for odd indices; 
space group P212121. 

V=533  •3, Z = 4 ,  d(ealc.)= 1.66, d(obs.)= 1.65 g.cm.-~ 

(Stefl., 1915). 

Absorpt ion coeff, for Cu K~, re--55 cm. -1. 
N-bromo-succinimide (N.B.S.), C4H4BrN02, mol.wt. 

178.0, was obtained ready-made as crystals mel t ing 
at  174 °C. Crystals from water were th in  {001} plates 
showing also the faces {111} and {011}. Optic orienta- 
tion : X = b, Y-- a, Z = c ; optic sign negative. Refrac- 
rive indices: 


