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Crystals of tetracene are triclinie, with two molecules in a unit cell of dimensions a = 7.98, b = 6.14, 
c = 13.57 A, a = 101.3 °, fl = 113.2 °, ~, =87.5 °, space group P i .  The structure, which has been deter- 
mined from projections along the a and b axes, is closely related to the structures of naphthalene 
and anthracene. The two molecules in the unit cell are situated on independent centres of sym- 
metry, 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 detailed X-ray  invest igat ion of the crystal  and 
molecular structure of te t racene (I), the next  higher 
benzologue in the naph tha lene -an th racene  series, has 
been under taken  to obtain an accurate account of the 
dimensions of the molecule, and of the intermolecular  
separations. The crystals of tetracene are triclinic, but  
the structure is closely related to the monoclinic 
naphtha lene  and anthracene structures;  in part icular  
the long axes of the molecules lie close to the c-axis, 
as in the two lower members  of the series. 

Crystals of tetracene consisted of ext remely th in  
plates with only the (001) face developed, and it was 
possible to record only a ra ther  small  proportion of the 
reflexions theoret ical ly observable. As efforts to grow 
better  crystal specimens were unsuccessful, the pauci ty  
of da ta  has precluded the a t t a inment  of results as 
accurate as in the naphtha lene  and anthracene anal- 
yses (Abrahams,  Robertson & White,  1949; Sinclair, 
Robertson & Mathieson, 1950; Cruickshank, 1956, 
1957a, b), and the present analysis  of the tetracene 
structure has been confined to the projections along 
the a and b crystal  axes. Nevertheless the bond lengths 
in the tetracene molecule have been determined with 
sufficient accuracy to allow a comparison to be made 
with the distances predicted by  quantum-mechanica l  
theories. 

Experimental 

Crystals of tetracene obtained by crystal l ization from 
xylene (Clar, 1942) consisted of ext remely th in  orange- 
red leaflets. Recrystal l izat ion from tetral in gave very 
small, more evenly developed specimens, but  these 
were invar iab ly  twinned. Slow subl imat ion at 170 °C. 
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also gave twinned crystals. The crystals were very  
friable, and a t tempts  to separate the twins by mechan- 
ical means  were unsuccessful. The very th in  plate-like 
crystals obtained from xylene, in which (001) is the 
only face developed, were therefore used in the X-ray  
investigation. 

The unit-cell  dimensions were determined from rota- 
tion, oscillation and  Weissenberg photographs of 
crystals rotat ing about  the a, b and c axes and various 
diagonals. The values obtained for the axial lengths 
were in good agreement  with previous results (Hertel 
& Bergk, 1936). The densi ty was determined by flota- 
t ion in aqueous potass ium-iodide solution. The crystal  
data  were : 

Tetracene, C18Hle; molecular we igh t=228 .3 ;  mel t ing 
point  = 357 °C. 

Triclinic, 

a = 7 . 9 8 ± 0 . 0 2 ,  b = 6 . 1 4 ± 0 . 0 2 ,  c = 1 3 . 5 7 ± 0 . 0 4  A; 
a = 101.3 ± 0.5 °, fl = 113.2 ± 0.5 °, ~, = 87.5 ± 0.5 °. 

Volume of the uni t  cell = 599.2 A 8. 
Density,  calculated (with Z=2)=1.257, m e a s u r e d =  

1.24 g.cm. -8. 
Absorption coefficient for X-rays,  ~=1.542 A, # =  

6.55 cm.-1. 
Total  number  of electrons per uni t  cell = F(000)=240.  
No systematic  absences; space group is either P1-C~ 
or Pi-C~. 

The intensit ies of the 01el and hO1 reflexions were 
recorded on Weissenberg films of the equatorial  layers 
for crystals rotat ing about  the a and b crystal axes, 
using Cu K s  radiation.  The mult iple-f i lm technique 
was used to correlate strong and  weak reflexions 
(Robertson, 1943). The range of intensit ies measured 
was about  1500 to 1 for the Okl zone and 2000 to 1 for 
the hO1 zone, the est imates being made visually.  The 
crystal  used for the 0kl photographs had a cross- 
section normal to the a-axis of 0.81 × 0.005 mm.,  while 
tha t  used for the hOl fi lms had a cross-section normal  
to the b-axis of 0 .86×0.005 mm.  I t  was therefore 
considered tha t  it would be impor tan t  to apply  cor- 
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rections for absorption. However it was found that, 
due to the extreme thinness of the crystal specimens, 
the mean path through the crystal was almost constant 
for all the observed reflexions, with the exception of 
six. Approximate absorption corrections were therefore 
made for only these six planes. 

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

52 01el and 71 hO1 reflexions were observed, repre- 
senting about 27 and 30% respectively of the possible 
numbers observable under the experimental condi- 
tions. The small proportion of reflexions observed is 
a consequence of the rather poor quality of the very 
thin crystal specimens. 

Structure  ana lys i s  

Determination of the space group 
Since crystals of tetracene belong to the triclinic 

system, the space group must be P1 or P1, and 
these cannot be distinguished from their diffraction 
patterns. A pyroelectric test did not give a conclusive 
result. An attempt was therefore made to determine 
the space group on the basis of a close similarity to the 
naphthalene and anthracene structures. 

I t  is interesting that  there should be a change in 
the crystal structure from monoclinic to triclinic on 
passing from anthracene to tetracene and pentacene 
(which is described in the following paper). The change 
in molecular structure is precisely the same as that  
between naphthalene and anthracene, which are 

Table 1. Comparison of naphthalene, anthracene, 

Melting 
point (°C.) 

Crystal 
system 
a (h) 
b (h) 
c (A) 
~(°) 
fl(o) 
~, (°) 

tetracene and pentacene 
Naph- Anthra- Tetra- Penta- 
thalene cene cene eerie 

80 217 357 (high) 

Monoclinie Monoclinic Triclinic Triclinie 
8.24 8.56 7.98 7.93 
6.00 6.04 6.14 6.14 
8.66 11.16 13.57 16.03 

90.0 90.0 101.3 101.9 
122.9 124.7 ll3.2 112.6 
90.0 90.0 87.5 85.8 

crystallographically very similar, and show the grada- 

tion in properties to be expected from a benzologous 
series. A comparison of the axial lengths of the four 
compounds, however, reveals quite definite similarities 
(Table 1). The a-axis shows a slight variation, due to 
slightly different tilts of the molecules, and the b-axis 
remains practically constant. The c-axis, however, 
expands by an increment of approximately 2.45 /~ in 
passing to successive members of the series, and this 
is just sufficient to accommodate the extra benzene 
ring if the long axes of the molecules lie close to the 

c-axes in every case. With regard to the angles, the 
similarity is again revealed by the fact that  the ~ and 
y angles in tetracene and pentacene differ from right 
angles by relatively small amounts. A comparison of 
the melting points (Table 1) also shows the continuous 
gradation to be expected from a benzologous series. 

More fundamental and direct evidence regarding 
the orientation of the molecules in these crystals is 
obtained from a study of the c-axis rotation photo- 
graphs, which have already been reproduced (Robert- 
son, 1953). In naphthalene the third and fourth layer 
lines are enhanced, in anthracene the fourth and fifth, 
in tetracene the fifth and sixth, and in pentacene 
the sixth and seventh. This enhancement of the 
reflexions occurs in precisely the same region of the 
photographs in each case, clearly demonstrating an 
invariant feature of the structure. The fundamental 
periodicity required is about 2.45 ~ in all the struc- 
tures, and this corresponds exactly to the average 
width of the benzene ring in aromatic structures. 
Further analysis of the high order reflexions shows 
that the smaller 15eriodicity of 1.22 A is also present. 

/•/ ,~ sin # 

Fig. 1. Arrangement of anthracene molecules in 
the c-axis projection. 

I t  seemed apparent therefore that  the arrangement 
of the molecules in the crystal lattice of tetracene 
would be closely analogous to the arrangement in the 
anthracene lattice, without however maintaining the 
monoclinic symmetry. In anthracene the arrangement 
of the molecules in the projection along the c-axis 
is as shown in Fig. 1. Molecule I, which is situated 
on the centre of symmetry at (0, 0, 0), is transformed 
by the glide plane operation into molecule II  on the 
symmetry centre at (½, ½, 0). The symmetry causes 
the hO1 reflexions to be absent when h is odd. In 
tetracene although 10/ and 30/ spectra are present, 
they ~re quite weak in c0mp~ris0n with the 20/ 
reflexions. This suggests that, although the central 
molecule (II) in tetracene is not related to molecule I 
by any symmetry elements, it probably lies very close 
to a symmetry-related position. There would thus 
appear to be two unrelated molecules in the unit cell, 
the structure conforming to space group P1. 

The tetracene molecule, however, possesses a centre 
of symmetry which may or may not be used in forming 
the structure. If we assume that it is used, and place 
the two tetracenc molecules on centres of symmetry 
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at the origin and centre in Fig. 1, that  is at (0, 0, 0) 
and (½, ½, 0), we have an arrangement in the unit cell 
bearing an even closer resemblance to the anthracene 
structure. This structure has space group P1, with 
pseudo P21/a symmetry. I t  seemed reasonable to 
accept this space group of higher symmetry for at 
least the first trial structure. I t  may be noted that  the 
asymmetric unit consists of two half-molecules. 

Analysis of the structure 
A comparison of Weissenberg films of anthracene 

and tetracene showed a marked similarity in the 
intensities of corresponding reflexions. This suggested 
a trial model having the same tilt as the anthrucene 
molecule with respect to the (010) plane. 

This model automatically gave rise to hO1 systematic 
absences. After several adjustments had been made 
in the orientations of the two half-molecules, in an 
attempt to increase the structure amplitudes of the 
h odd planes, a set of atomic coordinates was found 
which gave some measure of agreement between the 
observed and calculated values of the structure factors, 
the discrepancy for all the observed planes being 
36.4%. 

Successive electron-density projections on (010) 
failed to achieve any significant refinement, and atten- 
tion was therefore directed to the projection on (100). 
An approximate orientation was taken from the best 
trial structure in the first projection, and adjusted 
to secure agreement between the observed and cal- 
culated structure factors. Atomic coordinates were 
found which gave a discrepancy of 32.9% over all the 
observed 0kl reflexions. A Fourier series was summed 
using measured structure amplitudes and calculated 
signs, new atomic centres were chosen on the resulting 
electron-density map, and structure factors v/ere 
recalculated with these revised coordinates. The 
discrepancy factor was 27.8%. A second Fourier 
synthesis reduced this value to 21.0%. 

The a-axis projection had thus given reliable values 
for the y- and z-coordinates of the atoms. Using the 
z-coordinates and the orientation of the molecule 
calculated from this projection on the basis of C-C 
bond distances of about 1.40 J~, approximate coor- 
dinates were obtained for the projection along the 
b.axis. These parameters were very similar to those 
of the first trial structure in the [010] projection, 
except that  the second molecule was reversed from its 
previous position. Much better agreement was now 
obtained between measured and calculated structure 
factors, the discrepancy factor over the observed hO1 
reflexions being 23.5%. 

Refinement of the structure 
From this point further refinement proceeded by 

computing successive difference syntheses, with 
(Fo-Fc) as coefficients, the scattering curve for 
carbon of Berghuis et al. (1955) being introduced, 
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corrected for thermal vibration with B--4.2 A ~ for 
all the atoms. The positional and isotropic temperature 
parameters were then altered to minimize the slopes 
and difference electron-densities at the atomic centres. 
Both projections were refined simultaneously, the 
mean values of the shifts in z-coordinates being taken 
at each stage. The first difference map revealed regions 

b sin ~' 

c sin ~' 

r 

. . . . . . . .  :;) ._;1 

o ,  
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In f l  

o 3 A  
• , I I 

(b) 

Fig. 2. (a) Eleetron-density projection along the a-axis. 
Contours at  intervals of 1 e.A -2, with the  one-electron line 
line broken. (b) Project ion of the s t ructure  along [100]. 
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Fig. 3. (a) Electron-density projection along the b-axis. 
Contours as in Fig. 2. (b) Projection of the structure along 
[010]. 

of positive densi ty close to the positions expected for 
hydrogen atoms, and a contribution from the hydro- 
gens was therefore introduced, coordinates (Table 2) 
being chosen by assuming tha t  they  lay on the ring 
diagonals with C - H  distances of 1.08 A. After  three 
cycles of ref inement  the discrepancy factors were 

Table 2. Assumed hydrogen fractional coordinates 

Atom x y z 
H 1 0.168 0-100 0-470 

2 0.212 0-317 0.349 
4 0.176 0.354 0.165 
6 -0.134 -0.388 0-022 
8 --0.095 -0.425 0.202 
9 0.011 -0.279 0.400 

l '  0-531 0.650 0.454 
2" 0.425 0.852 0.305 
4" 0.386 0.870 0-114 
6' 0.649 0.113 0.072 
8" 0-685 0.089 0.253 
9' 0.655 0.246 0.425 

reduced to 10.7% for the Okl zone and 9.8% for the 
hO1 zone, and no fur ther  significant changes in posi- 
t ional or t empera ture  parameters  were indicated. 
Final  measured and calculated s t ructure  factors are 
listed in Table 7, and final tvo syntheses, computed 
with measured s t ructure  ampli tudes and calculated 
signs, are shown in Figs. 2 and 3. 

Coordinates, molecular dimensions and orientation 

The final positional and t empera tu re  parameters  
of the carbon atoms are listed in Table 3, x, y and z 
being coordinates referred to the triclinic crystal  axes 
and expressed as fractions of the uni t  cell edges, 
and X' ,  Y'  and Z' coordinates in .~ngstrSm units 
referred to orthogonal axes a ' ,  b and c'. The orthogonal 
axes consisted of the b crystal  axis, a '  the projected 
a-axis (a sin ~), and a third axis c' perpendicular  to 
a' and b. 

The equations of the mean molecular planes are 

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

0.8936X' - 0.4293 Y' + 0.1314Z' = 0 

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

0.8453X' + 0.3987 Y' + 0.3556Z' = 4.6628 

and the deviations of the a toms from these planes are 
listed in the final column of Table 3. 

The bond lengths and valency angles, calculated 
from the coordinates of Table 3, are shown in Fig. 4(a). 
These values suggested t ha t  the symmet ry  of the  
te t racene molecule did not  differ from mmm, and the  
mean values of the bond distances and angles are 
shown in Fig. 4(b). 

The orientations o{ the molecules in the crystal are 
given in Table 4, where ZL, y)L, COL; ZM, ~pM, tOM; and 
Zz¢, ~N, CON are the angles which the molecular axes 
L, M (see Fig. 4) and the plane normals N make  with 
the orthogonal  axes a ' ,  b and c'. The axes L were 
taken  through the molecular centres and the  mid- 
points of bonds 1-9 and 1'-9 ' ,  and axes M through 
the molecular centres and a toms 5 and 5'. The orienta- 
tion angles in anthracene,  referred to analogous 
orthogonal axes (Sinclair, Rober tson & Mathieson, 
1950) are included in Table 4 for comparison. The 
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T a b l e  3. Final positional and temperature parameters, and deviations (A) from the mean 

Atom x y z X '  Y" Z '  B 
C 1 0.1194 0.0331 0.3890 --1.080 --0.787 4.761 4.6 A 2 

2 0.1494 0.1564 0.3219 -0 .491 0.159 3.940 4.6 
3 0.0811 0.0724 0.2040 -0 .419  -0 .068  2.497 4.6 
4 0.1094 0.1899 0.1360 0.162 0.843 1.665 4.2 
5 0.0467 0.1089 0.0211 0-262 0.629 0.258 4.2 
6 --0.0691 --0.2228 0.0516 --0-821 -- 1-529 0.632 4.2 
7 --0.0035 --0.1405 0.1637 --0.883 -- 1.298 2.004 4.6 
8 --0.0378 --0.2646 0.2355 -- 1.532 --2.262 2-883 4.6 
9 0.0267 --0.1832 0.3483 -- 1.607 --2.039 4.263 4.6 

planes 

A 
- 0-002 A 
+O.Oll 
-o-o17 
+ 0.002 
-- 0.002 
÷ 0.006 
+ 0.032 
--0.019 
- -  0.001 

1' 0.5428 0.5680 0.3787 2.349 2.672 4.635 4"6 + 0"036 
2' 0.4799 0.6861 0.2930 2.295 3"603 3'586 4.6 --0-011 
3' 0.4997 0.5864 0.1947 2.967 3.258 2.383 4.6 --0.008 
4' 0.4425 0.7007 0.1048 2.980 4.178 1-283 4.2 --0-022 
5' 0.4638 0.6140 0.0052 3.671 3.918 0.064 4.2 + 0.025 
6' 0.5948 0.2758 0.0832 4.307 1.680 1.018 4.2 + 0.010 
7' 0.5758 0.3649 0.1811 3.644 1.961 2.217 4.6 --0.012 
8' 0.6306 0.2568 0.2685 3-625 1.084 3.287 4.6 + 0-002 
9' 0.6148 0.3374 0.3645 2.997 1.319 4.462 4-6 --0.017 
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1 ' 5 1 1 ~  II 
(a) 

(b/ 

Fig. 4. (a) Measured bond lengths (A) and valency angles 
(degrees). (b) Mean bond lengths and valency angles. 

ang l e s  w h i c h  t h e  t r i c l i n i c  a x e s  m a k e  w i t h  t h e  o r t h o g -  
o n a l  r e f e r e n c e  a x e s  a r e  g i v e n  in  T a b l e  5. 

T a b l e  4. Orientation of the molecules in 
tetracene and anthracene 

Tetracene 

Molecule I Molecule II  Anthracene 

ZL 105.9 ° 105.6 ° 119.7 ° 
~L 106.7 104"8 97"0 
09 L 23"4 21"7 30"6 

ZM 68-9 115.0 71.3 
~M 30"3 25"5 26"6 
OJ M 69"3 85"1 71"8 

ZN 26.7 32.3 36.2 
~VN 115.4 66.5 115.5 
Cote 82-4 69"2 66.2 

T a b l e  5. Orientation of the triclinic crystal axes 
in tetracene 

Za= 2'5° Zo =90"0° Zc--- 112"7° 
~a--  87"5 ~flb= 0"0 ~vc= 101"3 
O)a-- 90'0 wb--- 90"0 we---- 35"6 

Intermolecular distances 
All t h e  i n t e r m o l e c u l a r  s e p a r a t i o n s  c o r r e s p o n d  t o  

n o r m a l  v a n  d e r  W a a l s  i n t e r a c t i o n s .  T h e  s h o r t e s t  
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 3.70 A. 
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 3.68 A, 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, 3.86 ~ .  T h e  m i n i m u m  dis- 
t a n c e  b e t w e e n  m o l e c u l e s  I a n d  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 l o n g  c is 3.75 A. 

T a b l e  6. Measured and calculated bond distances 
(A) in tetracene 

Kekul6 structures M.O. calculations 

Bond Meas- Calcu- Calcu- 
(Fig. 4(b)) ured lated A lated A 

a 1.385 1.355 0.030 1.369 0.016 
b 1.431 1.450 0.019 1.431 0 
c 1.398 1.378 0.020 1.400 0.002 
d 1.409 1.409 0 1.411 0.002 
e 1.479 1.450 0.029 1.413 0.066 
f 1.439 1.450 0.011 1.457 0.018 
g 1.475 1.450 0.025 1.463 0.012 

R.m.s. A over 
whole molecule 0.021 0.022 

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  a n t h r a c e n e  a r e  3.77, 3.80, 4-06 
a n d  3.67 A ( R o b e r t s o n ,  1933). 

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  p o s i t i o n s  

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 ) =  (~(y)= ~ ( z ) = 0 . 0 2 0  •, 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 r e  
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h k l  
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12 
11 
10 

9 
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6 
5 
4 
3 
2 
1 
i- 

10 
11 
12 
13 

15 
0 2 1 4  

13 
12 
11 
10 

9 
8 
7 
6 
5 
4 

IFol 
< 1.4 

87.2  
< 2 .4  

3.8 
< 3.5 
< 4 .0  
< 4.1 
< 3.7 
< 1.8 

39-9 
5-7 
8-1 

< 4.9 
< 4.8 
< 3.5 

35-0 
28.8  
20.9  
14.0 
16.2 
11.8 

4 .4  
< 3.0 

3.2 
5.8 
6.9 

< 3.6 
< 3.4 
< 3.0 
< 2.5 
< 3.5 
< 4.1 
< 4.5 

4.7 
< 4.5 
< 4-4 
< 4 .0  
< 3.7 
< 3-4 
< 3.1 
< 2-7 
< 2.5 
< 2-2 
< 1.8 

3.1 
< 1.9 

2 . 8  
2.8 

10.9 
3.1 

< 3.5 
< 3.8 
< 4.1 

4.3 
6.7 

< 4.6 
< 4 .4  

< 3.3 
< 2.9 
< 3.6 
< 4.2 

6.7 
< 4.6 
< 4.5 
< 4.4 
< 4-1 

5.5 
16.0 

< 3.3 

Fc 
- -  3.4 
+ 8 6 . 3  
- -  5.7 
- -  3.5 
+ 0.1 
- -  1.8 
+ 0 .4  
+ 1.0 
+ 1.5 
- - 3 8 . 2  
+ 5.5 
- -  5-8 
+ 0.5 
- 1.3 
+ 1.5 
+ 3 6 . 9  
- - 3 0 - 1  
+ 2 0 . 7  
- - 1 4 . 7  
+ 17.7 
+ 1 ] . 2  
- -  5"8 
+ 3.5 
- -  2.1 
+ 4.0 
+ 5.6 
- 1.1 
+ 0.6 
- -  0 . 1  

+ 0.3 
- -  0 . 1  

- -  0 . 5  

- -  0 . 8  

- -  5 - 1  

- -  1.4 
+ 0.5 
- -  2.4  
+ 1.8 
+ 3"7 
+ 1.4 
- -  0"6 
- -  1"5 
+ 2.7 
- -  0"6 
- -  1 " 6  

- -  0-5 
+ 2"9 
- -  3"7 
- - 1 0 . 0  
- -  3"0 
+ 1.5 

0 
+ 0.4 
- -  5.0 
- -  6.7 
+ 1.4 
+ 0.8 

- 1'~ 
+ 1.6 
- -  1 . 1  

+ 0.6 
- -  1 . 1  

- -  7 . 2  

- -  1.2 
+ 0.4 
- -  0.8 
+ 0.6 
+ 6.7 
+ 1 2 . 0  
- -  2.2 

T a b l e  7. Measured and calculated structure factors 

h k 1 IFol Fc 
0 2 3 < 3"0 - -  3-5 

2 8.6 + 9.6 
1 26 .4  - - 2 6 . 5  

3.5 - 2.8 
7.8 + 8.6 

g 8.3 --  9.2 
5.1 + 4.4 

35.7 + 3 7 . 0  
5.8 + 6.7 

< 3.6 - -  2.5 
< 3.9 + 1.5 

§ < 4.2 - -  3.5 
lO 11.8 + 14-2 
11 6.7 + 10.2 
12 < 4.5 --  3.1 
13 < 4.4 + 1.3 
14 < 3"9 --  0.7 
15 < 3.3 + 1.0 

0 3  13 < 2.8 + 0.2 
12 < 3.5 --  0.1 
11 < 4.1 + 2.9 
10 < 4.5 + 1.4 

9 < 4.5 -- 1.5 
8 < 4.6 + 3"0 
7 < 4.5 --  4.3 
6 10.9 - - 1 1 . 3  
5 < 4.1 --  1.5 
4 < 3"9 + 0.2 
3 < 3.6 + 0.9 
2 < 3.5 -- 1.2 
1 5 . 8  - -  4.3 
]" < 3.2 + 0.5 

< 3.2 - -  0.8 
< 3.3 - -  1.3 

4.7 + 5"2 
~) 11"4 + 10.I  

< 3.7 - -  2.3 
< 4-0 + 1.5 
< 4"2 + 0"5 
< 4.5 - -  0.6 

i O  1 1 . 8  + 13"2 
11 5-8 + 7.9 
12 < 4.5 --  2"3 
13 < 4.2 + l ' l  

- - _  

14 < 3.7 0 
15 < 3.0 --  2 .0 

0 4 1 1  < 3.1 --  1.8 
10 < 3.7 + 1.8 

9 < 4.2 -- 2.1 
8 < 4.5 + 2.4 
7 5.8 --  4.3 
6 25.8 - -25 .O  
5 8.3 --  5 .9 
4 < 4.5 + 3.6 
3 < 4.3 -- 4.1 
2 < 4.2 + 3.6 
I 8 . 3  - -  9.8 

Y < 3.9 + 3.8 
< 3.9 - -  5.9 
< 4.0 + 5.1 

4.3 - -  4.8 
5 10.2 - 1 1 . 1  

< 4.3 + 0-7 
< 4.4 - -  1.0 
< 4"5 + 0"6 
< 4.6 - -  1.5 

I 0  6 . 4  - -  8 "  l 

I I  < 4 . 5  - -  2 . 5  

12 < 4.3 + 1.3 
13 < 3.8 - -  0 .6 

h k 1 ]Fol Fc 
0 4  14 < 3"3 - 0.4 
0 5  9 < 3-1 + 0 . 3  

8 < 3-6 --  0-7 
7 < 4"0 + 1.2 
6 6"3 + 5.9 
5 < 4.5 + 2.7 
4 < 4"5 - 1.9 
3 < 4"6 + l ' l  
2 < 4"6 + O'l  
1 < 4 " 5  - -  0.4 
] < 4.5 --  2.2 

< 4-5 + 2.3 
,3 < 4.5 - 0.3 

< 4.5 -- 3.2 
7.4 + 7.3 

< 4.6 + 1.1 
< 4.6 --  2.3 
< 4.5 + 2-1 
< 4.5 --  3-0 

10 < 4.4 -- 4 .0 
_ _  

I I  < 4.1 -- 1.3 
12 < 3.6 + 0.5 
13 < 3.1 + 0-1 

0 6 6 < 3.2 + 3.4 
5 < 3.5 + 0.2 
4 < 3-9 -- 0.5 
3 < 4.1 + 1.6 
2 < 4.3 --  1.5 
1 6.5 --  6.7 

< 4.5 + 0.6 
< 4-5 + 0.2 
< 4.5 + 0.6 

-4 14"3 - 1 1 . 2  
7.8 - 8.1 

< 4.4 + 2.2 
< 4.3 -- 1.2 
< 4.1 + 0.7 

§ < 3-9 --  0.5 
10 < 3.5 -- 2.7 
] l  < 3.1 + 0.7 

0 7 2 < 2.9 --  0.8 
1 < 3 . 2  - -  0.5 
]- < 3.5 --  0.2 

< 3.5 - 1-0 
< 3.5 + 0.8 
< 3.5 -- 3-2 
< 3.5 - 3.0 
< 3 3  + 0.2 
< 3.1 - 0.3 
< 2.8 + 0.2 

1 0 1 4  < 2.7 --  0"4 
13 < 3.5 -- 0 .4 
12 < 3.9 + 1.9 
11 12.6 - -13"2  
lO 17.9 - - 1 4 . 9  

9 < 3.9 + 2.4 
8 < 3.7 --  0.3 

7 5.3 - 5.0 
6 12.0 + 12.0 
5 21.4  + 2 0 . 5  
4 4.7 + 3.7 
3 6.7 --  6.6 
2 < 1.9 + 3.9 
1 < 1 . 7  + 0.4 
] 1.3 + 4.6 

2.2 - -  2.6 
< 1"8 + 0.7 
< 2 .0  -- 0-3 
< 2.3 - -  1.8 

3.8 + 2.7 

h k l  
1 0  ? 

§ 

10 
_ _  

I !  
_ _  

12 
13 
14 
15 

2 0 1 3  
12 
11 
10 

9 
8 
7 
6 
5 
4 
3 
2 
l 

Y 

§ 

TO 
T1 

T~ 
]7 
T~ 

3 0 1 2  
11 
10 

9 
8 
7 
6 
5 
4 
3 
2 
1 ]- 

T~ 
Ti 
T~ 
13 
14 
15 
16 

4 0 1 1  
10 

9 
8 
7 

IFo! 
< 2.9 
< 3-3 
< 3.6 

5.5 
12.0 

< 4.1 
< 3-9 
< 3.6 
< 2.9 
< 2.8 
< 3.5 
< 3.9 

7.0 
< 4-1 
< 4.0 
< 3.6 
< 3.5 

25 .0  
2-9 
4.3 
5-7 

12.7 
74.8 
23.2  
12-6 

4.8 
< 2.4 

18.5 
4.2 

< 3.2 
< 3.6 
< 3.8 

8.0 
< 4.1 
< 4.1 
< 3.8 
< 3.2 
< 2.8 

3.5 
12.0 

< 4.1 
< 4.1 
< 4 .0  
< 3.8 

4.4 
< 3.3 
< 3.0 
< 2.8 
< 2.6 
< 2.3 
< 2.3 
< 2.3 

4.0 
9.2 

19-5 
4-4 

< 8.4 
< 3.6 
< 3.9 

7.0 
< 4.1 
< 4.1 
< 3-9 
< 3.4 
< 2.7 
< 2-5 
< 3.3 
< 3.8 
< 4 .0  
< 4.1 

F c  

+ 0-8 
- -  1-3 
+ 1.3 
- -  4.7 
- 9 . 8  

- -  1-8 
+ 1.3 
- -  ] . 0  

+ 0.5 
+ 0.2 
- -  1.3 
+ 2.2 
+ 5.7 
- -  1 - 0  

+ 0.5 
- -  1.5 
+ 1.2 
+ 2 3 . 3  
+ 3.1 
- -  4.0 
+ 6-6 
- - 1 6 . 8  
+ 75-5 
- - 2 8 . 3  
+ 14.5 
- -  5.6 
+ 1.9 
+ 2 0 . 1  
- -  4.5 
+ 1.9 
+ 1.3 
- -  1.4 
+ 6.9 
+ 0-6 
+ 0.5 
+ 0-6 
- -  0.6 
+ 1-3 
- -  3"2 
- - 1 1 - 2  
- -  1.3 
+ 1.I  
- -  3"2 
+ 2-5 
+ 5-8 
+ 4"5 
- -  1"8 
- -  2.1 
+ 4-6 
+ 1"2 
- -  0"4 
- -  1"5 
+ 3"6 
- -  9"4 
- - 1 8 " 9  
- -  5-2 

-t- 4.9 
- -  2.3 
- -  1 . 4  

+ 8.8 
+ 4 .9  
- -  1"3 
+ 0.4 
- -  0.4 
- -  0.3 

0 
+ 2.3 
+ 0.9 
- -  1.0 
+ 0.1 
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h k l IFol Fc 
4 0  6 < 4'1 - 1"0 

5 9"5 + 9"6 
4 11"8 +12.  I 
3 < 3"6 -- 3"9 
2 < 3"4 + 1"3 
1 < 3.2 + 1.4 
T < 3.0 + 5.0 

3"5 - -  3.4 
,3 < 2.8 + 3.6 

< 2.9 - -  0.9 
< 3.0 -- 2.4 

21.7 +21.8  
5.7 + 5.7 
3.2 -- 2.5 

§ < 3.7 + 3.7 
10 < 3.9 -- 3.2 
11 5.0 + 4.4 
12 3.8 + 5.2 
13 < 4.1 -- 0.2 
14 < 3.8 + 1.1 
15 < 3.5 -- 0.7 
16 < 2.7 + 1.9 

5 0  9 < 2.9 -- 0.7 
8 < 3.5 + 0.4 
7 < 3.9 -- 1.6 
6 < 4.1 + 1.8 
5 5.7 -- 3.8 
4 6.3 -- 5.5 
3 < 4.0 + 1.6 

h k  
5 0  

6 0  

t [Fol 
2 < 3.9 
I < 3.7 
i < 3.5 

< 3.4 
.~ < 3.4 

< 3.4 
< 3.5 

3-5 
3.7 

< 3.8 
< 3"9 

_ _  

l0 < 4.1 
_ _  

11 10.0 
_ _  

12 15.6 
_ _  

13 < 4.0 
14 < 3.7 

_ _  

15 < 3.3 
16 < 2.6 
7 < 3.0 
6 < 3.5 
5 < 3.9 
4 < 4.1 
3 < 4.1 
2 < 4.1 
1 < 4.1 
i 14.1 

8.6 
< 3"9 
< 3'9 

T a b l e  7 (cont.) 

Fc h k  l 
- -  1.5 6 0  
+ o.3 
- 2 . 0  ? 

+ 0.6 
- 1 . o  ,~ 
+ 0"5 10 
- -  3"0 I1 
- -  5.2 12 
- -  4.8 13 
+ 1.1 14 
+ 1.3 15 
- - 4 . 4  7 0  5 
+ 9.5 4 
+16.4  3 
+ 0.3 2 
- -  1 . 2  1 

+ 1.I i 

- 1.5 '2 
- 0 . 4  

+ o.3 
+ 0.8 .~ 
+ 3.6 
+ 1"7 
- -  1 . 9  

+ 2.2 
- -  13.9 10 
- -  7.4 11 
+ 3.3 12 
- -  0.7 13 

IFol Fc 
< 3"9 -- 3"2 

10"8 + 10'9 
l l ' I  +11"5 

< 4"0 -- 1"3 
< 4"1 + 0"9 
< 4"1 -- 0"3 
< 4.1 -- 0.2 

4.0 + 4.8 
< 3.8 + 1-6 
< 3.5 -- 0.1 
< 2.9 + 0.5 
< 2.9 -- 1.5 

8.4 -- 7.8 
< 3.7 -- 1.6 
< 3'9 + 1.0 
< 4.1 -- 1-5 
< 4.1 -- 0.2 
< 4.1 0 
< 4.1 -- 0.6 
< 4.1 -- 0.4 
< 4.1 -- 1.5 
< 4.1 + 1.2 

6.1 + 4.9 
< 4.1 -- 0.5 
< 4-1 0 
< 4.1 -- 0.6 
< 3.8 + 0.5 

1 1 . 8  + 10.4 
3.5 + 4.6 

h k 1 IFol F¢ 
7 0  14 < 3.0 -- 1.9 

15 < 2.5 + 1.2 
8 0 2 < 3.0 + 0.4 

1 < 3 . 4  - -  0.8 
i 8.0 -- 5.2 

9.4 -- 7.6 
< 3.9 + 0.7 
< 4"() 0 

• 5 < 4"0 -- 1.6 
< 4.0 + 2.2 
< 4.0 + 4.0 
< 3.9 + 1.5 
< 3.9 -- 0.5 

_ _  

l0 < 3.7 + 0-1 
l l < 3.5 -- 0.2 

_ _  

12 < 3.2 + 0.4 
_ _  

13 < 2.8 + 1.3 
9 0  T < 2.7 + 0.3 

< 3.0 + 0.3 
< 3.2 -- 0.3 
< 3.3 -- 0.6 

,5 < 3.3 -- 0.5 
< 3.4 + 0.5 

8.4 + 5.3 
< 3.3 + 3.0 
< 3.2 -- 1.7 

10 < 2.9 + 0-7 
1 1  < 2 . 6  - -  0.3 

0 . 0 2 8 / ~ .  T h 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  l e n g t h 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 . 0 2 6 / ~ .  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 . 0 1 4 / ~  
fo r  b o n d s  a,  b, c, d a n d  0 . 0 2 0 / ~  fo r  b o n d s  e, f ,  g. 

D i s c u s s i o n  

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  t e t r a c e n e  is t h e  c lose  s i m i l a r i t y  t o  t h e  t w o  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  ser ies ,  n a p h t h a l e n e  a n d  
a n t h r a c e n e .  A l t h o u g h  t h e r e  a r e  d e f i n i t e  v a r i a t i o n s  in  
o r i e n t a t i o n ,  t h e  g e n e r a l  a r r a n g e m e n t  of  t h e  t e t r a c e n e  
m o l e c u l e s  i n  t h e  u n i t  cell  is v e r y  l i ke  t h a t  of  a n t h r a -  
cene .  I t  is t h e r e f o r e  s u r p r i s i n g  t h a t  t h e  c r y s t a l  s y s t e m  
s h o u l d  c h a n g e  f r o m  m o n o c l i n i c  t o  t r i c l i n i c  in  p a s s i n g  
f r o m  a n t h r a c e n e  t o  t e t r a c e n e ,  a n d  a l so  t h a t  t h e  
a p p e a r a n c e  of  t h e  c r y s t a l s  s h o u l d  c h a n g e  f r o m  eo lou r -  
less  t o  b r i g h t  o r a n g e - r e d .  

T h e  c r y s t a l  s y s t e m  is d e t e r m i n e d  b y  t h e  p a c k i n g  
of  t h e  m o l e c u l e s ,  a n d  t h e  a r r a n g e m e n t  w h i c h  g i v e s  t h e  
l o w e s t  l a t t i c e  e n e r g y  wi l l  be  t h e  o n e  n o r m a l l y  a d o p t e d .  
A n  e x a m p l e  of  a s l i g h t  d e p a r t u r e  f r o m  h i g h e r  s y m -  
m e t r y  r e s u l t i n g  i n  a l o w e r  l a t t i c e  e n e r g y  w a s  en-  
c o u n t e r e d  in  c r y s t a l s  of  h e x a m e t h y l b e n z e n e  ( B r o c k -  
w a y  & g o b e r t s o n ,  1939).  I n  t h i s  s t r u c t u r e ,  w h i c h  is 
t r i c l i n i c ,  t h e  (001) p l a n e  a p p r o a c h e s  v e r y  c lo se ly  t o  
h e x a g o n a l  s y m m e t r y  (a = 8 .92,  b = 8 . 8 6 / ~ ,  y = 119 ° 34 ' ) ,  
a n d  i t  w a s  s h o w n  t h a t  t h i s  s l i g h t  d e p a r t u r e  f r o m  t h e  
h i g h e r  s y m m e t r y  r e s u l t e d  in  a m u c h  c lose r  p a c k i n g  
of  t h e  m o l e c u l e s  i n  t h e  c r y s t a l  l a t t i c e ,  a n d  a n  i n c r e a s e  
in  d e n s i t y  of  9 % .  T h e  s m a l l  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  in  t e t r a c e n e  c o u l d  be  g i v e n  a s i m i l a r  ex-  
p l a n a t i o n .  T h e  d e v i a t i o n s  of  t h e  a a n d  y a n g l e s  f r o m  
90 ° r e s u l t  i n  a n  i n c r e a s e  in  d e n s i t y ,  b u t  o n l y  of  a b o u t  
2 % ,  a n d  a c o r r e s p o n d i n g  c lose r  p a c k i n g  of  t h e  t e t r a -  
c e n e  m o l e c u l e s  i n  t h e  c r y s t a l ,  b u t  w i t h o u t  c a u s i n g  
a n y  u n u s u a l l y  c lose  i n t e r m o l e c u l a r  c o n t a c t s .  

S o m e  e l u c i d a t i o n  of  t h e  r e m a r k a b l e  c h a n g e  in  
c o l o u r  c a n  be  o b t a i n e d  f r o m  s p e c t r o s c o p i c  s t u d i e s  of  
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 c e n e .  T h e  i n v e s t i g a -  
t i o n  of  t h e  a b s o r p t i o n  s p e c t r a  of  t h e  t h r e e  s u b s t a n c e s  
i n  s o l u t i o n  e m p h a s i z e s  t h e i r  c lose  s i m i l a r i t y  i n  s t r u c -  
t u r e .  I t  h a s  b e e n  s h o w n  (Clar ,  1932;  S e s h a n ,  1936) 
t h a t  t h e  b a n d  s p e c t r u m  b e c o m e s  m o r e  d i f f u s e  o n  
p a s s i n g  f r o m  n a p h t h a l e n e  t o  t e t r a c e n e ,  a n d  s h i f t s  
c o n t i n u o u s l y  t o w a r d s  t h e  r e d  e n d  of  t h e  s p e c t r u m .  
T h e  s h i f t  f r o m  n a p h t h a l e n e  t o  a n t h r a c e n e  is a b o u t  
4970  c m .  -1 a n d  f r o m  a n t h r a c e n e  t o  t e t r a c e n e  5230  
cm.  -1. T h e s e  s t u d i e s  a l so  s h o w  t h a t  t h e r e  is a s l i g h t  
s h i f t  t o w a r d s  t h e  r e d  e n d  of  t h e  s p e c t r u m  in  p a s s i n g  
f r o m  t h e  v a p o u r  s t a t e  t o  s o l u t i o n  a n d  a g a i n  in  p a s s i n g  
f r o m  s o l u t i o n  t o  t h e  c r y s t a l l i n e  s t a t e .  I n  t e t r a c e n e  
a n d  a n t h r a c e n e  t h i s  s h i f t  is of  t h e  o r d e r  of  200 J~. T h e  
f i r s t  b a n d  of  t e t r a c e n e  i n  s o l u t i o n  is a t  4680  J~, a n d  
i n  t h e  so l id  s t a t e  a t  4 8 5 0 / ~ .  

A n o t i c e a b l e  f e a t u r e  of t h e  a b s o r p t i o n  s p e c t r u m  of  
c r y s t a l l i n e  t e t r a c e n e  is t h e  p r e s e n c e  of  a n o t h e r  b a n d  
a t  5250  /~ (Sch iebe ,  M u l l e r  & S c h i f f m a n n ,  1941) 
w h i c h  is c o m p l e t e l y  a b s e n t  i n  t h e  v a p o u r  p h a s e  a n d  
in  s o l u t i o n .  T h i s  a d d i t i o n a l  b a n d  a c c o u n t s  fo r  t h e  f a c t  
t h a t  c r y s t a l s  of  t e t r a c e n e  a r e  b r i g h t  r e d  in  c o l o u r ,  
w h i l s t  t h e  s o l u t i o n  is p a l e  y e l l o w .  S i m i l a r  b a n d s  a r e  
o b s e r v e d  in t h e  h i g h e r  m e m b e r s  of  t h e  ser ies ,  p e n t a -  
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cene and hexacene, but  are completely absent  in 
naphthalene  and anthracene.  I t  has been suggested 
tha t  the appearance of this band in tetracene m a y  
be due to an arrangement  whereby the molecules are 
more nearly parallel  than  in the anthracene structure, 
and some form of coupling can take place in the direc- 
tion parallel to the N axes of the molecules. No 
evidence in support  of this theory has, however, been 
given by the present crystal-structure determination.  

Both tetracene molecules in the unit  cell are com- 
pletely p lanar  within the l imits of experimental  error, 
the m a x i m u m  deviat ion from the mean molecular 
planes being 0.036 -~, and the root-mean-square devia- 
t ion 0.017 _~. Very accurate ref inements  of the crystal 
structures of naphthalene  and  anthracene (Cruick- 
shank, 1956, 1957a, b) have shown tha t  small  devia- 
tions from planar i ty  previously observed (Abrahams, 
Robertson & White,  1949; Sinclair, Mathieson & 
Robertson, 1950) are highly significant, and are caused 
by the close approach of neighbouring molecules in 
the crystals. While similar  effects might  be present in 
tetracene, the present analysis  is not accurate enough 
to detect them. 

I Ill I 

Fig. 5. Kekul~ structures for t, etracene. 

On the basis of the s tandard  deviat ions of the bond 
distances, it  was not considered tha t  the molecular 
symmet ry  differed from mmm,  and the mean bond 
lengths and valency angles are shown in Fig. 4(b). 
The bond distances are quoted to 0.001 _~ for com- 
parison with the calculated values below, but  the third 

place is not, 0f course, slgni~icant A calculation of the 
bond lengths for comparison with the measured dis- 
tances was made from the five non-excited valence 
bond structures for tetracene (Fig. 5). The percentage 
double-bond character was calculated for each bond in 
the molecule, and the corresponding bond lengths 
derived from a correlation curve drawn through the 
points (0, 1.50), (0.33, 1.42), (0.5, 1.392), (1.0, 1.337). 
~-Bond orders calculated by the LCA0 molecular 

orbital  method are also available (Dictionary of Values 
of Molecular Constants, 1955; Berthier,  Coulson, 
Greenwood & Pul lman,  1948) and calculated bond 
distances were obtained from the correlation e~rve 
described by Goodwin & Vand (1955). The bond 
lengths calculated by the valence bond and by the 
molecular orbital methods are compared in Table 6 
with the measured distances;  the differences (~) 
between measured and calculated values are included 
in the table. The general variat ion of the aromatic  
C-C distances measured in the present X-ray  analysis  
is well reproduced in both sets of calculated lengths. 
The individual  agreements are also remarkab ly  good; 
for the valence-bond distances, the m a x i m u m  dif- 
ference between measured and calculated values is 
0.030/~, and the root-mean-square deviat ion 0.021 .~, 
while the corresponding deviations for the molecular 
orbital  method are 0.066 and 0.022 .~. Both sets of 
calculated distances therefore agree equal ly well with 
the measured values. 
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Scientific and Industr ia l  Research for a main tenance  
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