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Tetrathiotetracene crystals belong to space group P1 with a= 9"890, b= 18.226, c= 3.968 A, 0~ = 87 ° 38', 
fl= 79°44 ', y=96°29 ' and two molecules per cell. The crystal structure has been determined by a three- 
dimensional X-ray diffraction analysis. Intensity data were collected on photographic film and a Stoe 
diffractometer. The structure was solved from the Patterson functions (001) and (100) with the help 
of the Fourier technique and packing considerations. Refinement by a full-matrix, least-squares method 
gave a final R value of 0.13 for 1100 reflexions. The S-S bond length is 2"100 A, and the average S-C 
distance is 1.781 A. The molecule is nearly planar; only the S atoms are slightly out of the plane (0.021 
to 0"056 ,~). The C-C bond lengths are almost the same as those in the tetracene molecule. 

Introduction 

The crystal structure analysis of tetrathiotetracene was 
carried oat because specific knowledge concerning the 
dihedral angle of the disulphide bonds is of some im- 
portance to organic and theoretical chemistry. It has 
been established that the dihedral angle between the 
3p~z± obitals of the two sulphur atoms in a normal 
disulphide (a) is about 90 °, whereas in 1,2-dithiolane-4- 
carboxylic acid (b) this angle is 26 °. 
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In the latter case the steric requirements of the five- 
membered ring necessitate overlap of the 3pro± orbitals 
of the two sulphurs and the resultant removal of the 
3pzc. orthogonality which exists in case (a) leads to a 
destabilization of the disulphide bond in dithiolane or 
to an increase of the S-S bond length (0.05 A). 

When the structural studies were initiated, the struc- 
tures of two unsaturated five-membered cyclic disul- 
phides had been reported in the literature: 4-methyl- 
trithione by Kehl & Jeffrey (1958), and thiuret hydro- 
iodide by Foss & Tjomsland (1958). Since then many 
papers have been published, principally by Hordvik 
and coworkers. In the tetrathiotetracene molecule (c) 
the steric requirements of the five-membered ring are 
also present but in this case the effect of the re-de- 
localized system is not known. 

H S - - - - S  H 
I I I 1 

H ~ c / C ~ c / C ~ c / C ~ c / C ~ c / H  

I I I I I 
H / C ~ c / C ~ c / C ~ c / C ~ . c / C ~  H 

I I I W 
H S - - - - S  H 

(c) 

Experimental 

Dr Marschalk, who prepared (Marschalk, 1950) and 
has published several papers on tetrathiotetracene 
kindly provided us with a sample of the compound. 
Tetrathiotetracene was crystallized from trichloro- 
benzene as green dark needles. 

The crystal data were obtained from Weissenberg 
photographs with Cu K~ radiation. Lattice constants 
were refined by least-squares methods. 

Crystal data 
CIsHsS4 M = 256"42 

Triclinic, a=9"890 (6), b=  18.226 (13), c=3.968 (15) A, 
e = 87° 38 ', fl= 79° 44 ', y = 96° 29 ', 

V= 699.52 A, Z = 2, Dc = 1 "65 g cm-3, Dm= 1 "63 g cm -3 
F(000)=304, Cu K0e, 2=  1"5418,/z=59.26 cm -1. 
The space group is P1 or PT. 

Intensity data were collected by the multi-film equi- 
inclination Weissenberg technique with nickel-filtered 
copper radiation. Reflexion intensities for layers hkO, 
hkl and Okl were measured with a Nonius micro- 
densitometer. The layers Okl-5kl were collected on a 
Stoe diffractometer. The data were corrected for 
Lorentz, polarization and absorption effects. 

Normalized structure factors (E) were computed 
with NRC-4 of Hall (1966), which establishes scale and 
temperature corrections for the observed structure fac- 
tors. Table 1 shows the experimental values for several 
functions of the normalized structure factors compared 
with the corresponding theoretical values for centro- 
symmetric and non-centrosymmetric structures respec- 
tively. The overall implication of these results is that 
the structure is centrosymmetric. 

Structure analysis 

The Patterson functions (001) and (100) were com- 
puted. Since the c cell constant was relatively small the 
molecule was expected to lie nearly parallel to (001). 
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Table  1. Statistical distributions and averages, exper- 
imental and theoretical 

P]" P 1 Experimental 
(IEI) 0.798 0.886 0.789 
(IEI 2) 1.000 1.000 0.990 
<IE z -  11> 0.968 0.736 0.956 
E> 3 0"3 % 0"01% 0"45 % 
E> 2 5"0 % 1"8 % 3'63 % 
E> 1 32"0 % 37"0 % 32"65 % 

The  trial  su lphur  coord ina tes  (X, Y), ob ta ined  f rom 
the Pa t te r son  func t ion  (001), were used to ini t ia te  the 
cyclic Four ie r  process which led to the s t ructure  of  the 
whole  molecule.  

S t ructure- fac tor  ca lcula t ions  were pe r fo rmed  with 
the scat ter ing factors  of  Hanson ,  He rman ,  Lea & 
Ski l lman (1964) and  the agreement  values R were 38 % 

Table  2. Atomic coordinates and temperature factors 
(×  10 -4) with e.s.d.'s in parentheses 

Heavy atoms 
x/a y/b z/c B 

S(1) -213  (4) 1781 (2) 6123 (10) - -  
S(2) - 2024 (4) 1169 (2) 8904 (11) 
S(3) 3099 (4) 4453 (2) 4978 (11) - -  
S(4) 1587 (4) 3629 (2) 7645 (11) - -  
C(1) -1519 (12) 283 (5) 7799 (32) 2-36 (18) 
C(2) -262  (11) 333 (5) 5492 (29) 2.18 (18) 
C(3) 560 (12) 1015 (5) 4336 (33) 2.69 (20) 
C(4) 1776 (12) 1060 (5) 2160 (31) 2.74 (20) 
C(5) 2613 (11) 1750 (5) 906 (31) 2-42 (19) 
C(6) 3831 (13) 1757 (5) -1191 (33) 2"79 (20) 
C(7) 4377 (14) 1117 (6) -2589 (36) 3.37 (23) 
C(8) 3607 (14) 443 (6) -1379 (34) 3"29 (23) 
C(9) 2316 (11) 388 (5) 972 (31) 2.16 (18) 
C(10) 154 (I0) 4107 (4) 7207 (26) 1.51 (16) 
C(l l)  513 (11) 4767 (4) 5265 (31) 2.08 (17) 
C(12) 1921 (12) 5053 (5) 3888 (30) 2.49 (19) 
C(13) 2313 (11) 5697 (4) 1983 (28) 2.03 (17) 
C(14) 3740 (11) 5990 (5) 519 (30) 2.19 (18) 
C(15) 4019 (12) 6648 (5) -1418 (32) 2.83 (21) 
C(16) 2964 (13) 7057 (5) -2140 (34) 3-07 (22) 
C(17) 1603 (12) 6829 (5) -717  (32) 2"55 (19) 
C(18) 1216 (12) 6131 (5) 1389 (32) 2-43 (19) 

Hydrogen atoms. The thermal parameters were taken to be 
those of the adjacent carbon atom. 

x]a y/b z/c 
H(1) 2398 (269) 2262 (117) 1322 (657) 
H(2) 4403 (269) 2389 (127) 1770 (743) 
H(3) 5310 (290) 1116 (122) -4091 (708) 
H(4) 4218 (266) 191 (128) -3959 (713) 
H(5) 4569 (260) 5740 (11 l) 579 (664) 
H(6) 5152 (269) 6992 (129) - 1074 (727) 
H(7) 3261 (281) 7626 (123) -3930 (727) 
H(8) 832 (236) 7144 (101) -1245 (588) 

S(2) 2"100(3) S(1) Z'A 
~ c ( 6 )  

96~ 1 (41) (a) 
S(4) 2100(3) s(3) 

a 
~ C(14) 
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Fig. 1. Observed bond lengths and angles (a) in molecule A, 
(b) in molecule B. 
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Fig. 2. Average values for chemically equivalent bond lengths 
and angles. 

Table  2 (cont.) 

Anisotropic temperature coefficients and their e.s.d.'s (x 10-6); f=fo exp (-Yfluhk) 
~, /~= P~ /~,~ 

S(1) 8210 (433) 1362 (74) 44240 (2825) 979 (151) 
S(2) 8118 (449) 1896 (85) 51586 (3032) 1215 (165) 
S(3) 5988 (381) 2158 (87) 54707 (3087) 1367 (155) 
S(4) 6339 (409) 1799 (83) 55192 (3197) 1232 (152) 

~13 ~23 
-4435 (1501) -2159 (403) 
-3354 (1502) -1924 (451) 
-4148 (1486) -475 (452) 

-296  (1592) +1691 (458) 
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a n d  3 6 %  r e s p e c t i v e l y  for  (001)  a n d  (100)  p r o j e c t i o n s .  A C r u i c k s h a n k  (1961)  w e i g h t i n g  s c h e m e  w a s  u s e d :  
T h e  p o s i t i o n a l  a n d  t h e r m a l  m o t i o n  p a r a m e t e r s  a n d  co=(a+Fo+cF2o) -~ w i t h  a = 2 F ° i n  a n d  c=2/F°ax.  

sca le  f a c t o r s  w e r e  re f ined  o n  an  I B M  c o m p u t e r  by  the  F i n a l  a t o m i c  p a r a m e t e r s  a n d  the ir  e s t i m a t e d  s t a n d a r d  
f u l l - m a t r i x  l e a s t - s q u a r e s  p r o g r a m  O R N L - T M - 3 0 5  o f  d e v i a t i o n s  o f  the  t w o  n o n e q u i v a l e n t  m o l e c u l e s  o f  the  
B u s i n g  & L e v y  w h i c h  m i n i m i z e s  ~,co(Fo-Fe) 2. uni t  cel l  are g iven  in T a b l e  2. C a l c u l a t e d  a n d  o b s e r v e d  

T a b l e  3. Observed and calculated structure factors 
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structure factors are compared in Table 3. The final 
reliability index R is 0.13. Because the data were col- 
lected from several crystals, further refinement could 
not be expected to lead to a more reliable structure. 
The space group is PT and the molecular centres are 
situated on non-equivalent crystal centres. 

The bond lengths and their e.s.d.'s for the two differ- 
ent molecules are given in Fig. l(a) and (b) together 
with the bond angles. All equivalent bond lengths and 
angles in the non-equivalent molecules are equal within 
experimental errors, their averages being given in Fig. 
2. The theoretical and experimental values for the 
tetracene molecule (Gleicher, 1966; Robertson, Sin- 
clair & Trotter, 1961) are summarized in Table 4. 

Table 4. Intercomparison of  mean C-C bond lengths 

Present Tetracene 
analysis Theoretical Experimental 
1.366 (7) 1"364 1.358 1"385 (14) 
1.421 (12) 1.429 1.440 1.479 (20) 
1-450 (7) 1-436 1-445 1.431 (14) 
1.455 (12) 1.421 1.422 1"439 (20) 
1"374 (7) 1-390 1.385 1.398 (14) 
1-406 (7) 1.412 1.415 1.409 (24) 
1.422 (12) 1.419 1-413 1"475 (20) 

The equations of the best molecular least-squares 
planes and the distances of the atoms from their respec- 
tive planes are presented in Table 5. The equations of 
the planes are expressed in orthogonal coordinates 
X, Y, Z with X parallel to a, Y perpendicular to a in the 
ab plane and Z parallel to c*. 

Table 5. Equations of  the best molecular least-squares 
planes and the distances ( × 1 O- 4 A) of the atoms from 

their respective planes 

Molecule 1:-0.3179X+O.O710Y-O.9455Z+0.8741 =0 
Molecule 2:-O.1748X-O.4700Y-O.8652Z+0.61156=0 

Molecule 1 Molecule 2 
S(1) 250 S(3) -426 
S(2) - 210 S(4) + 564 
C(I) 55 C(10) 261 
C(2) 168 C(11) 289 
C(3) 17 C(12) -72  
C(4) 26 C(13) - 79 
C(5) 7 C(14) - 247 
C(6) - 152 C(15) -73 
C(7) 186 C(16) 539 
C(8) 81 C(17) 151 
C(9) - 5 C(18) - 50 

Discussion 

As shown in Table 4, the C-C bond lengths do not 
differ significantly from equivalent bonds in the 
tetracene molecule and the disulphide rings do not 
therefore alter the zc distribution. The observed S-S 
bond length of 2-10 A is longer than the usually ac- 
cepted values of 2.04 A and the dihedral angle be- 
tween the planes containing C-S-S and S-S-C is 

~ 0 L  According to Hordvik (1966) (Fig. 3) a rela- 
tionship exists between bond length and dihedral 
angle. From the empirical bond length/dihedral angle 
curve the observed parameters are in excellent agree- 
ment with the theoretical value. This increase of the 
bond length has been explained in terms of a single 
molecular orbital theory (Bergson, 1957), by a net 

s-s 

2"1oA 

2A 

1 

90" 0 ° 
Fig. 3. Variation of sulphur-sulphur bond length with the 

dihedral angle. 

S-S 

2.12A 

I-8""I 

2 h ~  s-c 
1 "66A 1-82A 

Fig. 4. Correlation between S-C and S-S bond lengths in 
planar groups. (1) Hordvik & Sletten (1966a, b). (2) Jeffrey 
& Shiono (1959). (3) Hordvik (1960). (4) Hordvik (1963). 
(5) Hordvik (1966). (6) Hordvik & Kjege (1966). (7) An- 
dreetti, Cavalca, Manfredotti & Musatti (1969). (8) Present 
analysis. 

(100) b sin y (010) 
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(001) 

b sin a 

Fig. 5. Packing of molecules. 
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Table  6. Distance less than 3, 3-3, 3.5, 3.6, 3.8, 4 
C . . . C ,  C . -  

S(4) (II) . . . .  S(1) 
C(16) (II)- S(2) 
C(17) (II). S(I) 
C(17) (II). S(2) 
H(29) (II). S(2) 
H(30) (II). S(1) 
H(30) (II). S(2) 
H(27) (II). S(3) 
C(1) (II) . . . .  S(2) 
C(2) (I) . . . . .  S(2) 
C(3) (I) . . . . .  S(1) 
C(3) (I) . . . . .  S(2) 
C(4) (I) . . . . .  S(1) 
C(5) (i) . . . . .  s(1) 
C(8) (I) . . . . .  C(9) 
C(3) (I) . . . . .  C(4) 
C(6) (I) . . . . .  C(5) 
C(8) (I) . . . . .  C(4) 

(I) 3.75 
(I) 3.68 
(I) 3.45 
(I) 3.73 
(I) 3.22 
(I) 2.92 
(I) 3.39 
(II, 1-) 3.18 
(I - c) 3 -49  
(I - c) 3"75 
(I - c) 3 . 73  
(I - c) 3"65 
(I - c) 3"65 
(I - c) 3"65 
(I - c) 3 -49  
(I - c) 3"52 
( I -  c) 3"55 
(I - c) 3"60 

3"96 
3-78 
3"13 
3-02 
3"35 
3"65 
3"78 
2"89 

S(l) (I) . . . . .  S(l) ( I - c )  
S(1 )  (I)  . . . . .  S(2) ( I -  c) 
H(4) (I) . . . .  C(8) ( I -  c) 
H(4) (I) . . . .  C(9) (I - c) 
H(4) (I) . . . .  C(11) ( I - c )  
C(1) (I) . . . . .  C(1) ( I - c )  
S(l) (I) . . . . .  C(17) ( i i -  c) 
S(l) (i) . . . . .  H(10) ( I I - c )  

A .for the intermolecular contacts H.  • • H,  H .  • • C, H .  • • S, 
• S, S . . .  S respectively (A) 

S(2) (I) . . . . .  S(2) ( I -  c) 
H(1) (I) -. • S(4) ( I I -  c) 
C(10) (II). -C(11) ( I I - c )  
C(11) (II). • S(4) ( I I -  c) 
C(12) ( I I ) . .S (3)  ( I I -  c) 
C(12) (II). • S(4) ( I I - c )  
C(12) (II). • C(13) ( I I -  c) 
C(l 3) (II)- • S(3) ( I I -  c) 
C(14) (II). • S(3) ( I I -  c) 
C(15) (II). • C(14) ( I I -  c) 
C(16) (II)" • C(13) (II - c) 
C(16) ( I I ) . .C(14)  ( I I - c )  
C(17) (lI). • C(18) (II - c) 
C(5) (I) . . . .  H(6) ( I I ,T-c)  
C(6) (I) . . . .  H(6) (II, ]--  ¢) 
C(15) (II). 
S(3) (II). 
S(3) (II) 
S(3) (II) 
H(1) (I) 
H(2) (I) 
H(2) (I) 
H(5) (I) 
C(7) (I). 

• H ( 2 )  (I,  T -  c) 
• C ( 1 4 )  ( I I , T -  c) 
• C(15) (ii, i -  c) 
• H ( 5 )  (II ,  T -  c) 
• H ( 6 )  (II ,  T - c) 
• C(15) ( I I ,T-c)  
• H ( 6 )  (II ,  i -  c) 
• H ( 5 )  (II ,  T -  c) 
• S (2 )  (I,  i -  b - c) 

H(3) (I) . . . .  S(2) (I, i -  b -  c) 

3"96 
3 "09 
3"52 
3"80 
3"76 
3"69 
3"53 
3"69 
3"70 
3"50 
3"55 
3"58 
3"49 
3"01 
2"64 
2"72 
3"67 
3"77 
2"96 
2"62 
2"71 
1 "70 
2"95 
3"70 
3"07 

an t ibond ing  cha rac te r  o f  the four  3n_L electrons o f  the 
two sulphurs .  

The average b o n d  angle  S - S - C  o f  95.9 ° is signi- 
f icant ly shor te r  t han  the publ i shed  values 107 ° 
(Toussaint ,  1945) to 103 ° (Lee & Bryant ,  1969). A 
review by A b r a h a m s  (1956) states tha t  the valency 
angle for  two-bonded  su lphur  is no rma l ly  t e t rahedra l  
or  sl ightly less. In our  case, the steric requi rements  o f  
the f ive-membered ring necessitate this decrease. 

The  observed C-S  bond  length of  1.781 A is shor te r  
t han  the usually accepted values o f  1.81 A. Fig. 4 
shows the cor re la t ion  between the S-S and  S -C  bond  
lengths in p l ana r  groups.  

M o l e c u l a r  p a c k i n g  

The molecules  are a r r anged  as shown in Fig.  5. Con-  
tact  between molecules  is exclusively due to van der  
Waa l s  in terac t ions  as suppor ted  by the dis tances listed 
in Table  6. 

We t h a n k  Dr  C. Mar scha lk  for  p rov id ing  a sample  
o f  t e t ra th io te t racene .  
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