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a = 8,4 (Nadelachse) ,  b = 12,8, c = 15,0 /k .  

B e d i n g u n g e n  ffir m6gl iche  Ref lexe :  

(hO1) n u r  m i t  1 = 2n, (hkO) n u r  m i t  h + k = 2n. 

R a u m g r u p p e :  DlSa-Pmcn oder  C~v-P2icn. 

B e o b a c h t e t e  D i c h t e :  2,62 g .cm. -K 

Be rechne t e  I ) i ch t e :  2,53 g .cm. -K 

Z = 8 .  

Die  (hkl) mit h+k = 2 n ÷  1 s ind sy s t ema t i s eh  s chwach  
i m  Verg le ich  zu d e n e n  m i t  h+k = 2n. Die  Pa t t e r son -  
P r o j e k t i o n e n  P(u, v), P(u, w), P(v, w) Pi(v, w) best t t t igen 
d ie  A n n a h m e ,  dass  die B a - L a g e n  e iner  C-zen t r i e r t en  

Zelle en t sp reehen .  Aus  den  P a t t e r s o n - P r o j e k t i o n e n  er- 
geben  sich die  K o o r d i n a t e n  der  B a - A t o m e  

BaI BaII 

x 1/4 3/4 
y 7/60 14/60 
z 1/4 1/4 

wobei  ffir die  R a u m g r u p p e  P21cm eine x - K o o r d i n a t e  
wil lkfir l ich gleich 1/4 gese tz t  wurde .  

Ffir  die we i t e re  S t r u k t u r a n a l y s e  w a r d e n  Intensi t /~ten 
auf  fo lgende Weise  e r h a l t e n :  zur  V e r m e i d u n g  y o n  Ab-  
sorp t ions feh le rn  w u r d e n  die  Kr i s t a l l e  zu  K u g e l n  m i t  
0,012-0,013 cm. Dt t rehmesse r  geschl i ffen u n d  diese d u r c h  
e inen  F e t t f i l m  gegen  L u f t e i n w i r k u n g  geschfi tz t .  Die  
S t r u k t u r a n a l y s e  wi rd  for tgese tz t .  
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I n t r o d u c t i o n  

A p r e l i m i n a r y  r epo r t  on the  resul ts  of a s t u d y  of the  crys- 
t a l  structure of thianthrene 

S 

S 

was published by the present authors (Rowe & Post, 
1956). While the final results were being prepared for 
publication, Lynton & Cox (1956) published the results 
of an independent structure determination, refined by the 
method of successive differential syntheses. The refine- 
ment described in the present paper was based primarily 
on the method of least squares. In view of the importance 
of the structure and the differences in refinement proce- 
dures, a description of our work and results and a com- 
parison with those of Lynton & Cox are given here. 

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

Needle-like crystals of thianthrene were grown from 
trichlorethylene solution. The crystals used for X-ray 
study were cleaved to dimensions of about 0.2 × 0.4 × 0.04 
ram.  N o  abso rp t i on  cor rec t ions  were  cons idered  neces- 
sa ry .  

X - r a y  d i f f rac t ion  d a t a  were  ob ta ined ,  us ing  the  equi-  
i nc l ina t ion  Weis senbe rg  c a m e r a  (mul t ip le- f i lm t e c h n i q u e  
w i t h  Cu rad ia t ion)  a n d  the  precess ion  c a m e r a  (with 
Mo rad ia t ion) .  The  u n i t  cell is monoc l in ic  a n d  con ta ins  
four  molecu les ;  t he  space g roup  is P21/a a n d  the  d imen-  
s ions of t h e  u n i t  cell a re :  

Present work Lynton & Cox 

a 14.46 ~ 0.015 A, 14"484 t 0.002 /k 
b 6.095-{- 0-01 6-147 -4- 0-002 
c 11.90 ! 0.02 11.932 ± 0.002 
fl 110.15 A- 0"02 ° 109 ° 51.6" i 1.5' 

The  differences ,  t h o u g h  small ,  a re  well  b e y o n d  t h e  
l imi ts  of e r ror  in b o t h  cases. Our  resu l t s  are  based  on  
m e a s u r e m e n t s  of precess ion a n d  Wei s senbe rg  f i lms,  
s u p p l e m e n t e d  b y  careful  m e a s u r e m e n t s  of p o w d e r  pa t -  
t e rns  o b t a i n e d  w i t h  a Ge ige r -coun te r  d i f f r ac tomete r .  

A to t a l  of a p p r o x i m a t e l y  2100 ref lec t ions  are  accessible  
w h e n  Cu r a d i a t i o n  is used.  A lmos t  90% of these  (i.e. 
a b o u t  1820) are  c o n t a i n e d  w i t h i n  t h e  region  of rec iproca l  
space exp lo red  du r ing  the  p resen t  i nves t iga t ion ;  of these ,  
1384 were  suf f ic ient ly  in tense  to  be  m e a s u r e d  a n d  u sed  
in t he  s t r u c t u r e  d e t e r m i n a t i o n .  

S t r u c t u r e  d e t e r m i n a t i o n  

Approximate x and z parameters of each of the two sulfur 
atoms in the asymmetrie unit of structure wore doter- 
mined from a Patterson-Harker section at (U, ½-, W). 
An (hOl) electron-density map was plotted, using the 
signs of Fourier coefficients computed from these para- 
meters. Extensive use was made of X-I~AC for computa- 
tion of Patterson sections and electron-density projec- 
tions. After the usual iterative refinement process, the 
discrepancy factor for this projection was reduced to 
18%. 

Approximate y parameters of the sulfur atoms were 
deduced from a series of Patterson sections computed 

at intervals of b/8. These were used to compute signs of 
Fourier coefficients for an (hk0) electron-density map. 
Because of overlap in this projection, refinement was not 
satisfactory and R(hkO) did not drop below 40%, even 
after a large number of trials. 

Use was then made of a least-squares refinement pro- 
gram written for the IBM 704 computer by Dr David 
Sayre. At this stage of the refinement process, R(hkl) was 
slightly greater than 40%. In the initial stages of the 
least-squares refinement process, only 500 reflections, 
at relatively low Bragg angles, were used. Additional 
reflections were included in the calculations as the 
refinement progressed. The refinement of atomic posi- 
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T a b l e  1. Coordinates and temperature factors 

Atom x y z B (A s) 

S~ 0.2334 0.1321 0.0807 5.302 
S~ 0.3498 0.5792 0.0442 4.739 

C~ 0-2987 0.3177 0.1780 5.172 
C 2 0.3026 0.2580 0.2736 5.587 
C a 0-3574 0.3949 0.3501 6.212 
C 4 0.4074 0.5928 0.3335 6.182 
C 5 0.3995 0-6506 0.2401 5.281 
C 6 0.3480 0.5138 0.1633 4.429 
C7 0.1505 0.3162 0.9874 4.794 
C s 0.0347 0.2627 0.9300 5.517 
C 9 0.9712 0.4072 0.8568 5.517 
C10 0.0179 0.6012 0.8431 5.831 
C n 0.1334 0.6549 0.9000 5.394 
C1~ 0.2005 0.5097 0.9714 4.749 

t i o n a l  c o o r d i n a t e s  was  s p e e d e d  c o n s i d e r a b l y  b y  in te r -  
r u p t i n g  t h e  l e a s t - s q u a r e s  m a c h i n e  c a l c u l a t i o n s  a f t e r  a 
few cycles  in  o rde r  t o  a d j u s t  t h e  c o o r d i n a t e s  on  t h e  bas is  
of a c o m p r o m i s e  b e t w e e n  c o m p u t e d  a n d  ' c h e m i c a l l y  
r e a s o n a b l e '  va lues .  T h e  en t i r e  p r o c e d u r e  was  r e p e a t e d  
t h r e e  t i m e s ,  b y  w h i c h  t i m e  R(hlcl) h a d  d r o p p e d  f r o m  t h e  
in i t i a l  40% to  18% for  all  1384 o b s e r v e d  re f lec t ions .  

A n  ef for t  was  t h e n  m a d e  to  i m p r o v e  t h e s e  resu l t s  b y  
w e i g h t i n g  t h e  o b s e r v a t i o n s  in  a c c o r d a n c e  w i t h  t h e  proce-  
d u r e  r e c o m m e n d e d  b y  A b r a h a m s  (1955). I n  a d d i t i o n ,  
r e f l ec t ions  too  w e a k  to  be  m e a s u r e d  (o the r  t h a n  absences  
d u e  to  s p a c e - g r o u p  e x t i n c t i o n s )  were  a s s igned  i n t e n s i t y  
v a l u e s  equa l  to  one -ha l f  t h e  m i n i m u m  o b s e r v e d  v a l u e  in  
t h e  r eg ion  of r ec ip roca l  space  in  w h i c h  t h e y  were  f o u n d .  

T h e  a t o m i c  c o o r d i n a t e s  a n d  t h e  i so t rop ie  t e m p e r a t u r e  
f a c to r s  of t h e  a t o m s  f ina l ly  o b t a i n e d  f r o m  t h e  least -  
squa re s  r e f i n e m e n t  process ,  a f t e r  i nc lus ion  of t h e  we igh t -  
ing  t e r m s  a n d  t h e  co r r ec t i ons  m e n t i o n e d  above ,  a re  l i s ted  

T a b l e  2. Intramolecular distances and angles 

Present  work 

S tandard  L y n t o n  & Cox 
Length  (A) deviat ion (A) Length  (A) 

S1-S 2 3' 183 0.004 - -  

S1-C 1 1.766 0.011 1.744 
S1-C ~ 1.773 0.010 1.756 
S~-C 6 1.774 0.009 1.755 
S~-C19 " 1.778 0.010 1.778 

C1-C 2 1.414 0.015 1.386 
C9-C a 1.361 0.017 1.391 
Ca-C 4 1.402 0-017 1.394 
C4-C ~ 1.368 0.016 1.375 
C~-C 6 1.357 0-015 1"399 
C6-C ~ 1.381 0.015 1.427 

C7-C s 1.383 0.015 1.425 
Cs-C 9 1"386 0.016 1.380 
Cg-C~0 1.351 0.016 1.369 
C10-C n 1.378 0.016 1"419 
Cn-C12 1.387 0.015 1.360 
CI~-C ~ 1-376 0.015 1.407 

Present 

Valence angle at  S 1 100 ° 18'; 
Valence angle at  $9 100 ° 24"; 
Average valence angle 100 ° 21'; 
Dihedral  angle 128 ° 8' 

work L y n t o n  & Cox 

= 29' 100 ° 10' 
~ 26' 100 ° 10' 
---- 19' 100 ° 10'; a----30' 

128 ° 

in Table I. Intramolecular distances and angles are shown 
in Table 2. The corresponding values reported by Lynton 
& Cox are listed in the last column. The average lengths 
of chemically-equivalent bonds and their mean standard 
deviations are given in Table 3. The application of the 

T a b l e  3. Average values of chemically-equivalent 
bond lengths 

Present  work 
r 

Average 
s tandard  L y n t o n  & Cox 

Length  (A) deviat ion (A) Leng th  (/~) 

~-0.005 -~0.019 
S1-C 1 1.773--0.007 0.005 1.759--0.015 
C1-C 6 1.379±0.002 0.011 1 .417i0"010 
C3-C a 1.376±0.025 0.012 1-382±0-012 
C1-C9 1.385-b 0.028 0.007 1.393±0.033 

~-0.028 
C~-C a 1.374±0.012 0.008 1.391~-0.016 

~-0-035 
All C-C 1.379--0.028 0.005 1.394±0.034 

c r i t e r i a  d e s c r i b e d  b y  C r u i c k s h a n k  (1949) i n d i c a t e d  t h a t  
in  no  i n s t a n c e  is t h e r e  a n y  s t a t i s t i c a l  s ign i f icance  in t h e  
d e v i a t i o n  of a n  i n d i v i d u a l  b o n d  l e n g t h  f r o m  t h e  m e a n  
l e n g t h  of t h e  a p p r o p r i a t e  se t  of c h e m i c a l l y - e q u i v a l e n t  
b o n d s .  T h e  v a l u e  of R(hkl) for  all  1820 re f l ec t ions  u s e d  
in t h e  f ina l  l e a s t - squa re s  c a l c u l a t i o n  is 1 8 . 2 % ;  .R(hO1) ---- 
1 1 % ;  R(hkO)----14.5%; R(Okl)= 12%.  F o r  t h e  l l 0 0  
re f l ec t ions  u s e d  in t h e i r  d e t e r m i n a t i o n ,  L y n t o n  & Cox 
r e p o r t e d  R = 1 2 % ;  o u r  v a l u e  for  t he se  1100 re f l ec t ions  
is 15 %. I n  assess ing  t h e  r e l a t i ve  m e r i t s  of t h e  t w o  de te r -  
m i n a t i o n s ,  i t  m u s t  be  b o r n e  in  m i n d  t h a t  t h e  least-  
squa re s  r e f i n e m e n t  p rocess  w h i c h  we  u s e d  m i n i m i z e s  
R'---- Iw(Fo--Fc) ~ a n d  n o t  R = llIFcl--IFolI-1JFcl. 

T h e  s t r u c t u r e  cons i s t s  of p u c k e r e d  a n d  i n t e r l e a v e d  
layers  of t h i a n t h r e n e  mo lecu le s .  T h e s e  l aye r s  a re  ap-  
p r o x i m a t e l y  pa ra l l e l  to  t h e  (212) p l anes .  T h e  a t o m s  of 
each  m o l e c u l e  lie in  t w o  p l a n e s  w h i c h  i n t e r s e c t  in  t h e  
S -S  axis  t o  f o r m  a d i h e d r a l  ang le  of 128-1 °. A v a l u e  of 
140 ° h a d  b e e n  r e p o r t e d  ear l ier  on  t h e  bas is  of  d ipo le -  
m o m e n t  m e a s u r e m e n t s  ( W o o d  & C r a c k s t o n ,  1941). T h e  
m a x i m u m  d i s t a n c e s  of i n d i v i d u a l  a t o m s  f r o m  t h e  t w o  
p l a n e s  are  0.039 a n d  0.024 ~ r e s p e c t i v e l y .  

T h e  o r i e n t a t i o n  of t h e  m o l e c u l e  is in  g o o d  a g r e e m e n t  
w i t h  t h a t  d e d u c e d  b y  W o o d  & C r a c k s t o n  (1941) f r o m  
op t i c a l  a n d  m a g n e t i c  d a t a .  T h e  long  d i r e c t i o n  of t h e  
m o l e c u l e  is close t o  t h e  [101] d i r ec t i on ,  w h i c h  is a lso 
close to  t h e  d i r e c t i o n  of t h e  l a rges t  i n d e x  of r e f r ac t i on .  
N o  u n u s u a l  t y p e s  of i n t e r m o l e c u l a r  c o n t a c t s  a re  p r e s e n t  

T a b l e  4. Comparison of results 

Present  work L y n t o n  & Cox 
Maximum distance of any a tom 

from molecular  plane 0.0394 /k 0.0438 A 

B, sulfur (average) 5.2 /~2 3.5 A 2 
B, carbon (average) 5.73 3.73 

Closest intermolecular  
approach 

C-C 3.61 /~ 3.47 /~ 
C-S 3.83 3"92 
S-S 3.77 3.78 

Distance between inter- 
molecular  planes 3.77 /~ 3.78 A 
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Fig. 1. Thianthrene bond lengths in Angstr6m units. 

in the  crystal. The closest approach between molecules 
occurs between two carbon atoms separated by 3.61 A. 
The shortest distance between sulfur atoms in adjacent  
molecules is 3.77 /~_; the  shortest  intermolecular S-C 
contact  is 3.83 /~. 

A comparison of addit ional  results obtained in this 
work wi th  those of Lyn ton  & Cox is given in Table 4. 
In  general the  results of the two determinat ions  agree 
very  well; the  most  significant difference between the two 
concerns the  C-C bond length. Lynton  & Cox report  
apparent ly  significant variations among C-C bonds. No 

significant variations among these bonds are indicated 
by our results. Pending  further  work, this aspect of the  
molecular structure of th ian threne  must  be considered 
unresolved. A schematic diagram of thianthrene,  g iv ing  
bond lengths determined in this investigation, is shown 
in Fig. 1. 

The authors wish to thank  Prof. Ray  Pepinsky for t h e  
use of his X-RAC calculator. They acknowledge wi th  
thanks  the help of Dr David  Sayre in providing the  
least-squares ref inement  program and for i l luminat ing 
discussions of the comput ing problem. Thanks also go 
to the In ternat ional  Business Machines Corporation for  
a grant, which provided for the use of their  Type 704 
computer,  and to Dr A. Tulinsky, who helped wi th  some 
of the calculations. 

Bibliography 
ABRAEAMS, S• C. (1955). Acta Cryst. 8, 661. 
CRUICKSEANK, D. W. J.  (1949). Acta Cryst. 2, 65. 
LYI~TOI~, I-I. & C o x ,  E .  G .  (1956) .  J .  C h e m .  S o c .  p .  4 8 8 .  
ROWE, 1. & POST, B. (1956). Acta Cryst. 9, 827. 
WooD, R. G. & CRACKSTON, J. E. (1941). Phil. Mag. 31, 

62. 

Acta Czyst. (1958). 11 ,374  

S c a l e - f a c t o r  a d j u s t m e n t  f o r  o p t i m u m  c o m p a r i s o n  o f  o b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  f a c -  
t o r s . *  By E P m ~  SEGER~X,t  Polytechnic Institute of Brooklyn, 333 Jay Street, Brooklyn 1, N. Y., U . S . A .  

(Received 8 

In  most  of the structures reported to date, the observed 
structure factors have been scaled to the calculated ones 
by  using the  ratio of the sums as a scaling factor. This 
procedure is justified only if the  differences between the 
observed and calculated structure factors are random 
over a large body of data.  Wi th  the  accuracy and sen- 
s i t ivi ty of modern  techniques for collecting data,  and 
assuming a 'correct '  s tructure has been proposed, this is 
usually the  case. Thus a more accurate method  for 
deriving the  scale factor, as is proposed here, will be of 
little general value. Nevertheless,  if a structure is based 
on only a few reflections and the discrepancies are large, 
i t  is quite possible to give a marked  improvement  in the 
reported accuracy of a structure determinat ion by ad- 
just ing this scale factor. The derived atomic coordinates 
are unaffected by this ad jus tment ;  but  absolute electron- 
densi ty  measurements  could be improved.  

The op t imum scale factor can be directly derived by 
including the  scale factor as a variable in the expression 
for the  residual being used as a measure of the structure 
determinat ion accuracy, and sett ing the partial  derivat ive 
of the  residual wi th  respect to the scale factor equal to 
zero. 

In  the  following examples we shall define x as the 
scale factor, /c the  index (hlcl), Fk cal. and / 'k obs. given 
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calculated and observed structure factors, and R the  
residual. In the case of the general least-squares approach 
(Hughes, 1941; Booth,  1947), where 

R1 = ~,~ Wk (]Fk ca l . I -  IXFk obs.]) 2 
k 

the scale factor for min imum R becomes 

_F Wk [Fk obs.I KFk cal.I 
k 

Xra ~--- 
WklFk obs.I 2 

k 

In  the case of the  least-squares me thod  used by Shoe- 
maker  et al. (1950), where 

R 2 = fl_%' W[. (iF~ cal.i 2 -  lxFk obs.12) 2 , 
k 

the scale factor for min imum R 2 becomes 

~.lFk obs., 

In  the  case of the i terat ive Fourier technique,  where the  
residual usually employed is the 'reliability index' ,  which 
for the momen t  may  be defined as 

2 I]Fk cal• i--]xFk obs.l[ 
Ra = k 

.~ [Fk cal•l 


