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Tab l e  1. Refined atomic parameters 

Posit ional parameters  and thermal  parameters ,  B~, where 
T i = e x p  (--B~ sin 2 0/). 2) , 

f rom the final least-squares analysis 

No. Type  x ax y (~y z O" z B 
1 C 0-071 (5) -- 0.140 (6) 0.028 (2) 1.0 
2 C 0-056 (7) - 0.024 (5) 0.093 (3) 1.0 
3 C -0 .011  (6) 0.124 (5) 0.063 (3) 1.0 
4 C1 -0 -024  (2) 0.260 (2) 0.142 (1) 5.5 
5 C1 0-141 (2) --0.335 (2) 0-071 (1) 5.5 
6 O 0-095 (4) - 0 . 0 5 8  (4) 0.181 (2) 3.4 

7 C 0-576 (6) --0.132 (6) 0.057 (3) 1.9 
8 C 0-542 (8) 0.007 (5) 0.098 (3) 1.9 
9 C 0-479 (6) 0.130 (6) 0-037 (3) 1-9 

10 CHa 0.446 (6) 0.302 (7) 0-086 (3) 6.0 
11 Ct t  a 0.654 (6) --0.265 (8) 0.116 (4) 6.0 
12 CH 3 0-590 (7) 0.034 (8) 0.202 (4) 6.0 

d e v i a t i o n s  are  l i s ted  in Tab l e  1; t h e  s t a n d a r d  d e v i a t i o n s  
are  a b o u t  0.06 A for  t h e  pos i t i ons  of t h e  l igh t  a t o m s  a n d  
0.02 A for  t h e  ch lo r ine  a t o m s .  (These  va lues  are  in 
a p p r o x i m a t e l y  t h e  e x p e c t e d  ra t io  whereas ,  as D o n o h u e  
& T r u e b l o o d  p o i n t  ou t ,  t h e  s t a n d a r d  d e v i a t i o n s  g iven  b y  
H W  are  g r e a t e r  for  t h e  ch lor ine  a t o m s  t h a n  for  t h e  l i gh t e r  
a t oms . )  T h e  s t a n d a r d  d e v i a t i o n s  in t h e  t e m p e r a t u r e  
f ac to r s  B are  a b o u t  2-0 for  t h e  l ight  a t o m s  a n d  0 .7 fo r  
t h e  ch lo r ine  a t o m s .  I n  t h e  las t  l ea s t - squa res  r e f i n e m e n t  
cycle  n o  c o o r d i n a t e  sh i f t  was  as m u c h  as 1/3 of i ts  
s t a n d a r d  d e v i a t i o n .  T h e  f inal  R f a c t o r  was  0.14 c o m p a r e d  
w i t h  t h e  v a l u e  0-27 we  o b t a i n e d  w i t h  t h e  p a r a m e t e r s  
of t tSV. 

O u r  resu l t s  i n d i c a t e  t h a t ,  w i t h i n  t h e  la rge  e x p e r i m e n t a l  
er rors ,  b o t h  t h e  ch lo ran i l  a n d  t h e  h e x a m e t h y l b e n z e n e  

mo lecu le s  are  p l a n a 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  
l eas t - squa res  p l a n e  of t h e  ch lo ran i l  mo lecu le ,  c a l c u l a t e d  
w i t h  w e i g h t s  p r o p o r t i o n a l  to  t h e  a t o m i c  n u m b e r s , *  is 
0.087 A for  t w o  of t h e  c a r b o n  a t o m s ;  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  bes t  p l a n e  of t h e  h e x a m e t h y l b e n z e n e  
m o l e c u l e  is 0.045 ~t. T h e  t w o  p l a n e s  are  c losely  para l le l ,  
t h e  c a l c u l a t e d  d i h e d r a l  ang le  be ing  2.1 ° . S imi la r ly ,  t h e  
b o n d  d i s t ance s  s h o w  n o  s ign i f i can t  d e v i a t i o n s  f r o m  t h e  
e x p e c t e d  va lues ,  t h e  e x t r e m e  v a l u e  1.71 ft. c a l c u l a t e d  
for  a pa i r  of C - C H  a b o n d s  b e i n g  o n l y  t w o  s t a n d a r d  
d e v i a t i o n s  f r o m  t h e  n o r m a l  d i s t a n c e  of 1.54 /~. 

A c c o r d i n g l y ,  we  r each  t he  c o n c l u s i o n  t h a t  t h e  ex- 
p e r i m e n t a l  d a t a  are  c o m p a t i b l e  w i t h  p l a n a r  m o l e c u l e s  
h a v i n g  n o r m a l  d i m e n s i o n s  a n d  t h a t  i t  is n o t  n e c e s s a r y  
to  p o s t u l a t e ,  as H W  h a v e  done ,  a z igzag a r r a n g e m e n t  
of p o l a r i z a t i o n  b o n d s  to  exp l a in  t h e  s t r u c t u r e .  

One  of us  (NDJ)  is g r a t e fu l  to  t h e  Div i s ion  of Genera l  
Medica l  Sciences,  U n i t e d  S t a t e s  P u b l i c  H e a l t h  Service  for  
a P r e d o c t o r a l  F e l l o w s h i p  d u r i n g  t h e  t e n u r e  of w h i c h  t h i s  
i n v e s t i g a t i o n  was  ca r r i ed  ou t .  

R e f e r e n c e s  

DONOHUE, J .  ~: TRUEBLOOD, K .  N. (1956). Acta Cryst. 
9, 965. 

HARDING, W. W. & ~VALLWORK, S. C. (1955). Acta Cryst. 
8, 787. 

NYBURO, S. C. (1961). X-ray Analysis of Organic Struc- 
tures, p. 287. N e w  Y o r k :  A c a d e m i c  Press .  

* I t  is clearly more appropria te  to include all twelve a toms  
of the  chloranil molecule in the  calculation of the best  plane 
t han  (as H W  did) to consider only the  six carbon atoms.  

Acta Cryst. (1962). 15, 810 

The crystal  structure of the chlorani l -hexamethylbenzene complex.  By S. C. W~LWORK, Depart- 
ment of Chemistry, University of Nottingham, England a n d  T . T .  HARDING, Imperical Chemical Industries, Ltd., 
Billingham Division, Billingham, Co. Durham, England 

(Received 26 March 1962) 

T h e  r e f i n e m e n t  of t h e  c rys t a l  s t r u c t u r e  of t h e  ch lorani l -  
h e x a m e t h y l b e n z e n e  c o m p l e x  b y  J o n e s  & Mar sh  (1962) 
c o n f i r m s  t h e  s u g g e s t i o n  a l r e a d y  m a d e  (W'allwork,  1961) 
t h a t  t h e  m o l e c u l a r  d i s t o r t i o n s  o r ig ina l ly  r e p o r t e d  (Hard -  
ing  & W a l l w o r k ,  1955) are  p r o b a b l y  n o t  s ign i f ican t .  
T h e y  w e r e  m i s t a k e n l y  i n t e r p r e t e d  as be ing  s ign i f i can t  
in  t h e  or ig ina l  w o r k  because  t he  s t a n d a r d  d e v i a t i o n s  of  
a t o m i c  pos i t i ons  were  i nco r r ec t l y  ca l cu l a t ed .  I n  sp i t e  of  
t h e  i m p r o v e m e n t s  in R a n d  m o l e c u l a r  p l a n a r i t y  b r o u g h t  
about by the recent refinement it is clear that the present 
X - r a y  d a t a  are  n o t  su f f ic ien t  to  e s t ab l i sh  a c c u r a t e  a t o m i c  

pos i t ions .  N e w  a n d  m o r e  e x t e n s i v e  d a t a  are  n o w  b e i n g  
o b t a i n e d  a t  a b o u t  - 1 0 0  °C. a n d  t h e s e  wil l  be  u s e d  in 
a f u r t h e r  r e f i n e m e n t  of t h e  s t r u c t u r e .  
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Fig. 1. Crystal growth Dewar. 
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Fig. 2. X-ray glancing-angle diffraction photographs of argon grown at the following rates: (a) 4 mm./min.,  (b) l mm./min.  

[To face p. 811 



S H O R T  C O M M U N I C A T I O N S  811 

To the best of our knowledge, no one has yet made a large 
single crystal of any of the rare gases. Argon is close- 
packed cubic and its crystal growth has been studied to 
some extent [Dobbs & Jones (1957)]. 

In compact, transparent, optically isotropie solids grain 
boundaries may not constitute optical discontinuities; 
therefore, transparency can not be used as evidence 
against polycrystalline character. 

Barker, Dobbs & Jones (1953) obtained compact solids 
by slow cooling from vapor. X-ray pictures of these solids 
showed them to be polyerystalline with a grain size of 
around 0.I ram. Stansfield (1956) grew similar solids by 
a modified Bridgman method. He progressively froze 
argon from a melt by lowering a tube into liquid oxygen 
near 70 °K. at a rate of 1 mm./min. By a thermal etch 
technique, he estimated the grain size to be up to 4 ram. 
Barker & Dobbs (1955) observed a rapid increase of 
absorption of l-mm. ultrasonic waves when compact 
argon was annealed above 75 °K. This increased absorp- 
tion may be indicative of grain growth to dimensions 
comparable with the ultrasonic wave-length. 

There are other methods for obtaining compact solid 
argon. Stewart (1955) compacted loosely packed crystal 
aggregates in a 1-cm. a steel cavity at 4000 arm. at 65 °K. 
White & Woods (1956) filled a 0.5 x 3" Inconel tube at 
78 °K. above the triple point pressure (516 mm. of ig) 
and obtained a transparent solid grown from the bottom 
and sides. The grain size in these studies was not meas- 
ured. 

Our experimental arrangement (see Fig. I) like Stans- 
field's (1956) follows Bridgman's method and consists 
essentially of a glass inner tube (ca. I0 ram. O.D.) 
connected to an argon-containing flask at room temper- 
ature. This tube is surrounded by two other tubes-- 
all of unsilvered glass for ease of observation. The 
outermost tube is a vacuum jacket, the middle one serves 
to hold the liquid coolant. Usually the coolant was at 
temperatures nearer to the melting point of argon, 
83.6 °K., than in Stansfield's (1956) experiments. Provi- 
sion is made for the coolant level to be raised very 
gradually at rates from about 0.2 to 2 mm./min. They 
are fast compared with the rates commonly used for the 
crystallization of metals by Bridgman techniques [Lawson 
& Nielsen (1958)]. As the sample tube is cooled, argon 
condenses to a liquid, which then  freezes to a clear solid. 
In  most  experiments,  the argon gas supply was turned 
off a t  the stopcock when the desired quan t i t y  of liquid 
had  collected. By  rapid cooling such t h a t  a solid crust 
is formed on the liquid argon surface, i t  is possible to 
obta in  vapor  snakes [Verschingel & Schiff (1954) and 
Stansfield (1956)]. 

In  some of our experiments,  the cold cell described 
above was modified for en t ry  and exit  (over a cone of 
55 ° semi-vertex angle) of X-rays  (Fig. 1) by  addit ion of 
Mylar  windows. This appara tus  fits onto the sample 
holder p la t form of a G .E .XRD5 X-ray  goniometer adapted  
lor the taking of glancing-angle photographs,  wi th  sample 
oscillation arbi t rar i ly  set a t  15 ° . The number  of spots per  
Debye-Scherrer  ring is then inversely proport ional  to 
the grain size. Knowing the mul t ip l ic i ty  of the diffracting 
planes, the proport ion of the Debye-Scherrer  'r ing'  
recorded and the area of sample (about 5 ram. ~ in our 
experiments)  irradiated,  grain-size est imates (Peiser, 

Rooksby  & Wilson, 1955) of up to 4 ram. have  been 
obtained. Two diffraction photographs  (Fig. 2) show b y  
inspection tha t  larger grains are produced by  slower 
cooling rates. Thus, our results encourage the view tha t  
large crystals  of argon can be grown. 

We have  also grown t ransparen t  solid argon films by  
quenching argon vapor  onto a copper cold finger a t  about  
4 °K. The argon was introduced slowly through a flow 
gage. The X- ray  diffraction record, using the cold cell 
described by  Black et al. (1958), shows these argon films 
to be polycrystal l ine wi th  appreciable line-broadening, 
indicat ing a grain size of the order of a few hundred 
/~ngstr6m units.  

When  the quenching becomes less efficient by  in- 
creasing the film thickness or the flow rate,  the ap- 
pearance of the argon film becomes 'snowy' ,  t ha t  is, 
opalescent. This indicates t ha t  the films are no longer 
compact.  The X- ray  diffraction max ima  sharpen, bu t  
remain continuous. We believe tha t  there are dendrit ic 
crystals,  elongated along the [111] direction, growing 
perpendicular ly  to the deposition surface. The principal  
evidence for this hypothesis  was obtained in collaboration 
with  F. A. Mauer. I t  is based on X- ray  diffractometer  
traces of argon deposit ing during gradual  warm-up well 
below the tr iple-point  temperature .  The deposits are 
ini t ial ly characterized by  s t rongly preferred or ientat ion 
(111) parallel  to the subst ra te  surface. Later ,  approx- 
imate ly  random orientat ion is observed such as could be 
caused by  dendri te  branching or bending.  Eventua l ly ,  
when surface evaporat ion becomes rapid, jus t  before loss 
of the entire argon film, well oriented (111) layers are 
re-exposed to the X- ray  beam. 
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