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pa r t  of a f i rmly bonded s ix-membered ring. The Ie 
a toms are but  loosely bonded to the sulfur atoms.  
The iodine molecule is thus  relat ively free to v ibra te  
and  the  a tom I1, being a t  the unbonded end of the 
chain, would be expected to vibrate  with an even 
grea ter  ampl i tude  t han  tha t  of I2. The high volat i l i ty  
of the  complex, p robably  due to its ease of dissociation 
into volatile products ,  is also in keeping with the high 
observed t empera tu re  paramete rs  for iodine. The 
vibra t ional  pa ramete rs  of the carbon a toms are erratic, 
as t hey  often are in compounds containing ul tra-  
heavy  atoms,  and are probably  of little, if any,  struc- 
tu ra l  significance. 
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Crystals of 1-naphthoic acid are monoclinic with four molecules in a unit cell of dimensions 

a=31.12,  b=3-87, c=6-92 A, fl--92.2 °, 

space group P21/a; all the crystals examined, however, have been twinned on (100). The structure, 
which consists of centrosymmetrical dimers, has been determined from projections along the b and c 
axes, and values of the bond lengths, valency angles, and intermolecular distances have been 
obtained. The strain in a planar model for the molecule is relieved by an 11 ° twisting of the carboxyl 
group out of the plane of the aromatic rings, and by valency-angle distortions. 

Introduct ion 

The crystal  s t ructure  of 1-naphthoic acid has been 
examined as pa r t  of a series of investigations of the 
s tructures of derivatives of naphthalene  (Trotter,  
1960). 

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

Crystals of 1-naphthoic acid, which were obtained by 
crystall ization from aqueous ethanol, are colourless 
plates elongated along the b-axis, with (100) developed. 
The densi ty  was determined by flotation in aqueous 
potassium iodide solution. The unit-cell dimensions and 
space group were determined from rota t ion and oscilla- 

t ion photographs  of a crystal  ro ta t ing about  the  
b-axis, hO1 and hll  Weissenberg films, and hkO and Okl 
precession films. 

Crystal data 

1-Naphthoic acid, CnHsOe; M = 172.2; m.p. = 161 °C. 
Monoclinic, a=31-12  +_ 0.10, b=3 .87  +_ 0.01, 

c = 6.92 + 0-02 J~, fl = 92.2 _+ 0.2 °. 
Volume of the unit  cell = 832.8/~8. 
Density,  calculated (with Z = 4 ) =  1-373, 

measured = 1.380 g.cm.-S. 
Absorption coefficients for X-rays ,  ~--1-542/~,  

t t = 9 . 0 4  cm.-1; ~t--0.7107 /~, # = 1 . 1 2  cm. -1. 
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Total  number  of electrons per uni t  cel l - -F(000)--360.  
Absent  spectra:  hO1 when h is odd, 0/c0 when k is odd. 
Space group is uniquely  determined as P21/a-C~h. 

The axial  lengths correspond closely to those re- 
ported in a previous invest igat ion (McCrone, 1953), 
but  this  previous work found the crystals to be ortho- 
rhombic.  The hO1 Weissenberg films of all the crystals 
examined  in the present analysis  did indeed appear  to 
exhibi t  or thorhombic symmetry ,  but  examinat ion  of 
the positions and intensit ies of the reflexions indicated 
quite clearly tha t  the crystals are monoclinic, bu t  
twinned on (100); the  crystals used were grown 
chiefly from aqueous ethanol, but  a few grown from 
aqueous acetic acid were also examined.  The sizes of 
the two parts of a twin appeared to be generally of 
about the same order of magnitude. 

The cell dimensions are such that there is no overlap 
of hOl reflexions from different parts of the twinned 
crystal, except when l=O and I=6; bOO reflexions 
from one part of the crystal overlap exactly the same 
reflexions from the other part, while h06 reflexions 
overlap exactly - (h + 2), 06 reflexions. Indexing of the 
hOl Weissenberg films was therefore fairly straight- 
forward. It was also possible, by measuring the inten- 
sities of the hOl reflexions from both parts of a twinned 
crystal, to obtain values of the intensities for the 
individual h00 and h06 reflexions. 

The intensities of the hOl reflexions were recorded 
on Weissenberg exposures* for a crystal rotating 
about the b-axis, using Cu Ka radiation, and multiple- 
film technique to correlate strong and weak reflexions. 
The h/C0 reflexions were recorded on precession films 
with Mo K~, using multiple exposures for intensity 
correlation. All the intensities were estimated visually, 
the range being about 2000 to 1. The same crystal was 
used for both zones; the cross-section normal to the 
b-axis was 0.30x0.03 mm., but no corrections for 
absorption were applied. The structure amplitudes 
were derived by the usual formulae for a mosaic 
crystal, the absolute scale being established later by 
correlation with the calculated structure factors. In 
the hOl zone, of 280 independent reflexions observable 
with Cu K~ radiation, only 108 (39%) were observed 
--this rather small proportion being chiefly due to the 
small number of higher-order reflexions of measurable 
intensity. In the h/C0 zone 33 independent reflexions 
were observed, representing about 22% of the possible 
number observable with Mo K~ and /~ = 25 °. 

S t r u c t u r e  a n a l y s i s  
[010] projection 

In  deriving an approximate  t r ial  s tructure it was 
assumed in i t ia l ly  tha t  the molecule was completely 
p lanar  with C--C bond lengths 1.40 A, C-O bond 

* The 200 reflexion was cut off by the beam stop, and its 
intensity was measured on Cu Ka precession films of the hkO 
zone. 
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lengths 1.25/~ and all va lency angles 120 ° ; no assump- 
t ion was made,  however, of the possible existence of 
hydrogen-bonded dimers in the crystal.  The molecular  
orientat ion in the short b-axis projection was deduced 
from an examinat ion  of the hO1 weighted reciprocal 
lat t ice;  there were six possible orientations, bu t  three 
of these seemed unl ikely from packing considerations 
and two more were e l iminated since agreement  be- 
tween Fo and Fc for the axial  reflexions was poor 
wherever a molecule in these orientations was placed 
in the uni t  cell. This left only one possible orientat ion 
and the position of the molecular centre was then  
found by  comput ing the var ia t ion of some of the 
structure factors with position of the centre (Trotter, 
1959); the usual  curves reduce of course to s t ra ight  
lines for plane group p2. The structure derived sug- 
gested tha t  centrosymmetr ical  dimers probably  existed 
in the crystal.  

Structure factors were calculated for all  the  hO1 
reflexions, using McWeeny's  (1951) scattering factors 
for carbon and oxygen, corrected for the rmal  v ibra t ion 
with B = 4 . 0  /~2 for all  the  atoms. The value of R, 
the usual  discrepancy factor, was 39-9% over the 
observed reflexions. A Fourier  series was then  summed 
using as coefficients measured structure ampl i tudes  
and calculated signs. On the result ing electron-densi ty 
map  all the carbon and  oxygen atoms were well- 
resolved; new atomic centres were chosen and structure 
factors recalculated, with B again 4.0 •2 for all the 
atoms. The discrepancy factor was reduced to 23.1%. 

Refinement of the positional and temperature para- 
meters continued by computing successive (Fo-Fc) 
syntheses, and after two cycles the R value had 
dropped to 12.7% over the observed reflexions (at 
each stage Fc values were computed for many of the 
unobserved reflexions, and no anomalies were found). 
The structure factors for all but the final cycle were 
computed on the IBIVI 650 at the Army Pay Ledger 
Unit, Ottawa, using McWeeny's (1951) scattering 
curves, but the final structure factors were computed 
on DEUCE at the University, Glasgow, where the 
scattering curves of Berghuis et al. (1955) were used, 
with Bcarbon----3"2, Boxygen=4"5 j~2. In  the final differ- 
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Fig. 1. Projection of the structure along [010]; and electron- 
density projection along the b-axis, with contours at inter- 
vals of 1 e.A -~, one-electron line dotted. 



ence m a p  the re  were ind ica t ions  of h y d r o g e n  a toms  
a n d  an i so t rop ic  v ib r a t i ons  of t he  carbon  a n d  oxygen  
a toms ,  b u t  no a l lowance  was m a d e  for these  effects in 
t h e  s t ruc tu re - f ac to r  calculat ions .  

Q sin~/~, 
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Fig. 2. Electron-density projection along [001]. 
Contours at intervals of 1 e.A -~, starting at 2 e.A -e. 

Observed  and  ca lcu la ted  s t ruc tu re  fac tors  are l i s ted 
in  Table  4, a n d  the  f ina l  Fo syn thes i s  is shown in Fig.  1. 

y-Coordinates 
The  re la t ive  y-coordinates ,  w i t h  respect  to  the  

molecular  centre,  of al l  t he  a toms  in the  molecule  
were deduced  f rom a cons idera t ion  of t he  bond  dis- 
t a n c e s  p ro jec ted  on (010), a n d  the  pos i t ion  of t he  
molecule  in  t he  cell was der ived  b y  c o m p u t i n g  the  
va r i a t i on  of t he  F~ va lues  for the  h l 0  reflexions.  
A l t h o u g h  no a s s u m p t i o n  was m a d e  abou t  dimeriza-  
t ion,  t he  s t ruc tu re  ob t a ined  d id  consist  of centro- 
s y m m e t r i c a l  dimers .  Since on ly  a few h/c0 ref lexions  
were observed,  t h o r o u g h  r e f inemen t  was no t  possible,  
b u t  a difference syn thes i s  was c o m p u t e d  and  the  a toms  
sh i f ted  to  min imize  the  e lec t ron-dens i ty  slopes a t  the  
a tomic  centres.  The  va lue  of R for the  observed  h/c0 
ref lexions was 23% (4% being  due to  210, where  the  
observed va lue  m a y  be affected b y  ex t inc t ion) .  

Observed  a n d  ca lcu la ted  hkO s t ruc tu re  factors  are 
l i s ted in  Tab le  5, a n d  the  f ina l  Fo syn thes i s  is shown 
in  Fig.  2. 

Coordinates and molecular dimensions 
The f ina l  coordinates  of t he  a toms,  expressed as 

f rac t ions  of the  uni t -cel l  edges, are l i s ted  in  Table  l ,  
t he  n u m b e r i n g  of the  a toms  being shown in Fig.  1. 
The  coordina tes  of the  a toms  of the  n a p h t h a l e n e  
nucleus  can  be f i t t ed  to an  equa t ion  of the  form 

1X' +mY+_NZ'  +p=O , 

where  X ' ,  Y, Z '  are coordinates  expressed in  /~ng- 
s t r6m un i t s  a n d  referred to  o r thogona l  axes  a ' ,  b a n d  c. 
l, m, n a n d  p were d e t e r m i n e d  b y  the  m e t h o d  of 
Schomake r  et al. (1959). The  a toms  of t he  ca rboxy l  
group can of course be f i t t ed  to a s imi lar  equa t ion .  
The  equa t ions  of the  p lanes  are 

N a p h t h a l e n e  r ings : 

+ 0-0238X' + 0.9153 Y--  0.4022Z'  -- 0-2826 = 0 

Carboxy l  group : 

- 0" 1086X'  + 0.8454 Y -  0.5229Z'  - 0.1831 -- 0 

The  dev ia t ions  of t he  a toms  f rom the  n a p h t h a l e n e  
p lane  are l i s ted  in  Tab le  2. The  angle  be tween  the  
n a p h t h a l e n e  a n d  ca rboxy l  p lanes  is 11.0 °. 

Tab le  1. Coordinates of the atoms 

Atom x/a y/b z/c 
C 1 0-0800 --0.176 --0.3081 
C~ 0.0677 -- 0-335 -- 0.4902 
C a 0.0979 -- 0.448 -- 0-6335 
C 4 0.1420 --0.433 --0.5893 
C 5 0.1999 --0.286 --0-3749 
C 6 0.2135 --0.134 --0.2095 
C~ 0.1846 --0.045 --0.0607 
C s 0.1393 --0.050 --0.0962 
C 9 0.1261 --0.167 --0.2731 
C10 0.1544 -- 0-306 -- 0.4095 
Cll 0-0478 --0-101 --0.1783 
O 1 0.0515 +0.072 --0.0257 
O 3 0.0082 --0.176 --0.2159 

Table  2. Deviations from naphthalene plane (A) 

Atom Deviation Atom Deviation 
C 1 + 0.05 C s - 0.03 
C~ - 0.02 C 9 + 0-04 
C a + 0.01 C10 - 0.04 
C 4 - 0.01 C n - 0-09 
05 --0.01 
C 6 +0-08 O 1 +0.11 
C~ -- 0"05 O 2 -- 0"29 

The  bond  l eng ths  a n d  v a l e n c y  angles  in  t he  mole- 
cule, ca lcu la ted  f rom the  coordinates  of Tab le  1, are 
shown in Fig.  3. Fig.  3 also shows the  h y d r o g e n - b o n d  
d i s tance  in  t he  dimer ,  a n d  the  d i s tances  be tween  those  
a toms  which  would  be closer t h a n  the  no rma l  v a n  der  
Waa l s  separa t ions  in  a comple te ly  p l a n a r  molecule  
w i t h  120 ° v a l e n c y  angles.  

Standard deviations 
The s t a n d a r d  dev ia t ions  of t he  a tomic  pos i t ions  

were ca lcula ted  f rom Cru ickshank ' s  (1949) formulae .  
F r o m  the  hO1 d a t a  the  va lues  are a ( x ) =  (~(z)= 0.009 J~. 
The y-coord ina tes  have  been  d e t e r m i n e d  w i t h  less 
accuracy ,  a n d  a l t h o u g h  the  bond  l eng ths  change  on ly  
s l igh t ly  w i th  changes  in  y-coordinates ,  the  t rue  s tand-  
a rd  dev ia t ions  of the  bond  l eng ths  are p r o b a b l y  
somewha t  g rea te r  t h a n  the  va lue  of 0-013/~ sugges ted  
b y  a(x) and  a(z). 

D i s c u s s i o n  

The dev ia t ions  of t he  carbon  a toms  f rom the  m e a n  
n a p h t h a l e n e  p lane  are p r o b a b l y  no t  s igni f icant  (r.m.s. 
dev ia t ion  0.04 A), b u t  the  oxygen  a toms  lie one above  
and  one below the  a roma t i c  p lane  a t  m e a n  d i s tances  
of abou t  0.20 A. The  ca rboxy l  group is t h u s  tw i s t ed  
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a b o u t  t h e  C ( a r o m a t i c ) - C ( c a r b o x y l )  b o n d ,  t h e  a n g l e  

b e t w e e n  t h e  a r o m a t i c  a n d  c a r b o x y l  p l a n e s  b e i n g  11 °. 
T h e  s t r a i n  in  a c o m p l e t e l y  p l a n a r  m o d e l  h o w e v e r  is 

1191128 
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I 
I I 
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Fig. 3. Bond lengths, valency angles, hydrogen-bonded 
distances and intramolecular 'overcrowded' distances. 

o n l y  p a r t i a l l y  r e l i e v e d  b y  t h e s e  d e v i a t i o n s  f r o m  co- 
p l a n a r i t y .  T h e r e  is in  a d d i t i o n  a s i g n i f i c a n t  i n - p l a n e  
d i s p l a c e m e n t  of t h e  C ( a r o m a t i e ) - C ( c a r b o x y l )  b o n d  

a w a y  f r o m  t h e  peri pos i t i on ,  a n d  a s i g n i f i c a n t  r e d u c -  

t i o n  in  t h e  O - C - O  v a l e n c y  a n g l e  b e l o w  t h e  n o r m a l  
v a l u e  (Fig.  3). T h e s e  d e v i a t i o n s  f r o m  a n  i d e a l  p l a n a r  

s t r u c t u r e  a r e  s u f f i c i e n t  t o  i n c r e a s e  t h e  s e p a r a t i o n s  
b e t w e e n  t h e  o x y g e n  a t o m s  a n d  n e i g h b o u r i n g  c a r b o n  
a n d  h y d r o g e n  a t o m s  t o  d i s t a n c e s  w h i c h  a r e  a l i t t l e  
less t h a n  t h e  n o r m a l  v a n  d e r  W a a l s  c o n t a c t s  (Fig.  3). 

T h e  d e v i a t i o n s  f r o m  a n  i dea l  p l a n a r  s t r u c t u r e  m i g h t  
be  c o m p a r e d  w i t h  t h e  c o r r e s p o n d i n g  d i s p l a c e m e n t s  in  
n i t r o  d e r i v a t i v e s .  I n  t h o s e  n i t r o  d e r i v a t i v e s  w h e r e  
i n - p l a n e  d i s p l a c e m e n t s  a r e  i n e f f e c t i v e  in  r e d u c i n g  
s t e r i c  s t r a i n ,  s u c h  as 9 , 1 0 - d i n i t r o a n t h r a c e n e  a n d  n i t r o -  

m e s i t y l e n e ,  t h e  n i t r o  g r o u p s  a r e  t w i s t e d  a b o u t  65 ° 
o u t  of  t h e  a r o m a t i c  p l anes .  W h e r e  i n - p l a n e  d i sp l ace -  
m e n t s  ass i s t  in  t h e  r e d u c t i o n  of s t r a i n ,  as in  1,5- 
d i n i t r o n a p h t h a l e n e ,  t h e  a n g l e  of t w i s t  is r e d u c e d  to  49 °. 
I n  n o n e  of t h e s e  n i t r o  c o m p o u n d s  a r e  t h e r e  a n y  dis-  
t o r t i o n s  of t h e  n i t r o  g r o u p s  t h e m s e l v e s .  A p p a r e n t l y  

T a b l e  3. Bond  lengths in  naphthalene and 
1-naphthoic acid 

1-Naphthoie 
Bond acid Naphthalene 

1-2 1"40 /~ 1-36 A 
1-9 1"40 1"43 
2-3 1"45 1"42 
9-10 1"42 1"41 

C-C 1.40 
C-O 1 1.25 
C-O 2 1.28 

hkl 2'o -Pc 
000 - -  -4- 360"0 
200 34"6 -4- 37"7 
400 44"2 --45"1 
600 2 0 " 6  -4-17"3 
800 29"4 --28"7 

10,0,0 1 1 " 6  --12"0 
12,0,0 23"0 --21"6 
14,0,0 44"6 -4-48"8 
16,0,0 1 9 " 7  -4-18"4 
18,0,0 9"9 -- 3"4 
20,0,0 28"4 -4-25"6 
22,0,0 20"6 -4-16"6 
24,0,0 6"6 -4- 0-7 
30,0,0 8.5 -- 5.6 
30,0,1 17.6 -- 15.7 
_ _  

28,0,1 13.9 -- 14.1 
26,0,1 28.4 --23.7 
22,0,1 30.6 +30.0 
14,0,1 6.1 -- 7.4 

_ _  

12,0,1 19.0 -- 18.2 
10,0,1 38.6 --34.0 

801 18.6 --21.9 
601 28.7 --29-1 
301 54.5 -4- 54"4 
301 6 1 " 7  --61"5 
001 7"3 -- 10"9 
201 92"3 -4- 90"8 
401 30"6 -4- 36"9 

T a b l e  4. Measured and calculated hO1 structure factors 

hkl leo 1~ c 
601 75.2 -4- 67.0 
801 3.3 -- 3.5 

12,0,1 41.6 --36.3 
14,0,1 40.3 --40.0 
16,0,1 39.0 -4-40.5 
18,0,1 21.0 -4-23.9 
20,0,1 17.3 -4-10-1 
22,0,1 21.8 -4-17.1 
26,0,1 6.9 -4- 9.9 
28,0,1 8.9 -4-11.0 
26,0,2 7-8 -4- 9.8 
24,0,2 54.0 --51.7 
_ _  

22,0,2 11-3 -- 14.3 
20,0,2 22.4 -4- 19.8 
_ _  

16,0,2 17.8 -4- 15.8 
_ _  

12,0,2 3-7 -4- 1.0 
_ _  

10,0,2 66-8 --67.8 
802 60.0 -- 60.3 
602 4-2 -4- 0.8 
302 39-7 -- 40.0 
302 40.2 - -  39.2 
202 15-8 ,4,22.1 
402 8"9 -- 8"4 
602 5.4 -- 4.0 
802 26-2 -- 27.6 

10,0,2 25.7 --24.6 
12,0,2 14"6 -- 2.8 

hkl _F o -Pc 
14,0,2 15.7 -- 15.7 
16,0,2 5.1 -- 2.4 
18,0,2 7.5 -- 7.3 
22,0,2 6.2 -4-11.0 
26,0,2 6.5 --10-2 
2_8,0,3 8.4 -- 9.9 
24,0,3 9.2 -4- 10-4 
_ _  

20,0,3 7.3 -4-10.2 
16,0,3 7.8 -4- 5.2 
12,0,3 8.4 -4- 5"1 
10,0,3 35.2 -4- 32"0 

803 26.0 -- 29-8 
603 21.6 --26-5 
303 7.1 -- 4.7 
303 5"8 -- 11.0 
003 12-7 -4-12.0 
403 49"9 -- 47"7 
603 5"7 -4- 2.9 
803 6.2 -4- 7.1 

10,0,3 16.0 -- 15-8 
12,0,3 6.7 -- 5.1 
14,0,3 24.9 --25.1 
18,0,3 17.4 -- 16-2 
22,0,3 10-0 -4-12.6 
24,0,3 7.8 -- 9.5 
26,0,3 6.5 -- 3.1 
28,0,3 6-7 -- 7.2 

hkl 
16,0,4 
14,0,4 

~04 
~04 
304 
O04 
204 
404 
604 

10,0,4 
]6,0,4 
18,0,4 
20,0,4 
12,0,5 

005 
205 
405 
805 

18,0,5 
20,0,5 

~06 
~06 
306 
306 
8O6 
307 

10,0,7 

- ~ 0  

10"3 
10.9 

6.3 
18-3 

9.3 
6-8 

34.9 
19.4 
19.4 
6.0 

23-0 
21-7 
31.8 

8.9 
15.4 
12.3 
13.1 

6.6 
16.4 
16-8 
21-5 
34.8 
19.0 
17.0 

7.8 
15.0 
11.7 

,4,11'9 
,4,15"6 
- -  6"1 
.4.22"1 
4- 7-4 
4- 3"0 
-4-37"7 
4- 19"2 
--23"5 
- -  10"9 
+22"4 
+26"6 
--32"4 
--11"6 
.4.16"9 
.4.12"9 
.4.16"8 
-4- 0.7 
+15.3 
.4.21.3 
--20.2 
-- 40.7 
+21.2 
4- 15-2 
--10"8 
--18"8 
--16"4 
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t h e  d i s to r t ion  of t he  c a r b o x y l  g roup  in  1 -naphtho ic  
ac id  ( reduct ion  of t he  O - C - O  angle  to 110 °) al lows the  
CO~H group to  be inc l ined  a t  a m u c h  smal ler  angle  
(11 °) to  t he  a roma t i c  plane,  t h a n  the  n i t ro  groups  in  
n i t ro  der iva t ives .  

a/2 

0 5A 
I I I I , I 

Fig. 4. Projection of the structure onto (010) showhlg 
the shorter intermoleeular distances. 

2b 

The  m e a n  bond  l eng ths  in  the  molecule  are com- 
pa red  in  Tab le  3 w i th  t he  d i s tances  in  n a p h t h a l e n e  
(Abrahams,  R o b e r t s o n  & Whi t e ,  1949; Cru ickshank ,  
1957). The  differences in  the  a roma t i c  C-C d is tances  
are no t  s ignif icant .  The  C(aromat ic ) -C(carboxyl )  dis- 
t ance  (1.40 A) would  appea r  to  be s ign i f ican t ly  shor te r  
t h a n  the  usua l  sp~-sp 2 single bond  dis tance ,  while  the  
C-O d is tances  are n o r m a l  for ca rboxyl ic  acids. The  
C - 0  dis tances ,  a n d  smal l  peaks  cor responding  to  
h y d r o g e n  a toms  on the  hOl a n d  h/c0 difference maps ,  
suggest  t h a t  t he  ca rboxy l  h y d r o g e n  a tom is bonded  
to  02. 

Intermolecular distances 

The s t ruc tu re  consists  of c e n t r o s y m m e t r i c a l  dimers ,  
the  O - H  • • • O d i s tance  being 2-58 •. All o ther  in ter-  
molecular  separa t ions  correspond to no rma l  v a n  der  
W a a l s  in te rac t ions .  The  pe rpend icu la r  d i s tance  be- 
tween  the  a roma t i c  p lanes  of molecules  r e l a t ed  b y  
t r a n s l a t i o n  b is 3.54 A_. The  shor te r  l a te ra l  con tac t s  are 
i l l u s t r a t ed  in  Fig.  4. 

Table  5. Measured and calculated hkO structure factors 

hkl 2"0 2"c hkl Fo I'c 
200 35 + 37 510 36 + 37 
400 42 -- 45 610 5 + 11 
600 21 -517 710 11 --13 
800 29 --29 810 6 -- 6 
10,0,0 12 -- 12 910 7 -- 14 
12,0,0 23 --22 10,1,0 <6 -5 6 
14,0,0 45 -549 11,1,0 28 --22 
16,0,0 20 -5 18 12,1,0 10 -- 8 
18,0,0 10 -- 3 13,1,0 12 -- 18 
20,0,0 28 -526 14,1,0 12 -5 3 
22,0,0 21 -5 17 15,1,0 18 -5 18 
24,0,0 7 -5 1 16,1,0 23 -5 35 
30,0,0 9 -- 6 17,1,0 8 -520 
110 44 -544 19,1,0 5 -5 1 
210 70 -594 21,1,0 9 -5 6 
310 20 -5 15 23,1,0 13 -5 18 
410 16 -- 12 12,2,0 17 -- 11 
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Council  of C a n a d a  for t he  a w a r d  of a P o s t d o c t o r a t e  
Fe l lowship  dur ing  the  t enure  of which  the  ear l ier  p a r t  
of th i s  work  was carr ied  out,  to  Dr  W.  H.  Ba rnes  for 
his in t e res t  in  t he  problem,  a n d  to  Dr  F.  R.  A h m e d  
a n d  Mrs M. E.  P i p p y  for c o m p u t a t i o n a l  ass i s tance  in  
the  earl ier  stages.  H e  is i n d e b t e d  also to  the  U n i v e r s i t y  
of Glasgow for an  I .C.I .  Resea rch  Fe l lowship  in  the  
l a t e r  s tages  of the  analys is ,  to  Prof.  J . M . R o b e r t s o n  
for his in te res t ,  a n d  to  t he  S u p e r i n t e n d e n t  of t he  
M a t h e m a t i c s  Div i s ion  of t he  N a t i o n a l  P h y s i c a l  La-  
b o r a t o r y  for permiss ion  to use the  D E U C E  p r o g r a m m e s  
deve loped  there  b y  Dr  J .  S. Rol le t t .  
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