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The Crystal lography of Acridine. Part II. The Structure of Acridine III 
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Acridine III  is monoclinie with a = 11.375, b = 5.988, c = 13.647 A, /~ = 98 ° 58', Z = 4 and 
space group P21/n. Its structure has been determined from the intensities of 2057 reflexions (1375 
observed) estimated by visual and (in part) by photometric methods from equi-inclination Cu Ks  
Weissenberg photographs. Trial-and-error methods and Harker-Kasper inequalities were used 
to determine the approximate structure. Refinement has proceeded by successive calculations of 
Qo and (Qo--Qc) in three dimensions. The structure is a modification of the anthracene structure with 
the polar molecules arranged in antiparallel pairs. The molecules, which are subject to rigid-body 
vibrations and librations, are distorted slightly from the planar and symmetrical form in ways 
which suggest that molecular interactions are responsible. Intramolecular bond lengths have been 
determined with a mean standard deviation of about 0.010 A. They agree very closely with cor- 
responding bond lengths in anthracene; maximum deviation in C-C bonds 0.009 A. The results 
are discussed briefly with respect to the molecular-orbital method of bond-length prediction. 

In troduc t ion  

Determinations of the structures of many aromatic 
hydrocarbons (e.g. Robertson, 1951), including ac- 
curate re-determinations of the structures of naph- 
thalene (Abrahams, Robertson & White, 1949) and 
anthracene (Sinclair, Robertson & Mathieson, 1950; 
Ahmed & Cruickshank, 1952), have provided excellent 
experimental data against which theoretical calcula- 
tions of bond lengths in these molecules can be checked. 
The agreement achieved between observed and cal- 
culated bond lengths has shown that  bond lengths in 
condensed-ring aromatic hydrocarbon molecules can 
now be predicted with confidence to within 0.02 _~ 
(Coulson, Daudel & Robertson, 1951). The situation is 
not so satisfactory, however, when the molecules 
contain hetero-atoms, for reasons which have been 
discussed by Coulson (1951). 

Development of the theory of hetero-nuclear mole- 
cules appears to have been hindered by a shortage of 
sufficiently accurate measurements. The work now to 
be described was undertaken to provide such ex- 
perimental data for acridine, C13H9 N, a heterocyclic 

Fig. 1. S t ruc tura l  formula  of acridine. 

molecule which is derived from anthracene by the 
replacement of one meso CH group by nitrogen. Fig. 1 
shows the structural formula with the atoms numbered 

in the order preferred by Albert (1951) in his exhaustive 
account of this compound and its important deriva- 
tives. The structure of phenazine, the related com- 
pound in which both anthracene meso CH groups are 
replaced by nitrogen, has been determined by Herb- 
stein & Schmidt (1955). 

At an early stage in the investigation a second 
problem of considerable interest appeared: acridine 
was found to exhibit polymorphism to a remarkable 
degree. The existence of five distinct polymorphic 
forms has been reported by Kofler (1943). Crystallo- 
graphic data for three forms, two of which appear to 
be stable under normal conditions of temperature and 
pressure, have been published in Part  I (Lowde, 
Phillips & Wood, 1953). A fourth form has been 
described elsewhere (Phillips, 1954a). Herbstein & 
Schmidt (1955) also have published preliminary X-ray 
data for four forms, one of which (fl-acridine in their 
notation) has not been described elsewhere. The 
simplest form, the only one in which the asymmetric 
unit is a single molecule, was chosen for the first 
complete investigation aimed at accurate measure- 
ment of the acridine molecule. The analysis of the 
structure of this form, designated acridine III,  is 
described here. The relation of its structure to those 
of the other forms, and the polymorphism of acridine 
in general, will be discussed in detail elsewhere when 
the other structure determinations have been com- 
pleted. 

Crys ta l  data  

The unit-cell dimensions have been re-determined 
from measurements of high-angle reflexions recorded 
in the Straumanis setting on oscillation photographs. 
Fe radiation, 2(Kcq)= 1.93597 /~, was used. The 
crystals are monoclinic prismatic (Lowde et al., 1953) 
with 
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a= 11.375±0.003, b=5.988±0.003, c= 13.647±0.003/~; 
~=9S ° 5S'; 

U=918-2 /~3; Dm=1.293 g.ml.-1; Z = 4 ;  Dx=1.294 
g.ml.-1; F(000)=376. Linear absorption coefficient, 
for X-rays with wavelength 1.542 A: #=7-01 cm.-L 

Reflexions hO1 are absent when h+l  is odd and 
reflexions 0k0 are absent when k is odd. All other 
reflexions are present in all orders. The space group 
thus is P21/n-CSh, a convenient reorientation of No. 14 
(International Tables, 1952) giving fl near 90 °. 

Intensity  m e a s u r e m e n t s  

All the reflexions observable within the limit for 
copper radiation were recorded on equi-inclination 
Weissenberg photographs of crystals mounted for 
rotation about the [010], [100], [101] and [001] axes. 
Most of the intensity measurements were made from 
photographs, taken in the first two orientations, of all 
layer lines with equi-inclination angles less than 40 ° 
(k = 0-5; h = 0-9). The crystals were mounted on 
glass fibres with 'Duco' cement and were reduced to 
rough cylinders about 0.5 mm. long and 0.3 mm. in 
diameter by brushing with a camel hair brush moistened 
with ethanol. 

Each exposure was made with a set of three sheets 
of Kodak no-screen X-ray film. Photographs of two 
types were taken. Integrated photographs (Wiebenga 
& Smits, 1950) with about 24 hr. exposure time were 
used for estimation of the stronger intensities. Measure- 
ments of relative photographic density in these inte- 
grated-reflexion spots were made with a simple split- 
beam photometer designed in this laboratory by Barnes 
& Hanson (1950, unpublished). A calibration wedge 
was printed on each film so tha t  the X-ray intensity 
versus photographic density relationship could be 
checked. I t  was linear over the measured range. 

The photometric measurements were supplemented 
by visual estimations from non-integrated photographs 
with exposure times up to 100 hr. These photographs 
and the oscillation photographs used for lattice- 
parameter measurements showed a fairly heavy back- 
ground scatter and some strong diffuse reflexions. The 
visual estimations were made by comparison with 
timed exposures of a single reflexion. Film-factors 
were estimated separately for each set of photographs. 
The densities of both the extended and the contracted 
refiexi0n spots were estimated from [010].axisupper. 
level photographs, and the harmonic mean of the two 
measurements was accepted whenever the distortions 
were small ( ( A + A A ) / A  < 1.5). The densities of the 
extended spots alone were estimated from the less 
symmetrical [100]-axis photographs and these estima- 
tions, together with all visual estimations of severely 
distorted reflexion spots, were corrected by the method 
described elsewhere (Phillips, 1954b). 

There are 2057 possible reflex-ions but  only 1375 
were observed. This large proportion of very weak 

reflexions is an indication of the high dispersion of the 
intensity distribution characteristic of highly pseudo- 
symmetric structures. A detailed analysis has shown 
tha t  the distribution is closely tricentric (Rogers & 
Wilson, 1953). The intensities of 579 reflexions were 
estimated once, 656 twice (i.e. on separate photo- 
graphs taken around different axes) and 140 three 
times. The intensities of 435 reflexions were estimated 
at least once photometrically. Lorentz polarization 
factors were derived from charts due to Lu (1943) 
and Cochran (1948). No absorption corrections were 
applied. The estimations from the various layer lines 
were brought to the same relative scale by the use of 
factors Ah, Bk calculated from the equations 

Ah2.,'.~, Ih½--.~, Bk.~, Ik ½ = O, 
k l k l 

B k ~ Y ,  Ik½--VAh~Y,  Ih ½ = 0 ,  
h l h l 

where Ih and Ik axe respectively the corrected inten- 
sities derived from the hth and kth layer lines with 
crystals rotated about [100] and [010] and the summa- 
tions include all the reflexions whose intensities were 
estimated from both sets of photographs. Visual and 
photometric estimations were correlated by com- 
parison of results for the many reflexions common to 
both sets. No systematic variation of the correlating 
factor, such as might be expected to arise from varia- 
tions in the shape of non-integrated reflexion spots, 
was observed. The photometric measurements were 
given twice the weight of visual estimations in the 
calculation of average values for the relative intensities. 
The absolute scale was determined by comparison of 
the observed and calculated structure-amplitudes. The 
observed structure amplitudes are listed in Table 1, 
together with the final calculated values. 

Comparison of the observed and calculated structure 
amplitudes shows also tha t  intensities observed for the 
most intense low-angle reflexions are all smaller than 
the corresponding calculated values. The effect prob- 
ably is due to secondary extinction with little pr imary 
extinction, since crystals dipped repeatedly into liquid 
air showed only a small increase in these intensities. 
The powder photograph (Lowde et al., 1953), from 
which intensities unaffected by primary and less 
affected by secondary extinction might be estimated, 
is not well enough resolved for use in estimating all 
the seriously affected intensities and enough others 
to provide adequate correlation. Analytical correction 
of extinction errors has not been attempted. The 
reflexions most seriously affected are 10T, 202, 301, 
110, 212, 211, 311. 

Structure determinat ion  

The projection of the structure on (010) was first 
determined (Phillips, 1950). The hO1 reflexions, which 
are present only when h+l  = 2n because of the 
diagonal glide plane, are strong only when h+l  = 4n. 
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T a b l e  I .  Observed and calculated structure factors 
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- 0.9 , 1 . . 3  

• 9.6 
-I0.6 8,1,12 
• 1.3 8,1,11 "1.8 
• 0.3 8 I,I0 2.8 

8'1 9 1.5 
: 22:~ 8'1'8 2.7 
• 3g.~ 8:1:7 1.1 
: 5:0 8%11'6 -1.it 
• o.2 8:1g 1~:~ 
" 7 . 1 .  813 
61. 8:1'2 2:~ 

• 6.0 8 i'i I.i 
• ~oit 8:1:~ 2.1. -283 81,, ~:~ 
• 7.2 8 '1 ,~  
- 0.6 8'1 98 8:1:~ 5.8 + 2.1. 
- 2 . i t  8 1  
- 9 . 8  8:1:~ g:~ 
• 2.t~ 8.1.7 1.2 

. |  

I,Io 
12.0 

8.it 

•l.it 
1.3 
1..1 
2.0 

"1.6 
"1.6 
"1.7 
"1.9 
"1.9 
5.0 
7.2 

"1.9 
" 1 . 8  
"1.8 
7.0 

I0.0 
3.6 

*1 .7  
*1 .7  
•1.9 
3-3 

•1.9 
16.5 
~.8 
•1.6 
*i. 6 
3.3 

6.0 
" L i t  
"1 .5  
*1.6 
2.3 
2.9 
1.7 
1.8 

•1.9 
•1.9 
•1.9 
3.1 

18.6 
2 .5  
1.8 
1.8 
1.8 
1.8 
3.5 

"i.7' 
2.7 
1.6 
1.1. 

• 1 . 2  
• 1 . 5  
* 1 . 6  

3.2 
•i.6 
2.3 

"1.7 
* 1 . 7  
• 1 . 7  

5.0 
*1.8 
3.5 
6.6 
1.7 

* 1 . 7  
%.7  
•1.7 
1..2 
*1.6 
"1.6 
• 1.5 

• 1.2 
*1 .5  

1..5 
*1 .5  
-1 .6  
"1.6 
•1.6 
12.it 
•1 .6  
"1.6 
•1.6 
"1 .6  
" 1 . 6  
*1 .6  
"1.6 
2.8 

"1.6 

:I:~ 
"1.5 
-1.6 
-1.6 

1~:~ 
1*.it 

:I:~ 
2 .6  
2 .8  

" 1 . 5  

" l . 1  
" 1 . 1  
• 1 . 2  

t*.9 
3.6 

• 1 . 2  

+12.0 
+ 6.1. 
• 5.7 
- 0.2 

0.8 
2.3 
1.0 

• 6 .9  
0.1 
1. i t  

• 0.1 
• 0.2 
+ 0.2 

0.9 
• 6.0 

6 .6  
+0.9 
-0.1 

1.1. 
5.7 

- 8.6 
3.9 

• 0.6 
- 2.7 
• 0 .2  
- 2 . 6  

- 1 . 0  

- 0.3  
: ~:~ 
* 5.6 
- 0 . 1 .  

• 0.8 
- 0.3 
- 2 . 5  
- 2 . 8  

- 1.9 
•1.8 
* 0.8 
-1.~ 
÷ I.i 
- 2.6 
-17o 

- 2.2  
* 1.2 
• 2.5 
- 1 . 5  
- 3.2 
- 1.1 
• 3.8 
• 0.6 

- 0 . 1  

0 . 5  
0 .1  
0 . 5  
2 .6  
1.0 
2 . 9  

- 0 . 1  
1,2 

- 0 .6  

1 
1..5 
1 .6  
3.1. 

- 5.1 
1.2 
0 .1  

+ 0 . 6  
- 0.7 
• 3.9 
• 0.2 
+ 0 . 3  
+ 0.2 

* 0.8 
O.it 
3.1. 

-0.6 

i 
i.3 

- 0 . 2  
2 .2  
9.2 
1 .9  

+ l . 1  
+ 0 . 8  
• 2.2 
- O . i t  
+ 0.3 
+ 1.6 

2. i t  
• 1.6 

0 .1  
• 0.6 

0.2 
1.1 
0.6 
2.1. 

• 12.6 

. o~:I 
0.8 

0 . 8  

0 . 5  
• 0 . 3  
• 0.3 

3 . 3  
" 2 . 5  
• 0.i 

0,2 ,0  
0 ,2 ,1  
0 ,2 ,2  
0 ,2 ,3  
0 2,~ 
0~2,5 
0 ,2 ,6  
0,2 ? 
0,2~8 
0,2,9 
0,2,10 
0,2,11 
0,2,12 
0,~,13 
0,2,1~ 
0,2,15 
0,2,16 

1,2,16 
1,2,1~ 
1,2,1~ 
1,2,13 
1,2,12 
1,2,11 
1,2,10 
1,2, 
1,2,~ 
1,2,7 
1,2,6 
1,2, 
1,2,~ 
1,2,3 
1,2,2 
1,2 ,1  
1,2,0 
1,2 ,~  
1,2,-- 
1,2,~ 
1,2,~ 
~:~:~ 
1,2, 
1 2 ~  
1:2:~ 
1 , 2 , ~  
1 ,2 , r~  
1,2,12 
1,2,1~ 
1,2,1% 
1,2~15 
1,2,16 

2,2,16 
2,2,1~ 
2,2,1~ 
2,2,13 
2,2,12 
2,2,11 
2,2,10 
2 ,2 ,9  
2 ,2 ,~  
2 ,2 ,7  
2,2,6 
2,2, 
2 ,2 ,~  
2,2 ,3  
2 ,2 ,2  
2,2,1 
2 ,2 ,0  
2,2,Y 
2 ,2 ,~  
2, 2, 
2 , 2 , ~  
2 2, 
2:2,~ 
2 ,2 ,~  
2 , 2 , 8  
2,2,~._ 
2,2,10 
2,2 2,2:~ 
2,2, 
2,2,~'~ 
2 ,2 ,  
2 ,2 , "~  

3,2,15 
3,2,11. 
3,2,13 
3,2,12 
3,2,11 
3,2,3 
3,2,~ 
3,2,~ 
3,2,7 
3,2,~ 
3,2 
3,2~ 
3,2 
3 ,2 '  
3,2' 
3,2' 
3,2~ 
3,2,  
3 ,2 ,  
3 ,2  
3 , 2 '  
3 ,2 :  
3 ,2  
3,2 '  
3 ,2 '  3,2: ! 
3,2, 
3,2, 
3,2 
3,2; 
3,2 
3,2~ 

1. 2,15 
1.'2,1b 
1.'2 13 
1.'2'12 1.;2:11 

I~Io 

~7.7 
10.2 

1..8 
0 .7  
1..5 

21.2 
13.2 
12.8 
12. 6 

.3 
2 .5  

*,1.2 

% o l  
~/..o 
*'0.8 

~1..1 
3 .1  
2 .0  
2 .6  
%3 
2 .0  
1.?  
1 .6  

11.7 
23.9 
5.6 
7.5 
1.9 
2.3 
3.1 
3.8 

21.9 
3it. 5 
17.6 
1.2 

16.9 
3~:~ 

2 . 9  
%9 
1 .6  

5.0 
2 . 5  

3 .7  
%°7  
m...5 
% , 2  

*i.0 
5.8 
2.7 
%.7 
2.6 

5~o 
3 . 5  
1 . 5  
1..1 
5 .8  
1 .5  
~:~ 

22.7  
10.9 
18.9 
8.5 
5.2 

12.1 
~.1 

3 . 7  
~:~ 

2 .2  
1.1. 
1.1. 
1.1. 

1 .3  
1 .9  

~ . 0  

"1.2 
~:~ 
1.8  

.1.4 
2.2 
6.0 
6.2 
2.6 
1..7 
7.8 
3.6 
0.8 

23.6 
25. 

3 .2  
3 .5  

10.9 
23.6  
lO.it 
?.6 
6.1. 
1.5 
2.6 

"~:~ 
3 .3  
1 .7  

"1.3 

1~:~ 
" 1 .1  
"1.5 
*1.6 
-1.7 
.1.2 

-50.2 
-11.2 
• 3.8 
• 0.6 
• %. 
-23.~ 
•15.2 
-12.6 :1~:~ 
- 1.9  
• 0 . 8  
• 7.9  
- 6.3  

0 .3  
• i.i 

* 0.I 
• 2.9 
÷ I.~ 
• 3. 
- 6 . 9  

- 1.2 
.ll.tt 
-26 .3  
• 6 .9  
• ? . 9  
- 0.7 
• 1.1 
: ~:~ 
•2~ .2  
-38.% 
•17 .~  
* 1.q. 
÷16.7 
+ 38 • 1 
• 5.2 
•3.1 
• 5.8 
+ 0.9 
-6.1 
- 1..8 

-1.5 
* 1..7 
- 1.2 
+ 0.2 
- 0.7 

:0.9 
5.0 

* 2.0 
- 1.0 

i 
3ol  

- 0 .6  
2 . 0  
1 . . 8  
I*.1 
2 .1  
1..2 
6.1. 
0 .2  

- 8.2 
-22.1. 
-11.2 
+18.~ 
• 7.~' 
- 7.6 
-12.1 
• 5.2 
*36.2 
-17.0 
- 1.2 
- 1.9 
- 2°0 
- 1°8 
- 2.2 
- 0.2 

• 1.7 
- 1.0 
• 0 .9  

÷ 1.1. 

:!ii 
- 0 . i  

* 2.1 
• . ~:~ 
- 2 .1  
+3.8 
- 7.8 
-3.1 
• 1.2 
-21.. 7 

- 2 . 0  

- 3 . 6  
-10.2 
-23.1. 

~:~ 
• 8.1. 
: ~:~ 
* 1.3 
- 6.2 
• 5.1. 
: ~:~ 
- 0.6  
* 2.? 

- 1.6 
- 1.0 
• 1.2 

0 
* 1.1 

1 6 "  



2 4 0  T H E  C R Y S T A L L O G R A P H Y  O F  A C R I D I N E .  P A R T  II 

Ta~bie  1 (con~ . )  

~k~ I~1o  ~o 

8 2  4 20.3 -19.7 %2,10 1.1) * 1.9 8:2',3 7.1 - 6 .8  
%2)9 5:.7 + 1).0 
+,2,8 , . 1  1).8 8)2,2 1.3 + 1.9 
%2,7 1.7 2 .1  8 ,2 ,1  1 .9  - 3 .2  
%2,6 1.6 1.0 8,2 ,0  3.' + 5. t~ 
+,2,5 2.3 + 0.6 8 2 T 1.7 + 2.2 
% 2 , 1 + 1 3 . 6  +12.6 8 ' 2 ' ~  1.7 1 5  
%2,3 27.0 +26.8 8:2'3" 11.6 ; : 
f , 2 , 2  1 2 . ,  +13 . ,  8 2'q: 19.8 - 
4,2,1 29.9 -31.5 8'2'~ 9.5 + 7:9 
~, 2 ,0  2%1 +26.7 8 ' 2 '  
.):2,1 1).6 - 4 . ,  8' 2 ' , I  ~ 3.'1"3 ++ 2.70"6 
+,2,~ 2 .6  - 3 .0  8)2 8 17 . ,  +17.2 ::g:~ 1).0 - 3.1 8'2'~ 17.9 +17.3 

29.1 -26 .8  8 ' 2 '  2 .0  *. 1. ~I.u 

!i : : 6.1 + , .9  8:2'~ -1.2 - o.~ 
2.6 - 3 . '  8 , 2 ' ~  2 .6  - 1.7 

"1 .1  + 2.0 8 )2 ;1~  1 .0  + 0.7 !::ii , , , , , ,  . , o  . , ,  
+,2)'~=T "1 .2  + 2* t~ 9 ,2)10 2 .1  + 1.2 
÷, 2,~'2 8 .9  -10 .1  9,2,  9 4 .1  + 3.7 
+,2, 3 .9  * 1).2 9 ,2 ,8  1.6 - 1  3 

+ 2.0 9,2)5 " 1 . 9  - 0:1  
• 1" 14 O 

9 ,2 ,4  8.2 - 8.2 
~,2,11) " 1 . 2  + 0 .6  9,2)3 " 1 . 8  + 1.t~ 
5,2,13 "1.3 + 0 .1  9 ,2)2  2.6 + 2.7 
~,2,12 "1.6 - 1.3 9)2)i "1.9 - 0.~ 

+ 2 . 8  9,2,0 "1.9 5,2,11 "1.7 ~_ 0:9  
~,2,10 2.3 9 ,2 ,~  2 . ,  - 2.6 
~,2,9 2.8 - 2.1 9,2,~ I0. I - 9.3 
~,2,8 8.2 + 8.6 9,2)~ "1.8 - 0.7 
5,2,7 6.2 - 8.1 9,2,% 10.1 + 8.8 
~,2,6 3.7 + 3*8 9)2,~ "1.9 + 1.1 
~,2,5 1.9 + 0.6 9)2)E "1.9 - 0.8 

9,2, ~,2,4 11).8 +12.6 7 6.3 - ~.8 
~,2,3 35.0 +3~.8 9,2,'8' *1.9 + 1.3 
~,2,2 27.0 +25.0 9,2 6.3  + ~.7 
~,2)1 1+.5 * 1).k.  9,2'I-6" " 1 . 7  + 3.6 
~,2,O 3.6 - 2.0 9)2))~[~ "1.6 - i.I 
~,2,T II.O -11.6 
5,2,' "1.O i! i0,2,10 "I.0 -'.3 
5,2) 4.9 ; : 10,2,9 "1.1) + 0.6 

- • "1.6 - 0.I )iii  . , . ,  "1.0 + 1.0 10,2,6 + 7 .2  
~,2,~ "1.1 - 0.3 10,2,.5 6.9 + 6.1 
~,2,'~ 2.8  - 2 .2  10,2,% "1.8 - 0 .6  
i:2:~ 8.8 - 8.6 10,2)3 "1.9 - 0.6 

i 11+.1) "14"t~ 10,2,2 "1 .9  - 2 .0  
~,2,Y~ 2.3 - 2.1) 
~,2)[[ 1.1) + 2.2 ;10)2 ,1  2 .6  - 1 .9  

10,2,0 "1.9 - 1.0 
~,2,T[ 1.6 - 2.2 lO,2,T 1+.6 - 3.0 
5,2 ~ .1.0 * 0.5 I0)2,~ 13.9 ~, 2',Y ~ +13.6 

-1.0 - 1.2 10, 2,~ 10.3 -10., 
10,2)% "1.9 + 0.6 

~,2,11) -1 .~  + 1.2 lO,2.~ -1 .9  - ~:~ 
~,2,13 :~:~ + 0 .1  10 ,2 ,~  2 . ,  
5,2,12 .~.~. + 0 .1  10,2, '7 10.6 -10 .6  
~,2,11 . + @.6 10,2)8  7.~3~ +" 6.,2.7 5,2,10 *1.~ + 1.0 lO,2 ,L  _ ~'~ 2,9 2.7 - 2 .1  lO 2 lo _ .4  
5:2,8 ~'.7 - 5.6 10;2:'1"I *0.7 
5,2,7 1+.0 + 1)., 
5,2,6 ~.8 + 6.1 Ii 2,8 + 0 .2  
5,2)5 1).7 - 4.9 11))2,7 
$,2,~ 1.6 - 1.9 11,2,6 
~,2,3 2~.7 +2,..4 n , 2 , ~  ~:~ ++ 2.o2.6 
5,2 2 6.2 - 6 .9  11,2 ,4  "1 .6  + 0 . ,  
5,2')1 3*9 - 3.6 11,2,3 "1.7 - 1.0 
5,2,0 *0.9 - 0.% 11)2,2 "1.7 + i.i 
6 2 ~ 1.7 - i.O 11)2)1 "1.7 + 0.7 
6:2',~ ~.~, + ~;.o 11 2,o 1).3 + 3.o 
6',2,~6 2, 8.h + 7.7 l l ' , 2 , Y  1 .9  * 2.3  

1.1 - 0.3 11,2,~ 11., -11.2 
6,2, - '.5 11) 2 ,~  12.7 6 , J  6.6 :~:~ 

• I.0 - 1.7 11,2,% 2 .5  
6,2,-- 6.1+ - 4.9 11,2,~ "1.7 + 0'7 

+ i.' 11,2)6 *1 ['~'16'2' 2.22.o - 2.1 u , 2 , 1  11:~ -lO.2" o.3 
3.7 - 2 .4  11,2,~ 8.1) - 7 .0  

6' 2'~'Y 7.6 - 9.7 
6 ' 2 ' ~ "  2 .5  + 2 .1  11,2,~ " 1 . 7  + 0 .7  

6:2', 12,2,6 " 1 . 2  ÷ 0 .1  6,2,~ *i.0 
2.3 + I.~ 12)2,~ 3.4 + 2.2 

6 , 2 , ~  o.7 - o.9 12,2 ,4  - 1 . ,  - 1.1 
6 , 2 , ~  3.0 - 3.0 1 2 , 2 , 3  *I., +0+ 0.3.1) 

112,2)2 "1 .5  
7,2)13 "1.2 - I.I 12,2,1 "1.6 - 0. i 
7,2 ,12 *1.~ - 0 .1  12,2 ,0  2 .4  + 2 .~  
7,2,11 "o.9 : ~:p, ~ , 2 , ' ~  lo .1  + 8.1 

12,2 ,~  7 ,2 ,10  7 .1  "1.? + 1.3 
7 ,2 ,9  10.3 +12.1 12, 2 ,~  , . 2  - 3 .6  
7,2,8 1.2 - - 1 . 1  12,2,% "1 .6  - 1.2 
7,2,7 1., - 0.6 12,2)~  1.6 + 1.6 
7,2,6 4.3 - 1+.0 12,2,6 4.3 + 3.0 
7)2,' 18.2 -17.6 12,2)~ "1.5 - 0.8 
7,2,1) 22.4 - 2 1 . ,  12, 2,S 2.1 - 1 .9  
7 ,2 ,3  3.4 - 4 .1  12)2)~ *1.~ - 0 .6  
7 ,2)2  9.9 + 8 8 
7 ) ~ ) I  ~ , 3  - %0 13)2,~) * 0,7 
7,~, 1.6 + 1.~, 13,2 ,3  *. 0%9 
7,2, 2 .4  + 3.0 13,2 ,2  "1 .4  
7,2 1.6 - 2.~ 13,2,1 1.8 - 0:1) 
7,2 ~.9 - 7.1 + 6 

~ 13,2 T 7.? 
7,2 ):~ . 13,2,o 6.3 - %3:9 
7,2 - 13,2',~ 1+.7 + 3.3 
7,2 1.5 + 2"3 13 ,2 ,~  " 1 . ,  + 0.1 
7,2 " 1 . 9  - 0 .2  13 ,2 ,~  % . ,  + 0 .3  
7,2 13.1 +ii.? 13,2,~ "1.5 * 1.0 
7)2 11.0 +10., 13,2,6 3.3 + 2.7 
7,2 ,  0_- 3.0 - 3 . '  
7,2,  i_ 7.~ +7.2 0 ,3 ,1  10.2 -10 .3  
7,2, ~ *i.0 - 0.8 0,3,2 6.6 +6.8 
7,2, *i.0 - 0 0,3,%3 3.3 + 1.? 
"7,2) *0.9 u "9 0)3) 5.6 - 1).6 
7,2,  ': 2 .7 - 1 . ,  o , 3 , ,  ~:~ - 3.7 

0,3,6 - 0.3 
8 2 2 + 0 .8  0 3,7 2.~ - 1.7 
8:2: i 2.4 + 1.6 o:3,8 7 . ,  - 8.4 
8,2, 0 5.4 + 1).' 0,3,9 i.i - 0.2 
8)2) , 8.3 - 9.7 0)3,10 *i.I + 0.i 
8,2, ; 3.6 + 4.6 0,3,11 1.1 - 1.~+ 
8,2,7 1.1+ - 1.9 0,3,12 2.6 + 0.8 
8 2,6 1.3 - 0.2 0,3,13 1)-3 + ,.4 
8:2,~ 10.2 - 9.' 0,3,1% 1.9 + 1.3 

~ I r l o  r o 

1 . ,  - 1.1  
.1 .2  

2 .2  - 2 . ,  
1 .2  - 1 . ,  
1 .7  - 2 .2  
3.8 + 1+.6 
1.8 - 2 .6  

"1 .3  + i . ,  
"1.3 - 0., 

8.2 - 9 .2  
15.3 .13.t~ 
3.0 + 3.1 

+ 6. ,.8 
3.5 + 2. 

I0.7 + 9.9 
22.5  +23.1 

6.3 + 7 .8  
23.8 -2 , .% 
29.3 +32.2 

, . 6  - 6.4 
. 1 .0  * 0 .8  
i . ~  + 1 .5  

"~:~ : ~:~ 
1.2 + 2.0 

"1 .2  - '  2 . ,  
"1.3 * 2 .0  
2 .1  - 3 .6  
, . 2  - 6.3 

• 2.7 + 0.3 
1).3 - 4.9 
3.1 + 3.9 

"1.9 - 1.0 
"1.5 - 0.i 

z .5  - 0.9 
• 2 .0  - 1 .8  
• 2 .3  - 0.1) 
1.6 - 1.6 

"1.4 - 1.7 40 : 
~.2 :~ 

• 1,, + 0 .8  
• 8.0 ~:~ -11).~, 

5.6 - 2 .~  + , .  
2 .2  

' i i . i  +11.3 
26.2 +29.3 
16.5 ÷I,., 
8.0 + 9.1 

16.6 -17.1 
1.9 - 1.7 73 : ~:~ 
8 .5  
3.7 + 3.3 
3.' + 6.1 
~.o : o~:~ 1.6 
1.1) - 2.4  
1+., - 6.6 
8.0 - 9.3 
2.0  - 2 .5  

1 .9  + 1.7 
• 0.7 - 0.2  

"1.3 - 0.2 
"1.9 - i.i 
• 2.3 + 0.4 

+ 0 . ,  
• ) :  • 32 
6.1 + 5.2 

1 0 . ,  +11.1 
2 .2  + 2.0 

11.5 -13.1  
16.6 +18.9 
3.2 - 1).3 
5.2 - 1+.7 ~:~ - 2.1 

+ 5.2 
1.6 - 0.8 
3.4 + 4.1 

"1.1 - 0.9 
• i.i * 1.7 
15.8 -16.O 
18.3 -18 .9  

6 . 6  - 7.i 
9.1 -i0.0 
7.9 + 7.1) 
.~:%3 - 2.1 

+ 6.2 
"1.6 * i., 

1).3 - %2 
,.i - 6 .6  
1.3 + 1.8 
0.9 + 1.9 
2 . ,  * I . ,  
1.1 ÷ 1.2 

• i., + 1.3 
• ~,~ - 0 ,6  
• i.0 - 0.3 
" 1 . 2  - 0.7 
" 1 . 2  - 0.8 
1).~ + 6 . ,  

15.6 +11).6 
6.3 - 6 . 2  
8.5 - 8.2 
2 . 7  - 1).2 
3.1 - 2.4  
3.6 - 3.8 

• i.0 * 0.6 
12. i0.~ +12.1 

-I0.1 
3.7 - 3.7 

• i.0 + 0.2 
io. 9 -12. I 
16.1) -16 .7  
3.7 + , . 0  
3 .2  +3. 
,.o - 3.%3 
3.2 + 1.3 
' . 7  + + E:9 1 
3.7 

" 1 . 2  - 0 .7  
3 , '  + 1).2 

~(~ I ~ Io ro 

1.o - ~:~ 
*i.0 
*0.9 O 0  
* 0 . 6  

- 1 . 2  + O. 
"1.9 - 0.%3 
* 2 . 2  + 1.3 • 

2 .8  - 3 .1  
3.6 - 3.2 
3.7 + 3.6 

1 , . 5  -16.h 
12.? .14.1 
-1.2 - i.I 

~ (  IF I  o r= 

9,3,2 "2 .7  + 1.8 
9,3,1 "2 .7  - 2 . ,  
9 ,3 ,0  *2 .7  - 0.i 
9,3,! 3.5  - 1.7 
9,3,2 2.7 + 1.0 
9,3,~ 3.6 + 3.9 
9,3,~ 10.3 - L l . 2  
9,3 ,~  . ) : ~  + 6 . '  
9.3. - 0.3 
9,3, - 4.0 9,3)~ 4.7 *2 .7  + 1 .5  

9,3, J v 3.3 - 2 .2  9,3,~. ~ *2 .6  + 0.2 

9,3,1T *2 .2  + 0.% 
+ 4.0 3.3 9 , 3 , E  "1.6 - 0.7 

2.0 !i~ 9,3,~ 2.9 + 0 . 5  
2.2 
2.9 10,3,9 " 1 . 2  + 0.3 2.6 - 2 : 5  lO,3,8 *~ +1.1 

1) 1+ + 2 .6  *1 .1  - 0 .3  10,3,7 
5.3 + 6.3 10,3,6 10.8 + 9.1 

13.1 +11.9 i0, 3,~ 6.9 + ,.8 
12.2 +12.8 10,3,% *2 .6  - 1.9 

2.0  + 2 . ,  i0,3,3 2.6  + 3.8 
21.8 - 2 ' . 3  10,3 ,2  "2 .7  - 1 .4  

10,3 ,1  +16.3 - 1.7 1~.~ .2.8 
. - 4.5  10,3,0 *2.8 + 1.0 

2.3  + 2 .8  i03 I * 2 .8  - 1., %3:~ + 1+.8 !1o:3:~ 7.6 - , 7  
+ 1+.1 I0,3)~ 6.6 + 7.0 

" 1 . 2  + 0.3 IO,3,W *2 .8  + 0 .2  
3~ I0,3,~ 2.9 -i.% 

~:~ ; : lo,3,6 7.2 - 6.4 
*i.0 1~ IO, ~,~ 11.6 -i0.3 
2.5 : 1:8 lO,L~ ~.7 - ,.3 

10, 3,~._ " 2 . 3  - i.O 
"1.3 - 0.3 10,3,10 *2.2 + 0.9 
1.7 - 1.3 I0 3 ~ "1.9 ÷ 0.5 
3.6 I0:3:~ "1.5 + 0 .6  
, 1  : %3:~ i 
1.2 :I?:Z 

11.2 
10.6 -10.1) 

1.2 - 1.8 
3.~ - 2 .8  
3. - 3.8 
3.2 + 3.6 

-1.1 - 0.1 
• 2.1) - 1.3 
3.8 * 4.3 
1.9 

11.0 + 0.9 
ii.0 +11.8 
• 1 . 1  - 1 .~  
16.2 +19.1 
13.8 -11+.7 

2 .6  - 1. 
3.4 - 3.~ 

"1.3 - 1.5 
1+.2 + 1+.3 

ii,3,7 "1.4 
11,3,6 1).7 
ii)3,~ 7.2  
11,3) *2.2 

*2 ii)3,3 *2:%3 
11,3,2 
ii)3,i "2.1+ 
11,3,0 *2.6 
II,3)X 2 . ,  
11,3,2 3.6 
11,3,3 6.3 
11,3, ~+ 22-~ 
ii, 3,~ * . 
ii,3,6 3.1 
11,3,~ 6.3 
11,3,8 3.3 
iI,3,~_ * 2 . 0  
II, 3, i___~ "1.7 
11,3,11 "1.1) 

- 0 . 5  
+ 4 . 5  
+ , . 9  
- 2 . 2  
- 1 . 5  
- 0 . 1  
- 0 . 3  
+1.3 
+ 1 .2  
+ 3.4 
- 6 . 1  

- 3.1 

- 0.2 
+ 0 . ,  

2.9  + 3 .0  1 2 , ? , ,  1 .9  - 1 .2  
0 .9  - 1 .1  12,3,1) *1 .7  + 2.6 

" 1 . 0  0 .1  12,3,3 " 1 . 8  - 0 .4  
2 .0  - 1 .9  12,3,2 *2 .0  + 1.1 
1+1 3 9  12,~,1 - 2 2  o }  

12 3)0 "2 .2  
-i., + o.1 12:3J -2.2 : o:9 
*0 .7  + 0 . ,  12 ,3 ,~  *2 .2  - 0.7 

2.1  + 1.6 1 2 , 3 , I  *2 .2  + 1.6 
7 .2  - 6.1) 12 ,3 ,_  *2 .2  + 0.1 
I.i * 2.0 12,3,~ ,.O + 1).0 
2., + 1.8 12,3)6 5.9 + ,.i 
2.9 + 0.9 12,3,'7 "1.8 - 0.7 

10.2 -10.2 12, 3,~ 3.3 - 3.2 
9.3 - 9.3 12,3,~ 2.6 ÷ 2.4 
2.2 - 1.6 
2.0 - 3.2 13,3,0 *i.7 + 0.8 

*1 .0  + 0.3 1 3 , 3 , I  - 1 . 7  - o . ,  
2 .4  + 3.0 13,3,2 *1.7 - 0.1 
1.9 - 2.2 13,3)~ "1.7 + 0.3 
6.9 + 8.1 13,3,b *i.7 + 0.6 

i,.~ +i~.4 13,3,~ "1.7 + 3.9 
13. -14.9 13,3)6 1).2 + 6.3 ~:~ - 36 

+ 3.9 0,4,0  *I.i + 3:85 
2.7 + 3.2 0,1) i ~.7 
2.9 + 1.9 0,1):2 1.6 + 0.5  
3.1 * 2.9  O 1+ 
1.6 + 1.4 0'1+)%3 3.1 + 2.6 

*1 .0  - 1 . 1  0'1+' ~ 13 .6  - 18 .2  

0',1)'6 1.0 - 0 . 2  20 .5  +21 ) . ,  
*0.8 0 1+'7 I : ~  - 9.1 + 1.7 
*0.8 0 0'1+')8 8.2 +10.7 

o:,, :i! 2.8 
* 1 . ,  + 0.9 o,C, lo 2.6 

2.0  - 2 .7  0,1+, 11 1.2 + 
6 .9  + 7 . '  0,1+,12 *1 .1  + 2:2 
' . 9  - ' . 7  0,1+,13 1.2 + 1.1 
i.i - 0.5 
1.8 - i. 1,1+ 11) *0.8 - 1.0 
8.1 - 7.~ i ~'13 *I.0 + 0.6 

1)1+:12 1.1 - 1.7 
81:9 - 8.2 1:1+,11 0 .8  + 0 .2  * 1 . ,  

1 ,1  + 1,7 1,~ i0 "1 .3  - 0.% 

2,1 + 2.2 1,~, '1.3 + 1 .1  
1.1 - 1 .5  1.1+ 
6 . ,  -6.1 1,1+' ~:! "+5.7 * 6 .0  
~.3 - 1).9 1,1+' • - 4.6 
7.2 - 8.3 1,1+' 13.7 -I,.8 

19.4 *21 .5  1,h '  10.2 +11. 
6.1) - ~ .2  1,1+' 7.1. + 8.~  

+ • 1,1)' 11+.1 . 1 4 . 0  3 .9  

2.2 1,1+' *1 .1  + 0.1) 
I;'-.3 + 1+.2 1 ,4 '  6.1 - 5.4 

"1.3 * 0.8 1,1+' 1.6 - 2.8 
1.0 + 0.8 1,1)' 0.9 - 0.3 
1.0 0.i 1,4' 1.9 - I., 
0.8 + 0.8 1,4' 13.1 -12 .2  
2.2 + 2.3 1,1+' 1 .7  - 0 .1  

1,1+' * 1+.9 
"1.4 0.9 1,1+: 3:~ -iO.9 

2 .8  2 .6  1,1)) 6 . 9  + 6.0 
3.' * 1.3 1,1+ 1.9 - 1.9 
~:00 + 2.6 1 1)' 1 . ,  

7.1 1:1+' . 1 1  ; o~:~ 
*2.7 + 3.0 1,1+' *i.i + 0.8 

2.6  2.1 1)1) ) , *0.9 ~ i.~ 
"2 .7  2 .0  

~ (  I'Io "o 

2 4 11. * 1 . 0  - 1 .6  
2:4:13 -1.3 + 0.2 
2,4,12 *i., + 0.8 

+ 0 .8  2,4,11 1.3 - 1.2 
2,1+,IO 1.7 :;~,~ .1. ,  
2,q7 *~:) - 1.~ -10.5 
2,4,6 16.6 +18.~ 
2,4), 1.7 - 0.~' 
2,1+ 4 1.9 + 0.6 
2,4'3 1.6 - 0.8 
2)4 :2  11.7 +11.5 
2402'1+'1 2.3 22 +1_ 2:] 
2 '4 ' ] :  , . 3  + , .  2:c + 1.~ 0.9 
2 4 ) 7.** + 7.7 
2:1): 8.6 -1o .1  
~:~:~ 63  71 

14.7 -1~. 3 
2) 1) '7" 11.5 +12. 
2 4 ' ~  *iI:~ - 2.%3 

Ol 
2.1 - 3-? 

2) 1),~ 2.6 - 3.8 
2)1) ~ 1.6 - i.O 
2 1)' 2,4,=,,,, .~:~ . l O  

+ 2.3 

3,4,11) "0.6 - 0.2 
3,1), 13 *I.I - 0.~ 
3 1) 12 "1.1 - O.I 
3'1+'11 1.1) - 1.8 
3:4' 10 2 .2  + 0.8 
3 ,4 :9  3 .0  + 2 .0  
3,4,8 2 . 8  ÷ 2.3 
3,1+)7 8.~ * 9.5 
3,h,6 17.8 -20.3 
3)4,~ 6.% + 9.0 
3,k ~ 8.O * 9.6 
3 4:3 3.6 - 3 . ,  
3:4,2 6.2' + 7.2 
3,1',1 1.% - 1.3 
3,%0 

+1.8 
3,k)~ 3.9 - 4 .8  
3)~ 3,k:E 3.9 + 5.0 
3)%~ T .15.4 + 5.8 
3 %it 13:%3 + 0.4 +13.8 
3:4, r 20.9 - 22 .6  
3 1+.)1r 6.9 + 5.8 
3'4 ~; "1.4 - 0.1 
3'1)" 3'c! ~ ' ,  1 12:3 +2, + 0 .7  
3 4 ' ~  "1.3 + 0.3 
3'1) ) "1 .2  
3',C, *o.9 - 0.5 

4 4 1 2  2 . 5  - o., 
1+'4' 11 1.6 - 1.5 
4:1+;i0 "1 .1  + 0 .2  
4,4 9 1.9 ÷ 1.2 

1) i 2 .3  - 2 .~  4 ' 4  1 .2  - 1 .o  
1)'% 7 .o  1)'1) 7.0 : i::~ 
1+'4 12.2 -13 .6  
1+'1) 11.9 -ii.3 
~',1) 3.1 - 4.2 
1) ~ 1.8 - 0.9 
1)'4 "1.2 + 1.6 
1))1) 1.8 + 1.6 
1+'4 3 .0  + 2 .7  
1+'1) 3 .0  + 2 .6  
1)'1) 2 .6  - 0 . 2  
1)'~ 8 . 1  - 8 . 2  
1+'~ 4 .1  - 4 .1  

1+'1) ~. 1+,% ~ - i.I 
+ 6.4 

1+'1) 4~, * 5.4 
1)'1) 1 . 7  - 1 . 6  
4:4 " 1 . 0  * 0 .2  
4 1+ *I .0  + 2 .1  
1+:1) *0 .8  - 0 .2  

, , 4 , 1 2  "1 .1  - 1 .0  
,,1) 11 3.3 - 3.1 
~, 1)' 10 3.1 - 3.3 
5,1):9 " 1 . 1  + O.i 
5,%8 6.0 + 7.0 
5 ,%7 7 .8  - 8.8 
,,1) 6 "1 .2  + 1 .8  
, 1 ) :5  1.6 - 1.0 
5,4:~ ~:~ : ~:o 
,)4,2 " 1 . 2  - 0 .1  
, 4 1 2.3 + 2.9 
,'4'0 " 1 . 2  - 2 .2  
,:4:r 38 + 2.0 
5 , % ~  5.3 * %1 
5)1+)3~ 1.6 * 0.8 
~,~,~ 4'1.2 + 1.1 
, I~,~ 19.~ +16.8 
~', 1+,E 9.6 - 9.5 
,,~":'~ ,:~ - o 3  

- 2 . F  
, . 1  . 6 . 2  

,%1-6  1).8 + , . 6  
,:1+_,__I"~ - 1 . 1  + 0 .8  
~ , % I ~  *1 .o  + 0.3 
,%r~,:%~ 1.6 - 1.3 

1.1 - 0.6 

6,1),11 %3:~ : %3:g 
6,1,,10 
64 6'1)'~ 1.0 o 

1.6 - 2.6 
6'1) '7 ' . 3  * 5.4 
6'1+)6 0.9 + 1.6 
6'1+' 5 5.1+ + 5.6 
6'4'4 1.7 + 2.4  
6'1):3 2 . 5  

6,4 1 . + 4.0 
6 , 4 ' 0  1 .0  + 0 .~  
6.1):Y 1).2 + , . 3  
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Table 1 (cont . )  

~k~ IZlo Zo ~k~ I~1o ~o ma I~1o ~o 

6"b~,__ 9.h + 8.5 
6 , b , 3  7 . 7  + 6 . 9  
6 h g  6'I+' "i.I + 0.9 
6'h'~ 13.8 -13.8 

12.6  +12.7 6:~;~ 5.6 - ~.~ 
6~S 3.6 
6'C - o:x 

"i.I + 6'~'rr 0 9  . o:~ 
6', b' 12 0.9 0.~ 
6 h' 0.7 6:~:~ *08 

1.1 1.8 

7 I+ 10 .0.8 - 1.2 ~:<9 .o8 :o:~ 
7,1+,8 1.0 
7,h,7 1.3 - 0.I 
7 , h , 6  1.6 + 0. i 7,~,5 3.2 ~:~ 
7 , h , ~  2.5 
7,~,3 "I.i 
7 h,2 3 .8  + 0 . 7  
7th i 2 .9  - =..6 
1',I*'0 1.8 1.3 
7, h',£ h . 9  5.0 
7. 2 h  - 1 .3  + 0 . 5  
7~b 'S  1.3 ÷ 3.2  

7 : ~ , , T  1 . 7  + 
7 , h  g h . 5  - h . 9  
7 , h '  h.O ~,~'g ~:~ ~., 
7,~',g 3 . 5  3 .7  
7 h 'i"~ 1.5 + 1.2 
7'h'~ 1.2 + 1.6 7', C,~ 1.o 1.1 
7, ~, I-~ 2.1 + 1.3 

,,I0 0.5 - 0.8 
+9+:8 0.8 + 0.2 

"I.0 - 0.6 

"1.2 + O.b 
?Sf,, 1.8 + 1.6 

3.0 + 2 .6  

ii! 3.7 - h . 2  
2.2 ÷ 3.1 
71 : ~:~ 

+if 8.7 
%2 2.6 - 2.5 
+, 2.2 * 1.2 

'i~ ~:3 ,~:~ i 2 .7  + 2 . 7  
"1.3 - 2.~ +:_ 2.6 . ~'~ 

i 2 . 8  

1.5  - 1.2 
2 .6  + 1.8  

9 h,8 *i.0 + I.~ 
9:~,7 *i:~ +" 0.11.7 
9,~,6 
9 ~ 5 .1.~ + 0.1 9'~'~,, 1.6 ; ~:~ 
9'h'3 k . h  
9;=,;2 2.3 - 2 . 8  
9,=, 1 1.7 - 0.7 
9,h' 2.3 - 2.2 9,~',~ ~,:~ - 6.2 
9 = , 2  - 3 . 5  
+ 9  '~.' + i. 
9',h' "1.7"1"7 ÷ 2.~ 
9 =,'~ "1.7 + 0.i 
9'k'! "1.6 + 1.6 
9'=,' "1.6 + 1.7 
9'~; 2.1 : ~:~ 
9'~ + 2.~ 9, h, ~ 2.2 ,,~ , ~  3.=, 

*i.i 

I0 +~6 3.6 + 3.1 

IC "1.3 ÷ i.i 
Io ~.9 - =,.8 
IC 2.6 + 3.1 
IC 1.6 + l.l 

1C i ~:: 2 .6  ÷ 3.3 I0 "1.6 - 1.3 
i0 2.2 - 2.8 
10 "1.6 + 1.1 
i0 "1.6 - 0.8 
lO 2 . 3  - 1.b 
i0 "1.5 - 0.i 
i0 "1.5 + O.1 
i0 "1.3 + 0.2 
lO "1.3 + 0.9 
i0~ 3.6 - ~.2 

ii,=. 5 "0.7 - 0.5 
iI,~' =. "i.0 - 0. I 
iI,~: 3 2.1 + 1.9 
11,=.,2 2.1 - 1.5 
Ii,~, 1 2 . 6  + 2.0 
11,=.,0 %.b ÷ 3.0 
II,~,Y "1.5 + 0. i 
Ii, h,~ "1.5 + 1.3 
11 ~ ~ h.8 - 3 .1  
ll'h'~ "1.5 + 0.~ 
n:~,:'~ -z.3 - 0.9 
ll,b'~ "1.3 + 0.6  
11,~',~ -1.1 - o. 5 
ll,h,8 *i.0 - 1.0 

12,h,2 *i.0 + O. ~, 
12,h,l *i.0 + 0.8 
12,h,O 2.2 + 1.5 
12,~ ~[ *I.i - 0.5 
12 ~'~ *i.i - 1.5 
12'h' ~.~ + 2.8 
12' =.'~ *i.i - 1.0 
12'hi~ 3 .6  + 2 . 6  
12:=. "i.0 * 2.0 

0,5,1 1.7 - 2.3 
0 5,2 2 . 2  + 5. 
0'~, 1.7 - 3.~ 
0'5,~ +Ii. lO.9 - 1 5 . ~  
O' ~, 5 13.5 
0'5,6 *i.i - 0.7 
O' 5 7 h . b  + h .7  
0'5:8 11.8 +12.6 
0'~,9 6.7 + 8.3 
0:5,10 1.2 + 1.5 
O, 5,11 0.9 + 0.9 
O, 5,12 *0.8 - 0.9 

, 1 5,13 "0.5 + 0.I 
I: 5,12 1.8 + 2 .0  

' 1,5,11 3.0 - 1.9 
1, 5,10 ~.1 - I+.1 
1,5,9 2 . 9  
1,~,8 3.9 ; ~: 
1,5,7 1.7 + 1.5 
1,5,6 1.2 - 3.1 
i,~,~ 8.8 +12.1 
I, 5, 9.0 -I0.2 
1,5,3 3.2 + 2.7 
1 5 2 "i.0 + i.i 
1:<i 1.6 - 3.? 
I~5 0 0.8 + I.I 
1,5',T " 0 . 6  + 0 . 2  
1,5,~ 1.5 - 1.2 
1,5,1 9.8 + 9.8 
i, 5,*~ 1.0 - 2.7 
1, 5,~ i0.5 -ii.0 
1,5,6 3.8 - 2 . 6  
i,~,~ *i.I + 0.6 
1 5,~ 9.1 +11.8 
1:5,~ 6 . 8  - 7.8 
I:~:~ 1.o +o.6 

1.9 - 2 . 2  
1,5,~ 1.1 - 0.2 
I,~,Y " 0 . 6  + 1.3 

2,5 3.8 - 3.7 
2,~ " 0 . 8  + 0.I 
2 , 5  7 . 3  - 6 .9  
2 5 5.9  - 7 . 0  
2'5 *i.I + 1.3 
2'~ 1.8 + 1.9 
2:5 ~.1 : ~:~ 
2,~ "i.I 
2,~ 2.9 * i.I 
2 ~ " 1 . 2  * 3 . 2  
2:5  "1 .2  - 0.7 
2,5 "1.1 - 1.0 
2 5 *i.i + o.l+ 
2'5 *i.i - 2 .8  
2'~ 8.8 + 8.0 
2:5 17.5 +18. i 
2,5 10.8 +13.3 

0.9 + 1.2 
2,~ + 3 . 3  
2,5 ~.'5"8 - 6.5 
2, 5 - 5.6 
2 ,5  2.7 + 2 . 5  
2,5 "i.I + 0.6 
2t~ *i.I - 0.6 
2, "0.8 + i.i 
, l.l~ - 0.6 

3,5,12 *0.7 + 0.2 
3, 5,11 1.6 - 1.7 
3,5,10 ~.2 - h.O 
3,5,9 h.3 - h.8 
3,5 8 "i.i + 0.3 
3,5:7 "i.i - 0.I 
3,5,6 3.0 +~.~ 
3,5,5 3.2 • 

2 .5  
2.8 

"1.2 
1.9 
3.0 
2.~ 
0.8 

13.0 
1.9 
6.6 
8.5 
~.3 
1.0 

"i.I 
1.0 

*0.8 
0.8 

2.2 
1.8 
1.*+ 
1.7 

"1.1 
I:~ 
k..7 
3 . 6  
1 .1  !:! 
7:5 
2 . 0  
7 . 2  
2 . 6  
1 .2  
=..=. 
2 . 0  
1 . 5  
*i.0 
"0.8 

*0.5 
*0 .8  
*0.8 
2.3 
2.2 
1.0 
1.8 
1.9 
2.2 

"1.1 
2.7 
5.3 
7.1 
8.0 
3.8 
2.7 
1.1 
1.9 
1.0 

"i.i 
*i.i 
"i.0 
"0.9 
0.8 

*0. 
* 0 . 8  

1 .9  
5.1 
2 .0  
5.=+ 
1.3 
1.6 
3 .9  
1 .8  
2 .7  
1 .9  
=..9 
3 .1  
1.6 

"I.I 
"i.i 
2.9 
3.2 
i.% 

*0 .8  
" 0 . 8  

1.2 

* 0 . 5  
1.0 
2 .6  
=..1 
5 .2  
3.3 

*i.0 
~.o 

. 1  

~kC I '1o 'o 

1.0 - l.l+ 
"i.0 + 1.6 

2 . 2  - 2.6 
2.6 - i.~ 

*i.0 + O.l~ 
"i.0 - 0.3 
3.~ - 2.5 

-0.9 - 0.8 
t~.9 - ~.I 

"0.8 - 0.7 
.0.8 + 0.3 

2 . 6  - 2 . 7  

*0.5 + 1.9 
1 .~  - 1.6 I:~ - 1.2 

+ 1.0 
1.2 + lfl+ 

"i.i - 0.3 
l.l~ + 2.1 

i; "i.i 
1.5 

-1.1 : : 
"i.i + 0.7 
h.2 - ~.o 
2.7 + 1.8 
2.9 + 1.7 

*0.8 + 0.8 
2.8 - 2.~. 
i.~ - 1.2 
1.0 + 0.7 

*0.~ - 2.9 
*0.7 - 0.i 
1.5 + i.i 
2.0 - 1.7 

"0.8 + 0 . 2  
1.9 ÷ 1.6 
1.7 - 1.2 
2 . 0  - 2 . 8  
I .  b, - 1 .2  

*0 .8  - 0.5 
5.6  + 1'.7 ~:~ - 2.8 

÷ h . 6  
3.1 + 2 .~  
0.9 + 0.8 
1.0 + 0.8 

"0.~ - 0.I 
"0.7 + 0.2 

+ O. *0.7 
2.9 ÷ 2. 
2 .~  + 1 . 8  

*0.8 * 0.5 
1.5 + 0.6 
i.~ - 0 .6  
2 . 0  - i.~ 
3.3 + 1.9 
1.6 + 1.7 
3.~ + 3.0 

" 0 . 5  + 2 .6  
" 0 . 5  + g.7 
*0.  
1.9 - 1.6 
3.3 + 2.8 

*o.~ - 2.% 

1 . 7  - i.~ 
I.i - i.o 
i.I + 1.0 
3.0 + 5.1 

"1.2 - 0.i 
"i. 2 ÷ i. 1 
1.3 - 0.6 

*i.0 - 0 .2  
3.1 + 3.3 
3.0 ÷ 3.~ 
2 . 6  - 3.2 

2.3 - 3.5 
2.0 - 1.9 

+ i. 1.6 
" l . 1  - 0 .  

- 0 . 1  

.1.2 i ~.7 
"1.2 
"1.2 

1 .7  3.8 
1.7 2 . 6  

"I. o.~ - O.b 0.8 
3 .1  5.0 

2 .o  ~: 5.1 
"1.2 1.7 
" 1 . 2  0.3 
*i.I I.i 
*i.I 0.9 
2.9 3.0 

.k~ I ' lo  ~o ~ I ' lo  "o 
0.6  + 1.3 
2,7  - 3.7 

~.8 - 5.0 
1.2 + 1.8 
2.1 ÷ 1.3 
2.8 - 2.1 

• l.b + 1.0 
1.3 + 1.5 

"i.~ - 1.2  
"1.5 + 1.0 
"1.5 - 2. ~, 
"1.5 + 0 .7  

7.6 + 8.8 
.~:~ - 1.~ 

+lOft+ 
3.1 + 3. l+ 

"i.~ - 0. i 
"I.~ + 0.9 
-13 ; ~:~ 
" 1 . 2  
"I.0 + 0 . 2  
1.6 - 1.8 

• 0.~ - 1.0 

3.5 - 3.2 
.i.0 + O.l~ 
"I.i - 0.3 

h.O + 3 .6  
3.1  - 2 . 8  
i.i - 1.7 
1.1 - 0.5 
1.2 ÷ 2.  
2.1 + i. 
1.1 + 1.% 
~.9 - 3.9 
• ~ + 5.3 

h . 5  + ~:7  
~+.i + 5 

• 1.3 - 1.3 
"1.3 - 2.0 
"1.2 ÷ i.i 
• i.i - 0.3 
1.0 + 2.0 

"0.8 + 0.3 
. 0 . ~  - 0.6 

• 0.6 - 1.2 
• 0.7 + 1.0 
"0.9 + 0.i 

h . 7  - b . 6  
h.8 + h.O 
2.0 - 1.8 

• i.I + I.~ 
"I.i + 0.I 
2.9 - 2.5 
2 . 2  + 3.6 

7.0 - 7.0 
7.9 - 9.8 
1.2 - 0.8 
2.8 ÷ 2 . 5  

"i.i - 0.7 
"1.0 + 1.6 

22.; - 2.2 
. + 2.1+ 

"0.8 + 0.8 
• 0.7 + 0.8 

2 . 6  + 1.6 
0.8 + 0. I 
1.8 - 0.8 

"0.9 0.2 
"i.0 + 0.8 
"i.0 
1.0 0.6 ~:~ - ~.6 

lO.8 :11:~ 
3.1 - 2.~ ~:~ + 11 

- 1 . 9  
2 . 7  ÷ 2 . 7  
~: l  + 1.8 

- 1 . 9  
1.0 + 0.6 

• 0.6 0 . 2  

" 0 . 6  2 . 9  
3 .0  + 2 . 5  
1.7 + 0 . 9  
1.1 + 0.9 

• 0.8 0.7 
" 0 . 8  0.~ 
• i.0 0.3 
39 + ~:~ 
2 .1  
5.7  6 .2  ~:~ 2.6 

÷ 1 . 9  ~:~ + 2.9 
3 . 9  

6,6 ~ 1.7 + 0.8 
6 6~8 - 1.LI • *0.7  
6 ' ,6 ,~  " 0 . 7  + 0 . 8  

7 , 6 . 5  1 .6  + 1.3  
7,6,~,  * 0 . 8  - 0 .3  
7 , 6 , 3  "0.8 - 0 . 6  
7,6,2 "0.8 !i'! 
7,6,1 2 . 3  
7 , 6  0 7,6'r ~:~ + 5.7 
7,6~2 1.2 - 1.0 
7,6.~ 1.9 - 1.7 
7,6,E 1.9 - 0.6 
7,6"~ 2.3 - 2.8 
7,6' ~:~ + 3.~ 
7 , 6 : ? '  - 2 . 2  

8 6 3 0 . 6  + 0.5 
8'6:2 1.0 + 1.6 

8:6:o 5.3 
8,6 I 3.9 
8 6'~ "i.0 - v 0.8 8:+:~ 1.6 
8,6,_W 2.6 + 1.6 
8 6 : ~  1.8 - 2 . 0  
8:6. *o.7 - 0.5 

o,7,1 o:~ - o.~ 
0,7,2 + 3.1 
0,7, + 3.7 0 ~ 7 ~  3 . 1  "0.9 - 0.2 
0 7 5 2.3 + 2 .6  o',7:6 + o.8 *0.7 
0,7,7 "0.6 - 1.0 

1,7,7 "0. t~ 0 
1,7,6 "0.7 + 0.I 
1,7,~ 2 . 2  - 2.  b, 
1 7,~ ~.i + ~.8 
1',7,3 0.9 + l.b 
1,7,2 2.3 + 2.8 
1,7,1 "i.0 - 1.9 
1,7 0 "1.0 - 0.2 
1 7'T 0.9 + 0.8 
1:7:~ 2.2 - 2.~ 
1,7,~ 3.0 - ~.i 
1,7,~ 1.0 + 1.2 
1,7 ,~ '  0 .9  * 1.2 
I ) 7 , 6  " 0 . 8  + 0 . i  
1,7,7 "0.5 - 0.i 

2 7, - 0.9 2:7,~ I.I ~ .9  - 5.0 
÷ 2.2 2,7,3 2.7 ÷ i.I 

2,7,2 "i.0 
2,7,1 "i.i o 
2 7 0 "I.i ÷ 0.~ 
2'7'T "I.i - i.i 
2:7:~ ,1.1 + 0.9 
2,7, - 1.8 2,7,~ 2.1 

"i.0 - 0.8 
2 ,7 , '~  *0.9 - 0.3 
2,7,5 "0.8 - 0.2 
2 , 7 , 7  "0.7 * i.i 

3,7,6 "0.5 - 2 . 5  
3,7,5 *0.8 - 0.2 
3,7,% 2 . 0  - 3.0 
3,7,3 i.i - 0.I 
3,7,2 "i.0 + 0.~ 
3,7,1 *i.0 ÷ 0.8 
3,7,0 "I.0 + 0.3 
3,7,Y "i.0 +_ 0.0. 98 
3,7,~ "i.0 
3,7,~ "i.0 - 0 . 2  
3,7,~ "i.0 - 0.7 
3,7, ÷ 0.6 3,7,~ 0.7 1.1 ÷ 1.0 
3,7,7 * 0 . ~  - 1 .~  

~,7,~ * 0 . 7  - 0.8 
7 3 " 0 . 7  - 1.0 

~ ' 7 ' 2  1 .1  ÷ 0 . 7  
~'7'1 *0.8 - 0.5 
~'7'0 *0.8 ÷ 0 .6  
~:7:r 2.1 - 1.7 
t , , 7 , ~  2 . 1  - 2 . 0  
=. 7,~ "0.8 - 0.7 
~ ' 7  ~, *0.8 - 0.5 
i+', 7',"~ " 0 . 7  - 0.3 

5,7,3 *0.6 - 0.6 
5 , 7 , 2  "0.7 + 0.~ 
5,7,1 "0.7 - 1.0 
5,7,0 2.7 - 3.6 
5 , 7 . T  " 0 . 7  - 0 . 2  
5,7;~ 2.6 : o3:~ 5,7;~ *07 
5,7  *0 .7  + 0 . 6  

* I n d i c a t e s  m i n i m u m  o b s e r v a b l e  a m p l i t u d e  f o r  u n o b s e r v e d  r e f l e x i o n .  

They  show that  the  four molecules  in the  unit-cel l  
are arranged at nearly  equal  intervals  along [101] in 
such a wa__y as to make  the  reflexions 301, 202, 705 
and 3,0,11 very  strong. A trial structure based on 
these  considerations was quickly  refined by  successive 
Fourier  syntheses  of the  electron densi ty  distribution.  
The project ion of one molecule  is shown in Fig. 2(a). 
Dif ference  syntheses  gave  good indicat ions of hydrogen 

a t o m  p o s i t i o n s  b u t  d i d  n o t  d i f f e r e n t i a t e  c o n c l u s i v e l y  
b e t w e e n  t h e  n i t r o g e n  a n d  t h e  p o o r l y  r e s o l v e d  C H  
g r o u p  in  t h e  m e s o  p o s i t i o n s .  T h e  m o l e c u l e s  a r e  n o t  
we l l  r e s o l v e d  i n  t h e  o t h e r  p r o j e c t i o n s  of  t h e  s t r u c t u r e  
so t h a t  i t  w a s  d e c i d e d  t o  t r y  t h e  u se  of  a d i r e c t  m e t h o d  
t o  d e t e r m i n e  t h e  m o l e c u l a r  a r r a n g e m e n t  in  t h r e e  
d i m e n s i o n s .  

T h e  s t r u c t u r e  f a c t o r s  w e r e  p u t  o n  a n  a b s o l u t e  sca l e  
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(a) (b) (c) (d) 

Fig. 2. (a) Electron density in one molecule projected on (010). Contour lines at  intervals of 1 e.A -~. (b, c, d) Corresponding 
hl l  generalized projections [~I, C and S. Negative contours broken; symmet ry  elements after Cochran (1952). 

by comparing the observed and cMculated F(h0/)'s. 
Uni tary  structure factors, U(hkl) = .F(hkl)/F,,a,~.(hkl), 
were then calculated for the hO1, hll, and h21 reflexions 
and Harker-Kasper  (1948) inequalities in the form 
recommended by Grison (1951) were used to deter- 
mine the signs of the hll structure factors. Fifteen 
reflexions in the limited set considered have U > 0.5 
so tha t  the inequalities proved very powerful. The 
signs of 31F(hll)'s were quickly determined. 

These structure factors were used in the calculation 
of a generalized projection (Cochran & Dyer, 1952) (1) 
of the electron density on (010). The functions cal- [ X 0.143 

culated were C1 i Y 0.289 
Z 0.958 

o's(X, Z) = b Y, Z) exp (2~iY)dY 
X 0.199 

= CI(X, Z)+iSI(X, Z) c~ Y 0.220 
' Z 0.888 

where C~(X, Z) and SI(X, Z) are given by  [ z 0.260 
1 ~ h+k+l=2n C 3 [ Y 0-014 

CI(X, Z) = .~ 2 .~v [{F(hll)+ F(hll)} cos2zehX cos2~lZ Z 0.891 
h,l=O 

-{F(hll)-F(hlD}sin2~hXsin2zdZ] [ x 0.252 
and c 4 [ Y 0.867 

Z 0.967 
hA-k+l=2n-[-1 

1 oo [ X 0"181 
SI(X,Z) =.~.~Y, ~ [{F(hll)+F(hlD}sin2z~hXcos2zdZ c5 Y o-see 

1"l=°+{F(hll)_F(hl~)cos2~hXsin2~lZ]. i z 0"125 

X O.111 
The atomic peaks in CI(X, Z) and SI(X, Z) have ce Y 0-746 

heights proportional to cos 2~zY~ and sin 2~zYi re- z 0.283 
spectively, where Y~ is the fractional y coordinate of 
the corresponding atom. These syntheses showed / x 0.051 
clearly the orientation of the molecules in the unit cell C7 [ Y 0.836 Z 0.355 
and yielded y coordinates which were used with x, z 
coordinates from the zero-leveI projection in a cal- [ X 0.992 
culation of all the F(hll)'s. Satisfactory agreement Cs i :Y 0-043 
was obtained between the observed and calculated z 0-345 
structure factors; reliability index [ X 0.998 

C~ t Y 0.169 
R = _ r I I F o I - I F o l i + Z I F o l  = 0 . 2 8 .  z 0-.264 

Table 2. Refinement of atomic coordinates 
(1) Fractional atomic coordinates derived from [010] projec- 

tions. 
(2) Atomic peak positions in ~o(x, y, z) calculated using signs 

from (1). 
(3) Atomic coordinates corrected from difference synthesis. 
(4) Atomic peak positions in qo(x, y, z) calculated using signs 

from (3). 
(5) Atomic peak positions in Qc(x, y, z) calculated from (3). 
(6) Atomic coordinates corrected by ba~k-shfft method from 

(4) and (5). 

(2) (3) (4) (5) (6) 
0.1395 0.1388 0.1387 0-1390 0.1385 
0.2890 0.2911 0.2900 0.2894 0.2917 
0.9573 0-9571 0.9567 0-9567 0.9571 

0.2020 0.2021 0.2028 0-2022 0.2027 
0.2251 0.2248 0.2252 0.2245 0-2255 
0.8860 0-8851 0.8858 0.8856 0-8853 

0.2612 0.2623 0.2619 0.2611 0.2631 
0-0155 0-0172 0-0177 0-0166 0-0183 
0.8914 0.8906 0.8916 0.8915 0.8907 

0.2530 0.2543 0.2545 0.2535 0.2553 
0.8762 0-8758 0.8761 0.8762 0-8757 
0.9690 0.9683 0.9685 0.9682 0.9686 

0.1804 0.1804 0.1797 0.1800 0-1801 
0.8001 0.7976 0-8013 0-8002 0.7987 
0-1265 0.1265 0.1259 0.1263 0.1261 

0.1086 0.1080 0.1069 0.1076 0-1073 
0.7466 0-7446 0-7458 0-7454 0.7450 
0.2844 0.2845 0.2849 0-2846 0.2848 

0.0476 0-0473 0.0475 0.0475 0.0473 
0.8267 0.8272 0.8281 0.8284 0.8269 
0.3543 0.3554 0.3551 0.3544 0-3561 

0.9924 0.9936 0-9928 0.9932 0-9932 
0-0410 0-0402 0-0408 0.0400 0.0410 
0.3445 0.3452 0.3447 0-3444 0-3455 

0.9994 0.9997 0.0004 0.0004 0.9997 
0.1687 0.1708 0.1682 0-1684 0.1706 
0-2637 0.2633 0.2634 0.2634 0.2633 
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Table 2 (cont.) 
(1) (2) (3) (4) (5) (6) 

x 0.073 0.0703 0.0703 0.0703 0.0706 0.0700 
Y 0.230 0.2252 0.2264 0.2238 0.2253 0.2249 

NG°) Z 0.110 0.1096 0.1095 0.1096 0.1096 0.1095 

X 0.135 0-1331 0.1325 0.1313 0.1317 0.1321 
Cll Y 0-150 0-1529 0.1498 0.1506 0.1506 0.1498 

Z 0-039 0.0389 0.0394 0.0396 0.0388 0.0402 

X 0.190 0.1895 0.1897 0-1896 0.1897 0.1896 
C12 Y 0.941 0.9368 0.9353 0.9377 0.9378 0.9352 

Z 0.045 0.0451 0.0446 0.0449 0.0448 0.0447 

X 0.123 0.1188 0.1181 0.1177 0-1180 0.1178 
Cla Y 0.885 0.8757 0.8765 0.8758 0.8766 0.8757 

Z 0.198 0.1982 0.1985 0.1987 0.1987 0.1985 

x 0.066 0.0642 0.0639 0.0633 0.0635 0-0637 
c14 Y 0.092 0-0927 0.0909 0.0923 0.0924 0.0908 

z 0.190 0-1878 0.1879 0.1876 0.1878 0.1877 

The signs were used in a recalculat ion of the generalized 
project ion which gave the  maps  shown in Fig. 2. I t  
m a y  be noticed, incidental ly,  tha t  Figs. 2(a) and 2(b) 
show the  increased resolution in [ a l = (C~ + $2) ½ which 
has been discussed elsewhere (Phillips, 1954c). 

The y coordinates were fur ther  refined by  calcula- 
t ion of the structure factors and generalized projec- 
t ions corresponding to the  h21, h31, and h51 reflexions. 
The values obtained by  this process are given in 
Table  2, column (1). They  were used in the first 
calculat ion of all the  structure factors. Geometrical  
s t ructure  factors were calculated on I.B.M. machines,  
using the method  o f  Grems & Kasper  (1949). The 
ni t rogen atom was not  identif ied and no allowance 
was made  for hydrogen atoms. The J a m e s - B r i n d l e y  
carbon f curve (Internationale Ta~ellen, 1935) was 
used with a tempera ture  factor having  the  constant  
B = 5.5 A s, derived from a graph of log (XFo/XFc) 
against  sin 2 0. The re l iabi l i ty  index, calculated with 
contr ibut ions IIFcI-[F*II from the unobserved re- 
flexions wi th  [Fcl larger t han  the m i n i m u m  observ- 
able IF*I, was 0.26. 

R e f i n e m e n t  of  the  s t r u c t u r e  

Three stages of ref inement  have  been completed, 
using three-dimensional  Fourier  methods.  The syn- 
theses of electron dens i ty  and difference electron 
dens i ty  were calculated by  Dr J .  Kates  and Dr J .  F. 
Har t  on F E R U T ,  the  electronic digi tal  computor  at  
the Univers i ty  of Toronto, using a programme de- 
signed by  Kates  which is readi ly  adaptable  to all space 
groups (Gottlieb & Kates,  1955). The densities were 
calculated at  intervals  a/60, b/30 and c/60. 

The signs de termined in the first full  structure- 
factor calculations were used with the  observed struc- 
ture ampl i tudes  in a Fourier  synthesis  of the electron- 
dens i ty  distr ibution.  The atomic peak positions found 
by  graphical  in terpolat ion are listed in Table 2, 
column (2). The ni trogen atom was characterized by  a 

peak s ignif icant ly larger t han  tha t  in the a l ternat ive  
meso position and it  was included separately in subse- 
quent  s tructure-factor  calculations. The atomic peaks 
also showed a var ia t ion in height  very  similar  to tha t  
observed in anthracene (Sinclair et al., 1950), bu t  no 
allowance for var ia t ion in indiv idual  atomic tempera-  
ture factors was included in the second structure- 
factor calculation. McWeeny (1951) scat tering factors 
for carbon (valence states) and ni trogen were used at  
this  stage. Their  use involved a revision of the appar- 
ent  best mean  isotropic tempera ture  factor constant  
from 5.5/~2 to 4.1 •2 and a change in the scale of Fo 
by  a factor 1.25. The rel iabi l i ty  index was reduced 
to 0.17. 

Ref inement  was continued by  calculation of a com- 
plete three-dimensional  difference synthesis.  Gradients  
at  atomic positions in this  synthesis  were derived by  
graphical  methods  and used in the calculation of shifts 
in  the  atomic coordinates from the formula  

The atomic peak curvatures  were calculated from the 
three-dimensional  electron-density dis t r ibut ion cor- 
rected for the change in scale. The new atomic co- 
ordinates are given in Table 2, column (3). The mean  
shift  in an atomic position was 0.012 A and the 
m a x i m u m  shift  was 0.021 A. 

The difference synthesis  showed clearly tha t  the 
atoms are not  all subject  to the same the rmal  motion. 
Atoms 10, 11, 12, 5, 13 and 14 were associated with 
roughly equal  peaks of difference densi ty  while atoms 
1, 4, 6 and 9 were associated with smaller  peaks and  
atoms 2, 3, 7 and 8 with holes. Separate isotropic 
tempera ture  factors were calculated for each atomic 
group. The temperature-factor  constants  were not  
es t imated from the difference-density curvatures  
(Cochran, 1951) bu t  in an approximate  way from the  
var ia t ion in atomic peak height  with tempera ture  
factor. A three-dimensional  Fourier  t ransform of the 
difference between atomic scattering factors with 
s l ight ly differing tempera ture  coefficients showed that ,  
for a mean  B near  4 . 0 / ~ ,  a change in the tempera ture  
factor constant  AB = 0.5 A 9 gives rise to a change 
of approx imate ly  A@ -- 0-4 e./~ -a in the peak height  
of a carbon atom. This relat ionship was used in 
calculations of temperature-factor  constants  for the 
separate  atomic groups from the mean  variat ions in 
difference densi ty  at the atomic positions. These 
temperature-factor  constants  are listed under  Bi(1) 
in Table  3. 

Recalculat ion of the structure factors using the new 

Table 3. Temperature-factor constants for separate 
atomic groups 

Group Atoms Bi(1) Bi(2) 

A I 5, 10 3.75/~2 4.03 A2 
A s 11, 12, 13, 14 3.75 3.68 
B 1, 4, 6, 9 4-4 4.5 s 
C 2, 3, 7, 8 4.8 5.16 
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atomic coordinates and t empera tu re  factors gave 
R = 0-155. * 

Good hydrogen a tom peaks also appeared  in the  
difference synthesis but  their  shapes clearly were 
affected by  the  variat ions in difference densi ty  
associated with the  heavier  atoms. Hydrogen  a tom 
positions (listed in Table 4) consistent with these peaks,  

Table 4. Hydrogen atom posit ions 

Assumed Measured 

THE CRYSTALLOGRAPHY OF ACRIDINE. PART II 

obtained by  combining the  @o and  (@o-@c) syntheses.  
Peak  positions in the  @o and @c syntheses were then  

^ 

x Y z X Y z 
H 1 0.096 0.448 0.953 0.100 0.409 0.960 
H~ 0.207 0.336 0.825 - -  - -  - -  
H a 0 . 3 1 1  0.963 0.834 0.299 0.992 0.823 
H 4 0.297 0.717 0.974 0.290 0.755 0.984 
H 5 0.223 0.636 0.133 0.210 0.631 0.125 
H e 0 . 1 5 1  0.584 0.292 0.145 0.597 0.288 
H 7 0 . 0 4 1  0.724 0.419 0.036 0.760 0.431 
H 8 0 - 9 4 6  0.105 0 . 4 0 1  0 . 9 5 1  0.137 0-397 
H 9 0 - 9 5 7  0 - 3 3 2  0 - 2 5 6  0 - 9 6 0  0 - 3 3 6  0-251 

but  calculated by  assuming a C - H  bond length 1.08 A 
(Pauling, 1940) and tr igonal  bond configuration a t  the  
carbon atoms,  were used in a calculation of the  hy- 
drogen a tom contr ibutions to the  s t ructure  factors.  
The hydrogen  scat ter ing curve adopted  was t h a t  given 
by  McWeeny (1951) with B = 5.0 /~'. The reliabil i ty 
index was reduced to 0"13a. These s t ructure  factors,  
together  with the  observed amplitudes,  are shown in 
Table 1. 

A second three-dimensional  difference synthesis was 
then  calculated, using the latest  calculated s t ructure  
factors wi thout  hydrogen contributions and leaving 
out the  planes seriously affected by  extinction which 
have  been listed above. About  one hundred  high- 
order reflexions of small  ampli tude were included for 
the  first  t ime in this calculation. The unobserved re- 
flexions were discounted a l though detailed considera- 
t ion (Hamilton,  1955) suggests t ha t  this m a y  not  be 
the  best course even though most  of the unobserved 
reflexions h a v e  calculated s t ructure  ampli tudes less 
t h a n  the  min imum observable. A section in a related* 
difference synthesis in the  best plane of the molecule, 
obtained by  interpolat ion from values of (@o-@c) cal- 
culated a t  intervals  a/60, b/30, c/60, is shown in Fig. 3. 
The electron-density distr ibution in the  crystal  also 
was recalculated in patches near  the heavy-a tom posi- 
tions so t ha t  allowance could be made  for the change 
in scale and for the  correction of some 30 signs since 
the original calculation. Corrections to the atomic 
coordinates were then calculated by  Booth 's  (1946) 
back-shift  method,  which is equivalent  to the  direct 
use of the difference synthesis (e.g. Cruickshank, 1952), 
but  which involves simpler calculations from the den- 
si ty distributions.  The electron-density distr ibution 
corresponding to the calculated s t ructure  factors was 

* Fig. 3 was derived from a synthesis in which refloxions 
h/c0 and 0kl were given half weight. The corrected synthesis, 
used in the refinement, shows the same features with an 
average increase of about 10% in peak heights. 

)d 2 

\<, 
0 1 2 3 A  
I I I I 

Fig. 3.* Section through the final three-dimensional difference 
synthesis in the best plane of the molecule, a '  and c' are 
the lines in which this plane cuts (001) and (100). Contours 
at intervals of 0.1 e.A -a. Broken lines: negative contours; 
chain lines: zero contours. 

determined by  the method due to Shoemaker ,  Donohue,  
Schomaker  & Corey (1950). The exponential  funct ion 

@(x, y, z) = exp ( p - ½ r x ~ - ½ s y 2 - ½ t z  2 

+ ux  + vy + wz + lyz + m z x  + n x y  ) 

was adjusted,  by  least-squares calculations of the  best  
constants,  to fit  each atomic peak  in turn.  The peak  
positions and shape parameters  were then  determined 
analytically.  Peak  positions in the  'observed'  and  
'calculated'  densities are listed in Table 2, columns (4) 
and (5) respectively;  the corrected atomic coordinates 
are listed in column (6). The average correction to an 
atomic position was 0-008 /~ and the  largest  was 
0.012 A. The importance  of finite-series errors can be 

seen from comparison of the final atomic coordinates, 
column (6), with the  atomic positions, column (4), in 
the  observed electron-density distribution.  The aver- 
age finite-series correction per  coordinate is 0-005~ A, 
very  near ly  identical with t h a t  in an thracene  (Ahmed 
& Cruickshank,  1952). The s t ructure  factors  have  not  
been recalculated. 

The positions of hydrogen a tom peaks in the  dif- 
ference synthesis are listed in Table 4. All bu t  H 2 are 
clearly resolved. The peak heights and curva tures  are 
given in Table 5. 
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Table 5. Shape parameters of hydrogen atom peaks 
in the difference synthesis 

Curva tu res  (e.A -5) 
He igh t s  (e.A -a) • - - ~  . 

Qm --Ahh - -Akk  --Az~ Am 
H 1 0.54 4.0 2.9 4.0 1.2 
H 2 . . . . .  
H a 0.39 1.9 2.8 3.4 1.1 
H 4 0.62 4.2 4.9 4.7 0.3 
H 5 0.53 3.9 3.0 3.1 1.1 
H e 0.58 3.5 4.3 3.7 0.8 
H 7 0.51 3.9 4.1 4.2 0.8 
H s 0.42 2.7 1.4 3-2 2.0 
H 9 0.54 3.4 2.1 3.7 1.4 

The heights and curvatures of atomic peaks in the 
observed and calculated electron-density distributions 
are given in Table 6. There is good general agreement, 
but apparently the mean isotropic temperature factors 
used were not the best possible. Corrected values of 
the constants are given in Table 3 under B~(2). Group 
A now has been divided into two parts because 
atoms 5 and 10, associated with holes in the difference 
density (Fig. 3), appear to have a Bi larger than that  
appropriate to other atoms at the same distance from 
the molecular centre. Further refinement of the struc- 
ture depends upon more detailed consideration of the 
thermal motion. 

Molecular thermal motion 
Higgs (1955) has shown that  the mean square 

amplitude of vibration of an atom in a molecular 
crystal is given by equation 

2 2 2 
U i = (Ui)int.-~(Ui)r.b. , 

where the two components are respectively the con- 
tributions due to internal modes of vibration within 
the molecule and to rigid-body vibrations of the mole- 
cule as a whole. The former is much the smaller since 
the intramolecular forces are much stronge r than the 
intermolecular forces. Thus, for example, in naph- 

thalene 2 (u~)i,t. contributes only about 4% of u~. The 

displacements due to rigid-body vibrations can be 
resolved into components P+QR~ which arise re- 
spectively from translation and restricted rotation 
(libration) of the molecule, so that  

2 , ~  2 ui_(ui)r.b. = P+QR~, (1) 

where Ri is the distance of the atom from the molecular 
centre. If the small contributions of internal modes of 

2 and vibration are ignored, therefore, the relation of u i 
R~ should be very nearly linear. 

Values of u~ = 3Bi/8~ 9 for the different atomic 
groups are plotted in Fig. 4 against R~/L 2. I t  is as- 

0"20 

0"15 
-2 ui 

0.10 

+ / +  + /  
/ - I -  A2 ± 

>I+. 

i I I I I I I i 
0 2 4 6 8 

R~L, 
Fig. 4. Graphs  of u~ versus  R~/L 2 for  a tomic  groups  in acr idine  

and  an th racene .  

sumed that  the heavy atoms lie at the vertices of 
regular hexagons with side L. Corresponding results 
for anthracene (Higgs, 1955) are plotted for compari- 
son. Both sets are consistent with Higgs's picture of 
the molecular vibrations. I t  is clear also that  despite 
differences in molecular arrangement discussed below, 
the thermal motions of molecules in the two structures 
are very similar. The variation of u~ with Ri is the 
same, indicating the presence of very similar librations, 
but the constant term P (equation (1)) is larger for 
acridine. This result indicates that  translational vibra- 

He igh t s  (e.A -a) 
Qm 

Table 6. Shape parameters of atomic peaks in ~o and ~c 

Obs. Calc. 

C 1 6.97 7.11 
C 2 6.20 6.52 
C a 6.00 6-34 
C 4 6.66 6.97 
C 5 7.75 7.89 
C e 6.83 6.96 
C~ 6.24 6"50 
C s 6.32 6.56 
C 9 7.03 7.04 
N(10) 9.40 9.70 
C n 8.11 8.06 
C19 7.91 7.85 
Cz~ 7.90 7.84 
Cz4 7"99 7"93 

-- Ahh 

Obs. Calcl 

57.1 57.4 
47.0 48.6 
45.3 47.5 
56.4 55.9 
74.1 71.2 
55.7 54.4 
47.5 49.2 
51.6 50.0 
58.9 55.5 
81.9 80.4 
76.5 71-8 
73.6 67.7 
73.4 67.7 
74.1 68.4 

Curval.ures (e.A -5) 
- -Akk  

A 

Obs. Calol 
54.2 57.3 
40.1 47.8 
36.9 46.7 
50.2 56.6 
66.0 69.1 
52.8 55.8 
38.8 47.3 
41.0 48.4 
55.3 56.9 
80.0 82.2 
67.4 67.2 
64.2 66.9 
61.1' 63.4 
65.7 66.8 

- - A u  

Obs. Call 
54.3 55.1 
49.0 50.0 
45.3 48.9 
49.8 54.4 
58.5 63.9 
48.5 52.6 
48.7 49.0 
49.5 51.1 
53.5 54.5 
74.6 79.6 
66.6 69.3 
62.4 65.9 
63.8 65.5 
63.3 67.3 

Obs. 
4.8 
6.6 
8.2 
9.3 
9.0 
4.8 
7-3 

11.5 
10.4 
10.7 

7.5 
6.9 
8.0 

10.0 

Alh 

Cale. 

6.7 
7.2 
8.3 
7.8 

10.2 
7-4 
7.1 
9.4 
8.8 

l I . 1  
9.5 
7.7 
8.7 

10.1 
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tions may be more severe in acridine, in accord with 
its lower melting point (110 ° C. compared with 210 ° C. 
for anthracene), but it may be due in part at least to 
the effects of unequally compensated systematic errors 
in the intensity measurements from which the two 
structures have been determined and to a greater 
degree of static disorder in acridine. 

The molecules thus appear to be subject to rigid- 
body vibrations and librations with (~,~.)½ due to 
vibrations alone of about 0.37 A. The difference den- 
sity distribution, which is very similar indeed to that  
in anthracene at this stage of refinement (Cruickshank, 
private communication), is entirely consistent with 
this picture. Thus, for example, the large peaks in the 
bonds C,-C3 and C7-C s and the relative diffuseness of 
the hydrogen atoms 2, 3, 7 and 8 are due predominantly 
to librations about an axis perpendicular to the molec- 
ular plane, the effects of which increase with distance 
from the molecular centre. No detailed allowance has 
been made for this thermal motion in the present 
refinement. 

Accuracy of the  s t r u c t u r e  d e t e r m i n a t i o n  

Standard errors for the intensity measurements have 
been calculated from the residuals among the two or 
three measurements on some 800 reflexions. They show 
that the standard error in estimating a structure factor 
can be represented over the greater part of the in- 
tensity range by the expression a(F) = 0.2F½ or, less 
exactly, by a(F) = 0.07F. I t  follows, by the applica- 
tion of a formula quoted by Lipson & Cochran (1954, 
Table 288), that  the standard deviation in electron 
density due to random errors in the intensity measure- 
ments is about a(~) = 0-08 e.A -3. Corresponding de- 
viations in atomic coordinates are given in Table 7 

Table 7. Standard errors in the atomic coordinates 
Values in AngstrSm units 

From a(F) = 0.07F 
^ 

Atoms (T(x) ~(y) a(z)" 

Group A s 0.0032 0.0038 0.0039 
Group B 0.0037 0.0040 0.0042 
Group C 0.0040 0.0052 0.0040 

tt 0.029 0.033 0.029 

From AF=Fo--Fc 
^ 

"a(x) a(y) a(z)" 
0"0035 0"0044 0"0041 
0"0046 0"0054 0"0051 
0"0055 0"0074 0"0055 
0"069 0"084 0"069 

for the three groups of carbon atoms and the well 
resolved hydrogen atoms. These are not, however, the 
only errors to be considered. There are systematic 
errors in the measurements and, although a refine- 
ment technique has been used which can eliminate 
finite-series errors, some errors remain owing to the 
use of an imperfect model of the structure. 

A contribution from absorption and reflexion-spot- 
shape errors is included in the estimation of a(F), 
since residuals between measurements from different 
crystals in different orientations were used. Since the 
crystals were small and regularly shaped, the remain- 

ing systematic errors due to these effects are likely to 
be fairly smooth functions of sin 0 and to be allowed 
for to some extent in Vhe apparent temperature factor. 
Their existence will not much affect the determination 
of atomic positions but it must limit detailed analysis 
of the atomic peak shapes. Similarly, the larger ex- 
tinction errors will affect seriously only the investiga- 
tion of fine detail in the electron distribution. 

The systematic features in the difference density 
that  indicate the positions of hydrogen atoms and show 
the nature of the molecular thermal motion also affect 
the atomic coordinates, which have been determined 
by reducing to zero the difference density gradient at 
each atomic position. Thus, for example, the hydrogen 
atom peaks overlap neighbouring carbon atom posi- 
tions so that  the difference gradient at these positions 
in fact should not be zero. The errors due to this cause 
are about 0.003 J~, given by the gradient in a hydrogen 
peak at the carbon atom position divided by the 
carbon-atom-peak curvature. Other features in the 
difference density introduce errors with this same 
order of magnitude but often, fortunately, in more or 
less opposed directions. In fact these various system- 
atic errors to some extent cancel one another. There 
is, therefore, some justification for the common prac- 
tice of treating them as additional random errors. The 
standard deviations in atomic coordinates may then 
be calculated from the residuals AF = Fo-Fc by the 
use of Cruickshank's (1949) formulae. This method 
has been adopted here. The differences between the 
observed and calculated structure factors from which 
the final difference synthesis was calculated were used 
in calculating the principal standard deviations in 
difference-density gradient, a(Ah)= 0"262, a(Ak)= 
0.287 and a(A3 = 0.264 e.A -4. Combined with the 
atomic peak curvatures in formulae quoted by Parry 
(1954), they give standard deviations in atomic co- 
ordinates shown in Table 7. Judged in comparison 
with those derived from the experimental errors alone, 
these values appear to include a rather small allowance 
for the additional errors which have been reviewed 
above. I t  is probable, however, that  they can be used 
safely, with proper significance criteria (Cruickshank 
& Robertson, 1953) in discussion of the structural 
details. 

A further systematic error remains to be considered. 
Cox, Cruickshank & Smith (1955) have shown that  
molecular librations can have a large effect on the 
apparent atomic positions. Atoms are observed dis. 
placed towards an axis of libration by distances which 
depend in a complicated way on their perpendicular 
distance from the axis and on the amplitude of the 
librations. If no particular axis of libration is favoured, 
the error in an atomic position is directed along the line 
joining the atom to the molecular centre. Further 
refinement of anthracene (Cruickshank, private com- 
munication) has shown that  the maximum error in dn 
atomic position there is 0.006 /k and that  librations 
about the length of the molecule predominate slightly. 
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A very similar result is to be expected here, since the 
thermal motion has been shown to be very much the 
same as that  in anthracene. I t  is probably close enough 
for the present purpose to suppose that  the atoms in 
groups A, B and C have been observed too near the 
molecular centre by 0.002, 0.004 and 0.006 A respec- 
tively. The bond angles are little affected, but the 
measured intramolecular bond lengths must be too 
short by amounts up to about 0.003 J~. Intermolecular 
distances may be in error by 0.012 X. 

These errors in atomic positions are restricted to the 
plane of the molecule and so may be ignored in dis- 
cussion of the smaU deviations from molecular pla- 
narity. They are also symmetrical in the molecule and 
do not affect the comparison of equivalent molecular 
parameters, i.e. those related by the apparent molec- 
ular symmetry. They do not affect comparisons of 
corresponding bond lengths in acridine and anthracene 
at this stage of refinement (Ahmed & Cruickshank, 
1952). But they do, of course, affect comparison of the 
results with those predicted by theory or obtained by 
any other method. Since accurate correction is not at 
the moment practicable, the likely errors due to this 
effect have been added to standard deviations derived 
from those in Table 7 to give the final estimations of 
accuracy in the structural parameters. 

Description of the structure 

Arrangement of the molecules 
The crystal structure is shown in Fig. 5 in a con- 

venient orientation for comparison with the structure 
of anthracene shown in Fig. 2 of Sinclair et al. (1950). 
The two structures are clearly related, but in acridine 
I I I  the non-centrosymmetrical molecules are arranged 
in antiparallel pairs about the centres of symmetry 
instead of being arranged individually at centres of 
symmetry as in anthracene. This pairing of the mole- 
cules is very similar to that  in pyrene (Robertson & 
White, 1947) and benzperylene (White, 1948) shown 
clearly by Wyckoff (1953, Figs. XIVA, 22b and 23b). 

The parallel molecules do not lie directly over each 
other but are staggered, as shown in Fig. 6(a), in a 
way similar to that  found in ovalene (Donaldson & 
Robertson, 1953) with no two atoms overlapping 

Fig. 5. Clinographic projection of the structure. 

exactly. Parallel molecules in pyrene and benz- 
perylene, and also in a-phenazine in which the 
molecular packing is of a different type (Herbstein & 
Schmidt, 1955), appear to be superimposed more 
nearly like adjacent layers in graphite. The inter- 
molecular spacing in acridine is 3-47 /~, rather larger 
than that  in ovalene (3.45 A), benzperylene (3-38 J~) 
or graphite (3-41 /~) but less than that  in pyrene 
(3.53 A). Corresponding interatomic distances are 
shown in Fig. 6. The shortest are N-C12 (3-484 J~), 
C1-C~'3 (3"476 /~) and Hz-C;3 (3-47 J~). 

The packing of these twofold molecular groups 
appears to depend principally on intermolecular con- 
tacts of the kind usually found between benzene rings: 
all the intermolecular C-C distances concerned are 
longer than 3.6/~. The separation of molecules related 
by the b-axis unit-cell translation, however, is rather 
less than that  in anthracene. The distance N-C~' is 

;. I ' 

'C:~ 3 "~'~" 'C'-' :. ~ , -3-55 
:H_-). . .-" '~ '- . .  "~'~.'<,~.. .~'~ 3.63~-"L.. ) 

",~"" "~C~ 3"664 ~;-~,,-~--'" "-. \ EH~" 

(a) 

128°6~L. 112° o 116° ~ 124° 
~,b~,,.~117.2 ~ 7  1 1 7 . 9 ° ~ 7 . - l o 8  ° ° , ' ~  

(b) 
Fig. 6. (a) Normal projection of two parallel molecules showing deviations from planarity (underlined) and interatomie 

distances (A). (b) Measured bond lengths (A) and angles. 
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3.65/~ while in anthracene the corresponding distance 
is 3.75 J~. 

Molecular dimensions 
Bond lengths and angles calculated from the f inal  

atomic coordinates in Tables 2 and  4 are shown in 
Fig. 6(b). The s tandard  deviat ion for random errors in 
C--C type  bond lengths varies between 0.006 /~ for 
bonds in the central  ring to 0.011 _~ for the C~-Ca, 
C7-C s bonds. S tandard  deviat ions in corresponding 
bond angles va ry  between 0.3 ° and 0.5 ° . Very lit t le 
significance can be a t tached to the observed values of 
bond lengths and angles which involve the positions 
of hydrogen atoms. Appropriate  s tandard  deviat ions 
are 0.10 A and 6 ° . 

The molecule is expected from its chemical properties 
to have an axis of symmet ry  passing through the 
atoms C5 and  N. There are, however, some quite large 
differences between chemical ly equivalent  molecular 
parameters.  The largest difference between equivalent  
bond lengths, 0.019 /~ between C4-C1~ and Cla-C6, is 
just  'possibly significant '  (Cruickshank & Robertson, 
1953) with A/~ = 1.96. The difference between the 
bond angles C4-C12-Cs and C5-C13-C e is 'h ighly  signifi- 
cant '  (A/a = 4.0), while tha t  between the related 
angles Cn-C19-C 5 and C14-Cla-C 5 is 's ignificant '  (A/0= 
3.0). Parameter -by-parameter  comparison of the two 
halves of the molecule suggests, therefore, tha t  the 
bond configurations at atoms C~ and Cla, the positions 
of which are involved in all the  significant differences 
noted above, m a y  not be the same. A more definite 
conclusion about  the molecular symmet ry  m a y  be 
reached, when ref inement  is completed and more 
reliable s tandard  deviations in atomic positions are 
available,  by  comparison of the  half  molecules in a 
mul t ivar ia te  significance test, s imilar  to tha t  described 
by  Cruickshank & Robertson (1953), which would take 
into account the correlation of errors between the 
different parameters.  

Al though the molecular a symmet ry  m a y  be real i t  
is useful to work out the average values of chemical ly 
equivalent  bond lengths for comparisor~ with those 
observed in anthracene and phenazine and those 
predicted by  theory. They are given in Table 8, 

Table 8. Average lengths of chemically equivalent bonds 
compared with those predicted by M.O. theory and those 

observed in anthracene and phenazine 

Values in/~ngstrSm units 

Aeri- Anthra- Phena- 
Bond dine a(l) M.O. cene fine 

Cn-C 1 1.431 0.008 1.400 1.424 1.408 
C1-C~ 1.372 0.009 1.380 1.371 1.375 
C~-C 3 1.417 0.010 1.400 1.408 1.412 
C3-C 4 1.370 0"009 1.375 1.371 1.375 
C4-C1~. 1-425 0"008 1.425 1.424 1.408 
C12-C 5 1"389 0"007 1.415 1.396 - -  
Cu-C19 1-432 0.007 1.435 1.436 1.433 

Cn-N 1-344 0.007 1.394 - -  1.345 

together with s tandard  deviat ions calculated on the  
assumpt ion tha t  the averaged bond lengths should in 
fact be equal  and augmented by  the l ikely values 
0"003 A) of systematic  errors due to the  molecular  
librations. 

Molecular planarity 
The molecule is not str ict ly planar.  The best plane 

through the heavier  atoms is given by  

0.765x' +O.415y+O.492z' = 1.736, (2) 

where x ' =  x+z  cos fl, z ' =  z sin fl are atomic coor- 
dinates measured in )~ngstrSm units  in the orthogonal 
coordinate system a, b, c*. This was the plane used 
in plot t ing the difference-synthesis section shown in 
Fig. 3. The perpendicular  distances of the atoms from 
this plane (2) are given in Table 9, where posit ive 

Table 9. Perpendicular distances of atoms from possible 
molecular planes 

Values in Angstrsm ,mits 

Atom Plane (2) Plane (3) Plane (4) Plane (5) 

C t --0.021 --0-020 - -  --0-012 
C 2 +0-013 --0"009 - -  +0"026 
C a +0-051 +0-022 - -  +0-073 
C 4 +0.019 +0"006 - -  +0-047 
C 5 --0"038 --0"010 +0.006 --0-006 
C 6 - -  0 . 0 0 9  - -  - -  0 - 0 0 7  + 0-025 
C 7 + 0.030 - -  + 0.008 + 0"060 
C s +0.038 - -  +0.008 +0.059 
C 9 +0.005 - -  --0.010 +0"020 
N0o ) --0.018 +0.021 +0.007 --0"006 
Cll --0.013 +0.005 - -  +0"003 
Cl~ --0.023 --0.013 - -  +0.002 
C~s -- 0.025 - -  - 0.006 + 0.003 
C~4 -- 0.015 - -  -- 0.005 + 0.003 

deviations indicate increased distance from the  origin. 
Applicat ion of the Z 2 test (e.g. Weatherburn ,  1949), 
with s tandard  deviations in atomic positions per- 
pendicular  to the plane given by  (~ = 12a~(x)+mea~.(y) 
+n~a2(z), shows tha t  the deviat ions from p lanar i ty  
are 'h ighly significant '  (Z2=418.3; v = l l ;  P < 0.001). 

A l ikely form of molecular distortion is by  bending 
across the line joining atoms C 5 and N. The best planes 
through the half-molecules having these atoms in 
common are 

0-755x' + 0.4167/+ 0.506z' = 1-713 (3) 

through ~tom~ 10, 11, 1, 2, 3, 9, 12 and 5 ~nd 

0.776x' + 0.412y + 0.478z' = 1.691 (4) 

through atoms 5, 13, 6, 7, 8, 9, 14 and 10. The devia- 
tions of the atoms from these planes also are shown 
in Table 9. X ~ tests show tha t  they  are signif icant  since 
for plane (3) 2 2 = 9 2 . 7 ,  v = 5 ,  P < 0 . 0 0 1  and  for 
plane (4) ~ = 20-8, v = 5, P ~  0.001. Even  when un- 
certainties in the est imations of %, by  as much  as a 
factor of 2, are taken into account i t  seems certain 
tha t  the molecule is not str ict ly p lanar  and  t ha t  the  
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distortion involves more than just a bending across 
the Cs-N line. The deviations of the atoms from plane 
(4) are not so certainly significant. 

I t  is perhaps most illuminating to consider the 
deviations of atoms from the best plane through the 
central pyridine ring alone, given by 

0.767x' ÷ 0.409y + 0.494z' = 1.719. (5) 

These deviations are listed in Table 9 and underlined in 
Fig. 6(a). I t  is apparent  tha t  the more nearly planar 
half of the molecule (4) is the less involved in bonding 
between the two molecules. The deviations from pla- 
nar i ty  suggest tha t  the irregularities in molecular 
shape can be described as the result of two distortions. 
The molecule appears to be bent across the line Cs-N 
through about 2 ° (calculated from planes (3) and (4)) 
so tha t  the atoms C 5 and N approach the neighbouring 
molecule more closely. The deviation of H 5 from the 
best plane, which is par t ly  responsible for the small 
peak height in Fig. 3. although too small itself to be 
significant, is consistent with this description. The less 
planar half of the molecule then seems to have been 
twisted in order to reduce the separation between C1 
and the neighbouring molecule. 

D i s c u s s i o n  

The differences between chemically equivalent molec- 
ular parameters are probably real and due to pertur- 
bation of the molecular state by molecular inter- 
actions. The striking difference in fluorescence proper- 
ties between anthracene and acridine (Sangster, 1952) 
may be due to the same cause. The peculiarities in 
molecular shape certainly appear to be closely con- 
nected with the arrangement of molecules in anti- 
parallel pairs, since similarly constituted molecules 
(anthracene and phenazine) in more symmetrical en: 
vironments have been found to be planar. Detailed 
comparison of this structure with those of anthracene 
and the other polymorphic forms of acridine may lead 
to a better understanding of the intermolecular forces 
involved and may show also to what extent they in- 
fluence the molecular dimensions. 

The irregularities in molecular shape complicate 
further the theoretical calculation of bond lengths. 
The lack of planar symmetry  to some extent invalidates 
clear-cut division of valence electrons into those of a- 
or of ~-character. I t  indicates also tha t  the state of 
hybridization of some atoms, particularly C5 and N, 
is not of the ideal trigonal (sp ~) type. This result is not 
surprising since the ready formation of addition com- 
pounds by reactions at these atoms (e.g. Albert, 1951) 
has shown tha t  their state of hybridization can be 
changed fairly easily. The angle Cll-N-C14 (117.2°), 
which is in agreement with corresponding angles in 
phenazine (116.6 ° mean), is significantly less than 120 °, 
though not by as much as the C-N-C angles in s-tria- 
zinc (Wheatley, 1955), which are only 113.2 °. I t  is 
probable, however, tha t  these effects involve only 

small changes in the bond lengths (e.g. Coulson et al., 
1951). 

Mobile bond orders and g-electron densities in 
acridine were calculated by Longuet-Higgins & Coulson 
(1947). They used Coulomb integrals a+2f l  for nitro- 
gen, ~÷¼fl for carbon directly bonded to nitrogen, 
and ~ for all other carbon atoms, where c~ is the 
Coulomb integral for a carbon atom in benzene and 
fl is the resonance integral for a C-C bond in benzene. 
Bond-lengths for the C-C bonds, derived from these 
bond orders by use of the bond-order/length curve 
quoted by Coulson et al. (1951), are given in Table 8. 
The C-N bond length was derived by use of the much 
less well established bond-order/length relationship 
proposed by Cox & Jeffrey (1951). There is fairly good 
general agreement between the observed and predicted 
bond lengths (maximum deviation 0.031 •, r.m.s. 
deviation 0.017 /~). I t  is much less striking, however, 
than tha t  obtained between the observed lengths of 
corresponding bonds in anthracene, acridine and 
phenazine, also shown in Table 8. The largest devia- 
tion between corresponding C--C bonds in acridine and 
anthracene is 0.009 A, with r.m.s, deviation 0.005 J~. 
The-agreement between C-C bond lengths in acridine 
and phenazine is less good (maximum deviation 0.023 
/~, r.m.s, deviation 0.012 /~) but  the agreement be- 
tween C-N bond lengths in the two molecules is 
almost exact. 

I t  has been recognized for some time (Coulson, 1952) 
tha t  in the molecular orbital calculations quoted above 
too great an allowance was made for the difference in 
electronegativity between carbon and nitrogen. A 
better value for the Coulomb integral of nitrogen in 
this type of molecule is now known to be a+0.6fl  
(e.g. LSwdin, 1951). This conclusion is supported by 
the present result, which suggests tha t  in the mole- 
cules considered carbon and nitrogen are very nearly 
equivalent. I t  is interesting to notice further tha t  if 
the C-N bond is assigned the same order (1.606) as the 
corresponding C-C bond in anthracene the length 
predicted from the Cox-Jeffrey curve agrees very 
closely with tha t  observed. This result must be inter- 
preted with caution since the bond-order/length curve 
is not well established. The 'double-bond' length is 
uncertain and the intermediate points for pyridine, 
melanine and pyrrole are based on poor estimations of 
relative electronegativity in carbon and nitrogen. 
Revision of the curve in the light of recent measure- 
ments seems to depend on the development and ex- 
tension of bond-order calculations. The present in- 
dications are tha t  it is not much in error for bond- 
orders near 0-6. 

The standard deviation in electron density cal- 
culated by Cruiekshank's formula is only A@ = 0.10 
e./~ -a but  the presence in the final difference synthesis 
of features due to systematic errors in the in tens i ty  
estimations and the incomplete refinement of the 
thermal-motion parameters reduces the significance 
which can be attached to detail in the apparent dec- 
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t ron-densi ty  distribution. I t  is interest ing to notice 
tha t  there is not  even an  indicat ion of the accumulat ion 
of electrons at  the ni trogen atom predicted by  theory  
(Longuet-Higgins & Coulson, 1947): in fact  the nitro- 
gen atom is associated with a hole in the difference 
density. But  this  effect appears also in anthracene at 
this  stage of ref inement  (Cruickshank, pr ivate  com- 
municat ion)  where i t  has now been shown to be due 
entirely to the predominance of molecular l ibrat ions 
about  the length of the molecule, the axis of lowest 
moment .  Almost  certainly it  originates here in the 
same way. 

My thanks  are due to Dr W. H. Barnes for his 
unfai l ing support  and encouragement  and to Mrs M. E. 
Pippy,  Mr C. N. Hellyer,  Dr J .  Kates  and Dr J . F .  
Har t  for their  invaluable  assistance with the calcula- 
tions. I am indebted also to Dr D. W. J .  Cruickshank 
for discussion of the latest  ref inement  of anthracene 
before publication.  
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