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On the Refinement of the Crystal Structures of Phenoquinone and Monoelinie Quinhydrone 
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The crystal structures of monoclinic quinhydrone C6H402. C6H4(OH)2 (space group is P21/c with 
a=7.647, b=6.001, c=11.590A and fl=109°58 ') and phenoquinone C6H402.2(C6HsOH) (space 
group is P21/c with a= 11.152, b= 5.970, c= 11-499 ~ and fl= 100°0 ') were refined from three-dimensio- 
nal X-ray diffraction data. Different molecules in each complex are connected by hydrogen bonds be- 
tween the hydroxyl and the carbonyl group. In quinhydrone, an infinite molecular chain is formed by 
the hydrogen bonds, while in phenoquinone one quinone molecule is placed between two phenol mol- 
ecules to form a short complex chain. In spite of this difference between the complex chains, no essential 
difference was observed between the complexes as regards the short interatomic distances. A significant 
difference of the C-C-OH bond angles between hydrogen side and the non-hydrogen side was observed. 

Introduction 

A systematic investigation of the crystal structure of 
the molecular complexes between p-benzoquinone and 
hydroxybenzene is going on in the author's laboratory, 
with special reference to the nature of the charge trans- 
fer interaction in these crystals. The structure of tri- 
clinic quinhydrone (hereafter called the fl form) has 
already been reported (Sakurai, 1965), and that of the 
complex between resorcinol and quinone has also been 
determined (Ito, Minobe & Sakurai, 1966). 

Among these complexes, the structure of pheno- 
quinone C6H402.2(C6HsOH) was studied by Harding 
& Wallwork (1953), and the monoclinic modification 
of quinhydrone (hereafter called the a form) was 
studied by Matsuda, Osaki & Nitta (1958). Since 
these two studies were mainly based on two-dimensio- 
nal data, the structure is reinvestigated by the use of 
full three-dimensional diffraction data. 

Crystal data 

The crystallographic data for ~-quinhydrone given by 
Matsuda et. al are 

a=7.647,  b=6.001,  c= 11.590 
fl= 109°58 ', V=499.9 A~ 3 
Space group P21/c, Z=2.  

The cell dimensions of phenoquinone were redeter- 
mined by a Weissenberg camera with a specially de- 
signed Straumanis type casette. These are 

a = 11.152 + 0.004, b = 5.970 + 0.004, 
c = 11.499 + 0.009 A. 
fl= 100.0 + Y, V= 754.0 + 0.8 ~3 
Space group P21/c, Z=2. 

Experimental 

Single crystals of quinhydrone, elongated along the a 
axis were obtained from an acetone solution of equal 

mol ratios of hydroquinone and p-benzoquinone. The 
zero to 6th layers around the a axis and zero to 5th 
layers around the b axis were recorded on multiple 
film Weissenberg photographs with Cu K0~ radiation. 

Single crystals of phenoquinone were obtained from 
a mixture of acetone solutions of 1:2 mol ratio of 
p-benzoquinone and phenol. The zero to 5th layers 
around the b axis and the zero to 7th layers around 
the [011] axis were recorded. 

The densities of the diffracted spots were measured 
by a Narumi Co. Ltd microphotometer. The observed 
intensities were corrected for ordinary Lorentz and 
polarization factors, and reduced to the approximate 
absolute scale structure amplitudes with the data re- 
duction program RDTR-3 on the HITAC 5020 com- 
puter. 

The refinement of the structure 

Refinements were started from parameters given by pre- 
vious authors. The initial R indices were 20-4% for 
quinhydrone and 34.8% for phenoquinone. These 
parameters were refined in a straightforward way by 
use of the full-matrix least squares including hydrogen 
coordinates. Final R values for observed reflections 
are 9.4% for quinhydrone and 10.5% for phenoqui- 
none. Structure factors are shown in Tables 1 and 2, 
and atomic parameters in Tables 3 and 4. 

Discussion of the structure 

General description of the crystal structure 
Molecular arrangements in the crystals are shown in 

Fig. 1. 
The general structural principle in these compounds 

is the same as that found in other complexes. Mole- 
cules are packed by three kinds of forces in different 
directions, namely, the hydrogen bond, the charge 
transfer force and the van der Waals force. 

Different molecules in a complex are connected by 
hydrogen bonds between the hydroxyl group and car- 
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7 - 2 . 1  "2, ,5 

6 3 1. 

-11 - 1 2 , 2  - 1 2 , 7  
-9  - 6 . 1  - 6 . 0  
-8  4 . 6  4.% 
- ?  2 2 . 0  2,5.`5 

3 2 , 5  3 5 . 6  
-~ , 2  0.4 

- 4 . 2  - 4 , 7  
.'01 " 1 7 , 5  ° ~ . 7 , 9  

- 4 , 8  - 4 , 2  
- 1 8 . 2  - 1 4 , ~  

" 2 . 4  " 2 , 2  
3 -%,7 -%,5 

- 1 . 1  - 1 , 1  
5 0 1 , 4  -%.5 

6 4 I. 

-11  =,.3 8 , 1  
-10" - 4 . 5  - 4 , 5  

-9  `*,7 4 , 6  
-0  - 1 , 0  - -0 ,0  

-8  -14  6 -15  6 
-7  - l O . 1  • - o , 1  
: , 6 , 6 . 2  . , . 7  

1 1 2 , 0  1 0 , 8  
-~ -9.2 , . ,  

1 ~ . 2  '11 .8  
:~ - 7 . ,  . . . .  

- 2 8 , 1  - 2 1 , 8  
-%,4 " 1 , 0  

- 2 6 . 7  - 2 4 . 0  
2 b.O 4 . 8  

- 1 . 2  - 0 . 7  
4 8 .0  8 . 7  

9 , 6  9 , 3  
7 , 3  7 , 9  

? ' ; 2 ,2  ° 2 , 9  
,, 4 . ,  5 .  : I - 2 , % - 2 . ` *  

- ,5 .2 - 3 . 6  - 1 , 6  - 1 , o  
l o  1 . u  2.`5 - 5  2 , 9  2 . 2  

- 4  - Z , 6  - 2 . 4  
4 2 L -3  9 , 1  8 , 1  

-1  6 , 4  6 , 0  

-8  2 . 2  2 . 1  
-?  - 1 , 9  - 1 , 6  

04 .7  - 3 . ~  
-2  ° 7 , 7  07 ,4  
-1  2 , 4  2,% 

- 0 . 6  - 4 . 7  
1 6 , 0  5 . ?  

4 . 6  `5,4 
~4 4 , 4  4 . 4  

7 . 8  7,8"  
,5,7 4 , 2  

- Z . 7  -,5,1 
9 - 2 , 8  - ,5,3 

2 1. 

-14 - 0 , 6  " 6 , 2  
-14  - ~ . 6  - 6 , 0  
-12  - 3 . 9  -4 ,Q 
-11 2 . 0  1 . 8  
-10 - 0 . 2  -8 .% 

-9  1 4 , 4  1 2 , 6  
?, -9.7 -9.`* 

8 . 4  8 , 6  
-~ 1o.2 9 . ,  

- 2 2 , 0  - $ 8 . 8  
:,~ ,52.2 30.7 

- 4 ~ , 2  -44.,5 
-2  6 . 0  ~ . 1  
-02 - 3 0 . 7  - 2 7 . 6  

- 2 1 . 5  - 2 0 , 8  
1 1 . 6  1 1 . 9  
- 4 , 0  - 4 , 7  

3 2 7 . 8  41 ,2  
; 4 ] .9 ,2  ;~O,? 

8 1 8 , 9  2 0 . 2  
7~ 11 ,5  2 1 , 9  

1 , 5  1 .8  

o 4 , 0  2 . 2  
- 2 , 5  - 2 , 7  
-7 ,~ ,  " 7 , Z  

4 - 4 , 7  - 2 , 8  
6 -3 , '2  - `* ,0  

- 2 , 1  - 2 , 6  
7. 2 , 2  2 , 6  

5 ,3 1. 

% ,  1 2  . . . .  
- 1 ; 1  - 1 , 1  

-7  4 , 2  2 . 8  
:~ . . . . .  2 o  

5 . 2  5,% 
-4  - 1 . 0  - 1 , 4  
-,5 4 . 8  " 3 , 3  
- ~  - 4 . 1  - 3 . 4  

- 9 , 0  - 8 , 8  
3 - 6 , 3  - 6 . 0  
7 2 , 0  2 . 2  

b , 6  ~ , 4  

;7  4 ,0  2 , 4  
0 , 9  8 , 0  

-b  -`5,6 "`5,~ 
-4  2 , 5  2 , 1  
-3  - 7 , 9  " 7 , 2  
-2  - 8 . 8  - 8 . 4  
- t  " 6 , 7  " 6 , 4  

- 3 . 6  -4,~.  
- 4 , 0  - 4 , 7  

2 7 , 3  6 , 6  
- 5 , ?  - ~ . 6 .  

4 2 , 0  4 , 0  
8 - 5 , 1  - 4 , 7  

6 5 k 

- 9  - 9 , 6 .  -~,.a 
-~ - 9 o  . . . .  

- 7 , 7  0 7 , 5  
.~ . . . .  - 4 . ,  

- 4 . 4  - 4 . 1  
-4  4 , 0  3 . 3  
-3  - 5 , 7  - ~ . ~  

• -1  -%.6  - 1 . ~  
o 1 , 1  %,2 
1 7 ,0  6 . 2  

- 8 . 1  " 8 . 2  
6 . 1  6~3 

-4  - 4 . 0  - 3 . 4  
-2  - 7 . 3  - 7 . 9  

7 0 1. 

"1~ %,5 %,`5 
- - ,5,8 -`5.7 
-4  - 4 . 8  - 5 . 4  

0 . 2  6 , 4  
0 .0  0 . 2  

4 ,5.0 2 . 9  
6 - 4 . 2  - 4 . ~  

7 1 1. 

2 . 0  2 ,0  
?, 2.7 2.7 

8 . 2  4 . 4  
-2  ~ . o  ~ .o  
-1  - 1 . 7  - 2 , ~  

o - 1 . 2  " 0 , 7  
1 - 1 . 7  - 2 . 6  
2 - 6 . 1  - 6 , 1  

- 8 , 4  - 5 , 1  
5 2 . 1  2 , 5  

7 2 ,J. 

-7  2 . 9  4 , 0  
-3  - 2 . 0  - 3 , 2  
-1  - 4 . 1  - 5 , 7  

5 4 , 1  4 . 5  

7 8 1. 

- 7  01.,& " 1 , 8  
- 5  - 4 . 4  " 4 , 1  
-4  1 , o  1 , 9  
- 3  "%12 . . '%L~-  
- ;~ ' "  2 . 6  2 . 4  
- ~  4 . 9  3, '>  

o 2 , 5  1 , 7 .  
1 4 . 1  4 . 0  

7 4 I. 

-8 .8  , . 6  , . , . 5  .`*.1 ~ - , . 5  -o .9  
z , l  0 .0  ~ . . ;5 .3  - 8 , 4  5 4 / 

" 5  "3`*,.0 " 2 9 , 7  3 2 L 10 - 6 , 9  " 7 ,  ~' 

; 9  - 1 , 1  -1o5 
%,4 2 , 1  

2 . 5  2 . 5  
-~ 2 . . . . .  

- :  3 , ' 0 " - - -2 ,  9"  
-~  4 . 0  ,5.8 

- 6 . 3  o ,5 .1  
21 0 ,8  1 , 1  

. - 4 , 3  - 4 , 4  
..3 . .'~1., 4 02 ,0  

7 5 J. 

-7  8 ,9"  1 .o  
-4  - 6 . 4  - ,5.6 
-2  * - 4 . 0  ° 4 , 4  
-1  - i . 4  -1"o7 

o - o . 7  • -?. ,a 

o o 1. 

-6  - 9 . 4  "8. ,5 
-4  - 1 3 , 0  - 1 2 , 7  
-2  0 . 4  4 , 4  

2 4 . 6  2,5.6 
2 .  18 .8  1 6 . 9  

8 1 4. 

-1"1 - 6 . 7  - 7 , 7  
- lO  `5.4 0 . 8  

-8  7 .4  7 . 2  
-7  . 6 . 3  5 . 7  
:~ 7.0 7.~ 

-%,2 " 1 , 9  
-4  6 , 6  8 , 9  
:~ . 4 o  . . . .  

2 . 6  2 , 4  
-% 6 . 2  8 . 8  

21 " 1 1 , 2  ~.0 .8  
- 1 , 7  - 2 , 1  

B 2 1. 

-9  14 ,4  1 2 , 8  
: ;  . . . .  1o,2 

1 6 . 3  1.4,6 
:~ 10.7 8.7 

5 , 0  4 , 9  
-4  08 ,4  04 ,7  
• 3 - 7 . 1  - b , 3  
-• . . . . . . . .  2 

- 6 , 4  - 6 , 0  
- ,5 ,6 03 ,4  
o2 ,8  - 3 , 0  

8 3 I. 

: ,  , . ,  4.9 
7 , 0  7 , 5  

-6  - J , 3  0 3 , 1  
-5  - 4 , 3  - 2 , 4  
-4  - 4 , 1  04 ,2  
: 3  - 1 0 , 9  " 9 , 9  
- 1  - 0 , 9  " 5 , 8  

0 1 , 4  %,6 
~. - 1 . o  ° 2 , 0  

8 4 t. 

-7 - 8 . ,  -1~.o 
: ,  ~.8 , .2  

- 4 , 2  - 4 , 7  
:~ 4.2 `*.1 

- 2 , 9  - 2 , 8  
" L .  4.`* 4 , 1  

• 9 O I. 

-: 1 . ,  1.? 
4 . 4  3 , 8  

-q  Z . 6 '  2 , 6  
- :  - 2 . 1  - 1 , 9  

" Z . 4  " 4 , 7  

9 1 I.. 

- 6  2 . 0  2 , 1  
1 , 5  2 , 4  

9 ~ L 

6 6 I. -5  2o,I ;Do1 



T O S I O  S A K U R A I  4 0 5  

I1 0 L 

2 ?6 .3  26 ,5  
4 - 6 . 4  - 5 . ?  
6 - 3 8 . 1  - 3 6 . 5  
R 8 .8  8 .?  

12 - 1 3 . 3  - 1 4 . 9  

1 ~ L 

-14 3. 4 . 0  
- 1 0  3 6 . 6 . 4  

- 6  6 , 3  4 . 7  
-4 - 8 , 0  -6.;: '  
-? 95 ,7  104 .9  

t~ 31 ,3  28 .7  
2 - 1 8 . 0  - 1 7 . 5  
4 - 5 6 . 4  - 6 1 , 7  
6 - 7 . 8  - 6 . 9  

10 - 1 2 . 8  - 1 5 . 6  
17 - 6 . 6  - 7 . 0  

? 0 L 

-10 - 3 . 2  - 5 . 6  
-8 5 ,4  4 .2  
-6  - 1 9 . 3  - 1 8 . 3  
-4 - 5 6 . ~  - 6 0 . 4  

? 12.  ; ? . 4  
4 - ? 4 . 4  " 2 6 . 5  
8 - 3 , 4  -~ . 9  

10 -~,.4 - 8 . 3  

3 Q L 

-12 - 1 1 . 1  - 1 1 , 4  
- - 7 , 3  - 7 . 2  
-6 - 6 0 . 8  - 5 1 . ?  
- 4  - 1 7 . 1  - 1 6 . 7  

58 .3  84 .8  
-18.6 - 2 0 , ~  

4 6.2 =,;.8 
6 4 ,3  2 .7  

4 0 L 

-8 - 7 . 1  - 6 . 0  
-6  - 1 0 . 0  - 1 0 , 0  
-4  13.1  11.0  
-2  ?0 ,2  22 ,6  

2 .0  3 .1  
2 7 ,5  7 .3  
6 12 ,5  12 .9  

10 8 .9  8.':; 

5 0 L 

-6  10 .7  9 .2  
- 4  5,9  6 .9  
-? 18 .5  18 .3  
0 - 4 . 0  - 2 . 6  

- 6 . 9  - 6 . 9  
12 .1  13.1 

6 4 , 2  0 ,8  
8 14,5  14 ,8  

6 0 L 

-12 - 2 . 3  - 2 , 0  
-6 16 .5  •16.2 
- 4  14,8  14 ,5  
-2 - 9 . 1  - 7 . 9  

0 - ? 5 , 3  - 2 3 . 2  
6 " 3 . 1  - 4 . 1  
8 - 6 , 8  - 8 . 2  

0 L 

-8 15 ,8  17 ,9  
-2 - 3 7 . 5  - 4 3 . 7  

- 1 6 . 7  - 1 5 , 8  
- 1 9 . 0  - 1 9 . 6  

g - 5 , 2  - 5 . 9  
.1 16 .7  20 .7  

8 0 L 

"- -8 -S18- - ~ . 3  
-~  7 4  8 ,  

- 1 2 . 0  - 1 1 . 0  
- ;  - 6 . 4  - 7 , 5  

- 1 0 . 3  - IO .O  
4 4 , ~  - 4 . 4  
8 ?0. 24 ,6  

10 4 .6  6 . 0  

9 0 L 

-12 - 7 . 5  - 8 . 4  
-10 - ~ . 1  - 6 . 2 " "  

-8 6 .0  6 .8  
-6 ?6 .2  28 .7  
-4 6 .5  6 .~  
-2  - 2 . 4  - 2 . A  

? 8 .7  9.1 
8 3.1  2.9 

Ir i  0 L 

-8 ?4 .6  29.3 
- 6  8.1  8 .8  

3 .8  f . ~  
- 1 4 , 0  - 1 6 . 4  

Table  2 .  Structure factors for phenoquinone 

8 2 ,5  0 . ' ~ "  

11 0 L 

- t 0  4 .1  4 .3  
-4 - 1 0 . 1  -10 ,1  
-2  - 3 . 9  - 2 , 7  

2 - 6 . 7  - 7 . 4  
4 - 3 . 1  - 4 . 9  

.12 0 L 

-6 7.1 7 .2  
o 2 .8  1 .~ 

1~ 0 L 

-8 7 .7  8 .7  
-2 - 2 . 6  - 2 . 3  

0 - 2 . 3  - 1 . 1  

. (1 1 L 

1 38 .1  37 .2  
2 16 .5  13 .3  
3 3 .7  2.2 
4 - 1 1 . 7  -10 ,1  
5 - 1 8 . 5  - 1 6 . 7  

• 6 - 3 0 . 8  ' 2 8 . ? "  
7 - 1 3 . 4  - 1 1 . 5  
8 - 4 . 9  - 4 . 6  
9 - 3 . 5  - 3 . 9  

12 - 4 . 0  - 4 . 3  
13 - 1 . 9  - 1 . 9  
14 - 2 , 8  - 3 . 4  " 

1 1 L 

-13 - 2 . 0  - 1 , 3  
-10 - 5 . 1  - 5 . 2  

-9 - 6 . 2  " "-6.5 " 
-7 - 1 2 , 7  - 1 0 . 7  
-6 2 .6  2 .9  
-5 14 .0  1 2 . ,  
- 4  - 1 9 . 9  - 1 8 . 0  
-3 -21 • 5 - 1 9 , 6  
-? - ? 4 . 0  - 2 1 . 4  " 
-1 36 .4  36 .0  

0 - 8 . 0  - 7 , 4  
I - 3 3 . 8  - 3 4 . 5  
? - 1 1 , 8  - 1 0 , 4  
3 10 ,0  9 .2  

• 4 - ~ ? . 3  ~ ; ~ . I  "" 
5 - 1 3 . 9  - 1 2 . a  
6 - 1 7 . 0  - 1 7 . 0  
9 6 .3  5 ,4  

10 - 6 . 5  - 6 . 7  
13 2 .9  3 .0  

? 1 L 

-12 - 3 , 3  - 4 . 1  
-11 - 7 , 7  - 9 . 0  
-10 - 9 . 3  - 1 1 , 1  

-7 " 5 .9  5 . 2 "  " 
-4 - 3 3 . 8  - 3 4 . 6  
-3 - 1 8 , 2  - 1 4 . 8  
-?  - ? 3 . 6  -20 ,R  
-1 - ? 7 . 3  - 2 9 . ~  

0 5 .2  3 .1  
1 55 .6  65 ,4  " 
2 55.7  60 .3  
3 1 6 . 6  16 .2  
4 - 1 1 , 3  - 9 . 4  
5 11,4 10 .9  
6 4 .3  2 ,7  
7 - 5 . 2  - 2 . 4  . . . .  
R - 1 2 , 9  -11 .7  
9 6 .6  6 .0  

1 0  4.4  4 .3  
13 - 5 , 0  - 4 . 6  

3 1 L 

-11 - 5 . 6  - 6 . 5  
-7 10 .4  1~..1 
-6 - 2 8 , 7  - 2 2 , 4  
-5 - 7 , 5  - 6 . 1  
-4 - 1 3 . 6  - 1 1 . 5  
-3  6 .1  5 ,0  
-2  15 .4  12 ,9  
-1 26.1  26 .4  

0 79 .5  116 .0  
1 52 ,0  58 ,2  

3 1 3 , 9  12.9  
4 4 ,0  2 ,2  
5 - 7 1 . 6  - 2 0 , 7  
6 - 1 4 , 4  " 1 3 , 0  
7 - 7 . 5  - 6 . 1  
8 ?.2  7 ,5  
9 -4 *0  - 4 . 1  

12 - 3 . 1  -4.¢5 
13 - 6 . 8  - 6 . 9  

4 1 L 

-14 4 ,7  4 .3  
;10  2 .5  3 .7  

-9  8 . 6  8 ,1  
-8 - 1 2 , 3  - 1 0 . 8  
-7  8 .0  8 .9  
-6  2 .1  1 .1  
-5 9 .7  8 ,0  

The three columns give I, sFo, F'o. 

-3 - 3 2 , 8  - 3 5 . 5  : I n  1 L 
"2 54"53 59"9 i 
-1 12, 12.7  -9 5 .7  5 ,2  

0 74 .2  24.1 -7 7 .3  6 .6  
1 - 8 , 2  - 5 , 9  -3 - 7 , 5  - 6 , 0  
? - 3 . 7  - 2 . 3  -2  - 1 2 . 0  - 1 0 . 0  
3 - 1 6 . 6  -16 .1  -I - 6 , 8  - 4 . 8  
S - 7 4 . 2  " 2 4 . 0  0 - 4 , 0  - 3 , 5  
7 - 6 . 6  - 7 , 1  3 - 3 . 0  - 3 . 1  
g 11 .4  11 .9  4 - 4 . 1  - 4 . 7  

10 - 1 6 . 5  -17 .5  5 "2 .2  " 2 , 5  
12 - ? . 9  -3.5 6 - 4 , 0  -4.0 

I 7 - 3 . 2  -1  .? 
'~ 1 L J 8 - 2 , 1  - 2 , 1 ,  

| 
-11 - 6 , 2  - 7 , 0  [ 11 1 L 
-10 - 5 . 7  - 6 . 1  ] 

-9 3 ,6  3 .3  [ -11 - 2 . 2  - 2 . 9  
-8 6 .0  4 .9  J -7 - 3 . 5  - 3 . 7  
-6 - 1 0 . 3  - q . 7  | -5 2 .9  3 .4  
-5 - 1 9 , 8  - 1 7 , 9  J -2 - 3 , 3  - 2 , 4  
- 4  - 9 . 8  - 7 . 0  [ 0 - 3 . 4  - 1 . 2  

• - 3  - t 0 . 1  - 3 1 . 3  J ? - 8 . 4  - 8 . 4  
-2 6 .0  4.R | 5 3 .7  4 .2  
-1 - 1 0 . 4  - 8 . 8  | 

N - 6 . 8  - 4 . 3  J 17 1 L 
1 19.3  15 .7  J 
? ? 1 . 1  19 .6  L -9 - 3 . 2  - 3 . 7  
3 - 1 4 . 0  " 1 2 . 6  / -7 1.6.6 " l 6 .9  
4 - 1 1 . 1  - 1 1 . 3  | -6 10 .9  1 0 . 9  
7 9 .3  9 .2  l -5 4 .9  4 .5  
8 - 2 0 . 0  - 2 1 , 3  / -3 4 .3  4 ,5  
9 13 .3  13 .8  J 0 - 1 0 . 5  - 1 0 . 1  

! 0 -6.0 -6.5 [ 1 2.7. ~_.6 
| 2 2.0  2,6 

6 1 L J 3 2 ,3  2 ,4  
/ 5 - 3 . 1  - 3 . 8  

-13 - 6 . 1  - 6 . 3  I 
-11 - 5 . 8  - 6 . 9  I 13 1 L 

-8 - 9 . 1  - 8 . 6  | 
" 7  1 2 . 9  1 3 . & . . . . .  J ; 8 8 .  5 Z 0 ; 0 " 

-6 - 3 2 . 7  - 3 2 . 3  l -7 5 .2  5 .7  
-5 - 1 3 . 1  - 1 1 . 9  I -6 2 .1  2 .~  
- 4  - l . 1 . 7  - 1 1 . 1  J - 5  3.1  3 .4  
-3 5 .0  3 .0  | -2 - 5 , 7  - 5 . 5  
-1 7 .6  5 .8  J -1" - 2 . 9  -3 .1  

0 23 .7  21 .2  [ 1 - 3 . 6  - 3 1 6  " 
1 18 .4  16 ,5  | 
? - 1 2 . 2  - 1 2 . 4  [ I.4 1 L 
3 7.5  6 .8  1 

- 7 . ?  - 6 . 3  | -4 1 .7  1 .8  
6 - 4 . 7  - 4 , 8  J -3  - 4 . 4  - 4 . 5  
7 3.0.1 30~6 .... ] -1 - 3 . 1  - ; ' 3 . 4  

! 
7 1 L | 0 2 L 

i 
-13 - 3 . 4  - 3 . 8  j -2  - 1 1 , 9  - t 0 . 1  

-9 13 .6  14 .6  ] 1 - 1 3 . 5  - 1 0 . 0  
. . . . .  : ~ - - 2 ~ D r  ~ 3 ; ~  ] 2 - 1 [ . 2 - 1 o ; 1  ...... 

-7 11.5 11.3  J 3 - 9 . 9  - 6 . 6  
-6 - 9 . 8  - 9 . 3  | 4 - 3 . 6  - 2 . 7  
- 4  4 ,5  3 ,3  J 5 1 8 . 0  1 5 . ~  
-3 - 1 5 . 1  - 1 2 , 2  ~ 6 9 .0  6 .4  
-2 71 .7  ~8.9  J 7 11.~  9 .9  
-1 8 .7  8 .0  [ . . . .  9 " ~.-3 "4 ; F - - -  

1 5 ,0  4 .3  J 12 - 7 , 2  - 5 . 4  
2 2 .3  1 .4  | 13 4 ;1  3 .6  
3 - 1 2 . 1  - 1 1 . ~  | 
4 12,7  12 ,2  [ "I 2 L 
5 - 6 . 9  - 6 . 6  
6 4,7  . . . .  g .7  . . . .  | ;.13 - 4 , 7  - 3 , 4  ..... 

[ - 1 2  - 2 . 6  - 2 . 1  
13 1 L J -11 2 .3  1 .6  

[ -9 -5.3 - 4 . 5  
o 3 .3  2 ,9  | -8  ~'7,0 24.1  

] -7 - 6 . 2  - 4 . 1  
7 z L . . . . . . . .  J -- ; - 6  ; i . ~ - : I . T - -  

] - 5  5 ,1  2 , 5  
9 8 .8  9 .7  / - 4  - 3 . 3  - 2 . 7  

l -3  43 .4  40 .0  
8 1 L | -2  - 4 6 , 5  ' , 4 3 , ? "  " 

l "1 32 .5  29 .2  

-9 8 .2  8 . 5  l 1 - 1 4 . 9  - 1 2 . 3  
-8 -3.:1 - 2 . 2  i 3 ?6 .7  22.2 
-6 2.9 1.7  | 4 - ? 3 . 7  - 1 9 . 6  
-4 13 .9  11 .8  l 5 15.5  14:1 
-3 - 9 . 2  - 6 . 6  / 7 13 .6  11.8  

-1 5 .6  3 .9  l 9 - 1 7 . 8  - 1 5 . 7  
• I. - 3 . 3  - 3 . 6  | 10 16 .0  13 .9  

2 7 .7  7 , 9  l 11 - 2 , 8  - 3 . 1  
3 - 1 2 . 2  - 1 2 . 4  / 
4 6.4  7.0 l ? 2 L 
7 4 .7  " 5 , 3 "  l . . . . . . . . . .  
9 7 .4  8 .1  | "13 2 .1  2 .3  

] -12 - 2 . 1  - 1 . 6  
1 L l -11 1 .6  2 .6  

• | -10 10 .9  9 .7  
-12 3 .4  3 .5  . J  "6  9 .2  7 .8  

-q - 4 . 4  - 4 . 4  | -4  - 2 3 . 5  " 2 0 , 0  
-7 10 .9  10 .3  J -3 36 .5  33 .?  
-6  4 . 2  2 .7  l "2. 4 . 6  4 .2  
- 4  6 . 7  5 . 5  i -1  - 8 . 8  - 7 . 4  
-3 7 ,8  6 ,5  .| 0 2 ,0  1 ,9  
-1 - 8 , 0  ' 6 , 0  " 1  1 ' i 6 , l i  "" *] l~;-6- - 

0 - 9 , 1  - 7 . 1  l 2 - 7 . 1  - 4 , 5  
1 - 6 . 0  - 5 . 3  | 3 16.4  12 ,7  
5 - 4 , 2  - 4 . 0  J 4 9 .4  8 ,4  
7 4 , 2  4 ,4  | 5 8 ,9  7 ,6  
8 - 3 . 2  .-..3.9. J 6 6.1 5_..? _ 
9 - 6 . 3  - 4 . 4  " J 7 -?6.8"  - 2 4 , 5  

I e ; ,5.0 ?4.3.  

- 1 9 . 7  - 1 8 . 8  :~  - I O . T  -913" - -  
1 2 .9  3 .4  -4 - 3 . 1  - 2 . 7  
13 2 ,4  3 .3  -3 - 3 . 1  - 3 . 4  

-?  - 3 . 9  - 3 . 0  
3 2' L • 0 ?; ; .4  21 .0  

1 4 .2  4 .7  
-13 8 .4  6 .7  5 2 .7  2 .6  
-12 - 6 . 3  - 4 . 3  6 - 9 . 5  -9 .R  
"1 ]  2./~ 2 .8  7 4 .9  5.1 

-8 10 .0  8 .3  8 - 1 . 9  -2 .R  
-7 - 7 1 . 2  - 1 9 . 0  . . . . . .  
-6 18 .0  14 .9  10 2 L 
.r~ 2 .6  1 .6  
- 4  10.1  8 .7  -10 - 2 . 0  - 2 . ?  
-3  - 4 . 1  - 2 . 0  -9 4 .3  4 .3  
-2  - 5 . 5  -4 .1  -8 _ -_2,_9 _-3_,1_ 

0 25 .9  27.1 " "  -1 3 .4  --4.8 
1 11 .5  9 .0  0 - 2  8 - 2 . 6  
2 14.1  11 .2  1 6~5 "5 .6  
3 - 1 3 . 5  - 1 0 . 9  2' 2 . 9  2.(', 
5 - 7 . 8  - 6 . 4  3 - 3  9 - 4 . 7  
6 - 6 . 8  " 5 . 3  4 -3~0 - 2 . 9  
7 - 7 5 . 0 - 2 5 . 9  s 2~0 1 . i  

I? - 9 . 5  - 9 . 0  
13 1 .9  2 .3  11 2 L 

4 2 L - : t O - 3 . 0  - 5 . 1  - "  
- 9  2.7  3 .3  

" -9 - ? 6 . 6  ; ~ . 4  . . . . . .  -~5 4 .9  4 - . 8 - - -  
-8 26.6 23.0 -4 -6.3 - 5 . 7  
-7 - ? 0 . 7  - 1 8 . 0  -3 3 . 3  3 .?  
-6 3 .5  3 .?  -1 8 .4  7 .6  
-5 4 .1  4 . 1  1 - 1 3 . 0  - 1 2 . 3  
-4 - 8 . 8  - 6 . ?  2 12 .2  11.6  
-3 s .2  2 ~ . . . . .  3 - L ~ -  
-2  - ? 4 . 4  - 2 2 . 8  4 2.2 2 .8  
1 - 7 7 . 5  - 2 6 . 2  . . . .  
? - 8 . 1  - 7 . 9  17 2 L 
3 31 .6  27.0 
4 - 3 0 , 0  - 2 5 . 1  -7 4 ,4  4 ,5  

• s - 6 . 1  - ~ ' ; ~ '  I - 5  ' a :6  . . . .  2 . ~ -  
6 - 6 . 7  - 5 . 8  i -3 3 .7  3 .3  
7 2 .9  2 .3  I -1 - 1 0 , 0  - 9 . 3  
9 - 9 . 3  - 8 . 5  | 0 10 .8  1 0 . ]  

12 - 2 , 6  - 2 , 8  | 1 - 1 0 . 4  - 1 0 . 1  
1 

" 5 2 t~ " | 13 ~ - - E - - - -  
/ 

-11 - 9 . 2  - 8 . 3  ] -7 1 .9  2 .0  
-9 - 1 7 . o  - 1 5 . 9  I -2 - 3 . o  o2 .9  
-7 7 ,9  5 ,4  [ -1 - 5 , 9  " -5,t~ 
-4 -.114.1 - 3 4 . 4  J 0 - 1 . 8  - 1 . 9  

" "" - 2 "  " - 9 . 4 "  ".~7~-4- " l  " E) .... i . 7  . 1 .8  
-1 - 1 8 . 0  - 1 7 . 4  ] 

o - 7 . 2  - 6 . 7  | 0 3 L 
1 41 .9  37.~, | 
2 15 .5  12 .2  J 1 8 .4  " 7 . 8  
3 34 .2  31.1  [ 2 - 3 , 8  - 3 , 3  

.... 4 -  -..2.6 - 2 , 4  - r . . . . .  3 - - -T" / :T -  , ,5.0 ' 
5 6.1  4 .9  J 4 3..~ 2 .7  
7 - 1 2 . 4  - 1 1 . 4  I 6 - 1 2 . 3  - 1 1 . i  - 
8 5 .6  5 .6  J 7 31 .3  31 .3  
9 - 5 , 8  - 4 , 8  | 8 3 ,3  " ~,~' 

11 2 .7  3 . 5  | 9 - 2 , 7  - 2 . 6  
. . . . . . . . .  | ..... f l  .- ~.  6 - -  --373' - 

6 2 L | 12 5 .1  4 ,1  
J 13  - 8 . 0  - 8 . 9  " 

-13 5 .6  5 .4  j 
-12 - 8 . 1  - 8 . 1  J ~ 3 L - 
-11 - 3 . 7 '  - 3 . 9  ] 
-10 " - 3 . ' / - - " 3 1 ' ~  . . . . .  I - - - - 1 - - ~ : ~ . 4  . 6 . 8  

-9 4 .7  4 .4  | "10 - 5 . 6  - 4 . 9  
-7 - 5 . 5  - 4 . 1  / -9  32 .6  33 .7  
-6 - 6 . 4  - 5 . 6  | -8 6 . 2  5 .6  

- 3 " - 5 . 4  -4 .O | -7 " 3 2 . 3  - 32 .9  
-1 17 .7  1 4 . 7  | -6 8 .1  7 . 6  

... .  0 40 :0  39 .8  - - [  - - - - ~  2 . 4  1 . 8  
1 40 ,9  38 ,2  J -4 : 6 .3  4 . 9  
2 8 ,2  7 .0  J - 3  - 2 5 . 2  - 2 0 . 3  " 
5 - 6 . 4  - 5 , 5  J -2  - 1 1 . 1  - 8 . 6 "  
6 - 7 , 4  - 6 , 4  | -1 - 1 , 2  - 0 . 1  
7 - 1 2 , 8  - 1 2 , 1  J 0 - 2 , 4  - 1 , 7  

. . . . . . . . . . . . . . . . . . . . . .  [ . . . .  T--1-3-; z - -  i L : ~ - -  
7 2 L J 2 .11,2 9 . 6  

J 3 o41 .4  ° 3 9 . 9  
' -13 3 .9  4 .4  | 4 - 6 . 2  - 4 . 9  

-8 7 .6  7 .9  J 5 - 1 3 . 8  - 1 2 . 4  
-3  - 6 . 4  - 5 , 8  J 6 - 1 , 5  - 1 , 5  

"" - P "  7 .7  "" 6 . Z  -- 1 . . . .  7 " ; ~ ; ~ ' '  ; 4 , 1  
-1 11 .6  9 .2  | 9 10 .6  10 .6  

0 6 .9  6 . 0  | " 1 0  6 .7  ? .2  - 
2 2 ,6  1 .e  l 1.1 - 3 . 3  - 3 . 9  
4 -6.0 - 4 . 5  l . . . . . . . . . . . . . . . . .  
5 - 1 3 . 1  - 1 1 . 7  / 2 3 L 

" zo - - 2 . ~ , - - - ~ ; ~ - - - - [  ................ 
| - 1 1  4 4 4 .4  

• q 2 L J -10 - 2 , 9  - 2 . 8  
J • -9 ?5 .2  23 .7  

- 9  ; 4 . 4  • : 4 ; 0  - " | • -  - 8  1 0 . 4  9 , 2  
-7 3,4. _ ,~,O . . . .  J -7 - 1 0 , 5  - '9,? 

.... ; 5  -;'1 i ;-0 -- - 9 , 0  | . . . .  ; ~ " - ~ : ' 0 -  ;~ f~ ,  4 - -  
-4  - 1 4 . 7  - 1 3 . 1  l -4 3 .7  2 .3  
-3  - 1 2 . 6  - 1 1 . 1  1 -3 - 3 0 . 0  - 2 ~ . 3 "  

3 - 2 , 4  " - 2 . 6  -2  - 9 . 6  - 7 . 4  
- 4 . 7  ; 4 . 4  l -1 7 .3  ~ .6  

7 2 .6  2 .4  ~ 0 7 .5  6 .~  
. . . .  R " --4 .-2- - ;'4", ~- . . . .  | . . . . .  ~ - - - f : ~  ... .  ~--'il~-- 

/ 3 - 4 5 . 9  - 4 2 . 6  
9 2 L j 4 - 8 . 6  -7.,z, 

l ~ - 2 . 1  - 2 . 3  
-12 - 4 . 0  - 4 . 4  [ 7 1 3 . 9  1 2 . 6 "  
-11 - 3 . 4  - 3 . 3  • | 8 1 .7  1 ,8  

' ~ - - , V  2 ;7  .... 2-.~ . . . .  ] 9 "  f 1 . 8  t 1 . o  • 
-6  - 8 . 3  " - 8 ~ 3  | 10 418 5.1" 
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11 - 1 . 6  -2.1 

3 3 L 

-13  - 9 . 4  - 9 . 2  
"12  - 2 , 3  - 2 , 3  
- 1 :  2 . 8  3,1 

- - 7 , 9  - 8 . 3  
- 8  - 2 . 1  - 2 . 1  
:l 6.7 5.3 

5 . ' /  4 .4  
"5  - 1 5 , 5  - 1 4 , n  " 
- 4  - 8 . 8  - 7 . 7  
-3 8 . 8  6.0 
-[ 5.0 3.7 

- 5 . 6  - 4 , 1  
0 - 4 , 2  - 3 , 2  
1 - 1 9 , 4  - 1 6 , 9  

- 4 . 7  - 4 . 2  
- 3 . 2  - 2 . 7  

5 4 . 0  2 .9  
"6 - 4 . 4  - 3 . 6  
? 14 .6  13 .8  
0 4 . 8  5 . 0  

4 3 L 

-13  ; 7 , 1  -7 .4 -  
; 1 ~  " ' - ~ : ~ "  : 2 . o  

- 9  • 9 . 4  9 .5  
- 8  2 . 1  2 .3  
-7  8 . 5  6 .4  
-5  3 . 6  2 . 9  
-3  2 .8  3 .0  
- ; ,  - 4 . 8  -4 .~ ,  
.~ o.~ 8 . ,  

4. 2 .9  
- 7 , 4  - 5 . 6  
- 6 . 6  - 5 . 2  

3 4.`2 3 : 6  
4 - 6 . 7  - 5 , 3  
5 6 . 8  6 ,4  

6 , 2  5 ,4  
~ 2 . 3  2 .8  

-13  1 . 0  1 .7  
-~ 8.4 8.2 

3 . 6  3 ,4  
-5  7 , 1  5 ,0  

_ - ~ _ . _  9...4 . . . .  7 . 7  
- 2  3 . 9  4 ,1  
-1  - 3 , 9  - 3 , 4  

- 5 . 5  - 4 , 3  
18 .3  15 ,3  

2 - 1 . 9  - 2 , 4  
3 8.6 7 . 5  . . . .  

4 " ~ . 9  - 3 . 1  
5 8.6'  8 .~  
6 5 , 3  5 .1  

- 8 , 4  - R , 9  
3 , 4  3 .4  

1~ - 4 . 9  - 4 . 6  ~ .  ~ - _ ~ . ~ - I  

6 3 L 

-10  2 ,1  2 , 7  
-9  - 2 . 0  - 2 , 7  
- 5  3 ,1"  1 ,1  
-~ 4 7  4 5  

1 . 7  "2.2 
-1  7 , 2  6 . 3  

0 - 5 . 0  -4,6 
16.5 13.n 

4 2 . 3  2 .2  
5 -1 .1 .9  -12.1 
6 3 . 6  4 ,n  
7 113 ,4  - 1 4 . 5  

7 .3 L 

-9  - 8 . 5  - 8 . 8  
- 7  - 4 , 0  - 3 , 6  
: ,  5 1  4~ 

4 .7  . 4 .2  
-3  - 1 1 , 3  - 1 0 . 3  
- 2  -6.8 - 5 . 7  

0 2 , 3  . 2 , 4  
- 1 7 . 0  - 1 5 . 9  

- 7 , 3  - 6 , 8  
9 ;7  8 . 2  
5 ,4  4 , 3  

R 3 L 

- 1 2  ~ .4  2 .4  
-11  - 9 . 8  - 9 . 3  
" - 9 " ' ' - 8 . 1  - 7 . R  
-5  - g . 6  -Q.'; 
-4  * 3 , 5  - 1 . 1  
- 3  - 1 1 , 4  - 1 0 , 0  
- 2  2 .2  2 .n  
-1  -15, .7  - 1 4 . q  

0 - / 0 . 8  -10,~ 
31.7.  3 0 . 0  

2 . 2  1 ,5  
3 14 ,8  1~,1 

1 . 2  1 , 7  
5 4 , 2  3*g 

4.5.  3 . 6  
7 1 8 , 3  - 7 , 8  

Table  2 (cont.) 

9 3 L: 

- :~ 4 8  :~2  
- 2 , 5  ,.~ 

-5  - 6 . 3  -~,.2 
-3  - 2 . 3  - I  .4 
: 2  - 4 . 6  - 3 . ,  

19 ,3  18 .0  
0 - 5 . 2  - 5 . 3  
~ 3~. 1 28.7 

• 3 . 5  
3 4 .2  3 ,~  
4 '1,7 2 .8  
5 - ~ . 6  -R .n  
7 - 6 . 9  -7 .1  
R -i" . 'I ; ' 2 [2  

"10 3 r 

-9  - 3 . 1  - 2 . ~  
-4  2 ,1  1 . q  
-3  - 8 . 7  - 5 . 7  
-2  - 5 . 0  - 4 . 7  
"1 11 ,4  1 0 . 6  

2 . 4  3 ,2  
1 - 3 . 8  • - 2 . 7  

- 2 . 0  -1 . 'I 
3 . 4  ~ .?  ' 

4 5 .9  4 .~  
5 - 9 . 2  - 8 . 4  

11 3 L 

- 9  - 2 . 4  "2 .5  
-7  2 .3  2 .3  
-6  1 .9  1,9 
-5  - 1 1 , 5  - 9 . 5  
-3  - 8 . 9  - 8 . 2  
-~  - 5 . 4  - 4 . 9  

"-3 .-8"- - 3 .  ¢- - 
1 3 . 0  11 .4  

3 .9  3 . 9  

12 3 L 

-5  - 8 . 5  , - 7 . 8  
- 4  - 1 . 4  - 2 . 3  
- 3  - 3 . 6  - 1 , 7  
-1 4 , 3  "4 .5  
"'1 7 .5  7.R 
.? b . 2  2 : o - -  

13 3 L 

-3  - 3 , 2  -2,4 

() "4" L 

1 6 , 2  5 ,7  
2 - 4 , 3  - 3 , 5  
4 7 ,4  6 ,2  
5 - 1 0 , 7  -8 . , !  . 
6 4 ,2  3 ,3  
7 -4,6 -4,0 
q - 4 . 8  - 3 . 8  

10. - 2 . 8  - 2 . 0 ,  

1 4 L 

l O  .2.~ :~.7 
- 5 .  .6 

- 8  15 .4  11 ,6  
-7  6 , 2  5 .8  
-6  . 2 . 6  2 . 0  
-5  - 4 . 4  - 3 , 2  
-4  2 .8  1 ,9  
-3  - 1 3 . 3  - 1 2 . 1  
-2  - : ) 0 . 0  - 1 6 . 5  

"-1 - 1 9 . 8  - 1 0 . 4  
0 - 1 0 . 0  -9.2 

- ? . 4  -2 .Q  
9 . 6  8 . 8  

3. - 1 1 . 0  - 9 . 2  
4 - 9 . 3  - 6 . 5  
5 - 1 6 . 3  - 1 4 . 0  
7 . . - . 6 . 4  . . . - 4 . 5  

- 5 . 1  - 4 , 4  
7 ,4  6 , 3  

10 9 , 5  8 .~  
11 5 , 5  5 ,0  

3 4 L 

-17  - 8 . 8  -8 .1  
"11 - 3 . 8  - 3 , 7  
-1.~ - 5 ,  , ,  

13 .5  13 .5  
-6  18 .3  16 .5  
-5  6 .6  6 .1  
- 4  4 . 1  2 .n  
-3 7.4 ~:3 
'-1 - 1 ~ . 2  -1 1 

14 .8  14 .5  
- 7 . 0  - 4 . 4  

? 4 .7  4 ,5  
3 7,1 6,4" 
4 - 3 . 3  - 3 . 2  
5 10 ,6  10.1 
6 " 1 4 . 5  - 1 4 , 3  
7 1 8 . 8  16 .6  
8 3 ,7  2 .5  

11 4 .2  3 ,7  

4 4 t. 

"10 - 5 . 1  - 4 . 4  
-9  12 .7  12 .2  
-8  1 7 . 3  16 .8  
-7 P0,8 20 .1  
-6  10 .5  1 0 . 3  
-5  2 .8  2 ,8  
-4  - 4 . 9  - 3 . 9  
-3  2 ,1  0 .1  
-2  - 9 . 8  - 8 . 1  
-~ - 1 0 . I  - 7 . 7  

-~-. 2"' - ' 4 . ~  
1 9 .3  R.8 
2 6 .7  6 .2  
3 -9 . '4  - 7 . 4  
4 - P 3 , 0  - 2 1 . 7  
6 - 6 . 2  - 6 . 3  
9 6 , 3  4 .8  

10 6 . 5  5 .0  

5 4 L 

-12  - 5 . 3  - 5 . 1  
-11 4 .9  4 .9  
-10 -2.6 - 2 . 2  

-9  13 .8  12.1 
-8 6 .6  7 .0  

- 7  -2.2 - 2 , 1  
-6 - 3 , 1  - 2 , ~  
-5 6 .8  V . ?  
-4 - 1 6 . 1  - 1 5 . 4  
-3  - O . 4 "  - 6 . n  
-2 - 1 1 . 7  - 1 1 . 1  
-1 6 .9  6 .9  

0 12 .8  12 .4  
1 -~ '7.1 -;~' .~" 
2 6.8 6.0 
3 - 1 6 . 5  - 1 5 , 4  
4 - 8 . 8  -7",6 
5 - 2 , 7  - 2 , 6  
6" - 4 , 1  - 3 , 7  
7 5 . 9  5 .2  
8 6 . 3  6 .2  
9 5 . 6  5 .4  

10 5,1 6 .6  

• 6 4 "L . . . . .  

.;9 -3,d - 3 . 2  
-7 7 . 6  6 . 3  
- 4  " -5 .2  - 4 .~  
-2  8 .4  7 .2  
-1 - 2 4 , 9  - 2 3 , b  

0 2 6 . 8  2d.'2 
- 1 8 . 7  - 1 7 . 7  

3 - 3 . 6  - 3 , 2  
4 - 4 . 7  - 4 , 1  
5 7 .2  6 ,6  
6 - 7 . 6  " L ~ ,  
7 4 . 9  4 .6  
8 6 . 5  6 . 3  

7 4 L 

-9  4 ..I 2..9 . . . . .  
-8  6 .4  6 .2  
-7  6 .1  5 .1  
-6  4 . 9  3 , 5  
- 5  - 1 . 8  - 1 . 3  
- 2  8 . 8  8 .0  

? 4 L " - 1  - 0 * 5  - 8 . 2  
. . . . . . . . . . . . . . . .  ""  3 4 , 4 " - .  ~ ; 3 - "  

"12  - 2 , 8  - 2 , 4  
-11 - 4 . 9  - 5 . i  

-7  - 3 , 8  - 3 , 9  
-6  4 . 6  3 , 6  
-4  - 8 . 1  " ~ . ' ! . . .  
- 5  r 1 9 . 8  - 1 8 , 3  • 
- 2  - 8 . 6  - 8 . 1  
-1 4,9 3 ,9  
0 8 .9  R.1 
1 -11".9 - 1 0 . 0  
2 6 .6  .6.q.  
3 - 1 4 . 3  - 1 1 , 6  
4 3 . 2  2 . ~  
6 - 7 . 2  -a . '5  
7 14 .4  12 .5  
8 g .7  R. I  
9 ' [8 .1  17 .7  

"10 6 , 4  7 . n  

- 1 0 . 5  -10 .+~ 
q .6  4 .9  

6 1 .9  1 .4  

. . . . . .  ~ 4 __.L . . . . .  

-9  4 ,8  4 ,4  
-8 4 . 1  4 .5  
-5  10 .2  9 ,7  
-4 - 9 . 7  - 9 . 2  
-3  2 ,6  2 ,5  
-1 3,1 3 . 6  

0 3 .1  2 .4  
1 - 3 , 8  - 3 . 9  
3~ 6 ,7  4 ,7  

6 .8  6.1 
4 -2..2 . - 2 . ?  
5 2 .6  2 .6  

Q 4 L 

-7  ~ . 5  2,~  
-6  - 7 . 0  - 6 . 4 .  
-5  4 , 5  3 ,~  
-3  2 .5  3,1 
-1 - 5 . 9  - 5 . 7  

0 11.0 11,fl 
I P.5 3 ,4  

:g.9 -3.o 
.7 - 2 , 9  

I n  4 L 

-3  - 1 . 5  - 1 , ~  
0 - 2 , 3  - 2 , R  
1 - 4 . 8  - 5 . 2  

. ; . ~  41 
• - 2 .~  

11 4 L 

-6  1 .1  1 .~  
-5  - 1 . 5  - 1 . 7  
-4 - 5 , 4  - 4 . 8  
-3  -4,1 - 4 . 5  
-1 '  - 3 , 9  - 3 , 6  

0 - 3 , 4  - 3 , 6  
1 5 .6  5 .¢  

6 . 7  6 .~  
6 . 1  6 .9  

1~ 4 L 

- 2  - 2 . 7  - 3 , 3  
-1 5 . 6  5 .1  

N 5 L 

-4  - 7 . 9  - 7 . 9  
t t 6 , 2  " i'5-- 7 . . . .  

- 4 . 4  " 4 . 8  
7 .7  7 , 9  

5 - 1 3 , 1  - 1 3 , 7  
6 11 .8  12 ,1  
7 - 6 , 4  - 7 , 2  

11 - 3 . 0  - 3 ,  8 

1 5 L 

'-10 4 .1  4 .6  
-~ - 4 o  - 4 1  

-2".1 - 2 ,'S" " 
-7  - 6 , 1  - 6 . 8  
-6  - 6 . 7  - 7 , 3  
-5  - 3 , 6  - 3 , 5  
:~ 7 3  , ,  

1 . 6  0 .9  
- t  i 3 , 5  14.1.  

0 10 .5  10 ,5  
1 - 3 , 1  - 2 , 6  
2 - 2 . 8  - 2 . 4  
4 - 3 , 1  - 2 , 3  

12 ,0  11 ,4  
5 - 9 . 7  .-,~i~-'" 
6 4 . 9  4 . 5  

10 3 , 5  3 , 5  

5 L 

-11  - 3 , 4  - 4 . 7  
"10 3 , 7  3 ,8  

-9  - 2 , 3 .  - 1 , 4  
-6  4 .1  4 . 3  
-5  - 5 . 0  - 5 . 2  
-4  7 .7  . 8 . 9  
-2  1 0 . o  l O . g  
-1 2 , 1  2 . 4  

0 - 1 3 , 5  - 1 3 , 3  
20 .0  21.,1 
- 8 . 8  - 7 , 6  

4 3 . 6  2 .7  
" "  5 "3 .0  `3.2 

2 . 7  2 . 5  
3 ,1  2 .~  

Q 6 .1  6 . 5  

. . . 3  5 L 

-11 - 2 . 4  - 2 . 0  
-6  10 .2  lO.e~ 
-4  3 , 7  3 ,7  
-3  4 ,4  4 ,6  
-2  - 1 0 , 3  -91,3 
-1  20 ,1  21 .2  

0 - 2 9 , 5  - 3 0 , 8  
1 10 ,2  Q.Q 
4 6 , 2  "6.3 
5 - 1 0 . 0  - 9 . 6  

2 . 8  .2 .6  
• - 3 . 6  - 4 . 3  
9 - 1 . 6  - 2 . 0  

4 5 L 

-8  5 .2  4 . 3  
-7 4 .8  4 .0  
"2 - :=2.8 - ; ) 4 . 5  

0 - 3 , 9  - 3 , 9  
- 4 , 9  -4 ,R  

2 4 .0  3 ,3  
3 . 9 . 9  - 8 . 9  
4 4 .~  - 4 .4  
5 - 1 0 . 9  - 1 0 . 9  

6 - 3 . 6  - 3 . 3  
7 - 2 . 6  - 2 . 7  
8 - 1 . B  - 2 . 1  

5 .b L 

-7  - 2 , 9  - 3 , 0  
-6  5 . 8  4.  
-5  - 5 , 2  - 5 . 9  
- 4  5 . 3  5 .4  
-3  - 7 . 9  - 7 . 8 " "  
- 2  - 3 . 4  ' - 1 . 9  
-1  - 4 . 0  : 3 , 8  

4 .1  ' 3 , 6  
- ~ 0 . 6  - 1 0 . 1  

7 A , 9  _ z . ~ _ _  
8 5 ,8  6 . 6  

5 t. 

-10 - 2 , 2  - 2 , ¢  

3 6 L 

-6  - 1 3 . 7  - 1 4 , 7  
- 5  - 6 . 6  - 7 . 3  
-4  " -7 .6  - 7 , 4  
-1  - 2 : S  - 3 . 3  

0 11 .7  12 .6  
1 10 ,0  11 .8  
5 - 1 , 4  - 1 , 3  

4 6 L 

°6 - 3 , 4  - 3 , 3  
- 5  - 4 . 8  ~5 ,9  
*1 5 . 5  6.1• 

0 3 . 7  4 . 5  
5 * 4 , 5  - 5 , 0  

6 • 

-9  - 2 . 1  - 2 . 7  " - 6  2 . 3  1 . 9  
- 7 " 4 . 1 ' ~ ~  . . . .  - 2  4 . 1  3 . 8  
*6  19 ,8  19 ,6  • 
-5  3 , 5  2 , 9  
-4  3 , 1  2 ,8  
-3  3 , 2  2 , 8  
- ~ 4 , 9 . .  _5-._1 

0 - 9 . 6  - 8 . 6  
~> - 1 . 5  - 2 . 2  

3 . 9  4 . 2  
3 4 , 3  3 ,8  

- 1 , 6  - 2 . 2  
- 3 , 1  -3 , '4  

- ? -  " ~ . ~ -  " ~ _ ~ -  

7 5 L 

-9  4 .4  4 , 3  
°8  11 .1  10 .9  

• " - ~ , - ~ ~ , 5  '" i E _ 7 - -  
- 6  6 .1  5 . 8  
-5  S.3 5 . ?  
-3  - 2 . 6  - 1 . 6  
-2  - 9 . 0  - 9 . 9  
-1  - : . F  - 3 . 6  

1,7  i .8  . . . .  
- 4 , 6  - 3 , 1  

4 - 6 , 3  - 6 , 6 .  
5 - 2 . 6  - 2 , 5  
6 - 3 . ?  ° 4 . 6  

"'" 8 "~ . . . .  r . . . . .  

-8  3 .7  3 . 8  
-7  2 ,3  2 ,1  
-3  - 5 . 6  ";4,4 
-02 - 4 , 5  - 4 , 1  

1 , 7  2 . 3  . . . . .  
1 - 3 , 1  - 2 , 7  
3 - 5 . 9  - 5 . 3  
4 a6 .8  - 7 . 4  

"~ 5 . .  L . . .  

• "7  8.2 7 . 3  
3 , 1  2 . 9  

-4  - 3 , 7  -3 .6 .  
- 2  , 4 . 8  5 . 0  
"1 - 7 , 1  - 6 . 9  

0 - - ~ . ~ '  - - '4__K- - 
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• ~ 2 , 5 "  "-~.2"" 

4 4.S 5 . 9  

" 6  5 , 1  5 .5  
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bony l  group.  In  q u i n h y d r o n e ,  the  h y d r o g e n  b o n d  forms  
an infinite molecu la r  cha in  a long  the [120] di rect ion,  
while  in p h e n o q u i n o n e  one  q u i n o n e  molecu le  is placed 
be tween  two pheno l  molecules  to f o r m  a shor t  complex  
cha in  as shown  in Fig. 2. These chains  are packed  side 
by side to f o r m  a molecu la r  sheet.  All  mo lecu la r  
p lanes  in the sheet  are a lmos t  parallel.  The  dis tance 
be tween  the  molecu la r  planes in a sheet  is abou t  3.2 A, 
wh ich  exhibi ts  a typical  charge t ransfer  in te rac t ion  

be tween  the  chain.  The  best-fit p lanes  t h r o u g h  these 
molecules  are 

0"8435x-- 0"4987y -- 0"4757z = 3"225 
and  

0 . 8 0 9 0 x -  0.5436y - 0.4864z = 0 

for q u i n o n e  and  h y d r o q u i n o n e  respectively in quin-  
hyd rone ,  and  

0.8 312x + 0.4849y + 0.123 5z = 0 

x/a 
Hydroquinone 

Table  3. Atomic parameters for quinhydrone 

Expression of the temperature factor: 
exp [ -  (B1 lh2 + B22k2 + B33l 2 + 2B12hk + 2B23kl+ 2B31 lh)] 

y/b z/c 

O(1) 0.2588 0.3336 0.0901 
C(1) 0.1274 0.1706 0.0429 
C(2) 0.1140 0.0056 0.1220 
C(3) 0.0151 0.1664 -0.0797 
H(1) 0.269 0.410 0.048 
H(2) 0.214 0.016 0.214 
H(3) 0.046 0.289 -0.134 

Quinone 
0(2) 0.7233 0.3478 0.0746 
C(4) 0.6216 0.1869 0.0395 
C(5) 0.6148 0.0096 0.1260 
C(6) 0.5010 0.1629 -0.0903 
H(4) 0.715 0.030 0-209 
H(5) 0.540 0.283 -0.144 

O 0.0005 0.0007 0.0004 
C 0"0007 0"0010 0"0005 
H 0"010 0"015 0"007 

Bll B22 B33 

1.33 1.32 0.46 
0.75 0.98 0.39 
0.81 1.57 0.31 
0.95 1.32 0.37 

BI2 
x 10-2 

-0 .68 
- 0.20 
-0 .06 
- 0.09 

1.48 1.23 0.48 
0.84 1.12 0.36 
0.97 1.41 0.30 
0.94 1.48 0.35 

Standard deviations 
0.08 0.12 0.03 
0.09 0.15 0.04 

-0-68 
-0 .12 
-0 .14 
-0 .14 

0.08 
0"10 

B23 

0"12 
0.17 
0.11 
0"16 

0.22 
0.18 
0.13 
0.14 

0.04 
0.05 

B31 

-0 .14 
--0"07 

0.06 
0.19 

- 0"20 
-0"06 

0"02 
0"14 

0"05 
0"07 

x/a 

Table  4. Atomic parameters for phenoquinone 

y/b z/c 
Quinone 
o(1) 0.0906 -0-3540 0-1253 
C(1) 0.0492 -0.1897 0.0674 
C(2) 0.0138 0.0111 -0-1205 
C(3) 0.0619 -0.1660 -0.0580 
H(1) 0.017 0.027 -0.220 
H(2) 0.109 -0.289 -0.095 

Phenol 
O(2) 0.2238 0.3285 0.0259 
C(4) 0-2790 0.1607 0.0975 
C(5) 0.2728 0.1495 0.2167 
C(6) 0.3278 -0.0291 0.2835 
C(7) 0.3888 -0-1935 0.2308 
C(8) 0"3959 -0.1805 0.1138 
C(9) 0.3406 -0.0018 0.0456 
H(3) 0.184 0.389 0.064 
H(4) 0.221 0.243 0.264 
H(5) 0.334 -0.049 0.384 
H(6) 0.436 -0.313 0.282 
H(7) 0.455 -0.291 0.067 
H(8) 0.341 0.029 --0"054 

O 0"0004 0"0007 0"0004 
C 0"0006 0"0011 0"0006 
H 0"007 0"013 0"006 

B11 B22 B33 

0.73 1.13 0.60 
0.47 1.08 0.48 
0.65 1.31 0.45 
0.53 1.31 0.45 

B12 
x 10-2 

0.24 
0"04 
0.11 
0.08 

B23 

0.09 
0-04 
0"12 
0"07 

B31 

0.37 
0.12 

- 0"05 
- 0"03 

0.97 1"22 0.70 0"21 0"16 0"34 
0"45 1"15 0"56 --0"09 0-06 --0"01 
0"58 1"64 0"63 0"04 0"08 -0.15 
0"56 2.29 0"61 0'00 0"03 0.10 
0.63 1-94 0-85 0-18  -0-06 0.30 
0"66 1"98 0"84 0"39 - 0.01 0"22 
0.57 1"97 0"60 0.04 0"07 --0.15 

Standard deviations 
0.05 0.11 0.04 
0.06 0.18 0.06 

0"04 
0"05 

0"06 
0"08 

0"06 
0"08 
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and 
0.8178x + 0.5340y + 0.0697z = 3.126 

for quinone and phenol respectively in phenoquinone. 

None of the carbon-carbon distances between 
different molecular sheets is shorter than 3.7/L 
Short carbon-oxygen distances, being around 3.3 A, 
are shown in Fig. l(a) and (b). These are within the 
range of the ordinary van der Waals distance. 

Molecular structure 
Bond distances and angles are shown in Fig. 3. These 

values are corrected for the effect of rigid body vibra- 
tions (Busing & Levy, 1964); the magnitudes of these 
corrections are shown in parentheses. A remarkable 
deformation of the benzenoid ring of the hydroquinone 
was reported by Matsuda et al. Such a deformation, 
however, is not observed in the present case. In fl- 
quinhydrone a significant difference between the 
C-C-OH bond angles on the hydrogen side and those 
on the non-hydrogen side was observed. A similar 
difference is also found in the present compounds. 
Therefore, it can be concluded that the C-C-OH bond 
angles depend on the direction of the O-H bond. The 
mean C-C-OH structure averaged over c~-quinhy- 
drone, fl-quinhydrone and phenoquinone is shown in 
Fig. 4. This result is consistent with those obtained for 
?-hydroquinone and phloroglucinol (Maartmann- 
Moe, 1966, 1965). 

Dbstances related to the charge transfer interaction 

Intermolecular atomic distances in a molecular 
sheet are shown in Fig. 5. Angles between the molecu- 
lar planes and several important distances are shown in 
Table 5. 

It is well known that the stability of the complexes 
formed by the same acceptor increases with decreasing 
ionization potentials of donors (Mulliken, 1952). The 
ionization potential of phenol is 8.50 eV (Watanabe, 
1957), and that of hydroquinone is estimated to be 
7.70 eV (Kunii, 1967). In spite of this difference of 
ionization potential, no essential difference exists in 
the perpendicular separation or the inter-planar ato- 
mic distances. However, a significant difference is 
found in the distance connecting the carbon ring cen- 
ters (last column of Table 5). This agrees with the re- 
sult of Annex (1963), who showed from reflection 
spectroscopy of c~-quinlaydrone that the transition mo- 
ment is not perpendicular to the carbon ring but 
rather lies along a line joining the ring centers. 

Charge integration 

The total charge of the molecule for c~-quinhydrone 
can be obtained by a similar procedure to that used for 
fl-quinhydrone (Sakurai, 1965). For the purpose of the 
charge integration, the crystal axes are transformed 

J 

1A 

(a) 

f .....- ... J / "\ 
' so/ ,/oS°S 

0~.~ , , '  b ) f ~ , "  3.16 " , , . j ' "  . .~" '~ ' , : - , .  ~ . . - . , . ,  \ ~ , ' , - , .  
3 .32  "" " " "~ 

~ . , "  1",. .,'" ~,~' \,.."" 
I ~ 3 . 4 2  I " ' -~ ._" ~1  ~.-.~_ • 

./ / ,/'// 

(b) 

/ / ./ 
/" /" / 

/ , /  / / 
/ ," / / / / 

8 

(e) 

Fig. 1. Crystal structures. (a) Quinhydrone. Projection along the 
[101] axis. (b) Phenoquinone. Projection along the c axis. 
(c) Phenoquinone. Projection along the b axis. 
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Fig.2. Arrangement of the molecular chain in phenoquinone, 
viewed from the normal to the molecular plane. 

H(3) 

. H(1) " -. C( 2 )/~o~ ~" H( -~(4)'0"005 lJ . . . .  /rye. 

~/ ' "  H(2) - 0 " ~ ' 6 ) ~  ' ' :  

(a) H(4) 

• ,2 .  

(*) 

H(8) 

" " ~" " 0(2) H(~'~ ff~,Ob2 ~ 

H(6) 'j ~._\ t-,.~ C(5 ) /~ . - .  ~ " " ' ,-. "o. ~'o P " ~ "  

--,,¢, ~, . . . . .  H(4) .,~/" a.343 , \  
H(5) "d{ ,o'OOb) " 

(c) H(1) 

(d) 

Fig.3. Bond distances and angles. Encircled dots: oxygen; 
small open circles: carbon; black dots: hydrogen. (a) Bond 
distances in quinhydrone, a(C-O)=0.007, a(C-C)=0.008, 
a(C-H) = 0"09/~,. (b) Bond angles in quinhydrone, a(O-C-C) 
= 0"5, a (C-C-C)=  0"5, a (C-C-H)=  4 °. (c) Bond distances in 
phenoquinone a(C-O)=0.007, a(C-C)=0-010, a (C-H)=  
0"08/~,. (d) Bond angles in phenoquinone, a(O-C-C)=0"6,  
a(C-C-C) = 0"6, a(C-C-H) = 4 o. 

into a new system a',b' ,c ' ,  where  the t r a n s f o r m a t i o n  
o f  the axes and  the index is expressed by 

a ' = a - b  h ' = h - k  

b ' = a +  2b k ' = h +  2k 

c ' = a + c  l ' = h + l  

Then  the total  charges  of  the h y d r o q u i n o n e  a n d  
qu inone  molecules  are given by (Fig. 6) 

l(l/4)c" I(1/4'b" l(l]6) a' 
odv= 112 • F0'0'0' 

Qn = ,~- (1/4)c" d-(1/4)b" d-(l/6)a' 

+ ,S'A1AzA3Fk'g't" 
h'k'l' 

l(l/4)c'f(3[4)b'f(l/6)a" = 1 
and  Qq = ,)-0/4)c' ~o/4)b' d-(1/6)a' ~odv 12 F°'°'°" 

-- ~'A1AeA3Fk'k't" 
h'k'l' 

respectively, where  A1, Az and  A3 are given in Table  6. 

H 

O" 

117"4t122"0 

Fig.4. Mean C-C-OH structure. 

' I 

(a) 

 _3C8 I 3. 7_A1 

I 3s8 I 

I 
, 

i 

t 

(b) 

Fig.5. Interatomic distances between molecular planes. 
(a) Quinhydrone. (b) Phenoquinone. 
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Table 5. Angles and distances between molecular planes 

Shortest 
Angle between Perpendicular atomic distance 

Crystal molecular planes distance C-C C-O 
e-Quinhydrone 3.5 ° 3.22 A 3.17/~ 3.25 
B-Quinhydrone 2"0 3.19 3.18 3.26 
Phenoquinone 4.5 3.13 3.16 3.25 

Distance 
between the 
carbon ring 

centers 
3"82 .A. 
3"83 
3"99 

Table 6. Coefficients o f  charge integration 

h' A1 k' A2 l' A3 
0 ½a' 0 ½b' 0 ½c' 

6n6n+l+2 } 2nh ----w3 a' 4n+l ~ 1  b' 4n+l ~ 1  c' 

6n+3 0 4n+2 0 4n+2 0 

6n+4 } 3 -a' 4n+3 1 b' 1--~-c' 
6n + 5 - 2nh -----r nU- 4n + 3 nl" 

6n 0 4n 0 4n 0 

Thus, in order to obtain a more reliable value a con- 
siderably more accurate measurement is necessary. 

Thermal vibrations 
Ellipsoids of thermal vibration are shown in Fig. 7. 

These are transformed into a rigid body vibration of 
the molecule. The results are shown in Table 7. Axes 
of the molecular vibration are shown in Fig. 8. General 
agreement between observed and calculated mean 
square displacements is good, except for the Un com- 
ponent of the oxygen atoms. This point will be dis- 
cussed elsewhere. 

It should be noted that the above transformation 
changes the original monoclinic cell into a triclinic big 
cell. Therefore, the summation must be carried out 
through the whole reciprocal space of the big cell. It 
is easily seen from the condition in Table 6 that the 
reflections with h even (strong reflections) do not con- 
tribute to the charge integral. The result of the inte- 
gration is 

Qn=--~Fo,o,o,+0"29, Qq= ~ 2  F0,0,0,-0"29 . 

Therefore, the amount of transferred charge from hy- 
droquinone to quinone is 0.71 electron. This value is 
considerably larger than the value 0.21 found in fl- 
quinhydrone. Because one of the hydrogen atoms is 
near the boundary of integration (Fig. 6), it is probable 
that the range of the above integrals does not corres- 
pond to the true boundary of the molecule. Further, 
if the boundary is shifted from ¼c', all strong reflections 
with h even should also be considered. In view of these 
circumstances, it is known that this structure corre- 
sponds to the case in which the estimation of the trans- 
ferred charge is more difficult than for/%quinhydrone. 

C o m p u t a t i o n  

The main part of the numerical calculations was per- 
formed on the HITAC 5020 computer of the computer 
center of the University of Tokyo, using universal 
crystallographic computation program system 5020 
UNICS (Sakurai, Ito, Iwasaki & Watanabe, 1967). 
Fig. 7(a) and 7(b) are drawn with a plotter from the 
direct output of the IBM 7090 computer using OR 
TEP (Johnson, 1965). 

1 , 
~'C 

_ Z  b, 4 

1 , 
--~-C 

Fig. 6. Boundary of charge integration for quinhydrone. 

Table 7. Tensors o f  rigid 

Molecule Translational 

Hydroquinone in quinhydrone 

Quinone in quinhydrone 

Phenol in phenoquinone 

Quinone in phenoquinone 

body vibration of  molecules 

0.2) 10-2/~ 2 1"7 0 
0 1"8 0"1 
0.2 0.1 1.5 

0 1"8 
0.2 0 1.4] ( 0.4) 2"8 -0"6 

-0"6 3"6 0"3 
0"4 0"3 1'8 

- 0.4 
-0.2 2.6 0.3 

0"4 0"3 1.8 

Rotational 

Z) 
- 15 

2 

(_36 
\ 14 0 16] 

7 12 
1 1 
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/ / HYDROQUINONE / QUINONE 

/ 
(a) 

(b) 

Fig.7.  Ellipsoids of  thermal  vibration. (a) Quinhydrone .  (b) Phenoquinone .  

A C 24B - 8 



412 CRYSTAL S T R U C T U R E S  OF P H E N O Q U I N O N E  AND M O N O C L I N I C  Q U I N H Y D R O N E  

Fig. 8. Axes of the rigid body vibration. 
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The Crystal Structure of Nb21Ss* 

BY H. F. FRANZEN, T. A. BEINEKE AND B. R. CONARD 

Institute for Atomic Research and Department of  Chemistry, Iowa State University, Ames, Iowa 50010, U.S.A. 

(Received 15 February 1967 and in revised form 31 August 1967) 

The crystal structure of Nb2aS8 has been determined from single-crystal X-ray diffraction data. The 
compound crystallizes in the tetragonal system, space group I4/m with unit-cell parameters a = 16-794/~, 
c= 3.359 A,. The unit cell contains two formula units. All atoms are located in layers separated by c/2. 
Refinement of the structure was performed by least-squares treatment of x and y positional parameters 
and isotropic temperature factor coefficients. Pauling bond orders indicate that the coordination of 
sulfur in this compound is s.even. This result is consistent with sulfur atoms utilizing d orbitals to form 
electron deficient bonds to the metal atoms. 

Introduction 

The high temperature (ca. 1350°C) preparation of a 
new subsulfide in the niobium-sulfur system, charac- 
terized as Nb2S, and some crystallographic data for 
the compound were recently reported (Franzen, De- 
Jong & Conard, 1966). The compositions reported 
were obtained by combustion techniques on samples 
which have since been identified as containing two 
phases. A more recent composition analysis is reported 
below. 

Previous studies of the niobium-sulfur system in the 
range 0_< S/Nb < 1.0 resulted in the identification of 
two phases, neither of which was the same as the phase 
reported here. Biltz & K~Scher (1938) reported a phase 
with the homogeneity range 0.5< S/Nb_< 1.0; Jellinek 

* Work was performed in the Ames Laboratory of the U. S. 
Atomic Energy Commission. Contribution No. 2041. 

(1962) observed a NbSl-z (x=0.1 to ?) phase with an 
ordered NiAs-type structure. 

Investigations of the lower sulfides of Hf and Ti, 
namely HfzS (Franzen & Graham, 1966) and TiES 
(Owens, Conard & Franzen, 1966), have resulted in a 
new interpretation of the bonding of sulfur in the mono- 
sulfides and lower sulfides of transition metals (Fran- 
zen, 1966). The interest in the crystal structure of 
NbzlS8 stemmed from a desire to describe more com- 
pletely the chemistry of sulfur in the lower sulfides of 
transition metals. 

Experimental 

• The previously reported crystallographic data for 
Nb21S8 are summarized as follows. The space group 
was reported to be 14/m, the lattice parameters reported 
were a = 16.794 + 0.005, c = 3.359 + 0.002 A_, and the 
number of 'Nb2S' formula units per unit cell was es- 
timated to be between 21 and 24, based on a measured 


