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The Crystal Structure of Pentamethon ium Iodide 

BY F. G. CA~PA* 

Chemistry Department, University College, London W.C. 1, England 

(Received 10 April 1962) 

A three-dimensional Patterson, Fourier and least-squares analysis of the crystal and molecular 
structure of pentamethonium iodide (CH2)sN2(CHa)6I 2 is reported. The crystals are orthorhombic. 

a=12.37 +0.02, b=24.36-+0.02, c=11.94-+0.02 A, Z=8, space group Pnam. 

The final iodine, nitrogen and carbon coordinates have average e.s.d.'s of 0.015, 0-14 and 0.17 /~ 
respectively. Alternate layers of methonium chains and iodines involve a distorted sixfold coordi- 
nation of the iodine anions by the quaternary nitrogen cations. The chains are fully extended and 
plane within experimental error. 

The structure is of interest in connection with the study of the interceptor distances in the 
mechanism of ganglion nervous transmission. The optical and magnetic properties have been 
measured. 

Introduct ion 

The methon ium bis-cations are of the type:  

CH3 \CH3 CH3 / \ C H 3  

Unlike acetylcholine 

CH3\ +/CH~ /O\ /CH 3 
) N (  CH2 / \ C  

CH3 / \ C H 3  H 
O 

the na tura l  ' t r ansmi t te r  substance '  whose effect on 
the neurones of the ganglion system has been studied 
b y  Brown & Gray (1948), Fa t t  & Katz  (1952), the 
me thon ium complexes cannot be hydrolyzed and act 
as 'blocking substances' .  

The chemical synthesis  of the me thon ium mole- 
cules has been described by Barlow & Ing (1948a, b), 
Zaimis (1950) and Balaban & Beton (1951); their  
pharmacological  properties have  been studied by  the 
above authors and also by  Wilson (1955), Bergman 
(1955), Gill & Ing (1958), and Gill (1959). 

Several theories have been set out relat ing biological 
specificity to s tructure a l though no detailed physico- 
chemical studies of the structure of the ' t ransmi t te r  
substance '  and  the me thon ium compounds were 
considered. The analysis  of the  structure of pentame-  
thon ium iodide (PMI) was therefore under taken  to 
provide informat ion on the nature  of the methon ium 
bis-cation when bonded to anions of radii  comparable 
to the iodine anion which in tu rn  should be of 
interest  in speculating on the  mechanism of ganglion 
t ransmiss ion across the space between the synapty-  
l emma membranes  separat ing two successive neurones, 

* Present address: 150 Petts Wood Road, Petts Wood, 
Kent, England. 

although a single neurone may make direct synaptie 
relations with many other neurones, Davson (1959), 
Palay (1956). 

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

Balaban  & Beton (1951) describe PMI as a colour- 
less, odourless crystall ine powder, mel t ing point  295 
°C; the solubil i ty in water,  methanol  and ethanol at  
22 °C is 2000, 49 and 1.1 g/1 respectively. 

The crystals used in the present analysis were obtained 
from a methanol solution (Allen & Hanbury Ltd.); 
their melting point is 302 °C with some decomposi- 
tion. It is of interest that the methanol solutions 
giving the best PMI crystals, have the highest 
equivalent conductance and the lowest viscosity, sur- 
face tension and density, as compared with the water 
and ethanol solutions. 

The crystals are orthorhombic, growing as colourless 
laths with a flattened ellipsoidal section (major axis b, 
minor axis a); cleavage ca. 45 ° to b and c. The 
density, as determined by the pycnometer method 
with use of a centrifuge, is ~o= 1.644 + 0.002 g.cm. -3 
(5 observations at 20 °C., using a mixture of l-brom- 
onaphthalene and methyl iodide). A microchemical 
analysis showed the presence of 0.9% oxygen indicat- 
ing small amounts of water of crystallization. 

The optical properties of the crystals are summa- 
rized in Table 1. 

The dispersion of the optical axis is 5.6 ° between red 
and blue being r < b for the obtuse bisectrix ; the inter- 
ference figure is negative. Although the additivity 
rule for the determination of the molecular refract- 
ivity is only strictly applicable to dilute solutions of 
ions and to some cubic crystals (Wasastjerna, 1922), 
the nearly isotropie crystals of PMI with ionic bond 
lengths of 4.51, 4.82, 5.24 and 5.29 A must have a 
very small induced dipole-dipole moment (Hartshorne 
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B i s e c t r i x  

b X  o 
b X a  

Table 1. Optical properties 

R e f r a c t i v e  i n d e x  
C r y s t a l  ax i s  fo r  N a D  l ine 

a---- 12.37_+0.02 A y = 1.620___0.001 
b -- 24-36___0.02 a = 1.612+_0.001 
c = 11.94_+0.02 ~ - -  1.616+_0.001 

A n g l e  2 V o b t u s e  b i s e c t r i x  

R e d  l i gh t  = 97"3_+0.3 (30) 
N a  D l ine ---- 1 0 0 - 0 ± 0 . 2  (7o) 
B lue  l i gh t  = 102.9__ 0.3 (3o) 

& Stuart (1960)), and the calculated molecular re- 
fractivity using the Lorenz-Lorentz equation is 
94.27+0-12 for the y index as compared with 94.6 
and 90-9 obtained by the additivity rule for the 
hypothesis of ionic and covalent bonds respectively. 

Several attempts to estimate the diamagnetic aniso- 
tropy of PMI were carried out with crystals floating 
freely in a liquid mixture of 1-bromonaphthalene and 
methyl iodide placed in a homogeneous magnetic field 
(H ~ 7000 Orsted). The magnetic anisotropy was too 
small to be detected. 

The observed mean molecular diamagnetic suscept- 
ibility as determined by the Gouy method is ZM = 
--215"4 × 10 -6 c.g.s.e.m, units and, as expected from 
other polyhalogenated compounds (Gray & Dakers, 
1931; Pascal, 1943), is lower than the calculated 
Z ~ = - 2 4 9 × 1 0 - 6  c.g.s.e.m, units using the Pascal 
constants from Trew (1941). 

X- ray  data  

The Laue symmetry is m m m .  A complete series of 
oscillation photographs about the b axis of a crystal 

' b '  of rhomboidal section, diagonals a ,  and thickness c' 
0.066 × 0-167 × 0.13 mm. (Cu Kc~ radiation) gave 803 
h/cl reflexions, 355/0 of the 2322 possible reflexions. 

Equi-inclination Weissenberg methods were used to 
photograph the h/c0, h/el, h/c2, h/c3, h/c4, h/c5 layers 
together with the hO1 and 0/el data of crystals of 
dimensions a 'b ' c '=  0.083 × 0-083 × 0.20, 0.05 × 0-08 × 
0.11 and 0.065 × 0.065 × 0.08 mm 3 respectively. The 
observed (h/cO), (hOl) and (O/cl) data represent some 20%, 
33% and 12-5% respectively of the theoretically 
available data. The oscillation and Weissenberg data 
have sin{0/), max --- 0.5. 

The axial measurements gave (with e.s.d.) 

a = 12.37 ± 0.02, b = 24.36 i 0-02, 
c = 11-94 ± 0-02/~, 

a" b : c -- 0.508" 1" 0.490. 
Volume abe = 3599"4 +_ 10.7 ~3. 

The calculated density for 8 molecules of anhydrous 
PMI in the unit cell is 1-632 g.cm.-~ and for 8 
molecules of PMI with 2 molecules of water of crys- 
tallization is 1.648 g.cm.-3; the observed density is 
1.644_+_ 0.002 g.cm. -3 (5 observations) and the calcu- 
lated molecular weight is 446.7. 

All intensities were estimated visually, the total 
intensity range, using multiple-exposure and multiple- 
film techniques, being 1700 to 1. The systematic ab- 
sences 0/el if (/c+l) odd and hO1 if h odd, suggest 

two possible space groups: Pna21 and P n a m  (non- 
standard setting of P n m a ) .  The pyroelectric and piezo- 
electric tests gave no results and the positions of the 
iodine atoms shown by the Patterson projection were 
insufficiently random to apply Wilson's method to 
Okl and hOl, or to apply statistical tests for centro- 
symmetry. 

The 81 observed hkO reflexions were used to deter- 
mine values of the absolute scale and temperature 
factor; the intensities had previously been corrected 
for absorption in an approximate way using the Al- 
brecht method. Attempts to minimize absorption ef- 
fects by grinding small spherical crystals were not 
successful because of the platy habit of the crystals 
and the frequent cracks and cleavage splits. 

After 240 hours' irradiation and subsequent storage 
of crystals for one year, a Weissenberg photograph 
showed some evidence of incipient disorder, with the 
formation of a new phase having b nearly three times 
as long as previously. Even 40 hours' irradiation gave 
very weak row-line streaking on oscillation photo- 
graphs taken about [010]. 

S t ruc ture  de terminat ion  

The Patterson projections (010) and (100) showed 
alternate layers of iodine-iodine and iodine-carbon 
vectors parallel to (001) and separated by z=¼c  ~ _ 
2.96 A. 

The iodine positions could not be determined from 
the two-dimensional Patterson projections. Three- 
dimensional Patterson sections synthesized from the 
803 reflexions of the oscillation photographic data 
gave, after lengthy trials, unique trial positions for 
the 16 iodine atoms in the unit cell. These positions 
do not imply hemimorphy. 

Although the optical and magnetic measurements 
failed to indicate the orientation of the chains in the 
unit cell of PMI, the iodine-carbon vector distribu- 
tion in the Patterson projections along a and b and 
in the three-dimensional sections shows that  the planes 
of the chains are running nearly parallel to the (160) 
planes. The length of the chain is closely parallel to 
(001). 

The presence of a centre of symmetry has not been 
sho~m conclusively, but it was tentatively concluded 
that  the space group of PMI is P n a m  and that the 
asymmetric unit consists of one methonium chain and 
four independent half-iodine atoms. 

The trial coordinates of the four independent iodine 
atoms were refined by least-squares and three-dimen- 
sional Fourier and difference-Fourier syntheses. These 
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h k l  
0 4 0  
0 1 0 0  
0 1 2 0  
0 1 6 0  
0 5 1  
0 9 1  
0 1 1 1  
0 1 5 1  
0 1 7 1  
0 8 2  
0 1 2 2  
0 1 4 2  
0 1 6 2  
0 5 3  
0 1 1 3  
0 1 5 3  
0 1 7 3  
0 4 4  
0 1 2 4  
0 1 6 4  
O 5 5  
I 3 0  
1 4 0  
1 6 0  
1 7 0  
1 8 0  
1 9 0  
1 1 0 0  

1 1 3 0  
1 4 1  
1 6 1  
I 7 1  
1 8 1  
I 1 2 1  
1 5 2  
1 6 2  
1 8 2  
1 9 2  
1 1 0 2  
1 1 2 2  
1 1 3 2  
1 3 3  
1 4 3  
1 5 3  
1 6 3  
1 8 3  
1 1 0 3  
1 1 2 3  
1 4 4  
1 5 4  
1 6 4  
1 8 4  
1 9 4  
1 1 3 4  
I 4 5  
1 6 5  
1 7 5  
1 8 5  
2 O O  
2 1 0  
2 2 0  
2 3 0  
2 4 0  
2 5 0  
2 6 0  
2 8 O  
2 1 3 0  
2 1 7 0  
2 0 1  
2 1 1  
2 2 1  

T a b l e  2 .  Observed and calculated structure factors for pentamethonium iodide 

IFoJ 
116 

37 
109 

63 
79 
37 
63 
60 
56 
38 

110 
41 
64 
32 

100 
66 
58 

162 
75 
58 
49 
36 
54 
71 
43 

181 
124 

43 
60 

120 
102 
I00  
145 

55 
100 

34 
124 
139 

39 
49 
56 
38 

101 
33 
33 
90 
40 
50 

107 
95 
36 

115 
103 

52 
64 
67 
65 
91 
24 

110 
100 

98 
57 

122 
51 
60 

105 
67 

147 
97 

118 

-~c 
133 

27 
- -  128 

- -61  
- - 8 2  
- - 3 2  

63 
60 
67 
28 

119 
- - 3 5  

66 
40 

- -  102 
- -  62 
- - 5 8  

184 
- - 8 5  
- - 5 6  
- - 5 4  

47 
- - 5 2  

65 
39 

- -  186 
- - 1 1 9  

34 
- - 6 0  

- - 1 1 5  
- -  106 

98 
- -  146 

- -61  
101 

- - 3 0  
126 
I 5 4  

- - 3 7  
41 
60 

- - 4 0  
121 

31 
39 
91 
43 
57 

- - 1 1 9  
- -  108 

37 
- -  134 
- - 1 1 3  

- - 5 2  
- - 8 4  
- - 7 0  

71 
- -  1 0 0  

- - 1 8  
- - 1 1 3  

88 
80 
53 

- - 1 1 7  
38 
58 

130 
7 4  

--171 
--91 

- -  104 

h k 1 IFol Pc 
2 3 1 90 82 
2 4 1 126 --  114 
2 5 1 37 - 3 6  
2 9 1 48 52 
2 10 1 54 64 
2 13 1 68 76 
2 0 2 113 - - 1 0 3  
2 2 2 119 - - 1 2 0  
2 3 0  56 - -61  
2 4 2 57 - 5 6  
2 5 2 118 113 
2 6 2 30 - - 2 4  
2 8 2 34 - - 2 5  
2 9 2  40 - - 4 I  
2 I0  2 45 40 
2 13 2 79 --  83 
2 17 2 62 - - 7 3  
2 1 3 102 107 
2 2 3 105 107 
2 3 3 81 - - 8 3  
2 4 3 111 112 
2 10 3 66 --  65 
2 11 3 46 38 
2 12 3 57 - -51  
2 13 3 62 - - 6 0  
2 0 4 45 37 
2 1 4 115 --  127 
2 2 4 85 86 
2 3 4 50 59 
2 4 4 41 38 
2 5 4 86 --  84 
2 8 4  46 51 
2 13 4 73 86 
2 14 4 48 --  25 
2 17 4 65 65 
2 0 5 91 --  107 
2 1 5 55 - - 6 5  
2 2 5  62 - - 7 1  
2 3 5 51 59 
2 4 5 66 - - 7 3  
2 13 5 62 56 
3 1 0 39 - - 4 2  
3 2 0 121 --  105 
3 3 0 171 - -  150 
3 4 0 145 --  135 
3 5 0 43 43 
3 6 0 98 - 8 5  
3 7 0 84 --  87 
3 8 0 127 --  128 
3 9 0 57 72 
3 12 0 57 --  68 
3 1 1  31 24 
3 2 1  34 31 
3 3 1 62 - 4 7  
3 5 1 158 151 
3 6 1 8O 68 
3 7 1 37 - - 4 1  
3 9 1 124 144 
3 13 1 56 66 
3 14 1 45 - - 4 2  
3 1 2 46 46 
3 3 2 83 78 
3 4 2 108 102 
3 5 2 53 - - 4 4  
3 6 2 74 76 
3 7 2 73 67 
3 8 2 l l l  118 
3 9 2 57 - - 5 4  
3 10 2 37 29 
3 12 2 57 58 
3 1 3 46 - - 3 3  

h k l  
3 2 3  
3 3 3  
3 4 3  
3 5 3  
3 6 3  
3 8 3  
3 9 3  
3 1 3 3  
3 1 4  
3 2 4  
3 3 4  
3 4 4  
3 5 4  
3 6 4  
3 7 4  
3 8 4  
3 9 4  
3 1 2 4  
3 3 5  
3 5 5  
3 6 5  
3 9 5  
3 1 3 5  
4 O 0  
4 4 0  
4 7 0  
4 8 0  
4 1 0 0  
4 1 1 0  
4 0 1  
4 1 1  
4 4 1  
4 5 1  
4 7 1  
4 1 2 1  
4 1 3 1  
4 1 6 1  
4 0 2  
4 2 2  
4 4 2  
4 6 2  
4 7 2  
4 8 2  
4 1 0 2  
4 1 1 2  
4 1 2 2  
4 1 5 2  
4 1 3  
4 4 3  
4 5 3  
4 1 2 3  
4 0 4  
4 4 4  
4 1 0 4  
4 1 1 4  
4 0 5  
4 1 5  
4 4 5  
4 5 5  
4 1 2 5  
5 1 0  
5 6 0  
5 7 0  
5 9 0  
5 1 2 0  
5 1 1  
5 4 1  
5 5 1  
5 8 1  
5 1 0 1  
5 1 2  

IFol 
5O 
57 
47 
98 
45 
59 

139 
55 
44 
41 
89 
97 
44 
84 
56 
86 
49 
46 
37 

106 
58 
91 
59 

128 
66 
5O 
4O 
5O 
62 

225 
93 

189 
82 
4 I  
68 
49 
5O 
96 
3O 
54 
56 
53 
41 
48 
57 
54 
54 
72 

122 
97 
64 
85 
47 
54 
62 

157 
6O 

122 
67 
64 
48 
41 
42 
58 
5O 

102 
127 

59 
143 

49 
59 

- -51  
44 
44 

- -  100 
- - 4 6  

63 
- - 1 5 0  

- - 6 0  
- - 4 3  
- - 4 0  
- - 9 7  
- - 9 7  

42 
- - 7 7  
- - 6 1  

- -  105 
51 

- - 3 5  
- - 2 9  

101 
51 

101 
53 

- - 1 1 7  
- - 5 6  

47 
3O 
41 
63 

- -261  
89 

- - 1 8 1  
93 
42 
71 

- - 4 7  
48 
99 
28 
54 

- -  54 
- - 5 2  
- - 2 7  
- - 4 2  
- - 6 6  
- -  52 
- - 5 1  
- - 6 9  

110 
- - 9 2  
- -  64 
- - 9 0  
- -  42 

49 
68 

- -  183 
59 

- -  125 
72 
56 

- - 4 2  
- - 3 4  

40 
62 

- - 4 8  
101 
154 

61 
149 

- - 4 6  
53 
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h k 1 IFo] .Fc 

5 2 2 41 38 
5 8 2 39 32 
5 9 2 52 - -56 
5 1 3 44 - -50 
5 3 3 73 --72 
5 4 3 151 -- 160 
5 5 3 75 - -78  
5 8 3 143 -- 150 
5 2 4 45 28 
5 9 4 49 47 
5 1 5 64 60 
5 4 5 104 112 
5 8 5 96 105 
6 0 0 101 -- 101 
6 2 0 45 - -46 
6 3 0 55 58 
6 4 0 56 - -62 
6 5 0 57 62 
6 7 0  59 61 
6 9 0 49 63 
6 0 1 66 70 
6 1 1 78 89 
6 2 1 58 -- 68 
6 3 1 52 - -52 
6 5 1 52 62 
6 6 1 50 - -54  
6 8 1 58 - -60  
6 12 1 56 - -66 
6 13 1 61 - -60  
6 0 2 115 115 

T a b l e  2 (cont.) 

h k 1 leo] Fc 
6 2 2 37 41 
6 3 2  51 - -60  
6 4 2 83 81 
6 5 2 45 - 5 3  
6 9 2 53 - -59 
6 1 3 90 - 9 2  
6 2 3 74 72 
6 3 3 58 61 
6 6 3 39 39 
6 8 3 52 48 
6 12 3 54 59 
6 13 3 59 58 
6 0 4 72 -- 77 
6 2 4 55 - 4 7  
6 3 4 68 77 
6 4 4 67 - 7 1  
6 5 4 55 52 
6 9 4 49 54 
6 0 5  53 51 
6 1 5 69 67 
7 1 0 53 58 
7 4 0 48 43 
7 5 0 68 82 
7 9 0 57 57 
7 1 1 54 54 
7 3 1 92 105 
7 7 1 62 67 
7 9 1  61 - -78 
7 1 2 56 - 5 8  
7 5 2 65 - 7 6  

h k l  
7 6 2  
7 1 3  
7 3 3  
7 7 3  
7 9 3  
7 5 4  
7 9 4  
7 3 5  
8 0 0  
8 1 0  
8 4 0  
8 5 0  
8 0 1  
8 O 2  
8 12  
8 5 2  
8 O 3  
8 5 3  
8 7 3  
8 O 4  
8 1 4  
9 l 0  
9 3 0  
9 4 0  
9 1 2  
9 3 2  
9 4 2  
9 8 2  
9 4 4  
9 8 4  

JFol 
43 
51 
78 
55 
64 
62 
51 
76 
69 
66 
64 
57 
6O 
61 
55 
6O 
59 
5O 
59 
5O 
5O 
55 
6O 
73 
52 
49 
49 
66 
58 
DO 

. F  c 

- -38  
--51 
- -88  
--51 

73 
64 
53 
82 

- -74  
76 

- -68  
65 
67 
64 

- -62  
- -67  
- -59  

54 
53 

- -50  
56 
62 
68 
68 

- -68 
--61 
- -59 
--77 

58 
57 

T a b l e  3 

Atomic  pa rame te r s  der ived  f rom Weissenberg da ta  (R--0 .084)  
Pos i t ional  coordina tes  for  all a toms.  The rma l  pa r ame t e r s  only for iodine 

x y z 

I(1) 0-1059 0-0454 0.25 
I(2) 0-0933 0.2770 0.25 
I(3) 0.0604 0-5192 0-25 
I(4) 0"3069 0.7896 0-25 

C(1) 0.064 0-681 0.095 
C(2) 0-178 0.711 0.924 
C(3) 0-121 0.618 0.933 
C(4) 0.234 0-647 0-080 
C(5) 0.355 0.654 0.013 
C(6) 0-437 0.628 0.095 
C(7) 0.543 0.616 0.002 
C(8) 0.650 0.598 0-089 
C(9) 0.681 0.521 0.941 
C(10) 0.809 0.558 0-086 
C( l l )  0.767 0.614 0.937 

N(2) 0.150 0"670 0.006 
N(4) 0-724 0.577 0.004 

bll b22 b83 b2a bla bl~ 
0.0123 0-0040 0-0160 0 0 0.0041 
0.0107 0.0048 0.0184 0 0 0.0018 
0.0104 0-0065 0-0187 0 0 0.0033 
0.0128 0.0045 0.0144 0 0 0.0012 

Iodine  a tomic  pa r a m e te r s  der ived  f rom independen t  oscillation da ta  (R ---- 0.129) using ano t he r  c rys ta l  

x y z bll b2 ~ ba 3 b23 bl 3 bl ~ 
I(1) 0.1047 0.0450 0.25 0.0140 0.0053 0.0125 0 0 0.0050 
I(2) 0.0923 0.2775 0.25 0-0120 0.0060 0.0150 0 0 0.0020 
I(3) 0.0616 0"5188 0.25 0.0120 0.0075 0-0140 0 0 0.0044 
I(4) 0.3064 0"7890 0.25 0-0140 0.0055 0.0122 0 0 0.0017 
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,(41@ 
' V, I o , ( , ' ) o I '  . o 

o I ~ I ~ b 

@ , N~V, @ 
. b 0 ) ?  I o  _ 9~(,0') ~ c / ~ )  2 ~ o  

r -W--; ,  ~ IT"?, e,)~%.2 
/ - ~ . ~ I , ~ "  i 0 - . - . .  ~ c ( 5 )  I ,, c ( 1 0 " )  

b " ;c(,'f . /  ~,)¢c(~i  ! o'(') D 

1,,;::'r- . . . .  ; ; - /  . . . . . .  , - ~ _ ,  ~ ! i e - - [ ,  - 

| ~ , 1@ @~(3) , m 

a 0 
1.0h 

Iodine l @ I/'4 c 

f O V ,  c 
Carbon ] @ Upper row 0'080-0"095c 
Nitrogen I • Middle row 0"002-0"013c 

O Lower row 0"92 4- 0"941c 

Fig. 1. PML The structure projected along c. I(x) and I(x') are related by an a glide. I(x') and I(x") are related by an inversion. 
I(x") and I(x'") are related by an a glide. 

Four ie r  syntheses ,  based  on iodine phases  alone,  
showed  clearly the  posi t ions  of t he  m e t h o n i u m  chains 
a n d  f rom a res idual  index  R -- 0.22 a fu r the r  r e f i nemen t  
of t he  iodine,  ca rbon  and  n i t rogen  a toms  was carr ied 
ou t  us ing only  those  501 ref lexions for which  Io >_ 3 
in  t e rms  of t he  visual  i n t e n s i t y  scale. This  r educed  R 
to  0.129, which  was the  bes t  t h a t  was a t t e m p t e d  
f rom the  osci l lat ion data .  

The  co-ordina tes  de r ived  f rom the  303 Weissenberg  
ref lexions were re f ined  first  by  a d iagonal - leas t - squares  
rou t ine  on t he  Pegasus  c o m p u t e r  and  la ter  by  a pro- 
g r a m m e  devised  by  Rol le t t  for Mercury;  four cycles 
of r e f inemen t  r educed  R to  0.084. 

No al lowance has been  m a d e  for sys temat ic  errors 
due  to the  omission of the  224 h y d r o g e n  a toms  f rom 
the  calculat ions;  when  these  were  in t roduced  in the  
least -squares  p r o g r a m m e  R changed  by  0.004. E v e n  
the  i n t r o d u c t i o n  of t he  carbon  and  n i t rogen  a toms  
h a d  on ly  a smal l  effect  on  t he  ca lcu la ted  F values,  
chang ing  the  signs of 39 weak  ref lexions out  of t he  
t o t a l  of 803. 

Fig. 1 gives the  PMI  s t ruc tu re  p ro j ec t ed  on (001) 
and  Table  3 t he  a tomic  p a r a m e t e r s  for R = 0 . 0 8 4 .  
The  I - I  a n d  I - N  d is tances  are shown  in  Fig. 2. The  
r e d u c e d  list  of Fo f rom the  Weissenberg  d a t a  is g iven  
in Table  2. The  osci l la t ion d a t a  are ava i lab le  on 
reques t .  

bij va lues  are t he  coefficients  in t he  express ion  

exp [ ( - B  sin g 0)/~t2]hzz 

-- exp [ - (b=h 2 + b2elc 2 + b3312 + b23kl + b311h + blehk] 

Table  4 gives t he  u 2 max. ,  u 2 med. ,  u 2 rain., a n d  the i r  
d i rec t ion  cosines re la t ive  to  a, b and  c axes, o b t a i n e d  
f rom the  bij values  (from the  Weissenberg  d a t a  us ing 
a p r o g r a m m e  due  to R. Sparks) .  

Table  4. Principal mean square displacements and their 
direction cosines relative to a, b, c, for the iodine atoms 

l ~ Tt 

I(1) u 2 max. 0.100 0.5512 0.8343 0 
raed. 0.080 0 0 1.0 
rain. 0.052 0.8343 -- 0-5512 0 

I(2) u 2 max. 0-102 0-2084 0-9780 0 
rned. 0.092 0 0 1.0 
rain. 0.055 0.9780 --0.2084 0 

I(3) u 2 raax. 0-140 0-2011 0.9796 0 
raed. 0.094 0 0 1-0 
rain. 0-052 0.9796 --0.2011 0 

1(4) u 2 max. 0.095 0.2412 0.9705 0 
raed. 0.072 0 0 1.0 
rain. 0.067 0.9705 -- 0.2412 0 

J 

The  u 2 values  g iven  in  Table  4 m a y  well inc lude  dis- 
order  as well  as t h e r m a l  a n d  ze ro -po in t -ene rgy  dis- 
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placements. They may also be affected by possible 
extinction effects, which have been neglected be- 
cause of the small crystal size. This table, however, 
gives a relative measure of the displacements in dif- 
ferent directions for the various iodine atoms, and the 
b~j may be compared with the similar data obtained 
independently from the oscillation data and given in 
Table 3. 

Disorder could be due to the presence of water of 
crystallization in a quantity smaller than the four 
molecules required by the minimum symmetry of 
P n a m  in the unit cell. 

The two molecules of water of crystallization do not 
appear on the mirror-plane sections of the Fourier 
and difference-Fourier synthesis; they may be dis- 
guised by the secondary diffraction maxima of the 
iodine atoms whose van der Waals sections occupy 
about § of the areas of the mirror planes. 

The three-dimensional difference-Fourier synthesis 
confirms that  the structure is correct. The differences 
range from - 0-8 to - 1.6 electrons in the iodine atom 
layers and 0"0 to _+ 0.6 electrons in the chain layers. 
The oscillation data gave differences of the same order. 

Although the 303 Weissenberg data were refined 

by least squares to give R = 0.084, yet the znethorLium 
chains shown in the corresponding electron-density 
diagram, although resolved, have C and N peak heights 
only about one-half or less of those in the electron- 
density diagram which corresponded to the 803 
oscillational data, R=0.22. 

In the case of other substances, such as tetramethyl 
ammonium pentaiodide, (Hach & Rundle, 1951 and 
Brockema, Havinga & Wiebenga, 1957), and tetra- 
methyl ammonium enneiodide (James, Hach, French 
& Rundle, 1955), no evidence of the positions of the 
nitrogen atoms was found, but our experience indi- 
cates that  this may have been the consequence of the 
smaller number of reflections observed in these cases. 

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

The estimated standard deviation (e.s.d.) of I, C and 
N atomic coordinates is approximately 0.015, 0.17 and 
0-14/~ respectively. Table 5 contains the bond lengths 
and their s.d. 

Within s.d. the chains are plane as in acetylcholine 
bromide (SSrum, 1959) and not gauche as in choline 

1(3) 1(4') 1(,4) Cr) 1(3) m(4') 

o.'.. 

N(4) i.% 

I0'1 I(z") 1(2") 1(3") IO") I(r') 

z = 0  

z=~c 

z =~c 

v(4') 10") 

C~") ~,'~°',, 
,~/ \.~. 

I( " 

, J(4') 
1(4) 

d 
i(1") ~(2") @/~'~ 1(2 m) 

1(3) 

1(3). N(2). 1(1")-92 ° 
< f(4'). N(2). J(21-76 ° 
< t(4). N(2). 1(2")-76 o 
< I(1'). N(4). 1(1")-91 ° 
< 1 ( 3 ) .  N(~). ,(31-77.S o 
< 1(4'). N(~). 1(29=78 o 

Fig. 2. Iodine coordination of nitrogen atoms of the chain. All distances in A. 
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Table 5. Bond lengths and e.s.d. 
(See description in Fig. 2) 

N - I  sixfold coordination -t-e.s.d. of the position of N 
in the chain 

N(2)- I ( I" )  5.26--,0.14 • N(4)-I(I ' )  4.43+- 0.14/~ 
N(2)-I(2") 5.12--,0.14 N(4)-I ( I")  5.14___0.14 
N(2)-I(2 '")  4.47_+0.14 N(4)-I(2 '")  5.19--,0.14 
N(2)-I(3) 4.81--,0.14 N(4)-I(3) 5.28--,0.14 
N(2)-I(4') 5.24.-,0.14 N(4)-I(3 '")  4.66.-,0.14 
N(2)-I(4) 4.56.-,0.14 N(4)-I(4') 4.51.-,0.14 

I - I  distances on the mirror planes of the iodine atoms 
coordinating nitrogen 

I ( l " ) - I (2" )  5.64___0.02 £ I ( l " ) - I (2" ' )  7.70.--0.02 A 
I(2")-I(2 '")  6.32+-0.02 I (2 '" ) - I (3 '" )  5.85__0.02 
I(2"")-I(1) 7.45 +- 0.02 I (3 ' " ) - I ( l " )  6.90 +- 0.02 
I(3)-I(4) 7.26 +- 0.02 I ( l ' ) - I (3)  5.83 _+ 0.02 
I(4)-I(4') 6.47 __ 0.02 I(3)-I(4') 5.62 _ 0-02 
I(4')-I(3) 5.61 +- 0.02 I (4 ' ) - I ( l ' )  6.71 +- 0.02 

chloride (Shenko & Templeton, 1960) and choline re- 
ineckate (Takeuchi & Saito, 1957), and their planes 
are approximately in (160) and (160)with  their 
lengths in (001). The expected N-N distance is 7-5 
A and the observed value is 7-47+_0.19 A. Sim- 
ilarly the expected distance between the methyl 
groups C1-C10 is ---10 A and the observed is 9.75 _+ 
0.24 /~. These two facts confirm that  the structure of 
the chain, despite the large standard deviation, is 
broadly satisfactory, although it is not profitable to 
discuss the significance of the different bond lengths 
within the chain. 

The structure represents an equilibrium between 
anionic layers of iodines and layers of biscationic 
methonium chains. Both the I and N ions possess a 
distorted sixfold coordination built up by two triangles 
situated in parallel planes separated by a distance of 
½c--5.98_+0-01 A. The coordination of the nitrogen 
atoms by the iodine atoms can be seen in Fig. 2. The N 
coordination of I ions, since the latter are on a mirror 
plane, is trigonal prismatic (See Fig. 1). 

In Fig. 2 it is of interest to see that  although the 
triangular areas determined by the I ions coordinating 
the N ions are different, their sum for a given nitrogen 
is nearly constant and about 34.6 /~. Hence, even if 
the I -N bond lengths are different (see Table 5), yet 
because the inter-layer distance is a constant= ¼c, 
the bipyramid volume determined by the I-coordina- 
tion of N + is nearly constant. 

The shorter I - - N  + bond lengths (see Table 5) are in 
agreement with those of N+-C1 - in choline chloride 
(loc. eit), if we add to the latter 0.34 A = r(I-)-r(C1-). 
Both types of bond-length are among the I - - N  + bond 
lengths present in D-L isocryptopleurine methiodide 
(Fridrichsons & Mathieson, 1955), a layer structure 
with highly distorted sixfold coordination of I -  and 
N + with bond lengths of 4.36, 5-86, 6.32, 8.18, 8.68 
and 8.79 /~, which will be discussed elsewhere. Be- 
cause the electric dipole of this latter substance is 
unknown, the ionic bond-lengths 8-18, 8.68 and 8.79/~ 
may only be accepted with some reservations. 

C o n c l u s i o n s  

The Fourier synthesis obtained from oscillation data 
(using phases from I atoms only) has shown that  the 
methonium chain is nearly planar and that  the three 
CH3 groups are not rotating about the N-CH2 bonds. 
This result is in agreement with a wide-line nuclear- 
magnetic-resonance analysis of P.M.I. which again 
provides no evidence of hindered rotation. The im- 
portance of the I - - N  + bonds of P.M.I. in their electro- 
lytic behaviour (Chu & Fuoss (1951), Brody & Fuoss 
(1957)) and in the mechanism of ganglionic nervous 
transmission will be discussed elsewhere (Canepa 
(1962)). The optical measurements are consistent with 
the ionic description of the structure. A more dis- 
torted sixfold coordination of the iodine anions by 
the quaternary nitrogen cations than that  of PMI 
exists in DL-isocryptopleurine methiodide (Fridrichsons 
& Mathieson, 1955) and in muscarine iodide (Jellinek, 
1957). 

The structure of PMI was analysed on behalf of 
the Chilean Iodine Educational Bureau and The 
Nitrate Corporation of Chile Ltd., which organizations 
have supported the author with unfailing encourage- 
ment. 

The author wishes to convey his deep indebtedness 
to Prof. Dame Kathleen Lonsdale, F.R.S. for her 
guidance and constructive criticism. He is also grate- 
ful to Drs R. Mason, H. J. Milledge, L. M. Pant and 
P. Pauling for their help in computing or discussions. 
Part  of the calculations were carried out using tape- 
editing equipment provided by the Central Research 
Fund of the University of London, and with computer 
time provided by a grant from the Wellcome Trust. 
Facilities for the preparation of the paper were kindly 
provided by the Distillers Company Ltd., Epsom, 
Surrey, England. 
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Refinement of the structure of tetrathiazylfluoride (NSF)4. By G.A. WIEGERS and  AAFJE Vos ,  
Laboratorium voor Structuurchemie, Rijksuniversiteit, Groningen, The Netherlands 

(Received 11 October 1962) 

Severa l  phosphoni t r i l i e  molecules  con ta in ing  (PN)a or  
(PN)4 r ings have  been  s tud ied  by  X - r a y  d i f f rac t ion  
r e c e n t l y :  (PNC12) a (Wilson & Carrol,  1960), (PNF~) 4 
(McGeachin  & T r o m a n s ,  1961), [PN(NM%)2]4 (Bullen,  
1962), (PNMe2)4 (Dougill ,  1961) a n d  (PNC12) 4 ( H a z e k a m p ,  
iVIigchelsen & Vos, 1962). I n  each  of these  molecules  the  
P - N  bonds  in the  r ing  have  equa l  lengths .  D u r i n g  our  
two-d imens iona l  s t r u c t u r e  d e t e r m i n a t i o n  of the  ana logous  
c o m p o u n d  (NSF)4, t he  molecules  of wh ich  have  sym-  
m e t r y  4, t he  N - S  b o n d  leng ths  were  found  to a l t e r n a t e ;  
va lues  of 1-55 a n d  1.65 A wi th  e.s.d. 0.02 • were  observed  
(Wiegers  & Vos, 1961). 

As t he  d i f ference  in l eng th  was  on ly  ju s t  s ignif icant ,  
we  dec ided  to  d e t e r m i n e  the  b o n d  lengths  m o r e  accu ra t e ly  
f rom di f ference  F o u r i e r  syn theses .  The  ref lec t ions  hkO, 
hkl ,  hk2 a n d  hk3 were  used .  The  i n t ens i t y  m e a s u r e m e n t s  
a n d  the  m e t h o d s  used  in t he  r e f i n e m e n t  of the  s t r u c t u r e  
a re  as desc r ibed  in our  p a p e r  on the  two-d imens iona l  
work .  T h e  t e m p e r a t u r e  fac tors  of t he  a t o m s  were  a s s u m e d  
to  be  isotropic .  The  scal ing fac tors  for t he  ref lec t ions  
f rom d i f fe ren t  l levels, w h i c h  h a d  been  r eco rded  on 
d i f fe ren t  pho tog raphs ,  were  o b t a i n e d  by  c o m p a r i n g  
obse rved  a n d  ca l cu la t ed  s t r u c t u r e  factors .  

Tab le  1. Final  coordinates 

Two-dimensional refinement 

x y z a 
S 0-0258 0-2073 0-0868 0-005 A 
N 0.1258 0.1173 -- 0.1660 0.02 
F 0.3281 0.0165 0.1781 0.02 

Three-dimensional refinement 

x y z 
S 0-0257 0.2078 0.0871 0.002 A 
N 0.1265 0.1160 --0.1659 0.009 
F 0.3263 0.0162 0.1711 0.006 

At  t he  end  of the  r e f i n e m e n t  the  re l i ab i l i ty  index  R 
for the  obse rved  ref lec t ions  excep t  220 which  showed  

o /  s t rong  ex t inc t ion ,  was  5.6/o.  The  s t a n d a r d  dev ia t ions  
in the  coord ina tes ,  ob t a ined  by  app ly ing  Cru i ckshank ' s  
fo rmula  (Cruickshank,  1949) are  0.002, 0.009 a n d  0"006 A 
for S, N and  F respec t ive ly .  The  final coord ina te s  a re  
l isted in Table  1. The  t e m p e r a t u r e  fac to r  p a r a m e t e r s  for  
S, N and  F are  2.55, 3.31 and  3.47 .~2 respec t ive ly .  

Table  2. Bond lengths and valence angles fl'om the two 
dimensional (a) and three dimensional (b) refinement 

a b 
N- -S  1.65A s.d. 0-02A 1.660A s.d. 0.01/~ 
N = S  1.55 0-02 1-540 0.01 
S - F 1.64 0.02 1.602 0.006 

S - - N - - S  123 ° 1.3 ° 123.9 ° 0.6 ° 
N - - S - - N  l l2  1.3 l l l -7  0.6 
F - - S - - N  91 1.0 91-5 0.4 
F - - S = N  106 1.0 106.2 0-4 

The  bond  leng ths  and  va lence  angles  are  c o m p a r e d  
w i th  those  f rom the  two-d imens iona l  r e f i n e m e n t  in  
Tab le  2. The  tab le  shows t h a t  t he  l eng th  of t h e  S - F  
bond  has  changed  cons ide rab ly  ( - 0 . 0 4  A). The  N - S  
b o n d  leng ths  w h i c h  changed  only  l i t t le,  a re  n o w  sig- 
n i f i can t ly  di f ferent .  

The  Fou r i e r  syn theses  and  s t r u c t u r e  fac tors  w e r e  
ca l cu la t ed  on the  c o m p u t e r  Z E B R A  wi th  p r o g r a m s  
dev ised  by  Dr  D . W .  Stairs.  W e  wish to  t h a n k  Mr  
H.  Schure r  for ope ra t i ng  Z E B R A .  The  N e t h e r l a n d s  
Organ iza t ion  for t he  A d v a n c e m e n t  of P u r e  R e s e a r c h  
(ZWO) suppo r t ed  this  w o r k  ind i rec t ly .  
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