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INTRODUCTION 

A very important group of the derivatives of 

phenothiazine are termed the major tranquillizers. The 

introduction into clinical psychiatry by Delay and Deniker 

in 1952 of chlorpromazine and its analQgues has revolutioni­

zed the treatment .of psychotic conditions and of mental 

diseases in general. Although the phenothiazines have 

been subjected to extensive clinical tests, their chemical 

structural features have not so far been found to have a 

sufficiently constant association with pharmacological, 

psychological and clinical effects to develop a theory of 

their mode of action. 

The phenothiazines are divided into three groups 

according to the chemical nature of the side chain attached 

to the nitrogen atom:- (1), dimethylamino-propyl, (2), 

piperidine, and (3), piperazine radical. Chlorpromazine, 

pyscho-tropically potent, belonging to the first group, and 

thiethylperazine, with relatively little tranquillizing or 

sedative action, belonging to th~ third, were chosen for 

complete structural analyses and are reported in Sections 

B and C respectively. The original intention was to 

determine the structure of phenothiazine for comparative 

purposes, but information was received during the course 

of the present study that its structure had been solved. 

Crystal data on phenothiazine and on another derivative, 

chlorpromazine hydrochloride, form the subject of Section 

A. 
Chlorpromazine, one of the best known of the series, 

is 3-chloro-10 (3' dimethyl-amino-n-propyl) phenothiazine. 

It is the valuable drug Largactil used in general medicine 

·(for relief of nausea and vomiting, and radiation sickness), 

psychiatry (to control schizophrenic or manic states), 

surgery and anaesthesia (to modify or prevent traumatic 

and haemorrhagic shock). The drug has a depressant action 

on the brain stem, with little or no action on the cerebral 

cortex or the spinal cord. 

(Colloquium, Paris, 1955; Buxton Hopkin, 1955; Courvoisier, 
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Fournel, Ducrot, Kolsky & Koetschet, 1953; Takayanagi, 

1964). 

Thiethylperazine (trade name Torecan) is 2-ethylthio-

10-[3-(4-methylpiperazine-1-yl) propyl] phenothiazine. 

It is valued mainly for· its antiemetic properties and is 

used for the control of postoperative vomiting, vomiting 

associated with malignant disease, radiation therapy, etc. 

(Progress in Drug Research, 1963; Extra Pharmacopoeia, 

1967). 

The study of the series has been undertaken with the 

eventual hope of correlating molecular structure with 

psychOpharmacological properties. It seems likely that 

in seeking the precise mechanism of action of the drugs, 

the problems must be "viewed through the glasses of the 

submolecular". (Szent-Gyorgyi, 1960). Section D gives 

a brief description of the properties of the drugs ·and 

outlines a possible relation between the molecular 

structure ·and the action mechanism. 

Section A in abridged form has been published (Feil, 

Linck & McDowell, 1965f Nat~re) and condensed versions of 

Sections B and C have been submitted for publication to 

Acta Crystallographica (McDowell, Chlorpromazine, accepted 

Dec. 1968; McDowell, Thiethylperazine, accepted Sept. 1969). 

The structure of chlorpromazine is the first of the 

phenothiazines to have been solved. 
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SECTION A 

THE CRYSTAL STRUCTURES OF PHENOTHIAZINE 

AND OF CHLORPROMAZINE HYDROCHLORIDE 

Phenothiazine (Thiodiphenylamine) 

1. Crystals 

Pale yellow needle-shaped crystals were prepared by 

evaporating slowly from a solution of carbon tetrachloride. 

Methyl alcohol·was also a satisfactory solvent. 

2. Cell dimensions 

X-ray rotation and Weissenberg photographs taken 

about the needle axis (a) have shown the unit cell to be 

orthorhombic with dimensions as given in Table 1. Wood, 

HcCale & Williams (1941) obtained the values a = 5.91, 
0 

b = 7.90, a = 21.0 A, in good agreement with the results 

of the present stUdy. 

3. SEace grouE 

The conditions for non-extinction were found to be 

1) hOO,h = 2n -+. (100] screw axis, compon~nt a/2 

2) OkO, k : 2n -+ [010] II II II b 12 

3) OOL,l = 2n -+ [ 001} II II II a/2 

4) Ok 7,, k+t = 2n -+ (lOO).glide plane, component b 12 + a12 

5) hkO,h = 2n -+ (001) II II II · a12 

These· indicate the centrosymmetric space group Pnma • 

However, if the b and a axes are interchanged, such that 

b' =a and a' = b, conditions (1)-(4) remain unaltered but 

condition (5) becomes hOZ' ,h = 2n , and space group 

Pn a 21 (non-centrosymmetric) is indicated. 
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Table 2. Space group of phenothiazine 

Pnma Pna21 Space group centrosym. non-centrosym. 

Indices ' hkZ hk'Z' 

Conditions for hkO,h = 2n hO Z' ,h = 2n 
non-extinction 

Intensity data hkO hOZ' 

Projection 001 010 

Symmetry of " plg pgm 
special projection 

centrosym. non-centrosym. 

In order to assign the correct space group to 

phenothiazine, the statistical method of Howells, Phillips 

& Rogers (1950) was applied. The hkO intensity data was 

measured on the densitometer, corrected for Lp factor, 
. . z a 

divided into three Sl~ 2 zones:- (1), 0.02 ~ 0.10, 

(2), 0.10 ~ 0.20, and (3), 0.20 ~ 0.40, and the average 

intensity, <I> , of each zone calculated. From Table 2 

it can be seen that a statistical test on hkO data for 

space group Pnma is equivalent to a test on hOZ' data for 

Pna2 1 , and that the former gives a centrosymm_etric 

projection Hhereas the latter has a non-centrosymmetric 

projection·. 

For each zone N(Z) was calculated for values of Z 

from 0.1 to 1.0 in s~eps of 0.1, where 

N(Z) is the fraction of reflections with 

intensity ~ the fr·action Z of the average 

intensity of the zone, 

i.e. N(Z) = number of r~flections with intensity 

~ Z<I> divided by the total number of reflections 

in the zone. 
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The graph of the averaged values of N(Z) plotted 

against z, together with the theoretical curves for a ~ 

centrosymmetrical and a non-centrosymmetrical distribution, 

are shown in Figure 1. From the values obtained it was 

assumed that the space group is Pnma. 

4. Density 

The density measured by the standard flotation method 

(International Tables Vol. III, 1962) was 1.355 g.cc- 1 , 

which implied 4 molecules per unit cell, in the special 

positions 

X 
, 

' 4' 
z ~ + x, ~, ~ - z 

~ -x ' ~ ' ~ . + .z X t ~, Z 

5. Intensity measurements 

Although the crystals darkened on exposure to air, 

they appeared to be unaffected by X-rays and it was 

consequently possible to use one crystal only throughout 

the photographic process. .A full set of 5-film Weissenberg 

integrated photographs from the zero layer up to the fourth 

layer (for which ~ = 30.25°) was obtained. An exposure 

time of approximately 200 hours was required for each 

layer. In addition, short 5-film exposures of about 

25 hours were taken of the zero and first layers in order 

to obtain reliable readings of the high intensities. 

The intensities were measured on a Nonius microdensito­

meter. Before the_measur~ments were completed, however, 

information was received from Drs. Briscoe and Freeman of 

Sydney University, Australia, that the structure of 

phenothiazine had been solved by them, and work on this 

compound was therefore suspended. Subsequent correspondence 

with Drs. Briscoe and Freeman revealed that they had under­

taken the solution of a monoclinic form of phenothiazine 

and were interested in comparative results obtained by the 

author, who recommenced the intensity measurements. Some 

weeks later further information that Dr. Feil in Enschede, 

Holland, had solved an orthorhombic form of phenothiazine 

finally terminated the work. 



- 7 -

Figure 1 

Distribution of intensit.ies for phenothiazine. 

compared with theoretical curves for non­

cent~osymmetrica1 (1) and centrosymmetrica1 (l) 

z 
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Chlorpromazine hydrochloride 

. 1. Crystals 

The substance was obtained in powder form from the 

May and Baker Laboratories, and crystals were formed by 

slow evaporation from a heated solution of benzene to 
which a few drops of ethanol had been added. The crystals 

were thin, transparent plates, forming in clusters which 

were difficult to separate. They turned brownish-yellow 

if exposed to light and were affected by exposure to X-rays 

when in air. Following a valuable suggestion made by the 

Societe des Usines Chimiques, Rhone-Poulenc, better crystals 

v1ere obtained when the evaporation was carried out under 

nitrogen, and the deleterious action of the X-rays in air 

was considerably reduced by mounting the crystals in fine 

capilla-ry tubes which were also filled with nitrogen and 

sealed. 

2. Cell dimensions 

Oscillation photographs were taken of crystals mounted 

along the :c and z axes, so that the cylindrical coordinates, 

l;la and z;j_c were obtainable from the relation 

z;n = Yn 
1r2 + y2 

n 

where y is the distance of the n'th layer line 
n 

from the zero layer line, 

r = 'radius of camera, 

and a and c calculated from 

a,c = nl, -
l;n 

(1) 

(2) 



( 

Determination of a, b, a. 

Film 1. 
Oscillation 

about 
x-axis 

1 
a* 
a 11.94±0.01 

1 - b o* -
1 
c* 
a 

Determination of a. 
>.a* = 0.130 

>.b* = 0.0485 

Film 2. 
Weissenberg 

about 
x-axis 

31.74±0.06 

9.71±0.01 

Method 3. 

Film 3. Film 4. 
Oscillation Weissenberg · 1 t 1 

about about a* Sl.n B en Sl.n B 
a-axis a-axis 

11.84±0.02 

11.98±0.02 

31. 80±0.03 

9.85±0.01 9.83±0.01 
' 

Method 1. Method 2. 

First-level Second-level . 
Weissenberg Heissenberg Film 2 + Film 3 Film 1 + Film 4 Direct 

about about Measurement 
a-axis a-axis 

r; .1565 .3130 

& .0236 .0496 

B 98.6° 99.0° 99.6° 97.2° 98.9° ------- ~-~----

Ave~age 

11.96±0.02 0 t1 
1-Ij trl 

1-3 
_(') trl 

31.77±0.06 
::r:: ~ l:-1 
0 H 
:::0 z 
1-d ~ 
:::0 1-3 
0 H 

9.84±0.01 ~ 0 z 
N 
H 0 1-3 z 1-Ij ~ 
trl' t:Jj I -I'-' 

(') l:-1 0 
::r:: trl trl 
I<! l:-1 
t1 l:-1 w 
:::0 
0 (') 
(') 0 
::r:: z 
l:-1 (/) 

0 1-3 
:::0 ~ H 
t1 1-3 
trl (/) 

Average 

98.9° 
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photographs Measurements on zero level Weissenberg 

taken about the two axes gave values for ~ 
b 

1 1 , --,: and --:r: ,.. , .. 
a a 

!..~. respectively. First and second level photographs 
b 4( 

confirmed.that the space group was monoclinic with b the 

unique axis, hence the £ollowing relations hold:~ 

a 1 sin a = ~·¢ 
a 

b 1 = 
b '~ 

= 1 sin B a ... 
c" 

180° 
-.': 

B = - B 

v - aba sin B 

sin e = 
)'t 

sin e = 

3. Determination of B 

1 - ~·~ a a 
= 

B was determined by three methods:-

1 
----;; 
a a 

1. Comparison of oscillation film about z axis and 

~veissenberg film about x axis; comparison of 

oscillation film about x axis .and Weissenberg film 

about z axis. 

(3) 

(4) 

2. Measurement with rotating m~croscope 0f angle between 

crys~al surfaces. 

3. Method of angular lag. 

The results are given in Table 3. 

The last method is illustrated in Figure 2 and will 

be briefly described because. it is quick and fairly 

, 

accurate for use when a crystal can be set up about only one 

axis (the a-axis is used in this example). The crystal 

axis must be accurately oriented along the rotation axis; 
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an oscillation film and zero, first and preferably higher 

level Weissenbergs about that axis are required. 

From'Fig. 2A it is clear that for each layer n 

tan 8 = = - tan 8 

~n is obtainable from the oscillation film using 
equation (1) 

(5) 

The level offset o can be derived by measuring the 
n 

angular lag ljl of the reflections of the n'th level beh.ind 

those of the zero level. 

Fig. 2B shows a superposition of the zero and first 

level Weissenbergs. The ljlk are measured in mms. for each 

spot Okl. 

ljlk in degrees ( 6) 

for the normal coupling constant of 2. 

The ljlk so obtained are plotted on the reciprocal lattice of 

the zero level, as shown in Fig. 2C. The values of o1 for 

each k are obtained by measuring the. distances between the 

k axis of the zero level (i.e. the OkO reciprocal lattice 

line) and the points of intersection of the angles ljlk with 
the lines hkO. These points of intersection should lie 
on a straight line, as clearly they are the reciprocal 

lattice points Okl. Fig. 2C shows the results obtained 

for chlorpromazine hydrochloride for the first and-second 
levels. 

The method is not quite the same as that described 

by Buerger (X-Ray Crystallography, pp.375-383) but the 

mathematical equivalence can be shown by comparing the 

geometry of Fig. 2 with the equation for 8 given by 

Buerger, which is 
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Figure 2 

Determination of e for a monoclinic crystal 

A. Part of reciprocal lattice net for a 

crystal rotated about the a-axis, with 
direct axes also shown. 

o1 = level offset for first level. 

o2 = level offset for second level. 

B~ Superposition of zero and first level 

Weissenberg photographs of a monoclinic 

crystal. 

~k in degrees (corresponding to 2wk in 
mms.) =angular lag of axis spot Okl of 

first level behind the zero level axis. 

c. Part of zero level reciprocal lattice net of 

chlorpromazine hydrochloride with the wk 
obtained from first afid second level 

photographs marked by crosses. 
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·- z:; 

C2 (z"-z') -----} 
2 

where ~0 is the cylindrical coordinate of the spot 

OpO, and is obtained from the relation 

~0 
>.. = 

d(OlO) 

(7 ) ' 

( 8) 

There is an inaccuracy in Buerger's equations ih that 

the ~0 of eqn. (7) is rr£! the same as the ~0 of eqn. (8). 

The corrected equations should read:-

S = tan- 1 z:; 

c2 (zp" - zp' )} 
c: tan { 90° -"'p 

2 

where ~ is the cylindrical coordinate of the spot 
p 

OpO, and 

t;;l 
p>.. 

t;;p = = 
' 

fl''om Fig. 2B it is clear that 

Fig. 

[<z"- z') + 2~ 1 ] c2 = 180° p p p 

• ... 

• . • 

C (z"- z') 
2 p p 

90° 
c ( z" 

2 p 

2C shows that 

tan tjJl = 0 
= >..b -:: 

= 

- z' ) 
p 

t)Jp = 
2 

6 6 
= >.. 1;'1 

d (010) 

2$ , from (6) 
p 

( 7 t ) 

( 8 I ) 

( 9) 

and tan tjJP 
6 = 6 6 = .•. = (10) 

pXb .. 
P• 

>.. ~p 

d(OlO) 
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Combining eqns. (9) and (10) with (5) leads to (7') :-

tan B = r; from (5) r 

= r; from (10) 

E;p tan l)Jp 

= r;; from ( 9) 

~p tan { 90° - C 2 ( zp -zj;.2.} 
2 

= ( 7' ) 

4. Space grou:g 

The conditions for non-extinction were found to be:­

OkO, k = 2n ~ [OlO]screw axis, component~ 

hOt, Z = 2n ~ (010) glide plane, component ~ 

The above two symmetry elements uniquely define space group 

P2 1 /a. 

5. Density 

The density of the crystals was determined by.flotation 

using a 

D 
m 

D a 

mixture of benzene and carbon tetrachloride. 

= 1 .. 31 g.cc-1 

= 1.28 g.cc-1 for 8 molecules per unit cell. 

6. Powder data 

X-ray powder data have been obtained for both 

phenothiazine and chlorpromazine hydrochloride from powder 

photographs and, in good agre~ent, from the automatic 

diffractometer. 
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7. Intensity measurements 

Owing· to the problems experienced in obtaining high 

quality crystals which• in any case, disintegrated even 

under nitrogen, it was decided not to proceed with intensity 

measurements. As a co~sequence, the study of chlorpromazine 

base was undertaken. 
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Note on Table 1: Estimation of standard deviations in cell 

dimensions. 

Oscillation film 

The distanc~y of the layer line from the zero layer line 

are measured. 

Using 6 for the d{fferential, 

6y = E(y - y)2 

n(n-1) 

where n = number of readings. 

(1) 

Equation (1) P. 9 is obtained from the follmving diagrammatic 

representation of X-rays reflected from a crystal at 0 

inside a camera of radius r. 

X- TO. . .'\fS 

01 ..,.. 
I 

The angle a J.S calculated from . 

tan a = 'i. r 

Differentiating, 

s.ec 2 a6a = ~ 

' . . 
' 

r 

6a = cos2 a 6y 
r 

The direct lattice constant d is calculated from 

,'d = n'A 
sJ.n a 

• • • D.d = n'A cos a 
sin2 a 6a 

Eqns. (1), (2) and (3) combined give the value of the 

standard deviation in the direct lattice constant,d. 

( 2) 

( 3) 
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hleissenberg film 

The film coordinates x 1 and x 2 of pairs of axis spots on 

each side of the centre line of a zero layer photograph 

are measured. 

For a camera of standard radius, r = 28.648 mm., 
1 mm.x -- 20 arc ......... 2°(2a) ::e:. 1° a - ...,... 

i.e. a = X = x 2-xl 
2 

. • [).9 = f). X (4) 

and ~s calculated from ( 1.) 
;'c 

The reciprocal lattice constant d is calculated from 

~·: 2 sin a d = nt. 
-_•: 2 cos a 

• • f).d = f). a (5) 
nt. 

Equations (4),(5) and (1) c6mbined give. the value of the 
•'• 

standard deviation in the reciprocal lattice constant dn. 
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SECTION B 

THE CRYSTAL AND MOLECULAR STRUCTURE 

OF CHLORPROMAZINE 

1. Crystals 

Powdered chlorpromazine was supplied by the Smith, 

Kline and French Laboratories (United States) and colourless 

needle-shaped crystals were prepared by evaporation from 

a solution of the powder dissolved in low boiling point 

petroleum spirit. 

Because of the deleterious effects of light, air and 

X-rays and the consequent difficulties, the following 

procedure was fin~lly adopted, with successful results:­

(1), the crystals were grown in darkness under an atmosphere 

of nitrogen, (2), single crystals were sealed in nitrogen­

filled Lindemann-glass capillar~es, and (3), exposure to 

light rays was avoided as far as possible throughout the 

photographic process. 

2. Cell dimensions 

X-ray osc{llation and equi-inclination Weissenberg photo­

graphs, with the use of Ni-filtered CuKa radiation, taken 

about the y and z axes gave an orthorhombic system with 

·cell dimensions as listed in Table 4. These are in good 

agreement with the values of a= 15.20 ± .03, b = 23.53 ± .03, 

and c = 9.27 ± .02 ~ obtained by Falkenberg & Ringertz (1967). 

3. Space group_ 

The conditions for non-extinction were found to be 
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OkZ, k = 2n -+- (100) glide plane, component b 
"2 

hOZ, z = 2n -+- (010) II II II a 
2 

hkO, h = 2n -+- (001) II II II a 
2 

hOO, h = 2n -+- [100] screw axis, component a 
2 

OkO, k = 2n -+- [010] II II II b 
2 

ooz' z 2n -+- [001} II II II a = 2 
The above conditions lead uniquely. to the space group Pbaa. 

In Appendix A the simplest general form of the structure 

factor and the simplification which arises in special cases 

for space group Pbaa have been calculated from the coordinates 

of equivalent positions, and the conditions for non-extinction 

have been derived from the results. The calculations for 

Pnma are also sho-.;·m. 

4. Density 

The measured density= 1.289 g.cc-1. 

The number of molecules per unit cell, 

N = 
D x v x Av 

where D = density in g. ee-l 

v = volume of unit cell in 

Av = Avogadro's number. 

M = gram molecular weight. 

cc. 

. . . N = 1.289 X (3297 X 10-24 ) X (6.023 X 1023) 

318.861 

= 8.03 

From this result it was concluded that there were 8 molecules. 

in the unit cell. 

= 1.285 g.cc- 1 • 

The calculated density for 8 molecules 
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5. Absorption 

The crystal selected for intensity measurements was 

approximately cylindrical with length 0.11 em. and diameter 

0. 03 em. 

from 

From 

The linear absorpt,ion coefficient, ~, was calculated 

Table 

where D = density, 

5' 

I P I~) 

f.! 

and f.IR 

p 

.!!. 
p 

= 

= 
= 

= 

= 

fraction of total weight of element 

present, 

mass absorption coefficient of 

element (Int. Tab. III, P.l62). 

25.91 cffi2/gm. 

1.289 X 25.91 = 33.4 cm- 1 

33.4 X 0.015 = 0.50 

As the corresponding absorption correction factor for CuKa 

radiation ranges from 2.29 for e = 0° to 2.05 for e = 90° 

(Int. Tab. II, P.295), absorption corrections were not 

applied. 

6. Intensity measurements 

Eight layer-lines (hkO to hk7) were photographed 

using the standard multiple-film technique. An exposure 

time of about 100 hours was required for each set of 5 

films. 

An intensity scale was set up by selecting a reflection 

of suitable intensity and shielding out all others from the 

film. A number of accurately timed exposures of the 

chosen reflection were taken, each exposure being equal to 

some integral number of oscillations of the crystal. The 
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TABLE 4 

CELL DIMENSIONS OF CHLORPROMAZINE 

Oscillation ~-leissenberg Oscillation Weiss enberg Average Number 

about about. about about $. of 

y-axis y-axis s-axis a-axis values 

23.53 • 0.03 23,47 • 0.03 23.50 • 0,04 20 

15.21 • 0,03 15.19 • 0,02 15.20 • 0.02 14 

9.22 • 0.01 9,23 • o.o1 9.23 • 0.01 9 

TABLE 5 

CALCULATION OF LINEAR ABSORPTION 
'· 

COEFFTCIENT OF CHLORPROMAZINE 

Atomic Total p .!!. • 
p l ;) Atom weight 'Aeip,ht fraction of for CuKo. 

total we.ight radiation., 

Ct 35.45 7 35,457 0,118 2 106 12.540 

s 32.066 32,066 0.1069 89.1 9.530 

N 14.008 28.016 0.0935 7. 52 0.703 

c 12.010 204.170 0.6814 4.60 3.134 

TABLE.6 

VALUES OF THE TEMPERATURE FACTOR OBTAINED BY 

WILSON'S METHOD AND LAYER-LINE SCALE FACTORS 

OBTAINED BY VARIOUS METHODS 

'.o/ilson's method (b) iiethod (a) K K 

Layer B loge j K K from film from least-

from hlt exposure squares 

vleissenberr, times refinement 

hkO 3,88 0,30 0,741 1.000 1,00 0.673 

hkl 4,50 o.oo 1,000 0,707 1.03 0.913 

hk2 4,69 0,40 ·0.670 1.014 l.OS 0.689 

hk3 3.98 0.9 2 0,400 l. 284 2.10 0.557 

hk4 3,60 0,60 0,549 0,487 1.07 0.757 

hkS 3,08 0.16 0.853 0,247 0,84 1.037 

hk6 3,20 o.s 7 0,566 0,312 0,86 0.829 

hk1 3,58 1.05 o. 350 0,612 0,86 0.566 

\ 

Error 

0.17 

0.13 

0.11 
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intensities on the scale had the relative values 1,2,3,4,6, 

8,12,16~20,25,30,35,40,50,75,100,125,150 and 200, where 1 

represented an exposure time of 20 seconds. 

The intensities were estimated by visual comparison of 

the spot with the spots on the intensity scale. Each 

reflection was measured. on each of the films upon which it 

appeared and the film factor between every pair of films was 

calculated by taking the average of all film factors obtained 

for individual reflections. . Thus most of the individual 

intensity values represented an average of 3,4 ar 5 readings. 

On each set of films I(hkZ)' I(h~Z) , plus either I(~kZ) 
.or I(~~Z) were measured; for Pboa these are all ~qual. Thus 

by collating their symmetry relationships about 6000 measured 

intensities were reduced, by averaging, to 1893 independent 

ref.lec tions. 

7. Lorentz and polarisation factors 

Corrections for the Lorentz (L) and polarisation (p) 

factors were applied to the measured intensities by the use 

of the programme "Lp and Scattering Factor". The formulae 

used in all programmes are included in Appendix A. 

The relationship between the L and p fact~rs and the 

measured intensity is expressed by 

2 2 

= 
1. . 1 

K 2 LChkZ)P(7~kZ) 

where K is the scale factor for the layer~line 

to be discussed in sub-section 8. 

8. Preliminary temperature factor and scale factors 

Scale factors for the individual layer-lines were 

obtained by the following two methods:-

(a), the crystal was rotated about they-axis and a five­

film Weissenberg gave 120 i~dependent hlZ intensities with 
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Hhich to set the z-axis photograph on to the same scale, 

(b), Wilson's (1942) method of obtaining absolute K's 

for each layer-line was used. 

Wilson's method is most conveniently applied in the 

form of Buerger'st equation:-

log . e 

·where 

= 2B 

IF 12 lS the average obs 
corresponding 

0 f. is the scattering 
J 

at rest. 

sin 2 e 
>.2 

intensity of the 
sin 2 e 

>. 2 zone, 

pm-ver of atom J 

B lS the temperature coefficient. 

It is clear that the graph of loge ( rf 0F obs I z) plotted 

. sin 2 e 
agalnst A

2 
is a straight line of slope 2B and 

intercept loge ( ~) • 

The results for chlorpromazine are illustrated in 

Figure 3, and listed in Table 6, from which it can be noted 

that Wilson's method, in comparison with rnethod(a), gave 

values for K more closely consistent with the scale factors 

obtained by the least-squares refinement. 

The values calculated forB are listed ln Table 6. 

The average value of 3.8 was used in subsequent calculations. 

9. The Patterson function 

The three-dimensional.unsharpened Patte~son function, 

tCrystal-Structure Analysis, P. 235. 
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P(J:,y,z) 1 I I I IF<hk;nl
2 27T (hx + ky + = - cos 

v h k z 
where x, y, and z are fractional coordinates, 

was calculated on the I.C.T. 1301 computer. Because the 

symmetry·of the Patterson of space group Pbaa is Pmmm , it 

was necessary to calculate 1/gth only of the unit cell. 

Zz) 

The Patterson values were computed in steps of rfrrr along 

each axis in sections perpendicular~to the a-axis (Figure 4). 

The. study of Table 7 shows that rotation and reflection 

peaks could be expected not only on the z = ~ sheet but in 

·addition on the x = ~ and y = ~ sheets; therefore, the 

additional calculation of the Patterson sections x = ~' 
perpendicular to the x-axis, and y .= ~' perpendicul~r to 

the y-axis, were specially done to facilitate the more rapid 

lOcation of the satellite peaks. 

Figure 4 is a photograph of the Patterson function 

traced on to glass sheets; the positive contours were 

drawn in steps of 10 units. 

10. Interoretation of the Patterson. 

(a) Calculated heights .of Patterson peaks 

The magnitudes of the peaks to be expected were 

calculated as follows:~t 

The volume V. . , of a Patterson peak due to a pair of 
~J 

atoms i and j is z.z. where z. is the number of electrons 
~ J ~ 

~n an atom i: 

The volume, V , of the multiple origin peak is 
0 

where the· sum is taken over all the atoms in the unit 

t Buerger: Vector Space, P. 127. 

Iz: 
. J 
J 
cell. 
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FIGURE 4 

THE THREE-DIMENSIONAL PATTERSON FUNCTION 
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Logically it follows that, whatever scale is.used, 

the volume of any peak due to atoms i and j can be 

expressed.as a fraction of the volume of the origin peak, 

z.z. 
v .. l J v l.e. = lJ l z~ 0 

J J 

or, since the height of a peak is approximately ·proportional 

to its volume, 

z ... z. 
H .. l J H = lJ l 2 0 z. 

J J 

For chlorpromazine, the size of the Patterson origin 

was 6 50 units, 

L z. = 8 { 17 X 62: + 2" X 72 + 1 X 162 + 1 X 172 } 
j J 

= 10,040 

For a Ct-Ct peak, z,z, = 172 = 289 
l l 

Therefore the expected height of a Ct-Ct peak of 

single weight on the Patterson map, i.e. an inversion peak, 

H .. 
ll 

= 289 
X 650 

10,040 

= 20 units, 

and the expected heights of the rotation and reflection 

satellites were 40 units and 80 units respectively. 

The values for S-S and S-Ct peaks would be of the 

same order. 

(b) Calculated positions of Harkert peaks 

The coordinates of the Harker peaks, derived from the 

coordinates of equivalent positions, are shown in Table 7. 

The peaks which occur in.the relevant l/8th of the unit 

t . 
The term Harker peak denotes a peak corresponding to an 

interatomic vector between symmetry-equivalent atoms 

(after Buerger). 
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TABLE 7 -

THEORETICAL POSITIONS OF REFLECTION PEAKS, 

ROTATION PEAKS AND INVERSION PEAKS IN THE 

PATTER.SON OF SPACE GROUP Pbca 

Coordinates of equivalent positions 

1 X y :: 1 .x y 'i 

2 ~+x ~-y i 2 ~-x ~+y z 

3 x ~+y ~-z 3 X 
, 
:;-y ~+z 

4 
, 

X 'jj ~+a. 4 ~+x y ~-z :;-

Vectors Coordinates of vi eight Number 
Patterson peaks of peaks 

1-2, 2-I 
~+2x 

, 
0 

3-4, ii-3 l! 

... 

3-ii, 4-3 , 
~-2x 0 :': 

I-2, 2-1 
:; 

1-3, 3-I 
;+ 2y ~ 

2-4, ii-2 
0 

4 6 

Reflection 2-ii, 4-2 
0 , 

~-2y :': peaks l-3, 3-1 
:; 

-- ·-- --
1-'4' 4-1 

!+2z 
2-3, 3'-2 ! 0 

·--
3-2 2-J, , 

0 ~-2z :': 2 

1-4, 4-1 

1-4, ii-I !+2x 2y ! 
2-3, 3-2 ~+2x -2y 

, 
!! 

2-3, 3-2 ~-2x 2y ! * 
I~ii, 4-1 ;-2x -2y 

, 
2 

1-2, 2-1 ; !+2!1 2z 

3-4. ii-3 ! ;+2y -2z 2 12 Rotation 
peaks 3-ii. 4-3 ~ ~-2y 2z * 

1-2, 2-1 
, 

!-2y -2z l! 

1-3, 3-1 2x 
, 

~+ 2z :; 

2-ii, 4-2 -2x 
, 

~+2z 2 

2-4, ii-2 2x l ~-2z * 
1-3, 3-1 -2x ~ ~-2z 

1-l 2x 2Y 2z * -2-2 2x -2Y -2z 

3-J -2X 211 -2z 

4-4 -2X -211 2Z 
Inversion 1 B 

peaks - -- -
1-1 -2x -2y -2z 
2-2 -i::: 2y 2z 

\ 3-3 2x -2y 2z 
4-4 2x 2y -2z 

__ :·:~;--~__::~--· -~-
~...::;.::_~-:....:..=.;..._.:.._·_:......=....-_....:..:..:.:._~.-
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cell are marked with asterisks, from which it can be seen 

that one inversion peak of w~ight 1 must necessarily be 

accompanied by six satellite peaks, three of weight 2 and 

three of weight 4. 

(c) Image-seeking functions 

After examination of the Patterson, all possible 

reflection and rotation peaks were listed and combinations 

of values. of 2x, 2y, 2z given by three reflection and three 

rotation peaks were sought. 

A satisfactory combination appeared to be 2x. = 16, 

· 2y = 8, 2z = 20, which was arrived at from the following 

peak positions:-

Rotation peaks were found at 

( ~-2X, 2y, ~) ( 3 4, 6 , 50) 

( ~, ~-2y, 2z) (50' 40, 20) 

(2x, .1 ~-2z) ( 16 ~ 50' 30) 2 , 

Reflection peaks were found at 

( 1 2"" 1 . 0) 2- .... , 2, 

(0, ~-2Y, ~) 

0, o, ~-2z) 

·'· 

( 3 4 ' 50 ' 0) 
( 0' 42' 50) 

(50, o, 30) 
l'' 

(Height, 

( II 

( II 

(59) 

(107) 

(137) 

43) 

3.0) 

36) 

eft althdugh not a specific peak, this position 

was a continuous "rod" of high values along 

the x = 50, y = 0 line) 

The corresponding inversion peak, of height 52, was found in 

the location 2x = 16, 2y = 8, 2z = 20. 

At this stage all seven peaks were located; the heights 

and geome~rical relations of the peaks were considered 

sufficiently close to the calculated values to warrant a 

vector shift to the inversion peak. The corresponding 

three-dimensional minimum function (11 2 ) was calculated 

with the u.se. of· the progral'Ilme "Hinimum Function". 

As every K2 function is inherently centro-
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symmetrical, one half only of the unit cell was computed,. 

contoured and transferred to glass sheets by a similar 

method as.used for the Patterson. 

In the case of a shift to a v~ctor point corresponding 

to a pair of atoms which are centrosymmetrically situated in 

the crystal structure, ~he resulting M2 map should give the 

"image" only, without its inverse, and should exhibit the 

symmetry of the crystal lattice, i.e. the minimum function 

as calculated above should have been a picture of the unit 

cell. 

The selection of inversion peak (16,8,20), based on an 

apparently sound foundation as explained above, proved to 

be a most unfortunate one. Despite being incorrect, the 

M2 map showed many features which were to be expected in 

this particular problem, such as twelve well-defined peaks, 

each appearing in the eight equivalent positions, and one 

strong peak at an ~ppropriate di~tance (6.25 R) from the 

supposed C~ peak to suggest interpretation as a S peak. 

The ultimate solution of the structure disclosed that the 

orientation of the phenothiazine group was correct, the 

y- and z-coordinates of the "C~" and "S" peaks of the 

minimum function were very nearly correct, and that the 

x-coordinates were incorrect. 

Thus, owing to the deceptive coincidences, much time 

was consumed in calculating structure factors and Fouriers 

based on various possible positions of the phenothiazine 

group. After many attempts, the lo~est R attained was 

52%, and it was then decided that the trial structure was 

basically incorrect. 

Subsequently, further minimum functions were calculated 

and various other techniques were applied , but as they led 

to a reasonably thorough understanding of the properties 

of the Patterson, but not to its solution, they need not 

be described. 
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(d) Sharpened Patterson function 

In order to obtain better definition of the peaks, the 

Patterson coefficients were sharpened in accordance with 

the formula 

= 
() f.)2 

REFER ADDENDA (3-10-1969), P.l69. 
and used i-n the ca.Lcu.Lal: J.on oi a sna!'pened Patterson 

function. As before, the sectionsx= ~andy=; were 

calculated. The sharpened function was found to have 

considerably greater clarity than the unsharpened function. 

Because the origin of the sharpened Patterson was 

1020 units, the expected heights of Harker peaks were again 

calculated, as described in sub-section (a). 

H .. for a single weight C~-Ci ~ 30 units, and for 
].]. 

peaks of weight 2 and 4, 

H .. = 60 and 120 units respectively. 
].]. 

(e) The benzene ring 

Examination of the peaks of the sharpene.d Patterson 

led to th.e discovery of a feature t'-lhich, due to the spread 

of the origin peak, had not been noticeable on the 

unsharpened Patterson. A nearly perfect benzene ring 

with two attached ~toms was clearly visible. A theoretical 

Patterson.was then drawn for a benzene ring+ Ct + S + N, 

and on comparison a remarkable agreement was disclosed 

with the actual Patterson, as illustrated in Figure 5. 

The following substantiv~ inferences could be drawn:­

(1) The orientation of the benzene ring (i.e C(l)-C(6); 

see Figure 8) was established, 

( 2 ) The difference in the y-coordinates of s and S' was 

close to 2 (where S may be chlorine or sulphur), 

( 3) The difference in the :.:-coordinates of s and S' t-Jas 

close to 25, 

(4) The orientation of the phenothiazine group was 

confined to a limited number of possibilities (four, 
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Figure 5 

The benzene ring. 

A. Theoretical Patterson of a benzene ring and 

three attached atoms: 

Ct s 

N 

B. The Patterson of chlorpromazine, drawn to 

the scale of 1 ~ = 4 em. 

The full contours .repr~sent the 

z = o section; 

the dotted contours represent the 

z = 6 section. 
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if the tricyclic group was planar, and eight if it 

was folded about the S-N axis). 

When the structure was ultimately solved, the above 

interpretation was proved to be basically sound. However 

it is plain that althou~h deductions as to t~e relative 

positions of the sulphur and chlorine atoms could be made, 

their absolute locations in the unit cell were still 

undetermined~ Nevertheless, the inferences were borne in 

mind and assisted in the successful solution of the 

Patterson by Fourier methods, discussed in the following 

sub-section:-

(f) Solution of the Patterson by Fourier methods 

The reflection and rotation peaks of the sharpened 

function were listed as for the unsharpened Patterson, and 

it was found that the number of peaks was nearly doubled. 

For the purpose of calculating a meaningful Fourier, it 

was consider.ed that both S and C.R. must be correctly located. 

Thus in addition to two sets of seven .peaks each, eight 

S-C.R. peaks had to be found. 

Possible sets of seven Harker peaks were listed as 

described in sub-section (c); the inversion peaks were 

taken in pairs, i.e. (2x~, 2yA, 2zA) and (2x8 , 2y8 , 2z 8 ), 

and the corresponding atoms were initially assumed to· be 

situated at C±xA, ±yA' ±zA) and Ux 8 , ±y 8 , ±z 8 ) respectively. 

(The positions (±xA ± ~' ~yA,zA) or (±xA ± ;, ±yA ± ~,± zA), 

etc. were of course alternatively permissible because the 

Patterson peak for xA + ~ is indistinguishable from the 

Patterson peak for xA.) 

The signs of :the coordinates of ~ at<;>m, A say, could 

be chosen as positive, because a change of any of the signs 

represents merely a change of choice of the origin~ when 

~atoms were simultaneously.considered however, the signs 

of the second atom, B, had to be correctly allocated, as 

follows:-
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The coordinates of atom A in its first equivalent position 

·taken in combination with each of the eight possible 

permutations of signs of the coordinates of atom B would 

produce eight possible locations, at one of which the A-B . -
peak would be found in the Patterson. Similarly, each 

of the equivalent positions ·of atom A· would yield eight 

locations, one of .which in each case would be the correct 

position of a Patterson peak. 

In total therefore, for a unit cell containing eight 

equivalent positions, 64 locations in the Patterson should 

be examined, and eight A-B peaks arising from one particular 

permutation of signs of B must be found. A modification 

arises in a centrosymmetric cell, because the centro­

symmetrically related atoms, i.e. A(l) and ACYl, produce 

the indentical set of eight positions, with the result that 

32 locations only need be examined. 

The procedure described above was followed for each 

pair of possible inversion peaks in the Patterson of 

chlorpromazine. Dr. G. Gafner, head of the crystallography 

division of the c.s.I.R., supplied the valuable information 

that the absence of even ~ of the eight S-C~ peaks would 

invalidate the whole set, which considerably narrowed the 

field of possibilities. The information as to coordinate 

differences (described in sub-section (e)) further reduced 

the number of pairs which it was necessary to investigate. 

Details of the peaks which finally revealed the long 

sought positions of the elusive sulphur and chlorine atoms 

will render clearer the application of the technique. 
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C!-C! inversion peak of height (26) at (2x,2y,2z):(l0~6,26)~ 

Corresponding satellite peaks at 

a-2x, 2y, ;) (40,4-6,50) (36) 
~'; 

(;' 
, 
2-2y, 2z) (50' 44,26) (28) 

(2x, 
, 

;-2z) (10' 50., 24) (50) 2, 

(~-2x, 
, 

0) (41, 50' 0) (100) 2' , 
~) 

"J': 

(0' 2-2y, ( o, 46,50) (85) 

0, ~-2z) 
._•; 

o, (50, 0,22) (206) 

S-S inversion peak of height (26) at (2x,2y,2z):(43,10,13) 

Corresponding satellite peaks at 

0-2~, ~) 
:': 

2y, ( 6, 10 '50) (51) 

( ~' ~-2y' 2z) (50, 40,12) (61) 

( 2x, 
, 

~-2z) ( 43, 50' 3 6) ( 8 8) 2' 

C1-2x, 
, 

0) ( 7, so, 0) (177) 2' 

~-2y, ;) ":!: 
( 0' ( o, 40' 50) (138) 

'"J·: 

<1, o, ~-2z) (50, 0,36) (226) 

(Labels on Fig. 6 indicate six of the 14 

Harker peaks which were located by the 

technique on the y = 0 and the z = SO 

sections of the sharpened three­

dimensional Patterson.) 

The coordinates of the S atom were chosen as positive, i.e. 

the S atom was placed at (+21;, +5, +6~). 

Therefore, due to the symmetry of space group Pbaa, s atoms 

must be situated at the equivalent positions:-

(1): (21~, s, 6;) ( 1): (21~, 5, 6}) 

( 2 ) : ( 71;' 45, 6;) C2): ( 2 8~' 55, 6 ~) 

( 3 ) : (21;, 55, 43~) (3): (21~, 45, 56~) 

( 4 ) : (28~, s, ss; > (4): ( 71;' 5 ' 43~) 
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The CQ. atom was assumed ~o be at (±5, ±3, ±13)';i.e. at one 

of the eight possible positions represented by the permutations 

of the signs of x, y, and z. 

The first eguivalent position bf the S atom, i.e. S(l), taken 

in conjunction with each of·the sign combinations of the 

coordinates of the CR. atom, led to.eight positions in the 

Patterson at which S-Ci peaks could be sought:-

(+++) (16~, 2• , 6~) (10) (---) ( 261' . 8, 19~) (0) ... ~: 
(-++) ( 26;, 2' 6~) ( 40) (+--) ( 16 ~' 8 ' 191) (63)" 

(+-+) (161' 8' 61) (23) (-+-) ( 26~' 2 ' 191) (4) 

(--+) ( 26;, 8' 6;) (-) (++-) (16~, 2, 191) (10) 

The centr~symmetrically equivalent atom, S(l), combined with 

each of the sets of signs of the coordinates of the CQ, a~om, 

led to the identical set of eight positions to those above, 

but each possible S~CR. position was obtained from a set of 

CQ. coordinates with signs reversed. e.g. S(l) with CQ,(-++) 

gave a peak of (40), while S(l) with CQ,(+--) gave a peak of 

(63), (see *above). It can be deduced therefore that 

these were two of the required Patterson S-Ct peaks, and 

consequently allocated the signs (-++) to the coordinates 

of the Ct atom. 

The second equivalent position of the S atom, i.e. S(?), 

taken in conjunction with each of the sign combinations of 

the coordinates of the CQ. atom, ·plus the centrosymmetrically 

equivalent position, s(2), combined \vith Ct , defined 

another eight locations:-

(+++) (33;, 42, 191) (-) (---) ( 23 ~' 48, 61) (1) 
._t: ... 

( -++) (23~, 42, 19~) (52) (+--) c 33L 48, 6;) (43)" 

( +-+) (33~, 48, 19~) (-) (..,.+-) C23L 42, 6~) ( 2 3) 

(--+) C23L 48, 19;) ( 3) (++-) ( 1 3 32' 42, 6 ~) (-) 

As before, Patterson S-Ct peaks were found at the two locations 

required by the (-++) signs of the CQ. coordinates. 
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Similarly, S(3) and S(J) defined eight locations:-

(+++) 

·( -++) 

( +-+) 

(--+) 

C26L 48, 30~) 

(16~, 48, 30~) 

(26~, 42, 30~) 

(16~' 42, 30~) 

And S ( 4 ) and S (4) : -

( 2) 

* (45) 

(1) 

(15) 

. ( ---) 

(+--) 

(-+-) 
(++,..) 

.<16~, 42, 43~) 

(26~, 42, 43~) 

(16~, 48, 43~) 

(26~, 48, 43~) 

(1) 

(55) 

(-) 

(-) 

(-) 

~': 

·'· 
(+++) 

(-++) 

(+-+) 

(--+) 

( 23 ~ ,. 

( 33~, 

( 23 ~' 
(33~, 

8, 43~) 

8, 43~) 

2, 43~) 

2, 43~) 

(-) 
(58);': 

(---) 

(+--) 

(-+-) 

(++-) 

(33~,. 

(23~, 

(33~, 

( 23~' 

2, 30~) 

2, 30~) 

8' 30~) 

8, 30~) 

(39)" 

(13) 

(6) 

(34) 

( 6) 

Hence, out of a total of 32 locations, eight S-C1 peaks were 

found which assigned (-++) to the coordinates of the Ci atom. 

It was therefore assumed that S was at (21~, 5, 6~) and 

C! at (-5, +3, +13). 

The two atoms were placed at these positions, structure 

f~ctors were calculated and ~ three-dimensional Fourier was 

computed. 

As had been hoped, the two atoms, although not accurately 

placed, goyerned the phases of the scattered waves to an· 

extent sufficient for the dramatic disclosure in the Fourier 

of ~the remaining non-hydrogen atoms of the structure. 

11. Refinement of the structure 

Using the analytical f-yalues of Berghuis, Haanappel, 

Potters, Loopstra, MacGillavry & Veenendaal (1955), 

structure factors were calculated wi~h all 21 atoms placed 

and, after adjustment of the scale factors, the value of 

R was 35.8%, where 

R = 100 
IIIFol- !Fell 

t·IF 0 I 
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FIGURE 7 

THE MOLECULE AS IT APPEARED I N FOURIER 4 (R 27. 4% ) 
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Three successive three-dimensional Fourier and difference 

Fourier syntheses brought the value of R down to 27.4%, at 

which stage one m?lecule in Fourier 4 contoured on glass 

sheets is shown in Figure 7. An I.C.T. 1301 computer was 

used for the calculations; the formulae used are givenin 

Appendix A. 

The refinement was continued on an I. B.M. 360/40 

computer. Using the Busing, Hartin & Levy (1962) programme 

ORFLS, and the scattering factor values of Hanson, Herman, 

Lea & Skillman (1964), five least-squares cycles were 

computed. The function minimised was 

equal weight given to each term. Initially an overall 

temperature factor of 3.8 .was applied; subsequently 

individual isotropic temperature factors for each atom were 

used. The value of R for observed reflections dropped to 

18.9%. At this stage 675 ·unobserved reflections, estimated 
l 

as 3 jFminl of the appropriate layer line, were included 

and a further four cycles with anisotropic temperature 

factors for all atoms (e~cluding hydrogen atoms) were 

computed. In the last cycle the average parameter shifts 

expressed as fractions of the e.s.d.'s were about 0.3 for 

x-coordinates, 0.5 for y and z-coordinates. The final R 

value for 2560 reflections was 13.5%. Subsequently a 

further two cycles were carried out on the 1885 observed 

reflections and the final R was 11. 4<.?o. The progress of 

the least-squares-refinement is summarised in Table 8; 

Table 9 lists the observed and calculated structure factors; 

final atomic coordinates and thermal-motion parameters with 

associated e.s.d.'s are given in Table 10. 



Operation Number Parameters Nu:nber of Cycle R R ' 

number of Data varied parameters Remarks number before after 

cycles varied (%) (%) 
I 

1 1 1893 Fobs. 8 scale factors 8 Overall B =3.8 1 27.4 26.4 
--- - --- -- -. I-- fi 

2 2 1893 " 8 scale factors 72 2 26.4 22.9 .. 
1 overall B Isotropic 
63 coords. cycles 3 22.9 22.3 

1--- .. . ~-· . . .. 

·t:t:l 
~ 
(/) 

1-3 
I 

3 2 1893 " 8 scale factors 92 Individual 4 22.4 '19.3 (/) 

21 indiv. B's isotropic B' s 
5 19.3 18.9 63 coords. 

!() 
c 
~ 

4 1 2568 63 coords 189 Individual 6 21.6 15.5 
(1893 Fobs. 126 i3 1 s anisotropic 

+ 6 7 5 F unobs • ) 
fl IS 

--- - - -- Anisotropic 5 1 2563 " 189 5 Fobs. cycles 
7 15.2 14.1 

omitted Fobs. + Funob 

!:U t-31 

I 
I' 

ti:l ~ 
J,. (/) tP 

t"i 0'1 
!:U ti:l 
tr:l 
t-Ij co 
H 
z 
ti:l 
~ ---- --

6 1 2563 8 scale factors 71 " 8 14.1 14.0 
·. 63 coords. -·· 

ti:l 
Z. 
t-3' 

7 1 2560 63 coords. 189 8 Fobs. 9 14.1 13.5 
126 fl IS 

omitted 

8 2 1885 Fobs. " 189 " AnisotroDic 10 11.5 11.4 
cycles 

Fobs. only 
11 11.4 11.4 
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Table 9 

Observed and calculated structure factors. 

Within each group the columns, reading from l~ft 

to right, contain the values of h, Kjf
0

j and F
0

• 

* 1 indicates a reflection with I 0 = O, jf0 j = ~ jfminj 

of the appropriate layer line for these reflections. 

t indicates jf
0

1 omitted for these reflections in 

the last three refinement cycles because the 

intensities were too high to measure accurately. 
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Temperature factor= exp {-Ch2 B11 + k2B22 + t 2B33 + 2hkB12 + 2htB13 + 2ktB23)} with B11 = 2w 2a* 2U11 , 
B12 = 2n 2a*b*U12 , etc. 

The least-squares standard errors are given in parentheses. 
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TABLE ll 

·BOND LENGTHS AND ANGLES AND ESTIMATED 

STANDARD DEVIATIONS 

Bond R. Angle 

C(l) - C(2) 1.39 ~ C(6) - C(l) - C(2) 
C(2) - C(3) 1.38 C(l) - C(2) - C(3) 
C(3) - C(4) 1.42 C(2) - C(3) - C(4) 
C(4) - C(5) 1.40 C(3) - C(4) - C(5) 
c ( 5) - C(6) 1.40 C(4) - C(5) - C(6) 
C(6) - C(l) 1.40 C(5) - C(6) - C(l) 

C(7) - C(8) 1. 43 CC12) - C(7) - C(8) 
C(8) - C(9) 1.39 C(7) - C(8) - C(9) 
C(9) - C(lO) 1.39 C(8) - C(9) - C(lO) 
CClO) - C(11) 1.41 C(9) - C(lO) - CC11) 
C(11) - C(l2) 1.40 C(10) - C(ll) - C(l2) 
CC12) - C(7) 1.39 C(11) - CC12) - C(7) 

C(7) - s 1. 75 C(4) - s - C(7) 
C(4) - s 1.75 s - C(7) - CC12) 
CC12) - N(l) 1.41 C(7) - CC12) - N(l) 
C(5) - N(l) 1.40 CC12) - N(l) - C(5) 

N(1) - C(5) - C(4) 
N(l) - CC13) 1.51 C(5) - C(4) - s 
C(13) - C(14) 1.53 
CC14) - CC15) 1.55 CC12) - N(l) - C(l3) 
CC15) - N(2) 1.45 C(5) - N(l) - CC13) 
N(2) - CC16) 1.49 C(l) - C(l3) - CCllf.) 
N(2) - CC17) 1.46 C(l3) - C(14) - C(l5) 

CC14) - CC15) - N(2) 
CR. - C(l) 1.74- C(15) - N(2) - CC16) 
CR. - C(l6) 4-.10 C(lS) - N(2) - C(l7) 
CR. - s 6.24 CC16) - N(2) - C(l7) 

CR. - Ct(i') 3.34 CR. - C(l) - C(2) 
CR. - S(lf.) 4-.4-7 CR. - C(l) - C(6) 
CR. - S(4) 6.26 
N(2) - S(3) 5.37 
N(2) - S(2) 5.4-5 
N(2) - Ct(3) 4.71 
N(2) - Ct (3) 5.28 

e 

124.1(7)0 

117 .0(7) 
121.7(7) 
119.3(7) 
120.3(6) 
117.5 ( 7) 

119.4(7) 
119.5(8) 
120.9(8) 
119.9(8) 
119.8(8) 
120.4(7) 

97.3(3) 
120.9(6) 
116.9(6) 
118.4(5) 
118.1(6) 
119. 7( 5) 

117.7(5) 
117.8(5) 
109.7(5) 
109.3(6) 
112.7(6) 
112.0(8) 
108.9(7) 
109.9 (7) . 

118.7(6) 
117.1(6) 
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TABLE 12 

MEAN PLANE PARAMETERS AND DEVIATIONS 

OF ATOMS FROM THE PLANE 

I Benzene ring, C{l) C(6) 

-0.4353x - 0.3576y + 0.8262z = -1.8684 

Atom Displacement 

C(l) 
·0 

-0.011 A 

C(2) 0.004 

C{3) 0.001 

C(4) 0.003 

C{5) -0.011 

C(6) 0.014 

II Benzene ring, C{7) - C(l2) 
\," 

Atom 

s 

N{l) 

CR. 

O.l603x- 0•6920y + 0.7038z = 0.7144 

Atom Displacement Atom 

C{7) 0.001 s 

C(8) 0.010 N(l) 

C{9) -0.009 

C(lO) -0.004 

C(ll) 0.015 

C(l2) -0.014 

Displacement 

-0.135 

-0.007 

-0.035 

Displacement 

-Oo023 

-0.062 
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12. Disc us sioli 

Figure 8 shows the structure of the molecule and bond 

lengths and angles; Table 11 gives interatomic distances 

and angles with associated e.s.d.'s, which were calculated 

from the results of the ninth refinement cycle by the Busing, 

Hartin & Levy (1964) programme ORFFE. The quoted errors 

include allowance for errors in cell dimensions. The C-C 

bond lengths in the tricyclic group are all betwe~n 1.38 
0 

and 1.43 A; the average value for each benzene ring is 

1.40 X which is in good agreement with the values reported 

for benzene (1.397 ~' Stoicheff, 1954; 1.392 R, Cox, 

Cruickshank & Smith, 1958; 1.394 K, Sutton, 1965). 

The C-Ct bond length is 1.74 ± 0.01 ~; this is an 

average C (aromatic)-Ct bond distance, although the value 

given by Sutton in the TabZei of Interatomic Distances and 

Configuration in MoZecuZes and Ions (1965) is 1.70 ± 0.01 ~. 
Palenik, Donohue and Trueblood (1968) tabulated twenty-six 

C-Ct bond distances reported between the years 1959 and 

1968 in various aromatic molecules. Each distance involves 

a chlorine atom bonded to only one other atom. Of the bond 

lengths tabulated, four are equal to or greater than 1.76 R, 
six have values between 1.71 and 1.72 ~' and sixteen have 

values between 1.73 and 1.75 R. The average value of the 

twenty-six bonds reported is 1.737 ± 0.016 R, which is in 

excellent agreement with the result reported above. 
. 0 . 

The S-C bonds are 1.75 ± 0.01 A, which implies double-

bond character of about 13%. This is close to other values 

in similar aromatic substances, e.g. Thianthrene, 1.76 R 
(Lynton & Cox, 19.56), Phenoxthionine, 1.75 R (Hos.oya, 1966), 

Phenothiazine, 1.77 ~ (Bell, Blount, Briscoe & Freeman, 

1968). The C-S-C ~ngle (97.3°) is much less than the C-N-C 

angle (118.4°). The implication of the difference in 

angles and the contraction of the S-C bond will be discussed 

1n a succeeding paragraph. 

The best planes for the two benzene rings were obtained 

by the method of Schomaker, Waser, Harsh & Bergman (1959), 

using the program LSPLANE. The equations for the planes, 
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together with the displacements of the atoms from these 

planes are given in Table 12. The deviations from 

planarity of the C atoms are not significant; the C~ atom 

is very close to the plane of the attached benzene ring. 

The fact that S is not in plane I, and N not in plane II 

may indicate that the steric effects of the "tail" have 

slightly distorted the ring portion of the molecule so 

that it has no plane of symmetry through the S-N axis, 

as it could be expected to have in Phenothiazine.t 

The dihedral angle between the two planes of the 

benzene rings is 139.4°, and is very close to that found 

by Hosoya for Phenoxthionine (1966). The folding of the 

molecule, the difference in the angles of the type· C-N-C 

and C-S~C and the shortening of the C-S bond are character­

istic of a number of heterocyclic compounds derived by re­

placing anthracene meso-CH groups by atoms A and B. It 

has been found that molecules are planar if both A and B 

are any of C, Nor 0, but folded if.at least one of A and 

B is S, Se or Te. The X-S(Se,Te)-X angles which have 

been determinedlare in the range 93°- 100°. e.g. 

Thianthrene (Lynton & Cox, 1956), Phenothiazine (Cullinane 

& Rees,l940; Hood, HcCale & Hilliams, 1940; Bell, Blount, 

Briscoe & Freeman, 1968), Phenoxthionine (Cullinane & Rees, 

1940; Hosoya, 1966). According to Lynton & Cox (1956), 

and Hosoya (1963), this is explained by assuming the 

participation of d orbitals in the bonding of S and S-like 

atoms. The valence orbitals in atoms of the second period 

such as C, N and 0 are limited to 2s and 2p or hybrids of 

the two, but sulphur can be converted to the excited 

configuration (3s)2(3p) 3 (3d).. The folding of the .molecule 

enables the sulphur atom to retain its "natural" valency 

angle. The quantum mechanical treatment of Craig & 

tThis however is not the case. The author has just 

received a communication from Drs. Bell, Blount, Briscoe & 
Freeman who have recently accurately determined the structure 

of Phenothiazine (1968). It is also not symmetrical. 
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Magnusson (1956) lends support to the above theory. 

A few intermolecular distances are given at the end 

of Table 11. The only noteworthy distance is CR. - CR.(L), 

which is 3. 34 R implying that the effective· vari der vJaals 

radius of chlorine is less than the ionic radius, 1.81 R. 
The molecular packing in the unit cell is given in 

Figures 9 and 10. Four of the molecules are "left-handed", 

Hhile the other four are "right-handed" enantiomorphs. 

Fig. 10, which represents half the contents of the unit cell 

from 0 to a/2, shows clearly that the molecules are arranged 

in layers of width b/2, with the axis of the fold alternately 

left and right in the z-direction. 
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FIGURE -9 

THE STRUCTURE VIEWED DOWN THE C - AXIS 
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Figure lO(A) 

Perspective drawing of half the contents of the 

unit cell (from 0 to b/2) viewed down the b axis. 

All molecules from 0 to a/2 are folded downwards 

about the 8-N axis (dashed lines); all molecules 

from a/2 to a are folded upwards. 

Figure lO(B) 

Similar to Fig. 3(A), except that the -(CH 2 ) 3 N(CH 3 ) 2 

"tail" has been omitted in order to show the fold 

of the molecule more clearly. 
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FIGU_R.E .10 (.A). 
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SECTION C 

THE CRYSTAL AND HOLECULAR STRUCTURE 

OF THIETHYLPERAZINE 

1. Crystals 
I 

Sandoz, Basle, Switzerland, supplied the pmvdered 

substance; colourless_transparent prismatic crystals were 

prepared by eva~oration from a warmed solution of thiethyl­

perazine in petrol ether. As crystals exposed to air turned 

yellow within a few hours, single crystals were sealed in 

nitrogen-filled capillary t~bes. 

· 2. Cell dimensions and space group 

X-ray oscillation and equi-inclination Weissenberg 

photographs, with the use of Ni-filtered CuXa radiation, 

taken about the x and z axes g~ve an orthorhombic system with 
. . 0 . 

a = 12.056 ± 0.02, b = 19.952 ± 0.03, a = 9.204 ± 0.01 A, 

in close agreement with the diffractometer values obtained 

subsequently: a = 12.057 ± 0.01, b = 19.953 ± 0.01, 
0 

a = 9.215 ± 0.01 A. The latter values were considered 

more accurate and were used in all calculations. The 

conditions for non-extinction were found to be hOO, h = 2n; 

OkO , k = 2n; ooz, Z = 2n , which uniquely determined the 

space group as P2 1 2 1 2 1 • 

3. Density 

The measured density= 1.187 g.cc- 1 • 

The number of molecules per unit cell, calculated by 

the method described in section B4, 
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N = 1.187 x(2216.88 X 10-24 )x(6.Q23 X 1Q23) 

399.6 

= 3.97, 

from \.vhich result it was concluded that there were '+ molecules 

ln the unit cell. 

The calculated density for '+molecules = 1.198 g.cc- 1 • 

'+. Spherical crystals 

By comparison with the chlorpromazines, the crystals 

were not as fragile and difficult to handle, and therefore 

it was practicable to grind cubic-cut crystals .into near­

perfect spheres; single crystals were driven by a care­

fully controlled jet of air round the perimeter of a 

plastic "pill-box" which had been lined Hith fine emery 

paper. The directions of the crystallographic axes were 

then located as the directions of ex~inction under a 
I 

polarising microscope; the spheres were mounted on glass 

rods ln alignment with one of these axes. 

To prevent discolouration on exposure to air, the 

spherical crystals were coated immediately Hith a thin 

layer of low-absorbent polyvinylacetate; in a~dition, it 

was considered advisable to expedite the entire procedure. 

Photographs we~e taken of all tbe processe4 crystals 

and the best of a dozen was selected for intensity measure-

ments. 

5. Intensity measurements 

Dr. G. Gafner kindly offered to undertake the data 

collection. Three carefully packed spherical cr'ystals 

were taken to the Council of Scientific and Industrial 

Research in Pretoria; as the selected crystal had not been 

damaged in transit, it was mounted on the Hilger & h7atts 

automatic diffractometer and intensity and background 

measurements were carried out by Dr. Gafner. 
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Using Zr-filtered MoK~ radiation, the integrated 

intensities were collected over 120 seconds involving 60 

steps of 0.02° in w. After each sex of five readings the 

intensity of the strong reference reflection (020) was 

measured, but as the variati6n in the values of the 

reference intensity was small, no scaling was applied. 

The measured dat·a. extended to h, k, Z (max)= 14,23 ,10 

respectively; subsequently it was found that over 98% of 

the reflections with h,l<.,Z ·> 12,17,8 respectively, were less 

than I . , therefore the 2200 reflections originally 
m~n 

recorded were reduced to about 1400 in the refinement, i.e~ 

about 56% of the CuK~ sphere was utilised. 

The raw data was sent to the author in Cape Town, who 

carried out the subsequent analysis. 

6. Background correction 

Individual background intensities left and right were 

measured, but as they were subject to random fluctuations 

a more accurate estimate of the background correction was 

obtained and applied as follows:- . for several different 

values of w the background radiation was measured for values 

of e from 0.05° ~p to about 20° in steps of 0.05° , each 

measurement occupying 4 seconds. Each set of values of I 

plotted against a gave erratic curves as shown in Figure 11. 

The full curve suitably scaled gave the best average back­

ground intensity for any particulars. Figure 11 shaHs 

that the background could be taken as constant for values of 
0 

8 greater than about 17 • 

The.standard deviation was calculated and I . was 
m~n 

estimated to be approximately 

intensities which were less than 

~ I . and the corresponding F's 
m~n 

factor table as F b uno s. 

3 xJ f-cr
2 

Peak 
n(n - 1) 

I . were recorded as 
m~n 

are listed in the structure 
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FIGURE 11 
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TABLE 13. 

PROCEDURAL DIAGRAM~ CALCULATION OF GENERALISED PEAK PROFILE 

I 

' ' ' ' 

B 

9 (max) 
). 

Lp 

d 

= 
= 

= 

= 

= 

= 

= 

= 

intensity of background 

intensity corrected for background 

intensity corrected for Lp factor 

normalised value of intensity <= 1 at IL(max)) 

value of e at which I = I(max) 

wavelength of lloJ(a radiation 

Lorentz polarisation factor (Int. Tables II, P.268). 

interplanar spacing of (5 1 2 1 0) planes 

Direct readings I ' I(max) ' 
B e 9 (max) 

from graph .. ~ ~ + ! 
'V' 

(fig. 11) sin e sin a(max) 

1 Ic = I - B 

l 2d = ). ate"'"" 
s~ne(max) 

IL = 
Ic 

~ Lp 

! sin 9 (max) 
Values required 

t 
). 

for generalised h 
peak profile I norm = 

IL(max) 
). = 2d sin a ~fi at 9 (max) 

~ 

Values obtained for the Eeak (51210) 

I(max) = 1132.0 

IL(max) = 303,398 

9 (max) = 7. 55° 

2d = 
). 

= • 70926 = 5.398 )!. 
s~n a(max) .13139 

sin a(max) 
). = .18524 ~-1 

108 
I f. = 495.00 at a (max) ~ 

i=l 
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7. Lorentz and polarisation factors and streak correction 

Corrections for the Lorentz and pola~isation facto~s 

were applied as discussed in section B7 and a correction 

fo~ peak sp~ead was applied to the Lp cor~ected data. Dn 

Figure 11 can be seen t'he g~aph of the peak ( 5, 2, 0) which 

was scanned in steps of 0.05° in a by the same method as 

the background scan. From the g~aph normalised values of 

I as a function of A were calculated so that the peak . 

profile obtained was common to any selected peak. The 

manner. in which this was done can be ~eadily seen by 

refe~ence to the p~ocedural diagram, Table 13. 

From the scattering factor values of Hanson, Herman, 

Lea & Skillman (1964), tables were drawn up for the unit 

cell contents of ~hiethylperazine, ~.e. ~IS fi was calculated 

~=1 

for e~ch value of s~~ 6 from 0 to 1.55, in steps of 

0.05 A- 1 • Using the programme STREACOR the overlap of 

peaks occurring as a result o~ peak spread was corrected 

by sea~ching the intensity data so that all peaks affected 

by any particular peak we~e reduced by a facto~ which is 

de:rendent o_n the relative positions of the peaks concerned. 

REFER ADDENDA (3-10-1969), P.l68. 

8. Absorption 

The diameter of the selected crystal was 0.04 em. 

The linear absorption coefficient, ~, was calculated by 

the method described in section BS. ., 



- 67 -

Table 14 

Calculation of linear absorption 

coefficient of thiethylperazine 

Atomic Total 
p .1:!. 

p 

p ( ~) Atom Fraction of for HoKa. 
weight weight total weight radiation 

s 32.066 64.132 0 •. 1731 9.55 1.654 

N 14.008 42.024 0.1135 .916 .104 

c 12.010 26 4. 2 20 0.7134 .625 .446 

).l = D X }:P (;) 
= 1.187 X 2.204 (from Table l!~) 

= 2.62 cm- 1 

and )JR = 2.62 X 0.02 = 0.05 
~': 

The corresponding absorption correction factor A for MoKa. 

·radiation is 1.16 throughout the range of e, hence absorption 

corrections need not be applied. 

9. Preliminary temperature factor (B) and scale factor (K). 

Preliminary values for K and B were obtained by Wilson's 

method applied to the corrected intensity data, as described 

in section B8. The top left graph (Figure 12) was based on 

values calculated from the full data set; also illustrated 

are the graphs of the OkZ, lkZ and 2kZ sets, each of which 

comprised more than 200 reflections. As the 3kZ,. t~kZ, etc. 

each consisted of less than 200 reflections it was considered 

that the number was insufficient to justify the averaging 

over a large number of terms implied by the equation 

= I 
j 

f~ 
J 



- 68 -

Therefore from the four most reliable graphs, shown in 

Figure 12,.values forB and K, listed.in Table 15, were 

calculated. 

Table 15 

Temperature and scale. factors 

1 K B K' 

Okl 5.21 .192 i+. 44 

lkl 5.21 .192 4.67 

Hilson's 2kl 5.21 .192 4.75 

method Okl, lkl, 2kl 5.21 .192 4.62 

All reflect- 5.75 .174 4.17 
ions 

Average 5.48 .183 4.40 

Least-squares 5.04 .198 4.94 
refinement 

The B values of the 27 atoms gave an average of 4.94 

in the final isotropic least-squares fefinement cycle 

(see Table 19), or 4.40 if the most thermally agitated 

atoms. C(l8), C(2l) and C(22) were omitted; the refined 

scale factor was 0.198. It will be noted therefore that 

there was excellent agreement between the least-squares 

and Wilson's method which is apparently very reliable for 

this type of structure. 
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FiGURE 12 
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10. The unsharpened and sharpened Patterson fun6tions. 

The three-dimensional unsharpened Patterson function 

P (u) was calculated as described in. section B9. The 

symmetry of the Patterson of space group P2
1

2
1

2
1 

is Pmmm 

so that, as previously, it was necessary to calculate lf8th 

only of th~ unit cell. Table 16 shows that rotation peaks 

could be expected 6n the x = l and y = l sheets of the 

Patterson, therefore these particular Patterson sections 

were computed as well as all sections perpendicular to the 

z-axis. 

The three-dimensional sliarpened Patterson function 

P(s) which had proved so useful in the study of chlorpromazine 

was computed immediately after P(u), as described in section 

BlO (d). Figure 13 depicts the z = 0 sect ions of the 

unsharpened and sharpened three~dimensional Patterson 

functions with the positive contours drawn in steps of 20 

units; the superior resolution of peaks on P(s) can be · 

clearly seen. In particular, at the origin the peaks of 

P(s) are most satisfactorily disclosed. However, it was 

considered that both functions should be calculated and 

u~ed in collaborati6n, as the peaks of P(s) should be 

"weighted" by P(u); e.g. peaks occurring in regions of 

P(s) corresponding to valley regions in P(u) were not 

considered to be meaningful. 

REFER ADDENDA (3-10-1969), P.l69. 

11. Interpretation of the Patterson 

(a) Calculated heights of Patterson peaks 

The heights of peaks to be expected were calculated as 

described in section BlO(a). For thiethylperazine, the 

size of the Patterson origin was 1439 units; the size of 

the sharpened Patterson origin was 1591 units. 

L z, = 4 {22 X 62 + 3 X 72 + 2 X 162} 
J 

J = 5804 
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TABLE 16 

THEORETICAL POSITIONS OF ROTATION PEAKS 

IN THE PATTERSON OF SPACE GROUP P212121 

Coordinates of equivalent positions 

1 X y z 

2 ~-x iJ !+z 

3 ~+x 
, 
2.-y z 

4 - 1 1 
:X: 2.+y 2-Z 

Vectors Coordinates of vleight Patterson peaks 

1-2 ~+2x 2y ~ 

2-1 ~-2x -2y ~ 
1 

3-4 ~+2x -2y l 

4-3 ~-2x 2y ~ * 

Number 
of peaks 

4 

- ·- ·- -· "' -··· -··-----·-

1-3 1 !+2y 2z 2 

3-1 1 ~-2y -2z 2 

1 4 
2-4 ~ ~-2y 2z '~ 

4-2 ~ !+2y -2z 
.. --- ---- --·--- -- ----··-

1-4 2x 1 ~+2z 2 

4-1 -2x 1 ~-2z 2 
1 4 

2-3 -2x 1 ~+2z 2 

3-2 2x 1 ~-2z * 2 
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FIGURE 13 (cont.) 
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For a S-S peak,z.z. = 16 2 = 256 
. 1 1 . 

Therefore the expected height of a S-S peak of 

single weight on P(u), 

= ~ x 1'+39 ~ 65 units, 
5 80'+ 

and on P(s), 

H.. = 
11 

256 
x 1591 ~ 70 units. 

580'+ 

(b)· Calculated oositions of Harker oeaks 

Table 16 shows that on~ atom together with its three 

symmetry-equivalent atoms produce 12 single weight rotation 

peaks in the Patterson of space group P212121 , of wh~ch the 

three marked with asterisks occur in the relevant l/8th of 

the unit cell. 

(c) Solution of the Patterson bv Fourier methods 

All possible rotation peaks in the Patterson of 

thiethylperazirie were listed and combinations of values of 

2~, 2y, 2z were sought. Thirty possible Harker peaks Here 

provided by P(u) and 63 by P(s). Figure 1'+ illustrates 

the x = 50, y = 50 and z = 50 sections of P(s) which must 

necessarily feature all the Harker peaks for all 27 atoms 

(see Table 16). A similarity in two of the coordinates of 

the light atoms would produce an overlap of peaks which 

would make the sulphur peaks difficult to distinguish and, 

of course, no inversion peaks existed to provide a check on 

chosen sets of coordinates. 

Combinations of three rotation peaks produced 34 possible 

sets of coordinates. One combination appeared to be 

sufficiently promising as regarded peak positions ~nd peak 

heights f~r interpretation as sulphur to be possible. 

This set is marked S(l) on Figure 14; the coordinates were 

given by the following three peaks:-
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Patterson 2x 2y 2z Height section 

' 
X = 50 - 38 22 126 

y = 50 34 - 20 125 

z = 50 34-36 40-42 - 92 

Patterson coordinates (2x, 2y, 2z): (36 ,40,20) were 

then deduced, and the atom was assumed to be at (± 18,± 20, 

±10). 

The intention vvas to apply the methods which had 

proved re\varding for. chlorpromazine, i.e. to attempt to 

locate both S atoms, which are designated for present 
- t 

purposes as SA and s8 • With this object in view, two 

procedures were simultaneously followed:-

(1) structure factors were calculated from single atoms 

placed at possible coordinate sets derived as described 

above, in the hope of reducing the large number of 

possible sets-; 

(2) the sets were combined ~n pairs by the method 

described in section BlO(f), and SA- s8 peaks were 

sought in the Patterson. 

tfor the ?urpose of clarity, SA and s8 are used in the 

text to designate the two sulphur atoms of the structure, 

whose positions are undetermined; S(l) and S(2) are used 

to designate the sulphur atoms as placed in the specific 

positions corresponding to the Patterson coordinates 

marked on Figure 14. 
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Although procedure (1) gave an R-value of 49.7% for S(l), 

it gave values of 45 and 49% for coordinate sets which 

proved ultimately to be C atoms, while the value of 65% 

was obtained for the set which ·proved to be the second 

S atom;. it follows that method (1) alone proved not to 

be very reliable, but it did give a few leads. 

Procedure (2) differed in detail from that followed in the 

case of chlorpromazine, because P2 1 2 1 21 is non-centro­

symmetric and has only four equivalent positions. 

If the signs of SA are chosen as positive, the first 

equivalent position of SA' i.e. SA(l), taken in combination 

with the eight possible permutations of signs of SB would 

yield eight locations in the Patterson at one of which a 

peak should be found, thus giving the correct signs of the 

coordinates of SB. SA(2) - SB would give~ correct peak 

from the same set.of signs of the coordinates of SB' and 

similarly SA(3) - SB' SA(4) - SB would give one peak each. 

There are thus four SA - s3 peaks to be found out of a 

to. tal of 3 2 locations. 

The application of procedure (2) was extremely 

tedious, and examination of the symmetry relationships 

between the coordinates of possible SA - s3 Patterson 

peaks eventually suggested the impr?visation of a device 

which resulted in considerable time saving and increased 

accuracy·. The device is described in Appendix B. 

Another promising set of rotation peaks appeared to 

be as folloHs:-

Patterson 2x 2y 2z Height section 

X = 50 - 16 38-40 114 

y = 50 0 - 36..:.38 180 

z = 50 0-2 14-16 - 135 
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This set is marked S(2) on Figure 14; Patterson 

coordinates (2x, 2y, 2z) : (2 1 16,36) were deduced, and 

the atom was assumed to be at (± 1,± 8,± 18). 

S(l) and S(2) wer~ tested with each other and. each 

was tested with numerou.s other sets. A complete blank 

was drawn; in no case were four correctly situated 

Patterson peaks found. 

It was then decided to work "back\vards", i.e. to start 

with suitable Patterson peaks· regarded a'p possible· SA - s8 
peaks, and to see whether SA and s8 rotat~on peal<s could 

be deduced from these. 

The general Patterson peaks were listed and ~he 

rather formidable number of 105 was obtained. HoHever, 

only 47 had heights greater than 70 units, and it was. 

decided to concentrate on the larger peaks first. At this 
I 

stage, the "coordinate difference" cards (see Anpend'ix B) 

provided an invaluable jumping-off point. For instance, 

if four Patterson SA- s
8 

peaks could ·be found with 

x-coordinates having the values corresponding to the numbers 

1-4 on any particul~r card, then the ·x-coordinates of 

atoms SA and s8 would be directly ascertainable from the 

card, and similarly for the y- and a-coordinates. In 

this manner, four large Patterson peaks having nearly 

"matching" coordinates were soon selected:-

2x 2y 2z Height 

16 28 24 111 

18 22 10 78 

32 12 26 85 

34 38 42 100 

Temporarily disregarding the signs of the coordinates, 

the x-coordinates of the atoms which could produce the 

above set of SA ;.... s8 peaks (from the "coordinate difference" 

cards) were x = 18, and x = 0-2; similarly the y-coordinate~ 
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were Y. = 30 and y = 8, and the z-coordinates were 

z = 10 and z = 16-18. The corresponding Patterson 

coordinates were (36,40,20) and (0-4,16,36). Therefore, 

the atoms which have been detailed on pages 75 and 79 , 

and designated S(l) and 8(2) on Figure 14 were definitely 

indicated, but with the'one very significant difference -

that S(l) was not situated at Cx 1 , y 1 , z 1 ) but at 

Cxl 'i-yl, zl). 

It is clear to the author in retrospect that the above 

result might have been attained by an easier route,i.e. by 

extending the comparison of pairs of atoms to include the 

sets (x ± ;, y ± ;, z ± ;). Hm.;ever, working ''backwards" 

certainly proved more stimulating. 

Atom S(l) was now placed at ·(18,30,10) and the signs of 

the coordinates of 8(2) were determined by the Use of the 

cards (Appendix B) to be (-++), therefore S(2) was assumed 

to be at (-1,8,18). The distance between S(l) and S(2) was 

calculated and found to be approximately 6.3 A.· 

Other pairs of positions of S(l) and 8(2) would also 

have given the correct results, e.g. 1 S(l) at (18,20,10) and 

8(2)' at (49,8,-18), or the z-coordidate of S(2Y could have 

been changed such that 8(2)' was at (1,-8,32). These 

permissible changes.represented only changes in.the choice 

of an origin; but S(l) and 8(2) as originally placed 

represented a different and unacceptable structure. 

A three-dimensional Fourier of ~ of the unit cell was 

computed with the two sulphur atoms placed at ci:8,30,10) and 
I 

(-1,8,18). As the space group-is non-centrosymmetric, it 

was not to be exp~cted that the phases ~,muld be determined 

by the sulphur atoms to the extent that the revelation of 

all other atoms in the Fourier•would follow. However, 

nine atoms did show up reasonably clearly, and ~he R 
' ' 

dropped from 46.7% for two atoms to 40.5% for eleven atoms. 

Six successive Fourier and difference Fourier syntheses 

led to the location of all 27 atoms. Following standa~d 
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FIGURE 15 

ONE MOLECULE I N FOURIER 6 (R = 19.8%) 



·83 -' 

TABLE 17 

PROGRESS OF T~E REFINEMENT 

A. Fourier refinement 

Overall B = 4.1 

Data : 892 Fobo. only 

Fourier Nur.\ber Height of Height of 
i( number of atoms S(l) peak 5(2) peak 

l l 462 - 49.7 
2 2 521 484 46.7 
3 11 543 539 40.5 
4 19 577 579 31.2 
5 26 602 617 21. a 
6 27 648 667 19.8 - 27 - - 18.7 

B. Least-squares refinement 

Operation Number Purameters Number of Type Cycle R R 
number of varied oararneters ilata of number before after 

cycles ~ varied cycle (\) (%) 

l l l scale factor 109 2192 l - 2 5.4 
81 coords. F?.b;;. + Fun~hr.. 
27 indiv. B' s 1 0 J< 0 l (max = ' 

14,23,10 Isotropic 

2 3 109 2 25.4 19.0 
" " 3 19.0 18.1 

4 J.B.J. J 7. B 
1-----· 

3 3 1 scale factor 244 1418 5 17.9 l 5. 7 
81 coords. F?.b~. + Funobs. Aniootropic 6 l 5. 7 14.2 
162 B's '• ,l (max) = 7 14.2 13.0 

12,17,8 

4 3 1 scale factor 109 892 8 11.5 ll. 2 
81 coordo. Fobs. only Isotropic 9 11.2 10.9 
27 indiv. B's 10 10.9 10.8 

5 3 1· scale factor 244 1418 11 13.0 11.8 
81 coord:;. Fobs. + Funobs. Anisotropic 12 11.8 11.3 
162 B's 13 ll. 3 ll. 3 

6 3 1 scale factor 109 892 14 10.8 10.6 
81 coords. Fobs. only Isotropic 15 10.6 10.5 
27 indiv. B's 15 10.5 10.5 
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procedure, all Fouriers were carefully analysed; the 

values of p for·individual atoms were plotted for each of 

the three directions and improved positions were determined 

for insertion into the next Fourier. The difference 

Fouriers gave evidence of considerable thermal motion among 

some of the atoms, notably C(22), C(21), C(l8), C(lO) and 

C(ll)~ as well as·of the anisotropic character of the 

sulphur atoms. Table 17 tabulates the progress.of the 

refinement; Figure 15 is a photograph of one molecule in 

Fourier 6 (at ·which stage R was 19.8%) contoured in steps 

of 20 units and traced on to glass sheets. 

12. Least-squares refinement 

The structure was refined by four least-squares cycles 

with the use of the. Busing, l".ta.rtin & Levy (1962) programme 

ORFLS. The function minimised was 

with equal weight given 'to each term. Individual isotropic 

temperature .factors was assigned and F b uno So 
were included. 

The number of F b was only 8 9 2, t.vhich was unfortunately 
0 s. 

insufficient to carry out a meaningful anisotropic cycle 

in which there were 244 parameters to be varied. From 

this point therefore the refinement was continued along 

two separate lines:- Six cycles t.vere carried out using 

1418 F's and anisotropic temperature factors, resulting in 

a final R index for all reflections of 0.113; six cycles 

were carr.ied out using 892 F b and isotropic temperature 
0 s. 

factors, resulting in a final R index of 0.105. The 

refinement t.vas terminated when t;he average parameter shifts 

were approximately 10% of the e.s.d.'s. 

Observed and calculated structure factors are listed 

in Table 18. The analytical f values used in all calcula-

tions are those given by Hanson, Herman, Lea & Skillman 

(1964). Table 19 gives the final atomic positional 

parameters and anisotropic thermal-motion par·ameters vJith 
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their standard deviations which were obtained in the 

thirteenth cycle. The last column of Table 19 lists the 

isotropic temperature factors obtained at the end of the 

sixteenth cycle. 

Patterson and Fourier syntheses were carried out on an 

I.C.T. 13-01 computer. ·An I.B.M. 360/65 computer was used 

for the correction calculations and the least-squares 

refinements. 
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TABLE 18 

OBSERVED AND CALCULATED STRUCTURE FACTORS 
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-6. 7 6 -1 
-s 1 1 1 -· 1 
-4 14 14 -3 14 
-3 18 23 -21 11 
-2 11 9 9 -2 
-1 25 27 -16 -21 

0 16 16 0 16 

!.a!.W . -s. 1 a 1 
-s 1 2 -2 
-11 16 lS -9 

. 
-1 
12 

-3. 19 20 19 4 
-2 6 7 6 3 
-1 10 10 -10 2 

0 25 2S 0 •25 

-8 10 
-7 13 
-6.14 -· ' ·4 31 
-3 25 
-2 64 
-1 15 

0 • 

-· , -7 12 
-6.11 
-s. 6 -· ' -3 23 
_, 21 

• -1 
16 -3 
16 12 .. 
31 17 
25 18 
GO -311 
16 -15 

7 -7, 

-5 8 8 
-4 8 8 
-l 56 56 
-2 18 13 
-1 84 76 

0 -· • 0 

0 " 
" 0 0 -76 -7: 7 7 -6 

-5 -6 7 9 4 
16 -5.15 1S IS 
10 .ll.!, -11 6 II l 

0 • -3 17 20 -20 
-26 -s. 1 1 -1 7 -2.26 26 -22 

111 -7 6 4 -4 2 -1. 5 5 5 
119 -G 15 12 11 -3 o 5 3 0 
-6 -5 21 21 20 -6 

0 -4 3S 36 -33 -17 
-3 116 48 -47 -3 
-2 !.2 so -42 26 !&.ll.a.! 

_, 
• 0 _, 
2 

'" 2 _, 

-3 -1 -~ ~+~ 5~ s~ ~ -7: 7 3 
2 -1 -2 -6 7 .. -2 -3 

11 -to 5 -s 9 5 
10 -1 10 ll!. -4 8 9 

~ ~ _; -8• 7 9 -1 -9 :;• : ~ 
24 -7 -23 -7 10 11 !. 10 -1 26 27 
22 5 21-61113-13 0 0 8 9 

' . . _, 
2 -9 

-5 -2 
0 -27 
0 • 

-8 10 8 8 -1 
-7 19 19 17 -9 
-6 13 13 -13 -3 

2~ -23 8 

6 -5 --

-5.22 -· . -3 38 39 -15 36 
-2 11 12 4 -11 
-1 16 lll 9 -11 

0 .. 44 -1111 0 

. -a. 1 .. • -1 

-11 7 5 
-3 18 19 
-2 13 12 
-1 13 14 

0 16 16 

" !all.a.i 

" 16 

-5. 1 7 2 
-11 7 6 6 
-3. 17 21 -3 
-2 7 6 -1 
-1 IS 15 12 

0 11 10 -10 

!2!. 

_, 
6 
0 

, 
2 

21 

' -9 
0 

-7. 7 3 
-6. 6 6 -8. 7 6 6 0 2 ' 

0 ' -s 6 9 -9 1 -7. 7 6 0 6 
-6. 6 5 s 0 -t+ 18 17 

-3 29 25 
6 -16 

l8 -18 -5• s 5 o -s 
-2 15 15 -4 5 3 -3 0 

-3 8 8 0 -8 0 lS 
-1 21 18 

0 52 55 
-8 17 
.. 0 -2 35 32 -32 0 

-8 20 
-7 10 
-6.12 

-· 6 -4 111 
-3 22 
-2 S5 
-1 27 

0 " 

-1 73 7l 0 -71 

. 
18 12 -11 -e. 1 s 
10 2 -10 -7. 7 7 
H -14 0 -6 6 6 

1 1 1 -5 8 8 
19 7 ll -4 211 23 
23 20 -12 -3 31 31 
!.5 36 42 -2 24 2~ 
25 20 -14 -1 22 22 
l7 -37 0 -0 41 36 

-· ' s . -· ·-12 
21 

0 
0 

. 
-6 
-3 _, 

-22 
-29 

10 
-22· 

"· 



-a., u u -" -to. 
-7 7 5 -3 -3 
-&,.. 37 3" -13 32 
-S 6 7 7 2 
-11 12 ll 13 0 
-3 l'l 22 _, 21 
-2 25 211 2 -211 
-1 18 21 -11 -21 

0 58 56 0 56 

. 
=~· ~ i 
-6 20 16 
-5 17 17 
-" 30 28 
-3 27 27 
-2 26 211 
-1 36 36 

0 16 15 

ill 

' _, ' _, 
11· 111 

-10 IS 
-27 8 
-12 24 

11 -21 
33 13 

0 -1S 

-a .. 22 IB s -17 
_, 7 9 -9 -1 
-6 23 23 -14 18 
-s s a -s s 
-4 18 18 H -11 
-3 2'+ 23 -13 -19 
-2 36 33 11 -31 
-1 3!+ 30 30 -6 

0 25 23 0 23 

ill 
-B,H 14 2 -Ill 
-7. 7 4 4 1 
-6 6 5 0 s 
-s., 11 10 -" -Io 
... 6 2 -2 0 
-3 16 20 20 0 
-2 12 9 9 0 
-1 21 21 -19 9 

0 31 35 0 35 

. 
-7 1 " l 3 
-6 19 20 -12 17 
-5 18 19 19 lj 

-" 10 12 -11 s 
-3 9 5 -3 -11 
-2 13 14 9 -11 
-1 25 30 -16 26 

0 211 19 0 -19 

ill 
_, 10 8 5 6 
-G 21 21 -111 16 
-5 26 26 -26 -2 
-4 17 16 ltl -7 
-3 10 11 0 -ll 
-2 12 8 -3 -7 
-1 B 6 1 -G 

0 12 ll 0 -13 

!!.! 
-7. 7 11 
-6 7 6 
-s. u ll 
-11 6 8 
-3 15 15 
-2 37 32 
-1 28 26 

0 8 ' 

~ 

-9 -6 ' _, 
-3 -12 

8 0 

' lS 19 26 

0 " 0 _, 

-7 12 111 12 -6 
-6. 16 16 -11 11 
-5 6 9 1 9 
-4 20 20 12 -16 
-3 10 12 2 11 
-2 21 18 -17 7 
-1

1111 
11 12 •5 ll 

0 5 s 0 s 

. 
_, 8 10 -9 -2 
-6., 19 19 -2 -19 
-s,.. 1 a o 3 
·"· 6 s 2 -5 
-3 6 7 7 0 
-2 22 25 -22 11 
-1 11 10 0 -10 

0 27 27 0 -27 

-6,. 10 10 
-5 7 6 

-11 .9 
3 _, 

-Ll 111 111 1a .... 
-3,. 16 17 
-2,. 6 7 
-1,. 6 8 

0 6 ' 

-s -16 
_, 6 

' 8 
0 ' 

~ 
-7 13 11 -11 -10 
-6 12 12 -8 
-s 12 16 16 
-11 16 1S 13 
-3,. 1'2 10 -2 
-2 6 9 9 

-~· 1~ 1: -1~ 

-10 
1 
6. 

10 
-1 

6 

' 

-- 87 .,.., 

TABLE 18 (cont.) 

. 
-6,. 1 6 1 6 
-S 7 II 1 .q 
·II 13 13 -1'2 S 
-3,. lB 18 -19 2 
-2 6 6 4 -4 
-1 l7 1S s 1S 

0 26 29 0 -29 

. 
-6,. 8 s -1 -s -s,. 1 11 11 2 
-11 7 s -2 II 
-3,. 13 10 -7 -7 
-2,. 1 10 9 -s 
-1 6 8 7 -3 

0 211 2S 0 2S 

-5 11 
-II. 111 

-3 ' 
-2,. 22 
-1,. 7 

0 ' 

. 

13 13 
14 -13 

' ' 25 20 ' _, 
' 0 

-3 _, 
0 

" -1 

' 

-s,. 8 9 
' 1 -4,. 7 9 -9 ' 

-3 7 8 2 _, 
-2 11 11 -6 -10 
-1,. 11 11 -7 -8 

0 ' ' 0 ' 

. 
-7. 7 5 0 -5 
-6,. 6 4 II 0 
-5 6 8 0 8 
-~ 25 25 -2S 0 
-3. 9 8 0 -8 
-2 5 1 1 0 
-1 25 28 0 28 

0 102 lOS 105 0 

ll!. 
-7 16 111 -10 -10 
-6 3Ll 36 10 -311 
-5 17 18 17 6 
-11 28 29 5 29 
-3 20 17 9 -15 
-2 33 33 0 33 
-1 73 70 -65 26 

0 IS 10 10 0 

ill 
-7 7 5 2 -It 
-6 18 17 16 2 
-5 12 13 -13 3 
-II 11 15 -2 -15 
-3 15 lit 1 -111 
-2 35 311 -28 18 
-1 9 5 -5 -1 

0 9 10 -10 0 

-B,. 11 _, ' 
_, 9 

-s 26 
-4 15 
-3 32 
-2 10 
-1 10 

0 " 

. 

~ 
10 -1 10 

6 3 -5 
11 9 -G 
29 2 28 
111 -5 -13 
32 a -32 
12 -1o -s 

6 -5 3 
29 29 0 

-7,. 7 II ' _, 
-6 7 J 
-S 9 7 
-Ll 13 12 
-3 31 31 
-2 15 111 -1,. 19 15 

0 ' 3 

!ll 

' -3 ' _, 
-s -11 
31 -1 
.. 0 

13 ' -3 0 

-7,., 13 lit 111 0 
-6 6 6 -6 2 
-5 lit 111 -12 8 
-4 13 15 -2 -15 
-3 15 13 -9 -9 
-2 117 so -17 117 
-1 13 lit 13 7 

0 9 10 4 0 

. 
-7 1 1 6 -s 
-6 12 12 -7 9 
-5 13 llf -11 7 
-4 9 9 -7 6 
-3 13 18 -16 7 
-2 30 ao 27 -lit 
-1 15 18 -13 -12 

0 19 23 -23 0 

. 
-7 7 8 8 -1 

6 10 9 -6 7 
5 22 2S -17 -16 
II 28 30 12 -27 

. 
-7,. 1 12 -s -11 
-6 7 2 1 -1 -s,. 19 22 8 20 
-4 6 1 II -6 
-3 22 20 16 13 
-2 10 8 1 4 
-1 12 15 -11 -10 

0 4S liS -45 0 

. 
-7,. 7 7. 2 6 
-6 1 5 1 -s 
-5,. 22 22 -21 s 
-11 6 6 -2 -6 
-3 1S 15 13 8 
-2 12 10 -6 9 
-1 19 22 2 -21 

0 13 l4 14 0 

ia!2..a.! 
-7. 1a 12 -10 -7 
-6,. 1 s 4 3 
-5 7 6 lj -4 
-4 16 16 -16 -2 
-3 9 8 8 -1 
-2 9 10 a 9 
-1 23 26 -19 -17 

0 35 36 36 0 

~ 
-7,. 111 10 3 -10 
-6,. 7 II 2 -Ll 
-s,. 1 3 o .a 
-It 7 7 -6 3 
-a 15 15 10 12 
-2,. 11 11 -10 5 
-1,. 6 5 -Ll 2 
-0 6 5 5 0 

§..a.!l.a.! 

-6,. 17 20 20 0 
-s. 1 2 -1 -2 
-4 7 II II -2 
-3 17 20 -10 18 
-2,. 17 17 -17 0 
-1,. 6 7 -7 1 

0 6 3 3 0 

. -s,. 1 1 5 6 
-11,., 1 s -1 -s 
-3 1 8 -s 6 
-2 18 19 II -18 
-1,. 13 15 -11 -10 

0 6 10 10 0 

~ 
-s,. 1 9 11 
-11,. 7 II .a 
-3,. 7 3 -a 
-2 7 7 -5 
-1 12 l2 12 

0 12 12 12 

~ 

' _, 
-1 
-7 
-3 

-Ll 12 10 -10 
-a,.IS 111 -13 
-2,. 7 6 l 
-1 7 a 2 

0 13 15 15 

-8 
3 
0 

' 1 
0 

' 6 _, 
19 

0 
0 

1 _, 
-· 1 

0 

!.2! 
-7: 7 7 0 -7 
-6 7 II _, 0 

-s 9 13 0 13 
-Ll 22 2S 

" 0 -3 12 12 0 12 
-2 13 13 13 0 

0 -56 -1 52 56 

1.ll 
-7 1 8 6 -s 
-6,.15 15 9 12 
-5,. 6 1 " 6 
-~~ 6 1 -s s 
-3 26 26 -2a 11 
-2 16 18 10 -15 
-1 '22 22 20 10 

0 16 15 0 -15 

-7,.lll _, ' -5,. 10 
_, 6 
-a 21t 
-2 211 
-1 22 

0 .. 

Zll 
111 -8 -11 

5 l -5 
11 11 2 

6 -S 3 
22 -18 13 
23 -22 -s 
24 11 -22 
111 0 -Ill 

!.U 3,. 18 19 18 7 
2 6 5 4 3 • 
1 17 IB 16 9 -7,. 7 
0 9 8 B 0 -6 7 ' ' 

0 _, 

-s 11 19 -18 1 
-" 25 29 -28 -6 ' 
-3 6 9 -11 -7 
-2 21 23 20 13 
-1 20 16 13 -9 

0 2S 27 0 27 

. 
-7,. 7 5 3 -3 
-6 6 5 4 II 
-5 20 23 23 4 
·II 9 11 -3 10 
-3,. 13 13 -13 1 
-2 6 6 6 1 
-1,. 17 15 -11 11 

0 5 7 0 7 

. 
-7,. 7 8 7 -3 
-6 7 s -4 3 -s,. 16 19 -lB -6 
-11 6 4 -11 1 
-3 18 18 17 6 
-2 H 15 11f -5 
-1 18 17 -16 -6 

0 31 33 0 -33 

. 
-7 7 II 3 3 
-6 11 11 ' ' -9 ' 

-8 -2 
-s,. 12 10 
-11 6 8 
-a 20 20 -1 -19 
-2 12 15 111 -6 

18 11 
0 8 

-1,. 21 21 

0 ' 8 

. 
-7 1 J a 1 
-6 12 111 -10 -9 
-5 12 8 -8 -2 
-II 2a 2a 16 -11 
-3 311 35 27 21 
-2,. 18 21 -s 20 
-1 6 8 -11 7 

0 15 13 0 13 

-6 10 9 B -5 
-s u 9 -~~ 8 
-11 111 lit -111 0 
-3 15 16 10 -12 
-2 12 12 -12 1 
-1 15 111 -14 II 

0 17 17 0 -17 

lli 
-6,.111 15 -1a 6 
-s 1 e -I -8 
... 13 13 8 -11 
-3 21 22 13 -18 
-2 10 e -s 1 
-1,. 22 2Ll -21t -4 

0 6 2 0 2 

-6,. 7 5 -s,. 1 10 
-11 7 10 
-J 10 10 
-2 11 9 
-1,.18 19 

0 ' ' 

-5,. 1 s 
-5 7 8 
-~. 111 1S 
-3,. 7 lj 

-2 6 II 
-1~~18 21 

0 ' ' 

~ 

' _, 
1 10 

10 ' ' _, ., ' 
-6 -17 

0 ' 

_, ' 
8 0 

12 -10 

1 ' _, ' 
-4 20 

0 ' 

-5,. 11 9 J 9 
-11 7 7 -7 3 
-3 10 9 -7 Ll 
-2 20 17 -13 -10 
-1 18 19 16 -10 

0 1B 20 0 20 

. 
-5 7 8 5 -7 
-11 11 11 6 -10 -a,. 16 11 -15 -7 
-2 7 10 -11 9 
-1,.19 19 19 2 

0 7 5 0 s 

. -s,. a 6 3 s 
•'-• 7 II -3 -2 
-3 7 11 -11 1 
-2,. 12 13 5 -12 
-1 7 7 -6 .. 

0 16 16 0 16 

!.all&.! 
... " 8 8 
-3,. 11 11 
-2,. 7 4 
-1 7 II 

0 19 22 

-1 ' 
-9 ' 

1 ' -1 -11 
0 -22 

!2.! 
-7: 7 7 0 -7 
-6. 7 3 3 0 
-5 7 4 0 -11 
-4 11 15 1S 0 
-3,. 1S 15 0 -1S 
-2 6 8 -8 0 
-1 29 26 0 26 

0 33 33 -33 0 

.!!!. 
-7* 7 7 -7 1 
-6 12 11 5 -10 
-s 19 19 3 19 
-11 12 13 1 13 
-3 12 12 9 -8 
-2 23 21f -6 -23 
-1,. 16 13 -13 -4 

0 6 10 10 0 

.lli 
-7: 7 7 6 3 
-6 7 4 -11 0 
-5,.12 8 -S 6 
-4,. 6 7 7 1 
-a 6 8 s -7 
-2 21 18 10 -111 
-1 18 20 17 -10 

0 9 10 -10 0 

. 
-7,. 7 8 -7 -a 
-6 7 2 -1 -2 
-5 11 13 4 12 
-11 15 IS .(i 13 
-3 26 29 10 -27 
-2 11 13 -1a -1 
-1 22 20 8 18 

0 19 19 19 0 

-7,. 18 _, ' 
-s 11 
-4 12 
-a 12 
-2,., 15 
-1 6 

0 " 

. 

lli 
16 15 

' ' 12 -12 
10 ' 
111 -12 
lG 1G 

' 6 2S -25 

3 

' 0 

' ' _, 
' 0 

-6 7 1 -1 -1 
-5 10 7 -1 7 
-11 16 18 ll -13 -a,. lJ 13 -12 -J 
-2,. 6 s 3 -It 
-1. 6 & 3 -3 

0 6 8 B 0 

. 
-6 7 II -3 2 
-5 10 13 -13 -3 
-Ll 12 lel -9 -2 
-J 211 n 18 -17 
-2 25 25 11 -22 
-1 111 15 111 7 

0 29 a') -30 0 

. 
-64 7 6 -6 0 

:~~~ ~ ~ ; i 
-a 11 13 0 13 
-2 n n -s 20 
-1 21 21 -11! -16 

0 22 211 -21! 0 

. 
-6,. 1 5 -3 ' -s,., 1 8 

' 7 -11 7 10 -10 II 
-a 23 21! 3 -2~ 
-2 16 17 16 -3 
-1,., 29 Jl -29 13 

0 ' ' ' 0 

-6 12 
-5,.1a 
-11. 7 
-3 7 
-2 12 
-1,.37 

0 ' 

!!! 
9 -7 

11 ' 
' 1 ' _, 

11 8 
a7 -3S 

1 -1 

~ 

_, _, _, 
3 
8 

13 
0 

-5,. 11 110 14 o 
-11 7 7 -a -7 
-3 lS lit 1 -13 
-2 12 11 -3 10 
-1,. 36 38 -a:z 21 

0 6 0 0 0 

!&!W. -s: 1 8 8 1 
-11,. 7 5 .. 3 
-3,. 1 s -5 -2 
-2 7 S .. 1 II 
-1,. 2S 21t -20 -13 

0 1 7 -7 0 

!..a!!.a.! 
-S 8 7 7 2 
-4,. 12 9 -3 -9 
-3 7 6 2 -6 
-2,. 12 11 -1 11 
-1,. 7 7 -4 -6 

0 7 5 5 0 

. 
-4 7 2 -1 -J,. 11 12 -11 
-2. 7 9 -8 
-1,. 7 6 6 

0 7 2 0 

. 
-4. 8 8 8 

' _, 
' 0 _, 

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

1 _, 
-3,. 7 6 6 -1 -2. 1 Ll -4 0 _, 
-2,. 7 8 -6 -6 -1,. 7 1 5 
-1 7 10 4 9 0 7 2 0 ' 0 10 10 10 0 

. 
-6 7 a 3 0 
-s. 1Ll 15 o 15 
·II 1 II II 0 
-3 111 1a 0 13 
-2 20 20 -20 0 
-1 1S 18 0 -18 

. 
-6,. 7 10 6 -8 
-s 1 9 9 -11 
-11 17 17 -15 9 
-3 10 8 -s -7 
-2,. 111 11 -3 11 
-1 6 ? 0 7 

0 17 19 0 -19 

. 
-6 7 6 5 II 
-S,.,17 16 15 6 
-4 7 7 0 -7 
-3,. 14 _, ' 
-1 2a 

0 " 

. 

15 -12 -9 
II -a -2 

211 2 -24 
2a 0 23 

-6,. 7 10 7 -7 
-5,. 1 9 5 -7 
-Ll,. 7 6 -5 a 
-3 6 II II 1 
-2 18 18 18 1 
-1 19 17 -12 12 

0 15 111 0 -111 

-6,.111 
_, 7 

-11 12 
-3 11 
-2. 11 
-1 10 

0 11 

-6"' 7 
-5,.12 _, ' 
-3 10 
-2 14 
-I,.Ia 

0 ' 

.!!i 
14 8 12 

9 ' 8 
12 -12 -3 

8 -6 -4 
ll 2 -13 

6 5 -3 
12 0 12 

~ 
3 2 0 

13 -13 0 
G 6 -2 

Ia 12 3 
111 -14 1 
12 5 -11 

' 0 ' 

. 
-6,. 7 6 3 5 
-5 7 5 -2 -11 
-11 75 23 -11 -20 
-3 110 12 8 -8 
-2 12 16 15 ... 6 
-1 26 26 -17 20 

0 37 110 0 110 

!:!..! 
-s 1 s -It a 

11,.1s 110 12 6 
3 7 5 -3 a 
2 211 25 -25 2 

~~~ 1~ 1i -~ -~~ 

. 
-5,. 1 2 o ' 0 -11,. 7 3 -3 
-3 7 II 0 ' 0 _, -2. 10 10 -10 
-1 7 5 0 

0 14 13 13 0 

. -s 7 a 
-4. 14 14 
-a 7 4 

=~* ~~ ~~ 
0 15 15 

!2...l..a.! 

1 3 
-It lit 

3 -· 5 -17 

' ' " 0 

-5! 1 9 1 -9 
-4,.. 7 9 1 9 
-a. 7 6 -6 -2 
-2. 1 5 5 1 
-1,. 7 7 -1 7 

0 7 5 5 0 

. 
-Sit 7 6 .a 5 
-Ll 7 8 -3 7 
-3 16 16 -8 -14 
-2,. 12 12 -11 -5 
-1 4 7 10 10 II 

0 7 6 6 0 

. 
=~· ~ ~ =~ -a 11 11 -10 
-2 12 11 9 
-1 9 8 -7 

0 22 23 -23 

~ 
-5,. 12 10 -8 
-11. 7 8 -8 
-34 7 6 Ll 
-2 1 e -6 
-1 26 27 25 

0 27 26 26 

. -s,. 1 2 -2 
-4 7 7 6 
-3 12 11 5 
-2 32 29 23 
-1 12 11 -e 

0 2B 29 -29 

. -s,. 8 9 -8 
-~~. 8 8 -8 
-3

1111 
7 II -4 

-2 7 5 1 
-1,. 11 9 7 

0 7 6 6 

~ 
-It: 8 10 9 
-a 7 6 6 
-2 13 10 10 
-1 IS 111 -111 

0 36 33 -3a 

-Ll 1a 12 11 

_, 
-3 

' _, _, 
0 

6 _, _, 
' 10 
0 

-1 
3 

10 
18 _, 

0 

3 
-1 
-1 _, 
-6 

0 

_, 
0 
0 

' 0 

_, 
-3 .. 
19 

-5 -3,. 10 
-3 -2. 7 ' 7 9 9 

' 0 _, 

. 
' 0 

-5 7 2 1 
-11,.12 12 12 
-3,. 7 8 -7 
-2 7 6 5 -1,. 16 17 16 

0 7 9 0 

-9 -1 7 
1 0 27 

20 
3 

3 3 
26 -26 

. 
-11,. 8 6 4 
-3,. 7 It II 

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

II 0 7 7 7 _, 
:: ~ . -5,. a 

=~· ~ -:z. 10 

0 

' 0 

-s,. 8 1 _, ' -1 ' 

-9 
0 

. 
-5 B 12 11 

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

0 17 16 

' 3 _, ' 
-1 ' 
-3 ' 

0 -16 

1 
0 

' 1 _, _, 
0 

-3 
0 

-1 
0 _, 

-3 

' _, 
12 -ll 

L 
-3 •• ' ' ' _, 

' 0 
_, 

_, 
-1 
10 _, 

7 

' 
15 -12 
10 -4 
10 10 

9 
9 

-l 
' 3 -3 
8 0 -8 

-4. 7 3 
-a,., 1 tt 
-2 7 3 
-1 11 12 

0 12 12 

-11 8 It 
-3 1S }lj 

-2 1Ll 111 
-1,.16 111 

0 ' ' 

. 

1 -3 
-3 -2 ' _, 
12 0 

0 12 

_, 1 

12 ' 14 -1 
-7 -13 

0 6 

-11,. e 1 -s s 
-3,., 7 10 8 -5 
-2,. 7 II -2 -3 
-1. 7 6 -Ll 3 

0 7 9 0 -9 

. 
-4. 8 7 
-3,. 7 .. 
-2 7 6 
-1,.13 13 

0 ' ' 

. -tt,. 8 It 
-3,. 7 5 
-2 7 9 
-1,.15 12 

0 1 ' 

' _, 
-a -2 ' _, 

5 -12 
0 _, 

1 ' 
' -1 
0 ' -It 12 
0 -6 

. 
-11. 8 9 -!! 0 
-a,. a a o 8 
-2,. 7 5 -5 0 
-1 7 II 0 -4 

0 IS 16 16 0 

-a* 8 9 
-2 10 10 
-1 10 10 

0* ·7 5 

' ' -7 1 

' -3 
' 6 -9 0 

_, ' 
-It -10 
10 -3 

' 0 

. 
-3,. 8 7 -11 -6 
-2. 7 6 .. -4 
-1,. 7 8 7 -Ll 

0 7 6 -6 0 

·--3,. B S It -1 
-2 8 It 0 -Ll 
-1,. 11 B 8 1 

0 7 7 7 0 

~ 
-a* 8 8 -7 -5 
-2 16 17 -3 17 
-1,. 12 11 11 0 

0 7 8 -8 0 

ll&!.a! 
-3: 8 6 6 1 
-2 8 8 3 7 
-1,. 17 17 17 .. 

0 8 5 -5 0 



Anisotropic temperature factor= exp {-(h2Bll + k 2B22 + t 2B33 + 2hkB12 + 2hR.Bl3 + 2kR.B23)} with 
2 *2 2 * * B 11 = 2n a U 11 , B 12 = 2n a b U 1 2 , etc. i-zj 

The least-squares standard errors are given in parentheses. ~ 

Isotropic temperature factors are given in the last column. ~ ~ 

--------~------------~------------~------------~---------~~---------~---------~---------~---------~------------~~---~ H 
X Y z B 11 B 2 2 B 3 3 B 1 2 B 1 3 B2 3 B ~ ~ ~ 

S(l) 1729 (4) 3003 (2) 0905 (6) 91 (4) 28 (1) 264 (10) -9 (2) 30 (6) 8 (3) 5.83 ~ 0 0 
S(2) 0079 (3) 5809 (2) 3137 (5) 73 (3) 41 (2) 138 (6) -3 (2) 16 (4) -24 (3) 4.93 ~ 8 ~ 
N(1) 2181 (8) 5584 (5) 1552 (13) 45 (8) 22 (4) 145 (18) -10 (5) 36 (10) · 4 (7) 3.50 ~ ~ n 
N(2) 5626 (8) 5272 (6) 2031 (13) 38 (7) 36 (5) 112 (18) -9 (5) -5 (9) 4 (7) 3.66 ~ ~ ~ 
N(3) 6933 (9) 4193 (7) 3230 (15) 68 (9) 44 (5) 165 (22) 1 (6) 16 (13) 15 (9) 4.80 ~ S ~ 
C(1) 1302 (12) 3823 (8) 1455 (16) 64 (11) 30 (5) 130 (24) 4 (7) -38 (15) -19 (9) 4.24 ~ ~ ~ 
C(2) 1941 (10) 4380 (7) 1168 (16) 44 (9) 13 (4) 188 (25) -14 (6) -23 (13) -1 (8) 2.98 0 ~ 8 

8 C(3) 1567 (10) 4998 (7) 1689 (15) 39 (9) 26 (5) 106 (20) -11 (6) 10 (12) 26 (8) 3.13 ~ ~ H ~ 
C(4) 0525 <12) 5030 (7) 2401 (16) 90 (13) 23 (5) 121 (23) -11 (7) 15 (15) 10 (8) 3.79 8 [g g to 
C(S) -0127 (14) 4449 (9) 2565 (16) 84 (14) 45 (7) 88 (20) -5 (8) -5 (14) 9 (9) 4.20 ~ ..,. ~ &; 
C(6) 0252 (13) 3837 (8) 2125 (18) 75 (14) 33 (6) 154 (26) -6 (7) 12 (16) -2 (10) 4.52 o ~ 
C(7) 0604 (11) 6354 (7) 1110 (15) 69 (11) 29 cs> 75 (18) -1 (6) -7 (13) -15 (8) 3.69 ~ ~ n ~ 
C(8) 1602 (12) 6194 (7) 1106 (16) 80 (12) 25 (5) 107 (21) 9 (7) 18 (14) 3 (8) 4.13 o ~ 8 ! 

C(9) 2024 (13) 6608 (7) 0010 (17) 91 (14) 17 (4) 163 (26) -8 (7) 10 (16) -9 (8) 4.10 ~ ~ 
C(lO) 1440 (16) 7188 (9) -0348 (22) 100 (17) 43 (7) 217 (34) -8 (9) -39 (22) -9 (13) 6.18 ~ ....... 8 
C(ll) 0449 (17) 7340 (9) 0313 (23) 121 (19) 36 (7) 230 (37) -18 (10) -17 (23) -15 (14) 5.77 < ~ z 
C(12) 0003 (14) 6930 (9) 1390 (21) 81 (13) 33 (6) 256 (35) 4 (8) -65 (21) -41 (12) 5.40 ~ ~ ~ ! 

C(l3) 3374 (12) 5534 (7) 1176 (19) 61 (11) 22 (5) 213 (29) 1 (6) 4 (16) -4 (9) 3.67 8 o ~ 
C(14) 4044 (11) 6067 (7) 2007 (18) 57 (10) 29 (5) 147 (24) -7 (6) 4 (14) -3 (9) 4.12 8 ......... ~~ 
C(15) 5288 (10) 5957 (7) 1690 (16) 61 (10) 23 (5) 136 (23) -2 (6) -11 (14) 24 (9) 3.98 z ....... 
C(16) 5698 (13) 5151 (8) 3652 (15) 81 (13) 36 (5) 87 (20) 8 (7) 4 (14) 9 (8) 4.84 ~ ~ 
C(17) 5934 (12) 4408 (9) 3925 (21) 65 (12) 47 (7) 223 (33) 6 (8) 46 (17) 8 (13) 5.29 
C(l8) 7176 (15) 3469 (9) 3484 (26) 118 (17) 38 (6) 349 (48) 25 (9) 16 (26) 77 (15) 7.66 b 
C(l9) 6923 (12) 4325 (8) 1645 (17) 79 (12) 37 (6) 130 (25) 1 (7) -4 (15) 1 (10) 4.93 ~ 
C(20) 6688 (11) 5081 (8) 1389 (15) 66 (11) 44 (6) 77 (20) 9 (7) -1 (13) 20 (9) 3.95 
C(21) 3192 (18) 3104 (9) 0453 (27) 136 (21) 33 (7) 380 (52) 9 (10) 97 (30) 21 (16) 7.71 
C(22) 3673 (24) 2454 (14) 0180 (39) 207 (33) 69 (10) 559 (75) 26 (16) 210 (45) -11 (24) U.43 

L_ ---

(X) 
(X) 
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.TABLE· 20 

BOND LENGTHS AN,p AN.GLES AND .. ~STIMATED STANDARD DEVIATIONS .. 
. ' ~ ... ~- . ' . ; 

The e.s.d.'s in the bond lengths x 102 and the e.s.d.'s 

in the bond angles are given in parentheses. 

Bond g. An_gle 6 

C(l) - C(2) 1 .. 38(2) X C(6) - C(l) - C(2) 124.8°(1.4°) 
C(2) - C(3) 1.40(2) C(l) - C(2) - C(3) 117.7 (1.2) 
C(3) - C(4) 1.42(2) C(2) - C(3) - C(4) 119.0 (1.2). 
C(4) - C(5) 1.41(2) C(3) - C(4) - C(5) 120.4 (1.4) 
c ( 5) - C(6) 1.37(2) C(4) - C(5) - C(6). 121.2 (1.4) 

.C(6) - .C(l) 1.41(2) C(5) - C(6) - C(l) 116o7 (1.4) 
C(7) - C(8) 1.39(2) C(l2) - C(7) - C(8) 121.7 (1.5) 
C(8) - C(9)· 1.40(2) C(7) - C(8) - C(9) 119o8 (1.4) 
C(9) - C(lO) 1.39(2 5 ) C(8) - C(9) - C(lO) 118.5 (1.6) 
C(lO) - C(ll) 1.38(2 5 ). C(9) - C(lO) - C(ll) 121.1 (1.9) 
C(ll) - C(l2) 1.39(2 5 ) C(lO) - C(ll) - C(l2) 121.4 (1.9) 
C(l2) - C(7) 1. 40 ( 2) C(ll) - C(l2) - C(7) 117.4 (1.6) 
C(4) - S(2) 1.,78(1 5 ) S(2) - C(4) - C(3) 118.9 (1.1) 
C(7) - S(2) 1.78(1 5 ) C(4) - C(3) - N(l) 118o4 (1.3) 
c (3) - N(l) 1.39(ls) C(3) - N(l) - C(8) 118.1 (1.0) 
C(8) - N (1) 1.46(ls) N(l) - C(8) - C(7) 118.8 (1.3) 
S(l) - C(l) 1. 79(1 5 ) C(8) - C(7) - S(2) 118. 7 ( 1. 2) 
S(l) - C(21) 1. 82 (2) C(7) - S(2) - C(4) 99o0 (0.,7) 
C(21) - C(22) 1.44(3) C(6) - C(l) - S(l) 113.7 (1.2) 
N(l) - C(l3) 1.48(1 5 ) C(2) - C(l) - S(l) 121.5 (1.1) 
C(l3) - C(l4) 1.54(2) C(l) - S(l) - C(21) 104.0 (0.8) 
C(l4) - C(l5) lo54(2) S(l) - C(21) - C(22) 109.2 (1.6) 
C(l5) - N(2) 1.46(1 5 ) C(3) - N(l) - C(l3) 118.7 (1.1) 
N(2) - C(l6) 1.52(2) C( 8) . - N(l) - C(l3) 117.0 (1.1) 
C(l6) - C(l7) 1.53(2) N(l) - C(l3) - C(l4) 110.3 (1.2) 
C(l7) - N(3) 1.43(2) C(l3) - C(l4) - C(l5) 108.6 (1.2) 
N(3) - C(l9) 1.48(2) C(l4) - C(l5) - N(2) 111.3 (lo 1) 
C(l9) - C(20) 1.55(2) C(l5) - N(2) - C(l6) 112.2 (1.2) 
C(20) - N(2) 1.46(1 5 ) C(l5) - N(2) - C(20) 113.7 (1.1) 
N(3) - C(l8) 1.49(2). C( 20) - N(2) - C(l6) 107.9 Cl.l > 

N(2) - c (16) - C(l7) 109.1 (1.3) 
C(l6) - C(l7) - N(3) lllo9 (1. 4) 
C(l7) - N(3) - C(l9) 112.4 (1. 3) 
NO> - C(l9) - c ( 20) 108.8 (1. 3) 
C(l9) - C(20) - N(2) 110.6 (1. 2) 
C(l7) - N(3) - C(l8) 112.7 (1.5) 
C(l9) - N(3) - C(l8) 109.1 (1.5) 
C(2) - C(3) - NO) 122.6 (1.2) 
N(l) - C(8) - C(9) 121.4 ( 1.4) 
C(5) - C(4) - S(2) 120.6 (1.2) 
S(2) - C(7) - C(l2) 119o6 (1.3) 
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13. Discussion 

The structure of the molecule and bond lengths and. 
I 

angles are shown in Fig. 16. Table 20 iists the inter-

atomic distances and angles with associated e.s.d.'s~ which 

were calculated from the results of the last anisotropic 

refinement cycle using the Busi!lg, Hartin & Levy (1964) 

_program ORFFE. 

(a) The Tricyclic Group 
! 0 

All C-C distances are bet~een 1.37 ~nd 1.42 A, and 

the mean length of the C-C bonds within the first pe·nzene 
. 0 

ring., .. C(l) - C(6), which is 1.396 A, and that of the second 
0 

ring, C(7) - C(l2), 1.393 A, compare favourably with 
. 0 

acc~pted values for benzene (1.397 A, Pauling, 1960; 
0 

1.394 A, Sutton, 1965). 

Applying Cruickshank's (1949) criterion to the two 
0 

C-N(l) bonds of 1.39, 1.46 ± 0.015 A which should be 

expected to be chemically equivalent, the value. obtained 

R-1 - Q.2 
. 1 

(a2 + 0 2)2 · 
1 2 

is 3.5, which is in the zone of probable for 

significance. Howeve~, no explanafion for a significant 

difference in the two bonds can be ~uggested, a~ the N(l) 

atom is in a symmetrical environment and secluded from 
. r 

short intermolecular contacts. It appears more likely 

that the discrepancy would be reduced if the ~allowing 

factors, inter alia, were taken into considera~ion:-

1) the bonds are not independent since a:change in 

the position of N(l) would affect both lengths; 

2) corrections for temperature librations, which 
0 . 

aould amount to as much as 0.02 A (Cruickshank, 

1960), have not been.applied; and 

3) as discussed above, the number of measurable 

reflections was unfortunately limited by the . . . 

nature of the compound. 
0 

Abrahams (1956) has calculated· a value of ,1.82 A for . . 
a C-S single bond distance, which is close to the sum of 



- 92 -

the covalent radii for sulphur and carbon given by Pauling 

(1960). Using .Pauling's relation 

3x 
(2x + l) 

for the resonance-interatomic. distance curve, the yalue of 

x obtained for the C-s·c 2) bond lengths, tvhich are both 
0 

1.78 ± 0.015 A, is 0.07, i.e. they have 7% double bond 

character. (Abrahams' bond-order, bond-length c.urve gives 

a value of 25%). 

The angles of the heterocyclic ring are all approximate­

ly 118° except for the C-S-C angle which is 99.0 ± 0.7°. 

Table 21 lists a number of compounds of interest for 

comparative purposes. It can be seen that C-S-C angles 
• 0 0 d s are all 1n the range 93 -100 , an that all C- lengths 

are shorter than a C-S single bond. Further, the tricyclic 

molecules t-~hich contain S are folded \-lith a dihedral angle 

of approximately 140°. 

The size of the C-S-C angles, the folding of the 

molecules and the contraction of the C-S bonds in substituted 

anthracene-type molecules may possibly be explained in terms 

of ~-bonding molecular orbitals formed by the carbon atoms 

with the 3d.orbitals of the sulphur. The suggestion that 

Sin heterocyclic_compounds can have a decet of electrons 

vJas first made by Schomaker & Pauling (1939), and calcula­

tions of the molecular orbitals in thiophene were subsequent­

ly performed by Longuet-Higgins (1949). In thiethylperazine 

it is possible that the 2p atomic orbitals of the C atoms z 
conjugate with hybrid orbitals formed from linear combina-

tions of the 3p
8 

, 3dyz and 3dxz atomic orbitals of the 

S atom. 

The best planes for the two benzene rings were 

calcul~ted by the method of Schomaker, Waser, Marsh & 

Bergman (1959), with the program LSPLANE and are given 1n 

Table 22, together with the individual displacements of 

atoms from the planes. The maximum deviation of the C 

·atoms is 0.03 ~so that.the benzene rings may be regarded 

as planar, within the limits of error. The S and N atoms 



Compound Chemical Formula C-S-C C-S C0 N Dihedral Reference 
( 0) ($.) (A) angle( 0

) 

s 
Thiophene 0 91•4 1.74 •0.03 - - (a) 

(b) 
92.16 •0.10 1. 714•0.002 - - (c) 

:t:' 
5 (d) 

Thianthrene O(X) 100•0.5 1.76 •0.015 - 128 (e) 

s (f) 

z () 
GJ 0 
t'1 ~ 
tx1 tel 
til :t:' 

!':0 
s 

(d) 
Phenoxt hionine 0()) (g) 

97.7•0.03 l. 75•0.04 - 138 (h) 
0 

H H 
0 z til 
0 0 z ::r:: z 
1-3 t:r:! 
:t:' 1-3 0 
H t:r:! 1-Ij 1-3 

5 (d) 
Phenothiazine (()0 (g) 

N 
99.6•1. 5 1. 770•0.003 1.406•0.002 153.3 (i) 

z ::o· :t:' 
H Ql{lj to ,:I z () 0 t'i' 
GJ !:<: z t:r:! 1.0 

() 0 w 
til t'1 tv, 

s 

0(~ 
Chlorpromazine N CL 97.3•0.3 1. 75•0.01 1.41•0.01 139.4 (j) 

I /CH, 
(CH,),N' 

CH, 

s 

Thiethylperazine 
(X )(A 

99.0•0.7 1.78•0.02 1.425•0.02 139.0 (k) N SC,Hs 

c: ~' t;i ...,:.. I 
t'1 () t:r:! 
tel 

ri z 
::r:: GJ 
c: 0 b3 
::;;:1 ~ ::r:: 

tel til 
0 
C:: ~-

z z 
t:1 . 0: 
til. 

-. 

I"' (CH1l.-N ~N-CK, 

--------- --

a) Schomaker & Pauling (1939), 
b) Longuet-Higgins (1949). 
c) Bak,Christensen, Hansen-Nygaard & Rastrup-Anderson (1961). 
d) Cullinane & Rees (1940), 
e) Lynton & Cox (1956). 
f) Rowe & Post (1958) 
g) Hood, McCale & Williams (1941). 
h) Hosoya (1966). 
i) Bell, Blount, Briscoe & Freeman (1968). 
j) McDowell (1969). 
k) Present work. 

,, 
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-TABLE 22 .. 

MEAN PLANE PARAMETERS AND DEVIATIONS 

OF.~ATOMS .FROM. THR PLANE 

I Benzene ring, C(1) - C(6). 

-0.4453x + 0.1523y 0.8824z = -0.6911 

Deviation Deviation 

C(l) 
0 

-0.029A S(2) -0.137 R 
C(2) 0.030 N(l) -0.045 

C(3) -0.005 S(l) -0.061 

C(4) -0.015 C(l3) -0.395 

C(5) 0. 0 2 5 

C(6) -0.006 

II Benzene ring, C(7) - C(12) 

0.4963x + 0.5202y + 0.6950z = 8.0889 

Deviation Deviation 

0 0 c (7) 0.001 A S(2) -0.003 A 

C(8) 0.007 N(l) 0.006 

C(9) -0.013 c (13) 0.427 

C(10) 0.010 

c (11) -0.002 ~ 
! 

c (12) -0.004 

III Piperazine ring, 

N(2) - C(16) - C(17) - N(3) - C(19) - C(20) 

0.7107x + 0.6009y + 0.3657z = 11.9721 

Deviation Deviation· 

R 0 
N(2) -0.145 C(18) -0.489 A 

C(16) 0.318 C(15) 0.272 

C(l7) -0.279 

N( 3) 0.085 

C(19) -0. 2 9 9 

c ( 20) 0.320 
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TABLE . .23 

INTRAMOLECULAR· ANP ·.INTERMOLECULAR IJI STANCES 
' . ',·· " . . 

The eos.d.'s X 10 2 are'given in parentheses. 

The superscripts1 , 11 , 111 and 1Y·denote the equivalent 

positions at (x+l,y,z>,a-x,y,~+z),n+x,~-y,z) and 

(x,~+y,~-z) respectively. 

C(2) - C(21) 

C(l3) - C(2) 

C(l3) - C(9) 

C(l3) - N(2) 

C(22) - C(l8) 

S(l) - 8(2) 

8(2) 

C(l) 

C(4) 

C(S) 

C(S) 

C(7) 

- c ( 21 11 ) 
_ C(911) 

- C(l311) 

- C(l3 11 ) 

- C(ls 11 > 
- C(21 11 > 

C(ll) - C(61V) 

C(12) - S(1 1V) 

C(16) - C(3 11 ) 

c ( 16 ) - c ( 4 1 1 ) 

C(16 - C(S 11 ) 

C(16)- C(6 11 ) 

'C(17) - C(4 11 ) 

C(17) - C(7 11 ) 

C(17) - C(1211) 

c < 18 > - c <51·> 

C(18)- C(1111) 

C(18) - C(12 11) 

C(19)- C(51 ) 

N(3) - C(51) 

C(22) - 8(1 111 ) 

C(22)- C(6 111 ) · 

0 
3.03(2) A 

2. 88(1 5 ) 

2.90(2) 

2.87(2) 

5.59(4) 

6.29(1) 

3.69(2) 

3.94(2) 

3.89(2) 

3.94(2) 

3.89(2) 

3.85(3) 

3.90(3) 

3o89(2) 

3.92(2) 

3.77(2) 

3.76(2) 

3.95(2) 

3.82(2) 

3.55(2) 

3.68(2) 

3.98(2) 

3o93(4) 

3.84(3) 

3.66(2) 

3.63(2) 

3.92(3) 

3. 84 ( 3) 
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however do not lie in both planes of the aromatic rings, 

as is also the case in phenothiazine and in chlorpromazine. 

The dihedral angle between the planas is 139.0°, in close 

agreement with chlorpromazine, but differing by 14° from 

phenothiazine. 

(b) Aliphatic Chains and Piperazine Ring 

Hhen the C(21) - C(22) bond is compared with a C-C. 

single bond of 1.54. R the value obtained for iL is 3.3, 
(j 

~>~hich again is in the zone of probable significance. 

Double-bond character of a C-C bond in such a position would 

be most unusual, and it does seem more likely that the 

standard deviations in the positions of the two atoms with 

high thermal motion may have been underestimated. 

The diffBrence in the angles C(2)- C(l) - S(l), 

121.5°, and C(6) - C(l) - S(l), 113.7° , is probably caused 

by steric hindrance between the hydrogen atoms attached to 

C(2) and C(21). The angles centred at N(l) are nearly 

trigonally symmetric, and the angles between the chain 

carbons are quite close to the tetrahedral value (109°28') . 

. The average value of the six C-N bonds associated 

with the piperazine ring is 1.47 R, which is close to the 

value given by Kennard (1962) for three-covalent nitrogen 

(1.472 K for sp 2 - sp3 bond type), but the individual 

bonds vary bet-v1een 1.43 and 1. 52 R. It was shown by 

Kitajgorodskij (1965) that the effects of intermoiecular 

interaction on molecular shape are generally small, but 

that the packing can affect the molecular geometry in some 

cases. The atoms of the piperazine ring have a number of 
0 . 

contacts shorter than 3.85 A, as shown in Table 23; also 

the distance between C(l6) and benzene ring I of molecule 

(2) is 3.67 R, and that between C(l7) and benzene ring II 
0 

is 3.73 A. It seems pos~ibl~ that the slight distortions 

in the ring may partly be attributed to molecular close 

packing requirements. 

The best plane for the piperazine ring and the · 

deviation of the atoms are given in Table 22, from which 
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it can be seen that the ring has the chair ?onfiguration. 

(c) 1'1olecular Packing 

In Figs. 17 and 18 the packing in the crystals is 

vieHed along the c and a. axes respectively. ·Table 23 gives 

some intramolecular non-bonded distances and intermolecular 

contacts less than 4.0 R. The molecules are arranged in 

parallel undulating layers perpendicular to the y-z plane~ 

(d) Optical activity 

Unlike chlorpromazine, one enantiomorph only 

appears in the crystal. The molecular dissymmetry suggested 

the study of the optical activity of solutions of the 

compound. A 2~% solution of powdered thiethylperazine in 

al;>S.olute alcohol was tested i"n the pola~imeter using soditnn 

D light and, as expected, was found to be optically 

inactive. Further experiments are now in progreS.s to 

investiGate the optical activity of this material and it 

is hoped to establish whether the crystals exhibit 
.o • 

enant1morph1sr:t. 
·" 
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SECTION D 

MOLECULAR STRUCTURE AND THE MECHANISM 

OF ACTION OF THE PHENOTHIAZINES 

l. Introduction 

The crystallographic study of the phenothiazine 

derivatives has considerable intrinsic interest, but ln 

addition it is hoped to discover the relation between the 

structural parameters and the mechanism of action of the 

drugs in vivo. Clearly this is beyond the scope of the 
. . 

crystallographer acting alone. All that can be attempted 

here is to outline certain relevant aspects and to present 

a fascinating theory suggested by Szent-Gy5rgyi (1960) 

which is compatible with the results of the present study. 

Even this ostensibly simple task is difficult. As an 

indication, almost 7000 references published between 1952 

and 1962 are listed in P~og~ess in D~ug Resea~ah (1963), 

and over 3,500 synthetic derivatives of phenothiazine are 

tabulated. The difficulties are further accentuated as 

most of the articles are in foreign languages which, 

incidentally, demonstrates the world-wide interest in the 

subject. 

2~ Properties and uses of the phenothiazine derivatives 

The phenothiazines are famous principally for their 

tranquillizing action and the consequent uses for the 

suppression of symptom-complexes of the major psychiatric 

diseases. Certain phenothiazines control abnormal and 

excessive psychomotor activity in schizophrenia, manic­

depressive psychoses and the motor restlessness of the 

organic psychoses; they are.effective in blocking condition-

ed avoidance responses, relieving 

and improving thought disorder. 

1964). 

anxiety and tension states 

(Denham, 1964; Sainsbury, 
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Since the· introduction of chlorpromazine "a great 

number of hospital beds have become empty, because among 

all diseases it Nas schizophrenia which had permanently 

occupied the most hospital space". .(Szent-Gy5rgyi, 1960) 

"States of excitement,_ whether schizophrenic, manic or . 

confusional in origin, ·respond well and violent patients 

become docile and.cooperative. Subjective anxiety and 

distress arising from mental tension or sudden emotional 

shock are-controlled. Delusi9ns, hallucinations and 

obsessional and hypochondriacal condit~ons no longer cause 

.distress". (Buxton Hopkin, 1955). It is not surprising 

·that "a passionate interest was provoked by the apparition 

of 4560 R.P. (chlorpromazine) into therapeutic practice". 

(Lespaghol, ci~ca 1960) 

Apart from the value in psychiatry, the phenothiazines 

have widespread clinical uses. They possess in varying 

degrees anti-cholinergic, anti-histiminic and ·anti­

parkinsonian properties; they antagonise the peripheral 

action of adrenaline; extensive use is made of their 

anti-emetic properties (prochlorperazine and thiethyl­

perazine). Some phenothiazines are used to alleviate 

intractable pain by inducing a state of indifference; 

some, particularly chlorpromazine and promethazine, are 

used as adjuvants in anaesthesia to reduce the amount of 

anaesthetic required and to reduce operative shock and 

post-operative discomfort. Certain symptoms of skin 
diseases, such as pruritis, are benefitted by chlorpromazine; 

relief is given in acute bronchospastic states such as 

asthma; acute alcoholism is controlled more easily by 

certain phenothiazines than by any other therapeutic 

measures. 

To sum up, Professor Lespagnol may \..Jell be believed 

when he.states: "il n'existe certainement aucun foyer on 

les d&riv&s de la ph&nothiazine n'aient p&n&tr& A l'occasion 
. . 

d'une quelconque maladie", which may be. loosely translated 

as "there exists certainly no hearth where the derivatives 

of phenothiazine have not penetrated upon the occasion of 

some illness or other". 
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3. Mode of action of the phenothiazines 

It is not easy to summarise the numerous tentative 

explanations of the highly complex nature of the drugs' 

action mechanism but the one fact certainly emerges that 

"the mode of action of the phenothiazines is far from being 

well understood". (Sexton, 1963). 

The biochemical and biophysical actions of the pheno­

thiazines may be concisely presented by quoting a summary 

of the article of Richter (1964~:-

The phenothiazines are in vitro powerful metabolic 

blocking agents and they act in the respiratory chain at the 

flavoprotein level. However, it is doubtful if t.his is 

their main action in vivo because the brain levels of ATP 

and creatine phosphate are relatively high after treatment 

with chlorpromazine, whereas the reverse would be expected 

if, as has been suggested, the drug competed with flavine 

adenine dinucleotide. In low doses chlorpromazine has 

been shown to accelerate the turnov'er- r-ate of phospholipids 

in vivo. This effect is specific for the phospholipids of 

the brain; it is of par-ticular interest as the phenothiazines 

are concentrated in the mitochondrial membranes of the nerve 

cells which are rich in phospholipids. 

Although the phenothiazines have been shown to interfer-e 

Hith the transport of many metabolites in the brain, this 

action is not specific for the brain and, as i't is shown 

also by other surface-active substances, it is difficult to 

relate the effect directly to the highly specific pharmaco­

logical action on the central nervous system. The psycho -

tropically active phenothiaz~nes however, all have a central 

sympatholytic action: it has been suggested th~t this may 

be due to. their interfering with the transport~of biogenic 
' 

amines from the point of synthesis to the storag~ sites or-

to the receptor sites in the brain. 
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4. Structure functional relationships within the 

phenothiazine class 

The phenothiazine "nucleusn. 

(Rl = R2 ::. H) 

Although the phenothiazine derivatives form a vast 
'--' 

class, the most useful ones have substituents at positions 

2 (Rl) and 10 (R2)t and may be considered as consisting of 

two parts:-

(a) The R2 substituent 

Effects on the higher centres of the nervous system 

only appear in earnest when the side chain consists of 

three carbon atoms in a row. It could be surmised that a 

substance of this molecular.size fits best into the 

biological binding site. 

The R2 side chains may be classified into three 

chemical groups:- aliphatic (dimethylaminopropyl), 

piperidine and piperazine. There are pharmacological 

differences between these groups, for instance, in the 

treatment of schizophrenia piperazine derivatives are more 

effective for apathetic and withdrawn patients, while the 

restl~ss and agitated benefit from the aliphatic group. 

However, according to Sainsbury (1964) the differences are 

not sufficiently consistent and characteristic to develop 

.even a tentative theory of neuro-pharmacological action in 

·terms of variations in the chemical structure. 
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(b) The phenothiazine nucleus and R1 s.ubst·ituent 

The phenothiazine nuclaus consists of a system of 

conjugated double bonds having an extensive 1r pool of 

delocalised electrons and lone pairs of electrons on the 

Nand S atoms. As Pul~man & Pullman have shown (1964), this 

~type of structure is highly significant. All the essential 

~iomolecules involved in the processes of life are constituted 

of completely, or at least partially, conjugated resonating 

systems, ric~ in delocalised n elect~on~. Further, the 

most important molecules are conjugated ,heterocycles·contain­

ing atoms with lone pairs such as nitrogen,oxygen or sulphur, 

·which by undergoing suitable changes. in their valence states 

are able to bring about t.he most economical and spectacular 

transforrna. t ions. 

The only three solv.ed ~tructures, chlorpromazine, 

thiethylperazine and phenothiazine, have atomic para,mete::t:'s 
' 

of the tricyclic group which are closely simil'ar (Table 21) 
\ 

apart from the different dihedral angle in phenothiazine, 

which may be of importance. 

The psychotropic potency is affected by the substituent 

forming all or part of R1 in the ascending order H, s, Ct, 
F. It is significant to note that this is in parallel : 

with the order of increasing electronegativity of the atoms • 

. , 

5. Hechanism of action on a submolecular level 

. ' 

From all available evidence it.appe~rs probable that 

the key to the understanding of the subtl~ biological action 

should be sought not in the molecular dimension, but in the 

submolecul?-r.or·subatomic dimension of electrons, governed 

by quantum mechanics. 

In his outstanding exposition, introduction to a 

Submo'Leau'La1• BioLogy, Szent-.Gyorgyi produces much evidence 

to support the ·theory that charge transfer is invol~ed in 

the biological activity of t~i drugs. 

In charge transfer, one electron only lS transferred 

from the highest filled orbital of a donor molecule to the 
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lotvest empty orbital of an acceptor molecule, \vi thout 

necessarily involving any rearrangment within the molecule; 

the transfer involves no change in configuration in 

classical chemical terms, but results in a transfer of 

energy. The ionization potential, IP, of the donor and 

the electron affinity, 'EA, of the acceptor become dominating 

factors, and the change in energy accompanying the electron 

transfer will be approximately equal to EA - IP. 

Orbital energies 

Using the LCAO approximation of the molecular orbital 

method, the energy levels of many molecules taking part :tn 

different biological reactions have been determined 

(Pullman & Pullman, 1958; Karreman, circa 1960). The use 

of quantum-mechanical methods for the investigation of the 

electronic structure of big molecules is generally restricted 

tow-electron systems, however, as discussed in Section 4(b), 

such systems are omnipresent in essential biomolecules. 

The energy of the electron on an orbital, 

E = a + k8, 

where a is the coulomb integral and 8 the exchange integral 

between two carbons. For similar chemical substances a 

and 8 are fairly constant so that the value of k gives a 

measure of the energy. As a rule the filled "bonding" 

levels have positive k, the empty "antibonding" levels have 

negative k. Small values of +k or -k mea~ that the 

substance is a good donor or acceptor of electrons respect­

ively. In exceptional cases the k of the highest filled 

orbital can even be negative, which means "antibonding" 

character, an extremely good donor. 

The +7<. for the highest filled orbital is a linear 

function of the IP (Hulliken,' 1948), Hhile· the -7<. for the 

lowest empty orbital is related, although more indirectly, 

to the EA. (A strong donor has a low IP; a strong acceptor 

has a high EA.) 
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Charge transfer and drug action 

If charge transfer is involved in the mechanism of 

drug action, then a drug having extraordinary pharmaco­

logical properties could be expected to have exceptional· 

qualities as electron donor. or acceptor. This is undoubt­

edly the case with chlorpromazine. A drug with a unique 

biological activity, it was found (Karreman, Isenberg & 
Szent-Gyorgyi, 1959) to have a most unusual antibonding 

highest filled orbital in its normal stable state, and is 

thus an exceedingly strong monovalent ~lectron donor 

capable of forming stable charge transfer complexes. 

Thiethylperazine has little tranquillizing action, 

prochlorperazine has five times and trifluperazine ten 

times the.potency of chlorpromazine. The determination 

of the k-values of these substances would be of considerable 

interest as it might lead to a direct relationship between 

potency and electron-donating properties, and further 

substantiate the theory that pharmacological action is 

actually due to a charge transfer. 

The k-values of phenothiazine have been determined 

(Karreman, airaa 1960; Malrieu & Pullman, 1964) and are 

~ound to be quite close to those of chlorpromazine. 

(For chlorpromazine, k = -0.217 for highest filled, and 

-1.000 for lowest empty orbital; for phenothiazine, the 

corresponding values are -0.210 and -1.000.) As pheno­

thiazine is not a psychotropically potent drug it is 

evident therefore that the donor-acceptor properties must 

be combined with a suitable molecular complement, which 

it appears likely is provided by the R2 substituent. 

d Orbitals 

In the molecular-orbital calculations of Karreman, 

Isenberg & Szent-Gyorgyi (1959) for chlorpromazine and 

phenothiazine, and in those of Pullman & Pullman (1959) 
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for a related compound, leuco-methylene bluet (for· which 

k = -0.232), the participation of the d orbitals of sulphur 

in the overall electronic delocalisation was not taken into 

account. In 1961 Orloff ~ Fitts explicitly introduced 

these orbitals into the Huckel approximation as follows:-

E. = a + k.a 
~ . ~ 

a is coulomb integral for a carbon atom, 

B is resonance integral for ~ elect~ons of an aromatic 

C-C double bond, 

(a + oB) is the coulomb integral of a heteroatom, 

pt3 is resonance integral of a heteroatom, 

Hhere 6 and p are dimensionless parameters character­

istic of the heteroatom and its bonding in the molecule. 

Assuming that the 3p and 3d orbitals of sulphur form 

three hybrid orbitals, the overlap parameter p
88 

for 

two of the hybridized orbitals is taken to be 1.0, 

which is close to the value assigned to the S of 

thiophene by.Longuet-Higgins (1949); the third hybrid 

orbital, being orthogonal to the first two and not 

participating in the C-S-C bonding, has vanishing 

resonance integrals. 

The results 

values of k. for 
~ 

of the calculations of Orloff & Fitts gave 

the highest filled molecular orbital which 

were positive for all three molecules, leuco-methylene blue, 

ki = 0.168, phenothiazine, 0.208, chlorpromazine, 0.191; 

the antibonding character of the highest filled molecular 

orbital has disappeared. 

tLeuco-methylene blue has the chemical formula 

(CHsh.N S N(CHa).l. 

XXXY 
N 
H 
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The authors emphasise however that as the Huckel 

method is only a crude approximation to the complete 

quantum-mechanical problem, and the values selected for 

the parameters o and p are somewhat arbitrary, there is no 

rigorous reason for giving preference to either of the two 

methods. 

Although the k-values of Orloff & Fitts are positive, 

they still indicate however that the molecules studied are 

very good electron donors. As a basis for comparison, 

d-lysergic acid diethylamide and serotonin, drugs also 

having a .strong action on the central nervous system, both 

very good donors, have k-values of 0.218 and 0.461 respect­

ively, for the highest filled molecular orbital (Karreman, 

Isenberg & Szent-Gyorgyi, 1959). 

Non-planarity 

As Halrieu & Pullman have shown for phenothiazine 

(1964), the energy of the highest filled molecular orbital 

is a sensitive function of the geometrical configuration 

of the molecule, and therefore the non-planarity of the 

tricyclic group, resulting in a net decrease of electronic 

delocalisation, would lead to a distribution of molecular 

orbitals appreciably different from that calculated for 

the planar form. 

It is hoped that the results of the present study will 

make a substantial contribution to the field of quantum 

biochemistry, because it terminates conjecture about the 

molecular configuration and atomic parameters of the two 

phenothiazine derivatives. More precise calculations of 

the k-values and other important quantities appertaining 

to the molecules should now be possible. 
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Experimental evidence 

Summing up the quantum-mechanical results obtained by 

the various different methods, the general conclusion drawn 

by Pullman & Pullman (1963). is that irrespective of the 

question whether the highest filled molecular orbital is or 

is not antibonding in character, the phenothiazines are 
( 

nevertheless exceptionally good electron donors. 

This conclusion is amply supported by experimental 

evidence (Karreman, Isenberg & Szent-Gyorgyi, 1959; Szent­

Gyorgyi, 1960; Pullman & Pullman, 1963). To mention a 

few examples: the phenothiazines, particularly chlorpromazine, 

form charge-transfer complexes Hith a variety of electron 

acceptors, such as riboflavin; free radicals are readily 

formed, by electron departure, during electrochemical 

oxidation of phenothiazine; measurement of the solid state 

ionization potential of phenothiazine gave the very small 

value of 4.36 eV, which may be considered as direct confirm­

ation of the theory. 

Schizophrenia 

Szent-Gyorgyi (1960) brings forward some evidence in 

support of. the fascinating suggestion that schizophrenia 

may be due to the presence of a strong electron acceptor in 

the blood~ If such is the case, it seems probable that 

the curative influence is exerted by chlorpromazine by the 

donation of the desired electron, which affords additional 

evidence that, if the configuration of the molecule is such 

as to supply the right key to fit into the slot, acceptor­

donor properties may underlie pharmacological action. 

It is exhilarating to think that precise investigation 

of the nature of the electron acceptor causing the damage 

could open up vast fields which may lead eventually not only 

to permanent cure for the psychotically abnormal, but also 

to the prevention of this tragic disease. 
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APPENDIX A 

MATHEMATICAL AND COMPUTING I1ETHODS 

1. Mathematical relations required for the Structure Factor, 
Patterson and Fourier Erogrammes 

For purposes of computation the geometrical structure 

factors A and B which are characteristic of the space group, 
and the modifications which ·arise in the forms of A and B 

for particular sets of planes are required. In order to 
calculate the Codewords for the Patterson and Fourier 

·programmes for different space groups, it is necessary to 

know how the absolute value and the phase of the scattered 

wave change when h, k arid/or l change·sign, i.e. the 
~ relationships_between F(hkl), _F(~kl) 1 F(hil) and F<iil) 

•must be established for the space group concerned. For a 
non-centrosyrnmetric structure the variations in the phase 
angle a(hkl), as well as the amplitudes of the scattered 

wave IF(hkl>l , with changes in sign of h, k and/or l 
must be calc~lated. 

Most ·of the information is given in International 

Tables I (1952). However, the author discovered an error 
in the space group Pm (bas unique axis):- P.377, a(hkl) = 
a(hkZ) is .incorrect, and it can be shown that the relation 
should be a(h'!,:,Z) = -a(hkZ). It was therefore considered 

advisable to calculate ill the relations for the space 
groups of chlorpromazine, phenothiazine and thiethylperazine, 

Pbca, Pnma and P212 1 21 , respectively. 
The derivations were based entirely on the coordinates 

of equivalent positions and are reported in sub-sections 
(c), (d) and (f). To fill in the whole picture, the 
conditions for non-extinction and the complete terms of the 

._electron density formula were also derived and are·given in 

sub-sections (e) and (g) respectively. 
Sub-section (h) is concerned with the derivation of the 

electrci'n density expression in the form which is used for the 
sunuration in the Fourier progranune ;. ( i) describes t:tle 
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meaning and application of the Codewords in the Patterson 

and Fourier computations and, finally, sub-section (j} 

gives the calculations of the Codewords for the space groups 

Pbca, Pnma and P212121 • 

I . 
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(b) SQUIVAL..ENT POSITIONS: THe MEANING OF A AND B 
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(c) GrEOMETRICAL STR.UCTUR.E FAC.TORS: THE GENERAL 

J:ORMS OF A AND B FOR SPAC.E CrR.Ou'PS Pbca. AND P'h.ma. 
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(d.) SfMPJ.f Fl C.ATION OF A AND B IN SPEC.fAL CASES 

I Pbca., I 
A • 1J ~ .t.11'(Mc.- k.:i;!') ~ .ttr( 1<.':1- k.iL)-'" J:rr(L*-- Li·) 
f>•O 

h.- k. = J. ')'\<- 2," • ~'l'V 
1<. - t. .. .2."""' - .1. ~ .. .l."" 
L- low a - ( "-- k.) - ( k.- L) .. - l.""' - ~-- .. -4""" 

A= S .c.ri (;ur'h.x.- ~tr~)~ (.2..Tr'k!f- .211" ~~) ~(.2.rrL~ +Ill' \"") 

- 'l'V rr' - 'YV lT' 

a 1(- ~~"'r~'X..x- A:..e:) .l.'n'k'j)(+ ~ .l1rl.z.) 
A = ~ ~ :2-:Jf'k.~. ~ :tlf'k-"'1· ~ .2-"Trl.D-. 

h.+ k, .. .l,~ } 

k. + L • :z."" + I 
h. - " ... .t?V - 2.1<. • J. 'h,.o 

k. - L = (~""' + r) - 2 (.. -= .:l.""" • 1 

L -k, :. -(J...-1<.)-(Jt-1.)= -.2.?\.-(.2.1'\.+l)z -4-n.-1 

A= I .c.e-o (.llr'h.x- J.lr' \""'~~ (.21rk.~- .:zrr.•~+') ~(.2TrL~ + .:ur. At~+') 
- ""'rr - ('hi+ i)IT' + (.2."" + ± )rr 

: 9(-.Ge1 ~,..~~x-~.t..,.k.aj)(-~ l.Tr£.~) 
A = - 8 ~ :tYr"'-x.. ~ .l.7T'~. ~ .:urL~ 

h.+ .1<. = .2.1'\.. +' } 
1<. + L. = :l."'V 

= o ~ k.=o -o-r- L=o 

lv-k. ... l.tv1-l-.:tk.::. .;l."t\..+1 

k,- f, .. 2""' -l.k. :0. l,;""" 

1.,-"" = -(2.')\,+1) -l.""" : -4'hl-l 

A .. s ~ (.11r"-x. ~ .ltr ~) .c.oi(:trr"'J- .tll'~)~(.l.ttL-i!; +llf 4 Z ... ') 
-("-v+:i)"TT' -'hili +(.:t?V+±)rr 

=- t (-~ .l:rr*'-x.X-~ J."fr"k.!IX-....:..... .tlt'L•) 
A .. - S ~ ~'li'"h.x.. . ~ .l..lr~. ~ .J;n-L.:e.. _ 

h.+k. c4"1V+Il 

k. ... ... & .l~N +' j 

= 0 4 #v::.O .-.,- L: o 

h,- I<. = ;1,..,+1 -.l.l<. • .l:"'-+ I 

k.- L. -.. 2"1'\.. '+'I - l..L ::. lt~ t- I 

1..-"'-::. -(.:Z.'l'V+I)-(.l.'I'V+I) • -4"""-2. 

A -= i ~(.l1T'"-x- l.11' ~1t') ~(2trk.~;t- J:rr ~]/') .(#,\ (J.trL£ + .l.11" 1~'}/1) 
- ( 'l'V + i)1T' - ('h.-+ 1)TT' + (::>. 7v + 1)"Tr' 

=- 9 (-~ .J.lr'h.x.X-~ ~,.k.~)(- ~ .:trrt.~) 
A ~ - S ~ ~Tr'*'-x. ~ ~.:rr ~ . .c:..o :urL:z 
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l!~~~(U ~ 
""' = 8 ~ :ur(f\.:r:. - ~*!*c.) ~ .a:w(k~ + -t) ~ .t.7r ( 1.;& + "'JL) 
~. 0 -

h.+l..•l."""} 
k. • 2."N 

A • 8 ~ {.ltrh.x.- 21r"~) ~(~ric.~ + .111' .tR') ~ (~li"L• + .111~) 
- ~'h.tr + -rvJr' + ,.,.,1i 

=- i (+ ~ 2.1rh:x.X-~ ~ll"~t.~)(- ~ .:2.11"t.•) 
A ... t ~ .a.1r h.~. -c.-6 .l.'lr ~ . ..c....4 .2:rr LA 

h.. + 1.. e .l,~ 'l, 
k. = .1"'--+ I j 

A a 8 ~ (.1rt~ -.:ur .114•9 ~(l.lrk.~ +l'll"-37!1) ~(.21rL~ +.:lll'~) 
· - (;trv+--!}rr' +(11\. +!)iT" + ~11" 

c 8 (+ ~ ~'lrk.~( 'fo ~ :t1t~X-~ .:urt~) 

.A .. - i ~ J.lr'kx.. ~.lTk.:s· ~ .:urt.~ 

·~v + (; = .l ""'+ I } 
1<. al.~ . 

::.o ..i.tlv•O 

A = 9 Le'\\(J.trkx.- m 4 Jt') .c.e-o (;11r1t.~ +l.w~) .c.o-1 (.:~:rrVe + .2.11'.11+') 
-~~+~tr +-tr +~+_Dr 

• t(+ ~ .111""-~x-c..e-o .2lrlt.e:~X+ ~.:l,.L£) 
A = - 8 ~ J:wrh.x.. ~ .1.:rrk.~. ~ ;nrL• 

•O ~h,co _... 1..=-0 

lv + 1.. • 2.""' + I } 

k. = .1""" + I 

A = 8 ~ (.irl\.x- .2.11' "'*'i{l·).c.r.\(.111'~ +:.lff'~)~(J.'If'lil: +:Dr .3.2t') 
-(~'r\.+1)11"' +('h.+i)'Tr -+( ...... +i.)'Tr 

.. 8(- .c,..ood J.lr'kx..)(+ ~ .1.1r1<.~)( + ~ J:rrL•) 
A • - s ~ 2.11'"'-.x.. ~ .ur~y~ . ......;..... .2.n-t...~r= 

&0 ~ l..s.O 

•' 
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(e) CoNDITioNS FOR. NON-EXTJ'NC.TION 

F~~~. 
I PbGo..l 

(k.oL) p!4nc.~. ,.~cct.4~ '"is~+{"-= .2."' h 
L. :. .l."- + ' 

("-kO) .. {"' =2.n.+l h 
k "' .11\. + I ~ ~ 

(OU) ·· {k •l"+ I ~
3 

L c.l"+l 

( M,O) " {" • 2."' . 
~ ,., .ll\.~1 I 

' 
..,..L=o 

k+ k 1: 2.1'\.+, 
k+(..&ll\.+1 

F=O 4 k-=0 (Old.) 

_,. k :.0 (1\0L) .. 

{ 
k = ln.ot I "'~ l 2 

L :. 2"' _I--J 

(i) (Ok.L) pttl"u.. ,.e.~& a.rc. 1\'\.i.SI~j Cf k oc:U., L f!.VU\. or ocid. ~ (Oic.L) k = 4"' 
2 ("-OL) •• .. t, .. , ~ ·· •· (kOL) L • ~ 
® ( h.k o) .. .. •. .. "' .. . k .. •. : ( "'" o) h. = 2."" 

~ ~ ~ ~ .-v "J), IS'O, 

' 
( Ph-Mct..i 
k.+L =-.1.1\ 

1<. = ll'\.+1 

F::.O~k.=O ( OkJ.) plane!., Nf'c.ct. (l.t-c. '"iS)inf £f { ~ 

F =0 4 k~O (okL) .. 

Al'r L ~ 0 ("-'<.0) ·· 

"-i-l -=l"-+1 F ... o -4J L=O (~k..O) .. 

k. .. .1"-+ I 

CD(okq ""'.:ssc:.ng for (, e.v~"' } o,. Lod.J. } 
k,. Octc(.. k f!.VCA 

®(h.lc.O) h, ocU-, k e.11~ or od.d. 

.. { "- od.t:L 
kod.t.J, 

( Ok.L) k. + L = .1.1\. 

( hJ<.O) h. = .2,f'\, 

~ ~ ~ ~ """"" ';P. IS'/ • 

( I,,_t~,..,,.r._t~o".aJ. Tc:J,lt 5 1) 
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A • 8 ~ .trrk¥. c..os ..ur 1<.!1 c.os ~1rt.e 

A • -I .c..o-6 ~wA--x. ~,a;rrk.!l. '"'- .m-Lfr 

A : - i ~ l.trh."X. ~ :ur~. s~ .2-wLa: 

A = - ~ ~ 2.Jrk~. ~411'~. ~ .tn(,a 

~0: h, evct\t :(t)- A • i ~ .lnkx.( 1). (t) ::. I c:.ot.lJr~~ 
(1)-+ A : - i c.o~ J.Vh.~ (o).(o~ c. o 

.e-o 

o-e 

o-o 

G) .. (~) ~ ~, _,.., ""'-&' 1<. =- o. "--+ k c trd-cL. 
h, Dd.dl. :(I) "' (.1) ~ .et.p ,..,."t . 

(3) - A • - I slAt( o) · · · · = o ( L • o) 
(lf)- A • -9 s.;,.,.(o) · • : :a. o (I<. :. 0) 

.1o ~ ~ J.v()O. /,., ~ ~·:'#· 

Olc.O: k e.vc." :(•) ... A • 9 c.o~(o). c..os :l:rrl<.~. c.os{o) : 8 c.os ~k.t:s · 
{il)- A : --9 .. . . ~~{o) .: 0 

(!.) .. (If) ~ ~ ;;•1' ·: "' :. 0 
.k. otttL :@)- A •- t s.A(o) c.o$ l.lrk.':f. S~(o) ~ o 

(A4) .. A • - 8 s~o) s~ l.frk..J· c.os{o); o 
"'...wA =f-'r Olc.O, k. ~ ~·-

OOL : L c.vtl\ :(1) -+ A • 8 c..oCZ» ~11"Lc 

(,.) .. (4) ~ ~ ~fU-t· 
(1) ... A • -i~(o)c.e-d{o)~.211"~ • o 

L. oct4: (!) ... (3) ~.a..~ 

Q..) •(If)--- 0 

OU :kil.~vc":(l)~ A • Sc..c>s(o)c.oa.211"k.~.c..osJJr~. 

(a)- A • 8 ~~o) ... :. o, (.1) •(~) ~ #< .. ~. 

k+L ~:Q.) - A = - S ~ J.lr~. ~.:llr'-* 
(1.) .... o, Q) <~(3) ~ ~~~"'¥. 

~01.. ; h.+L '~":(I) .. A • 8 ~ 2rrkx. ~ ~.,/..~ 

(.lt)-o, (a)•(3)~~~1a'~· 
h+L ~:(:a.) .. A =.- t c.os 2.lr'k'X.. s.A(o). s~ :lWl-it: & o 

(a)- A :. - 8 ~m,x.. ~ 21rl-~ 
{J) ... (.C.) ~ A.pP'1t· 

kJc,O: h+ktwc.f\:(1)-.--A = 8 c.os l.1rkx.c.os:z:r~. 
(2.) .. 0, (?.) ~(1-) ~ ~b~l."i . 

"-tit ocU.:(l) - 0, (l.) • (1) 
~) ~ A • - 8 ~ XTrkx. s~ ~wk.Aj. 
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1 Pnw\~rJ 
( ) k + &. • 2.1\. 
' #C. • 41\o } A s t .c...a ~~. ~ .a.w k.~. ~ ..ltrL2- e .. e. 

~) "-• t. • .11'\ } 
k ... .11'\ ... ' 

A lr _, 
,4.....;.., .awA.x.. ~ ~rr~. .c..o-. .nrt. A e.-o 

lt3) h•L .. .11'\ .. ' } A ~ -8 ~ .1'7f'h.X. ~ ~1r'#u:s . ..a..c.:... ~ll"/.;1. o-e. 
I'' k. &.11'\. 

(4) "'t." • .11\•l } = J, .... A • -a .c..--o ~:rr"-x. ~ ~1r"'-4 . ~ J.:nLt: o-o 

"-OO: h. e,v,_,.,: (a) A a 9 ~ .llf"'-x 
(2.) A a 0 

k. od.d.: (a) A ~ 0 

_(~A :. 0 

Ok.O: k C.Vf.l\t: (I) A • 9 ~mit~ 
(•) A :.o 

k. o<Ld.: ~) A = 0 

U) A = 0 

ooa.: l CVGI'\: (1) A = t ~ ~:rrLt. 
(.t) A = 0 

I. Od.ciC. : 0} A :. 0 

(4) A =- 0 

o kL: k UU\ : (1) A • 8 ~ .l'R"k.~. c.os .:urLe-. 
(3) A = o 

k. o~ : (.1) A = o 
(4) A ll - a ~ llrk~. ~ln'L• 

hOL: lt+L uCI\: (t) A • 9 ~ .l"n"kx. c.cn .~ur (.e, 

(l.) A = o 
h+L odd:@) A ~ -8 ~ ~trkx.~.urL~ 

(If) A = o 
1\Jc.O J<. ev~: (1) A • 8 ~ :ur~x. ~ .lTk.~ 

(3) A .c o 
k. octd.: (2) A • - 8 ~ .211'"-Jt. ~.l:rrlc.~ 

(1,) A = 0 

h. o44. _.., .. 6.4• ~ • 
hOO : h, ~ l-1\t 

L .o-ct~ -44·~ 
00(., : 1.. & ..1"" 

k+L (JJCN\, (1) A= 8 e.os ;vr~. ~~.l.li'Lr, 

.(4) A-=-- 8 Si.rll1Tk!:!. s,;, .ml~ 

ktl odd (2.) A: 0 

(:,) A ~ o 

(l!..:s C:s a..-."'b~3 .... o....s.) 

h+kevw (t) A='«eoslnl,x..U>sJrrluj 

(4) A =- o 

~ + k od~ (2.) A :. -11 $&. lrrhx. sir, :J:rrk..'i 

(3) A= o 



e-e. 

e-o 

o-o 

c.-e. 

e-o 

o-e. 
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(.f) R f LATION SHIPS BE:T"WE.EN F' ~ 

h.+ k = l.""' 

k • L :. l."' 

k + lc IL J.t\. 

I<.+' • ll\.-+1 

"".f-k = l.l'\+1 

k .. L. = l."" 

h.+k =l~+-1 

I<..+L =2.~+1 

A = + g ~ ~lr"h.:x.. ~ .2.lr k ';/ . ~ .%.11" l. i!:. 
F,_IU. ,. I=J;IU. c F ~J(.t. I= h.k.! (=- FJ\J( L : l=;;r;c ) = 

A : -i~ 2.1r"-x. ~ .J.:lrktJ· ~ J..1Tl.~ 
Fklc.L • ~h.I<.L ::- Fh~L =. -l=klt.'C (=- F=~L = F-t,Jc.7. ) 

A = - ~ ~ .11r"-x.. ~ .2.'11'k.~. ~ .:t..1TLi!. 

F,ic..&. = - FiJ;~<,c,. ::. f: h ~c. = - l=kl<! (::. -I=~~L :. I= I\_)(! ) 

A = - i ~ :t 1r'"--x. . ~ .2Jrk.~. .c.tn .2l'r L. 'L 

Fklc.t. = - 1=1\k.t. = - Fk1CL ... t= ~IJ. (: F=~r;L :. F~C.) 

:J.Iv., A'-4 ~ ~ ~ .W ..L.~(Cil:) 

~~~~F'.t~~~~~ 
~~.~~.-h, +-r+~ ~~~ 
~A(~. -f-"A ~~·~4:1<-c.. ~· A'=~fA cF,.IcL) 
..to ~ 1=-,:k,L . it h...c.. ~ ~ A ..._:. ,.,_.,.t; ~ ...bq ~ 
~. 4-0 ~ .b..N ~· -4r A a.~ l.lfh:X ...... I~ 

J::"'U- e F)\ k.L . 1.f- ..cJ...c.. ~ ~ ~ 1 A4 ~ ..4c.. ...c:.AA.c. 

~ A : ~ 2.1'r"~-x..... I ~ l=h.Jc.L, ... -1='1.,Jc.J. . c.l:c.. 

I P ·~ ""U. I 
A = 9 ~ .2.1T (h.x.- "-+_:+L) ~ 2.1'1'(1<.'4+ ~) ~ :11r(L'l:. + "1£.) 

"-+'- :: 21'\. A ... j .c..e-.\ ~TJ..'JI:.. ~ .1.7Tk.'J. ~ .:t7TI.,~ 

k :. .l"' F~l(c. = Fr. k.L ... F1\Ji~ = Fh.I<C: (= FJ\~t. = F~k.~ ') 

h. ... ~., = .1"" A ::. - i ~ .llrk.x.. ~ J.7r k~. ~· :1.1TL~ 

j{ = Jl\.+-1 . F~o..~c.L .. -Fr.~t.t. '=' - Fhl<L ... F1..1<T. (-=. F'J;kL) 

h.+L .:: l" +I A .,.. -~ ~ ;1.,-k,x,. ~ ~lr'k~. ~ .2.trl..c 

k :.)."" F~>.k" = -Fhk&. = F~o..l<.L c. - F,.,~t.L. ( =- F~J<t.) 

o-o k~L o::; ;l"+ I 
k = .2."+ I 

A :. - i .c:.-.s .:nr k -x . ~ .1. 7T k !1 . ~ :l.lT L: 

Fl..l<.l = t=~kc, = - F1.1CL = - F"-kt ( • -~H) 
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I P.z,2,_2,11 
:Jk A.4/.,.G44.)...~ ~ .vf .J:i ~ ~" ft: 'P.:~,l.,~, 

A.o-~ ~ ..J:.tr .IJw ~ ~ JloCA, 
IAAJ; ~ ~ .b-u-v ..tAcd··cle.~' ~ ~. 
:!kA'4 ~ ~ .c.cc.~ -/+r~ f~~ ~; ~!4 
~ -H.4d;J.'1 ~~) ~I LN, ~ k-J:,..~ 

~ ~ ~ 1>.2,2,!2.,' ~ 6.-tr ~ ~ ~ 
"Pbc.o.., ~ ·.bi., «l.a.J.): ~ ~ .cu ~ :-

!-vv ~caL' AJJd. = I Fkl(.t.! ~ "'w.. } . 
Bw :::. I F""-Ll ~ oc.~JcL ~ A~ (o..) 
Ol Jdcl = - ()( 1\J(.&. 

~..o-r p 2., 2, 2, , I F,.kt.l = I FT.kd :. I F hl.d = I F~Jcll = I fl\J<d 

e-e h.+k:. 2""' I A~ 4 c..os 2trhx. ~s .l.1t'k.!f.<:.os.11rL~ 
k + L = 2-.v B = -4 s~ 2rrh:x. .s~"' 2.111<~:~. :u:n. l1T'L~ 

~ AN<L .:: A~ • I F-,;ld I c:.os 0(1\ld. 

Bhk.l = - BMJ. = -IF~ I $V\. Dt~k£ 
. . . c.o 6 OCI\Ic.(. = C..oS OC.J\k{. 

Ani(. = Akk.~ = IFkiLI c.os «h'it 

BML = - Bhkc, ... - J F""c.l $""-OL kkC. 

J . . . oc..hl<.l. = - ex~ 

} .·. 
Ahkt = Ahlcl = AUc. ( -s~. See.t.(~) } . ·. 
'B~t = - B~ok"L -::. Bf.kt. ·· .. .. 

e-o h. + 1< = 2"' I A .:: - 4 cos l'D'h.x.. si.l'\. ltrky. seA. 2:rrL: 
K+t. =.2.'?\.+1 B::. 4 S~llrU.C..O\ llrkf~.C..OS 2JrL~ 

A hkt = A Jikl. } . . • 0(.1\kL = - CXhrc.L 
BJ.kL = -B~kL 

Tf-Q( 

} 

• • • CD$ OC.I.k(. : - C:.OS ot ~L } 

SIA ~""-L = sc:.n.. « hkt. . ·. • O(hk.l ,.. 1T'- OCI\l,c. 

Alold. = -Akic. 

B""" = B,.u 

} ." · OCw, = lr'- OC~u = 1r + 0<.'kkL 
Ah~U. =- ANc.t 
B""l = Bkk'L 

o-e. "'-+ k. = 21\.f' r I A .. -4 5<A. 2.Trk:x.. eo5 llr'ky. s~A 21rLz 

.1<. + L : .2."l'\. 'B ::. 4 c.o$ ltr~x... ~~.lll' k.~;~. c.os llrLi!. 

0-0 

"j.Ju. ~ ~ <X.'.s 4.H. ~ ~. 
0<. t.kL :. TT' - OCr.JcL . 

oc. klc.L :. - « JJC c. 

ClC.kJc.l. c 1T'- 0( hJc.i: = 11 + 0( hkC. 

h.+k:.l')\..-tf 

k-t l::. 21'\.+ I l A :. - 4 seA. lJrkx .. si.l'\.l.'lr'lc~. c..o$ ~lrL~ 

B :. 4 c.o s .l.ll"h X. c.o $ :ur k.cJ . s iA JJr L~ 

CX.hi<A., = 1T'- 0( l\k(. 

0( hlcL ::. 1T'- oc ~k.t. 
- .. 

o<. fl.lc(. :. - ()( ~Jci .,.. 0( ~kL 
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(~) C.OMPJ..ETE. TERMS OF EL.ECTR.ON J).ENSITY FORMULA 

~'~~.he. ,41.44-~b.de-.,..., -«.c..~~ 
JA.cAo'"""."" ~ ~ ~ f-'A ~ ~ ~~(f):-

f (xvz) ::. ~ i" ~k ~L [!=""' <.Ds 41T(hX + 1< "1-t-LZ)-+ FJ;'" c.os 2Tr(-kx + k v +-1-Z.) 
0 

o • + F1.u .c.o.s .a:rr(hX-k'f+LZ)+FII.IcL c.o$.l:rr(k)(+ I<Y-Lz)] 

h.+k:2n} p:. ¢ ~~~ F"-kLf C.o-6xrt(JJ<+kV+LL)+ c.osJ.n{-k'Jl+kY t-lZ) 
k+L = .2n + c.os 2:rr(IVC- kY+-L.%) + c.os l.7T (~X+ kY- Lz)} 

:. ~ :2, ~ ~ F""'-f c..os l.Tr (k Y + LZ) GoS ~Trk )( 
..,. c.os VJ"h.X. c.os .21r(-kY + t..z)} 

f_ = f ~ ~.:~. r~,.k.L c..o$ J:rrs... )( { c.o ~ .2:rr L z. c:.os :tlr k. 'lj 

h.+k. c 2n. } p .. ~~~'iktf c.os :Llr(h~ +k. Y +LZ.)+ t.o& ur(-hx + k.Y +Lz.) 
k. -t- (. • .l" + I - c.o~ l:rr (I\ X - k. V + Lx) - c.os ..2.1J' ( k X 1- k. Y - L.z)} 

• ~u_~ F*'kL {Go~ J.Tr(lc.'l +t-2.). c.oi XJrJ...')( 
- c.os J.:rrkX. e.o1 ~(- k.Y +t..zJ} 

• ~ ~~~ ~1..~c.~ { c:os J:Jrk ~ f c.os xrr (k v + L.z.)- c.os J.~(- k. Y .,.L.z.~} 
. [- 2 sC.rv .~.:rr" Gz. s.:rv .:nr f.<. 'f J 

e ::.-~ Z~~~ c.o' .;a.1rk X. ,c:r.. J.lrk Y. -'c.A .l.rt..z.. 

h.+k a l.l\+1) ,P • ~ U~ ~{ c.os ~Jr(hX +I<Y 1-L.z.)- c.o& lrr(-hX 1-kY1-LZ) 
I<.+L =.11\ J +c.osln(I\X-kY+(.z)-c.os.vr(h.X'f-k'f-L.2.)J 

= ~ ~ ~2 F~kL f- ~a""- .llT (k Y +Lz.) ~ "'- 21fh)( · 
-.1 sC:"" :urkX. s~ .111"(- kV + L.L)} 

= -~~FAA.c. sc:n. l~'X. { l t.cA...t1'Lz.. c.osJ.1TkY} 

f .:. - ~2~~ i=hld SC.:n. .:ut h. X· c.ol l'Jrk. V. S&A.. .l.JrLZ , 

k+k.:Q\+1} p .:. ~ ~~ ~ {c:.os lw(l,.)( +kVi-LZ.)- eos l11'{-kx 1-k.'f .,.t-z.) 
k+f. •2.1\4-1 -c:.os »r(hX-k.Y+U.)+ c.os;ur(~X +l<.'f-LL)} 

:. ~ ... i-,~2.1TJv(.siA.:ur(I<Y+f,~~-f-~V\llr~.ScAJ.Yr(-k~+LZ)} 
f :. - ~ ~2.~ Fw_ . s ~ olV"- X • s "'- J.:rr 1<. 'f. c..o s .ur L. Z. 
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PnrnQ, l 
"iA.t, ~.. fl-l....l:4. t • , • • .. --6-~ ~~~ -c.l:~ ~ 6 e.-. • · • t~~~o. .AA :-

{ 

.o 1\ CVU\ 00 1(. c.vc" eo L C.VC-1\ 

p(rYl)• ~ F000 -t2.LF",0 c.os J.7r~X + lZ Folc.o c..os .urkY + -2-L F00, C.Oil.lTL.Z. 
"•1 k&:L Lea. 

- - I( ~vc." - .... k o<!C4 
-+ '+ L~ Folc.l. c..o:, J.Trl<.'foc.<>S .llTLZ. - 4Z ~ F01c.L ~in J.TrkYO ~~.llrl-.t 

lUlL I.U kat Lei 

- - ~+L uc" oo - h+L o<i.t 
+-..If ~ ~ 1=1\oc. cos J.JfiV< 0 eos lirLZ - 4 ~ ~ F-Aot s~ .lJrk.'){o s~A.trr£.4 

her Lal hcl Car 

- ~ k. c.vc" ao """ k. oJtl. 
+ 4 ~ <.. t=,.lto c.o r. .vr~x. c.os .2:rrkY - 4-~~ F~~o~co $C:"' J:rr~x 0 sc."" J.rrk Y 

hal lea~ "=I leal 

- - - J.+l C.~C.II 
+ 9 h~~~' F"~ •;:;s :2."1f'~o c:..os J.TrkYo e..os ~:TrLZ. 

a I "'"' &I 
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(h.) EXP~fSSI ONS FOR. THE: £LfC:..TR.ON :bE.NS ITY 

~~ ~~ ~ AJ;~ ~X,Y.Z.~.AA..~~ . . ~ . ---, ' :(rv;: V ~£~ Fw e-111''-{~X+kV+t.z) ......•.•.•. - •• I 
r .._ k c. 
~-------------- ---------------------------~--~~----

~ X' y ..c.-CIC. :Z: ~ ~ -of AN.. 
~~, 
v ~ .tk ~ ..of ~ ~ 4A-U. 

00 

= -& ~ ~ ~ F""-' e-.:.~ F~.lde·'+ 
" --~ "' ~ .tll"(h..X -t k.Y +t.Z) · · 0~ r ~=hu/-' 

: l~ 2~2 [ FI.Jt.L e. -'-9! + Fr.kX e. +'-s6] R 

~ ~ ~~,+R~-R., 
= N ~~~[(A'+ ~81 )e. -46 +(A'- L&1)e. '-J (~. ~(o.» 
= V ~ l: ~[A' e.~~e-~ _ c.as• e•~:e-&f6 J 
= t- ~ 2 ~ [ A I .<.o~ ¢> + 8 I .A)cAo ¢ ] . - . - . . - . - - . - JI 

' 
,oor, ~ ~ ~ 1-JL· : 

00 

f (-tYz) = f ~ ~~ (~~~ c.o~.2.11'(kX +kY-..LI) + S~u ~~ 21f'(kX+'<Y+L.4] 
-OQ 

= ~ ~~~[I FhkLl U~s otw c.os (J + IFwl scA.atw. ~~"' ~] 
:; v ~ ~~ l ~ul.<.os (~ -«w) <r· ~o..}) 

_4-r, ~ ~ .4-_ ~· 

f(XYz) =- v ~ ~~ IF~I ~' [llT(kX+kY+Lz.)- ~w] - - - - - - - -1!1 
~---------------~ --------------------------------------
~#I" .a.,~ ~· ~ o-r• cK. = o~'lf 
~ 0( = o I I FjJd,.l ltJ:rl ( c/J - "'~) -+ + Fw (.0~ (J . 
lf oc • lr', I F"kd ..c..ri ( cP - OC.kU) ..... + FkkL ~Olil (~-"" • - Fw. <.o~ (> -D (x Yz) ::. -'-v 2. ~ ~ ± F=,k.C. c:.ooa :J.:rr(k.X. + k v + tz) - . - - - . . . - - - JY 
I " k. L 
~~~~- -~--------------------------------------

-;1-N, J.kd~ ~ ~ ~ ~ r· .. ~ ~ 
.Jiu- f~ ~ AA ~~~.!(A.&~:-

oo . 

f(Y.YZ) = V~~~ fAMt c.os(X+Y+Z) + 'Bh~rt scA.(X+Y+-Z)) • 
-oo • .. 

- ~· ~ ..(N., ~I A.-tL ~ X c 2lrk')(, ar... 
~ *tt~ l AUrL GO\ ()(+Y-+I)-t Alate. (.o5(-x +Y+Z)+-A"lL co'(X-Y+Z)+ AUc, eo\(-X-Y+~ 

0 +ATJcl c:o$(-X-Y-~+ A~ (0~ (lC -'1-~) + AJ..kl c.os(-X+Y-Z)+Aw c..•(lC+Y-z) 
+ShieLs~~()( +Y+ ~+ .8-w, ""-(-'X +'f+z.)+BhlL s"'(X-Y+lJ + Bl\tL ll"(-X-Y+Z) 
+ Bm siA(-X-Y-Z)+ 8~ W\(X _..,_z) +81\kt s~(-X+-Y-Z)+Bur ~(~+v-z)] 



- 125 -

1 
&O Akki. c.o~(-'X.-Y-2) = AhktC.Ofa()(+Y+Z) • ....,..._. Jut"~('Y. 
~ 81.U s~(-")( -Y- 2.) • (- SwX-~~A ()(+Y+:Z)) .. B~ t..:.n. (X +Y +Z), 

~~-r:tJ..L.~~4 ~ ~~~ 
~k~ 

fJ(Y.YZ) = 
2.. OQ 

-y .2. ~~ [A~ CDs(x + Y +Z)-+ Aw eos(-X+Y +Z.) + Aw ~(X-Y +Z) + AT.kL eos (-X-Y+Z) 
... 'o "+B~ s""'(X + Y + ;) + BlilcL siA(-X +Y+Z) + 6htl. s~()(-Y+z)f- BnL 'i.{-X-Y+Z)] 

Ahk.l.[~sX. cos('r'+Z)- su,.X.s~(V+Z)] + Al;tL l~s(-X)eo~(Y+Z.)-~~x) s~ (Y+Z)] 

A~,[ c.os X. c:.o~(-Y+Z)- seA. X. s~(-Y+I)] + Ali,kJ, [ U)S(-)() toS (-Y+Z)- sc:.n.(-x) •i.n.(-Y+Z)] 

( Akkl +A"kJcL) [ eo.s X. c:.os(Y+Z)) + (-A~tlcL. +A1;kl)( '""'-X. SV\.(Y+Z)} 

( At.i.L + AI\TcL) [~as)(. c.os(-Y+z)J-t ( -"'-."kL + AUL) (s~ X. s.;"-(-Y+Z) 1 
( Aw + Allc.L) l c.osX. (.os Y c.osZ - c.os X. sY.. Y seA. z. ] 

+ (AhkL + AJ.tL) [ c.o~ X· c.os(-'V) c.or.Z - ~os X. •~(-V) s~ Z ] 

(-A""" + Aw_) [ \ "" X.. ~i."' y CGS z + 'cA. X . c.o• y $ cA z ] 
(-A"i:L + Ahk} [siA )(. ~~(-"/) c.sZ + '""'X. (.oS (-'V) s.;"'z ] 

(Aw. + A'i.lcL + Akk_t + Aw ) (.OS X. cosY. cos Z 
+ {-~u - A"kw. + Aw + AJJtJ. ) eos x . s~ Y. '~" z 
+ (- Aw + AT«t. - A~Ja -t At_kt ) si.n. X . c.es Y. s"'- Z 
+ (- A"lcL + A'i.J,J. + Aw - Alk1) s~ X. s.A Y. cos Z 

BjJU.[ sw,. X. c.os (Y + z.) + c.os X. s~(Y -+Z)] + P,~kL ( s""- (-)() c.os (V +Z) + c.os (-X) 54A(Y +Z)] 
B"kL(s"'->C .CQs (-V+~-+ cos X .sin (-Y+z)] + 8~t [s~(-X)cos(-'/+Z)+- cos(-x)s~ (-v ... z)] 

(Sf.lcl- B,;Jc.L)(s.A){. cos (Y+Z)] + {8""'- + 'Bi.wJl (oS X. s"'-(V+Z) J 
+ (B"lCL- 8TJU)( s~ X.c.os (-Y -tz.)) + (Bktl. + 8JJrL)[ eos X. s~ (-Y+Z)] 

..... ( l:>,.k.L - !>Nu. H s~ )( · c.os Y cos Z - c Lon. X . si.r\. Y !.cA. z] 
-t (Bw + &hk!)[eos>C. s.:."'" Y e.osz + cost.. c.os Y s~""z] 
+ ( B~Jci - Bi.kL )[ sli\ X. c.os (-Y) c:o:.Z - s.;""x. s~ (-Y) s.:.""z] 
+( BJJ:L + &ru)[ e.os X. s~AC-Y) eosZ + c.o.s X .CDs (-Y) s~ zj 

(- Bhkl. + BJ',Ict. + s~ - s~) sUo\. J< . sV\. v. 5~ z 
( Bw. - Bl.kL + S"~ - Bi.JC.L) ~~X.· c.os Y. c.o.s :z 
( BNc.L + BW. - Bhkt - 81JCL) c.o' X. sL-Y. cos z 

.,. { S,.kL + 8W, + 81\KA. + BUL) Cb\ X. c.os Y. s~ 2 

1A...A, ~ ~ ~..ov., ~ ~ JH.~ 
2.;;J-- -[ 

f(XYZ): V ~ L~ ( +Aw, + AM.c. +AkU + AJ;kL_) C..O~ X C.O.S Y c.oS Z. 
.. =0 #\co (•o ) 

+(-Ahk.l- Ai.Jd + A.hu + A»u.. c.o.s X s~ Y ,~z 
+ (-A~ +A~u- A,.k.L + Aw) t.V\. X eos Y s~ z 
+(- Aw + Alld. + Aw- Aw) .s"'- >< s~ Y c..os z 
+ (- B"k.l + Bw -t 'Sw,- 8~) seA. X s~ Y sV\.:Z 

.. + (+ &,.ld- B;.u + B~,- B}dit) SeA X c.os y cos z 

+ ( + Bw + 8~ - &w - BWcl) c.os X ~'-"-Y c.os Z 

+ (+ B~ + Bhld. + Bh""+ 8-nl:L) c:.os X Cc)s Y s«A Z] 

.... -v 
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(i) THE MEANING AND APPLICATION OF THE FOURIER AND 

PATTERSON CODEWORDS 
........ , .. 

(i) The Four'ier Codeword 

From equation V, sub-section (h). 

Al = + A(hk't) + A(hk't) + A(hk't) + A(hk't) 
A2 = + + 
A3 = + + 
A4 = + + 

VI 

Bl = B(hk't) + B(hk't) + B(hk't) B(hk't) 

B2 = + + 
B3 = + + 
B4 = + + + + 

In the operation of the Fourier programme all ~eflections 

with the same values of lhl , lkl and ltl are collected and 

the coefficients A1 •••••• B4 are computed. Due to the 
relations between the st~ucture facto~s which a~e specific 

to each space group (e.g. sub-section l(f)) 1 ce~tain of the 
coefficients will be ze~o. In general, because of syrnmet~y 

elements, the ~eflections (hkt)·, Oikt), (hkt) and (hkt) a~e 

not ~ measured, and therefo~e the full set of structu~e 
facto~s is not read into the computer. The result is that 
the coefficients will be comput~d, using only the available 
structure factors, and some of the coefficients which should 
equal 0 will have non-zero values. 

To rectify the situation, the coefficients A1 •••••• B4 
are thus subsequently multiplied in the computer by a set 

of constants s 1 •••••• sa respectively. The constants have 
the values either 1, if the co~~esponding coefficient should 
be non-zero, or o, if the corresponding coefficient should 

be zero. The set of constants s 1 •••••• sa is called the 
Codeword of the space g~oup; it must be calculated fo~ the 

space group concerned, and an input card with the Codeword 
punched on it must be fed into'the computer. 
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(ii) Calculation of the Codeword for special values of 
h, k and Z • 

Although one set of constants only is required for 
those space groups which have no limiting conditions~ 
(e.g. Pl, P2, Rm), it is generally necessary to use more 
than one set. Reference to sub-section l(f) shows that 
the relationships between F's, and consequently the values 

of the coefficients Al •••••• B4, depend upon the values of 
h, k and z. It follows that for each set of special values 
of the indices, leading to a specific set of F relationships, 
the corresponding Codeword must be calculated. The Fourier 
programme has the facility to test whether one index, two 
indices, or two pairs of indices are even or odd, and then 
to apply the correct Codeword. A maximum of four Codewords 
and four indices are ca.tered for; if more are required the 

\programme must be suitably modified. 
The index tests and Codewords are punched in Card 3 

of the Fourier input as follows:-



CONSTANTS I 

Card Description 
no~· 

' ......... , ,, 

3 Tests on 

indices, 

Codewords 

Position 
on card. 

9 

11 

13 

15. 

17-24 

26-33 

35-42 

44-51 
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Punch 

hl 1 number of index }lst test = 
h2 2 

number of index = 
h3 3. number pf index}2nd test = 

number of index 

If no test is to be applied all 
four columns contain zeros. If 
only one test is necessary, cols. 
13 & 15 are made zero. If the 
tests involve only one index the 
second number must be zero (i.e. 
cols. 11 & 15). No blanks must 
be left where there should be 
zeros. 

Codewords 1, containing the con­
stants s 1 •••• s 8 to be used for 
the case that the result of the 
test is even-even (e-e). It 
will also be used for the case 
that no test will be applied. 

Codeword 2, for the case o-e 
II 

" 
3, 

4, 
" 
II 

" " e-o 

" " o-o 

Note that there are no blanks 
between the constants s 1 and 
s 2 etc. The only blanks are 
between the Codewords • 

. • 

(iii) Calculation of the Codeword for a changed summation 

order 

Normal order 

of axes. 

The Fourier programme uses indices h1,h2,h3 and a 
coordinate system X1 , X2 , X3 , which may be called the 
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"internal" indices and coordinates. The result of the 
electron density computations is printed in sections with 
a constant value of X3 • Input data must be provided to 
establish the relation between the "external" or crystal 
structure indices and coordinates h, k, Z and X, Y, z, and 
the internal c)r computer indices and coordinates. 

If it is desired to alter the normal order of the axes 
such that X1 ~ x, X2 ~ Y and/or X3 ~ z, then the order of 

" the summation will also necessarily be altered. The Code-
words may be different and must be freshly calculated for 

the new order. 

The method is best illustrated by an example. 

the order of axes required is 

xl = z 

Suppose 

then the summation order ~ill be ZYX. The equation for 

the electron density is 
CD 

-2tri(hX+kY+ZZ) p(XYZ) 1 

~ l ~ Fhkt or = v e ' 
k .ao 

p(ZYX) 1 

L r ~ , F Zkh 
-2'11'i( ZZ+ kY+hX) 

= v e 
k 

The expansion of the secon,d equation gives:-
. 2 

CD 

p(ZYX) = V' i k! I [A~ cos 2trZZ cos 21TkY cos 2trhX 

0 +A2. cos 2trZZ sin 2trkY sin 2trhX 

+A3 sin 2trZZ cos 21TkY sin 21Th X 

+A~+ sin 2tr.Z Z sin 21TkY cos 2'11'hX 

+Bl sin 2trZZ sin 21TkY sin 2nhX 

+B2 sin 21TZZ cos 2n.kY cos 2'11'hX 

+B3 cos 2nZZ sin 21TkY cos 21Th X 

+B~+ cos 2trtZ cos 2trkY sin 2trhX] 
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and the coefficients have the values 

Al = +AZ.kh+Atkh+A'Lkh+Azkh Bl = -BZ.kh+Bzkh+B'Lkh-Btkh 
A2 = - + + B2. = + + 

A3 = - + + a3 = + + 

A'+ = - + + a4 = + + + + 

By rearranging the indices and applying Friedel's Law, the 
·coefficients may be· written 

Al = +Ahk'L+Ahk'L+Ahk'L+AhkZ a I = -BhkZ+Bhk'L+Bhkt-8hk'L 
A2. = - + + B2. = + + 

A3 = - + + a3 = + + 

A4 = - + + B4 = + + + + 

·The final set of coefficients may now be used in the same 

manner as before to calculate the new Codewords for the 
space group concerned; it is plain that in general the 
Codewords will not be the same for different orders of the 
axes. 

(iv) The Patterson Codeword 

Commencing with the equation for the Patterson function, 

P(XYZ) = 1 r v-h 
00 

the form of the expref!lsion .which is 
in the Patterson prog~amme, :derived 
sub-sect ion (h). is 

00 

P(XYZ) - 2 L ~- t (Al cos 2'1fhX - v 
h 

..... ' 0 +A2 cos 2'1fhX 

+A3 sin 2'1fhX 

+A4 sin 2'1fhX 

2'1f (hX+kY+ZZ) , 

used for the summation 
by the method shown in 

cos 2'1fkY cos 2,.tz 

. 2'1TkY sin 2'1fl.Z sJ.n VII 

cos 2'1fkY sin·2'1fZZ 
. 2'11'kY cos 2'1f'LZ ] sJ.n 

'. 
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where Al = + 1Fhktl2 + 

A2 = - + + VIII 
A3 = - + + 

A'+ = - + + 

The Codeword calculated as for the Fourier comprises four 
constants instead of eight, and it is easily shown that as 
IFI2's and not F's are involved, one Codeword suffices for 

a space group. 
The Patterson Codeword must also be re-calculated if 

the order of the axes is changed •. 

, . 



r PbGa..l 

(e-e.): h.+k.=.2." 
1<.+ I. .. ~" 

(e. -0) : h. + k. • .:t" 
k+C. = l.P\+1 

h+ J( c l"+' 
k·H. = l" 

(o-e.) 

(o-o): .._+k. :.4"+' 
k+(.. s21'\•l 
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A' = 4 A""'-
A-a. • 0 
A?. = 0 ,..,. 

: 0 

A' • o 
A a. : - A - A- A- A -= - 4 A 1\l(L 

A~ :. - A+A+A-A = o 
A• : -A+A-A+A : 0 

FMc.&. • -~J\Ic.L 'C I=" 'ICC. .:: - 1=1\r(c. 

A' • 0 

A"' 4 -A+A+A-A .. 0 

A~ = -A-A-A-A :: -4 AIIM. 
A• • -A-A ... A+A •0 

s. -5~ 

1= kk.r. = - Fr;~cr. = - f I\ lie. :.. I= Uc. 
A 1 

• o 
A1 

,. -A -t-A-A+A. "o 
A"\ = -A-A+A+A: o 

A" .. -A -A -A- A ... - 1.4 At..~cc. 

A I ~ +A, 4 .ll.~ ... "'~ ... At, 

A~ -A,- Al -t.v..,+ A~ 
A~ -ix,+A,_-,t.,,_+P., 

P.. • ,. - A, 1· A.;.. + ·'-:.- Au 

::. 

jOCO,OOOO 

A1 • Ahk~ = -t- A 
f,~· fl,'hkL. 41\ 

f:."A;..:;L'-tl 
A~: Ar..u' -A 

Ahk(, ~ +A 
Jll..kt • -A. 
A~'n .-+.A. 
AI,H ; -A 

oo1o,ooou 

Ahk( • +A 
A J;t<t , -A 

. P.. ''~' • - A 
AT,l<t : -t· A 

5•- 59::. 0 b o I , o o o o 

.h ~ I . ..c--l ""-0. ~ •. 

~ 10 II ll I?. 14 IS I b ti I 8 I~ '0 ~I 22 2:. )}j .?.S' l(, 2.7 28 l130 3 I ~2 3~ 3lj ~ 3b ~ T 38 3~ 401,1 l1l {,~ 44 J,S' 4(, 47 1,8 49 So Si 
l .2.. 2.. 3 10oooooo oo1oooou o1oooooo oOO/OOD<J 

'--y--) .__ • ..,.-.' 

"-+ k k.-+ ~ 
Is~ 1-c~t ;,>.<:(_ tc:sl: 

I )J.; tr\( ... I 
(e.-e.)! ~+L 

k. 

(e-o): h.+L 

.1<. 

(o-e): "+(.. 

k 

• ll\o 

• .2"' 

~ .11'\ 

• ll\+1 

= l" f. I 
a .ll\. 

(o-o)~ "'-+t ... .ln+l 
k ::.lt\+1 

....._.__ .• r -~•• '..,_ 

C-E c:-c a-o 

Ft..k.l.: ~=~~ ~ ~=~c.: F""'" s.--"'·-3-::. loOo.oooo 

A' • 4 A""" 
A,.:.. AJ .:. A" ::. o 

Ft..kc, • -~"' c -~L:.. ~=~L -J.- si ... ooo; ,oooc 
A' ::. A1 

.. A 1 :: o 
A" • -4 A,.~c.r. 
F#V(J, .: - T=JOIU, s. F ~li.C. a - T=gL 5, - ~3 9 -.. 0 (.l i 0, 0 0 0 () 

A' :: A~ • A If = o 
A~ • - 4 A"k" 

I 
F,.,~c. • Fr..~c.r. •- l=h'IC.I. = - FuL 
A'::. A~•A"=o 

I A,., "' - 4 Al.ld. 

s 1- <>-s-=- oi o c oooo 

~ ro II ll. 1?. 14 IS'~~ 17 i£ '' .Zc ~~ ~2. 23 24 2.5: H J7 l~ l130 !1 32 33 31, 3$' S6 37 ag ~~ 1,0 AI ~.l 4\/,4 it't 4~ ~7 liS HC~ fl 

I 3 2. 0 I ooooooo OCfoOOOO 00010000 01000000 
~ ...._ -..--...J "'---·-· -- ~---- ·- .....___~ ~-~--~-"' ~--~---·~· ... -~~~ 
h.+l. k e-e o-o c-e 
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I P 2., 2,.t, J 
(e-e) h.+ k =- .t'l'\. I o(.~kl • - «-'J\tcL = -«~c. =- OC.'J\RL 

J<.+la.l"-

A 1Jd. • I ~kL I eos Cl~ a J F"k.c.l c.os (-«""'-) = J F~ I c.o s oc ltlct = Aw 
AklCL. = A ... kL (sc:.~tv) . 
Ah.Il = I FJiid .c.oa CllJ;££ • J F~J ~s ot"kA. • AlthJ. 

A' = Aw + Aw + AfVcl. + A~ .. 4 A~o~r.J. 
A:~.: • - ·· - ·· + .. + .. ... o 
A'= - .. + - - .. -+ .. = o 
A""= - .. + .. -t .. - .. .. o 

'Bklc.L = I FJ;~c.L J s&.n. otlJcL •lF"ul sY\ (-Ot~) ... ~ l fwl siA 01.""' = -BI.kl 
'B~ = - !>""'- ( s~~) 
B'kk.l = )F=~I s"' ocuL = JF~I s«A ac."kl ~ p,""' 

B' = - 811kL + (-.B.hlcL) + (-&NcL) -(+&hJcL) = -4 B"ld. 
8 1 :.+ .. -(- .. )+(- .. )-(+ .. ) .. 0 

B' = + ·· + (- ·· ) - (- ·· ) - (+ ·· ) = o 
a• = + .. + (- .. ) + (- .. )+ (+ .. ) = o 

5 1 •••• s1 .:.s I 000 I 0 00 ~ .. (e.-e) 

(e-o) h+J<. =- 2.7\. «hJtl ... - oc.w co 1r'- O'IJCa. = 11" +at J\liL 

k+L = .l'J'\.+1 

oc.~ .. - CX.McL C:.O"l ()tJ\tc.l. = C.O"l 0( hJ<L } 

"~ « ~"" ::. - '.:"" Ot I\IGl 

cos or kiL • -eos oc.J\k.L } 

SU\ « 1\k.c. :o $~ "'W 

ath~ • 'If ... CIC.Mc.L : c.~"l cx.q, .. - ~s C'W } 

s U\ « J;l£ • - 'V\ oc""' 

A~L • JFtJcLJ c.os «~"" • AJ..kJ. B~ = /Ff..t I si.f\oc~ = -BI\kl. 
A hiL c I FIJC.I.I c.o ~ « lll4 '= - A hlct 8 hla : I FJilcl J sc:n. « h& -:. -t s._, 
A~ -=- J ~"d eout Tilt. = -A~ 8"~ = I Fu.t J sc:n etw = - Bw. 

A' = + Aw, 1- (-t-Ahld.) + (-Ahkl.) +(-AhJtJ.) = 0 

A-a. = - ·· - (-+- .. ) + (- .. ) + (- .. ) =- -4 Aw 
A~ = - .. + ( + · · ) + (- .. ) -t (- · · ) = o 
A" = - .. + (-+- .. ) - (- .. ) - (- ... ) = o 

.B' = - ahkt. t (-B~) + (+8hkL) -(-BIIkt) = o 
~:1. - ... •• - (- •• ) + ( + .. ) - (- ~ ) :. 4 8""' 
B:!. = + .. + (- .. ) - ( + .. ) - (- .. ) :. o 
B• ::: + .. + (:... .. ) .f.{+ .. ) + (- .. ) = 0 

s, .... · s1 ~s 0100 01 oo fo.,. (e-<?) 
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(o-e.) "-+lc: .. 1.,+1 I ot.w = 11'- «J\Ic£ ... - ac.~ = lt+ otr;,~L 
k."+ l = 2'1\. . 

«~ ... 11' - otl\lcL c.os 01.1\kL ... - c.os «.""" } s L.n. lit 1\kl. .. s~ oc.ML 

CI(IJC.L = - ocw, (A) 'l « ~L.. = CDS OC..f\U } S &A C. t.J(£. = - S"" ()( ML 

0( ~k.l. = Tr ~ cx,.lcC. co~ ()( J\JC.&. = - c:.o 5 oc. kid. } SW\.OC~: -$~ 01. h.ld. 

Akk£ =I FhlcL I CoS C('Nd. = - A~ e~ =I Fi\k(.lsll\oti\ld ::. + Bhld. 
Ahkl = IF-w 1 eos oehkJ. =- + A~.ki ~JJ<L = 1 Fw lsc:....oc.klt =- - B~lcL 
A'kk.L = IF~ I c.os «iJcL = - Aw B~ =I Fwjsi.n«kl(.t = - B~ 

A' :. + Aw + (-AkkL) +(+A~)+ (-AMJ = 0 
A2.. = - ·· - (- ·· ) + (+ ·· ) + (- ·· ) = o 
A!. -= - - + (- ·· ) - (+ ·· ) -t (- ·· ) = -4 Aw. 
A'+-:: - .. -t (- .. ) + (+ .. ) - (- - ) = c 
B' =- B~+(+Bt.ld) +(-8"kt}- (-BI\W.) = o 
B2.. = + .. - ( + . . ) + (- .. ) - (- .. ) ::. o 
B~ = + ·· + (+ .. ) - (- ·· ) - (- .. ) = + 4 B""' 
B4 = -t · · +(+ ·· ) + (- .. }+ (- ... ) = o 

s, ..... ~~ ~-:. oo ~~~~ fo.,.. (o-e) 

o-o) k.+k =- 2.'1\+1 ~~ = 1r- «J\k.(. .z: 1t- Ot1S~L -= OC.~t. 
k1- (, =l't\+1 

A~1. = - Aw 
A~ ::. - A~JcL 

A T.it =- + A J..ld. 

e.os «w = - CDS Cllkk.l. } 

si.A. oc~ :o si.n. « klc.t 

Co\ O(hkt_ :. - CDS CC.t.Jt&. } 

S U\.. « ~ = Sir\. « f\kL 

c:.o \ 0(. iJcA. = c.o s 0( J.kL } 

S""- «. w : S ""'- 0( 1\JcL 

Bw = 
'&hkL = 
Bkkl. = 

A':. + +(-) +(-) +(+) = o 
A'"=- -(-)+(-)+(+)=o 
A-a=-- +(-) -(-) +(+) = o 
A4 =- +(-) +(-) -(+) = -4AJ..kt 

s, ...... s, C:.S 0001 0001 for (o-o) 

Co".sta.At.s I c.a..,..J.. 'T\o. ~ 

'B' = 0 

· B:a. = o 
B?t :. o 
B4 = 4BAAJ, 

'I 10 II r:>. r; 14 16 '" 11 19 I 'I 2.o 2.t ll 13 21, 2.5 :U. 2.7 2l! J.1 ao 31 32 3~ 34 ~!> 3b !7 ~~~ a<j 4o ., "2. 43 44 45 J.(. 4T 41 4'1 SO ~I 
I 2 2 3 10001000 0010001'0 ()IOOoroo OOO/ooo1 

......,.__.. ...._,._..., ______..J ~ -----------h+k k+ L e.-e o-e. e-o o-o 
1st t~st ~'lA. test 
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2. Computing methods, formulae and programmes 

The computations involved in the structure determina­
tions were carried out on an ICT 1301 computer in Cape Tot·m. 
As the storage capacity of the ICT computer was quite 
inadequate to carry out the least-squares refinements, _the 
author was required to commute between the u.c.T., Cape 
Town, and the C.S.I.R., Pretoria, in order to utilise an 

r1 n 

IBI1 ·360/40 computer for chlorpromazine and an IBM 360/65 
computer .for thiethylperazine. In addition to the ORFLS 
programme certain of the data correction programmes used 
for thiet?ylperazine were available only in Pretoria. It 
was therefore necessary to be acquainted with the basic 
Fortran IV language, as well as being thoroughly conversant 
with the HAC programming and operation.of the ICT computer. 

Although the crystallographic pro.grammes listed in 
sub-sections (a) and (b) were available at the different 
centres, it was essential to:-

(1) write ancillary programmes required for specific 
purposes; 

(2) adapt certain existing programmes (e.g. Patterson 
and Fourier) to provide for the greater drum 
storage requirements ?f the structures which had 
a larger number of reflections and more atoms than 

'were catered for in the original programmes; 
(3) insert sections into some of the programmes (e.g. 

Structure Factor, l1inimum Function) relevant to 
·the particular space groups·of the structures 
under-investigation; 

I 

( 4) understand :the method of performing the summations 
involved in the Patterson and Fourier programmes 
in order to calculate the Codewords for the space 
groups and, in general, to understand all programmes 
so that the input and output data could be worked 

out correctly. 
(5) convert the input data cards from MAC to Fortran 

codes. 
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(a) THE ICT PROGRAMMES: 

(Written by D. Fei1 & M .H. Linck.) 

h.k.Z.I. 
I . 

' l ! . 
·-

Lp and Lp and 
Scattering factor Scattering factor 
with Instruction with Instruction 
card 1.1.2.2.2.2.0 card 1.1.1~1.2.2.3 

I 

Patterson 

P(XYZ) at all 
posns.(X,Y,Z) 

~ 
Minimum 
function 

Structure 
factor 

non-centro 

h.k.Z.n. 
A • B .A • B • 

0 0 c c 

! 
R non-centro 

+Codewo 

I 

Fourier 
non-centro 

rd 

- . I 

+Temp.factor 

Sharpening 
of Patterson 
coefficients 

I 

Wilson 
plot 

Temperature 
factor 

h. k'. Z .n. 
+Atom 
coords. 

Structure 
factor 
centro 

h.k.Z:.n. 
F (sign of F

0
). 

o F 
c 
~ 

R centro 

I+Codew ord 

Fourier 
centro 

F~(sharp) 

Sharpened 
Patterson 

Minimum. 
function 

Atom 
coords. 

.I 

Bond lengths 
and angles 
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·(b) THE IBM PROGRAMMES 

1. BACKGROUND 
2. STREACOR 
3. CORRECT E.G. Boonstra. 
4. CENTROSY P. Gantzel, H. Hope. 
s. ORFLS \v.R. Busing, K.O. Martin, H.A. Levy (1962). 

s. ORFFE " " " (1964) 
•7. LSPLANE v. Schoma.ker ·' J. Waser, R. E • .Marsh, 

G. Bergman. (1959) 

(c) Lp AND SCATTERING FACTOR PROGR&"fr1E 

The programme calculates 
using the formula 

• 2 6 . 
s~n for each reflection, 

).2 

* * * * * * + 2kZb c cos a + 2Zhc a cos a ] 

The corrections for the Lorentz and polarisation factors 
are applied using the.relation 

1 

2Lp 
= Ieos'+ H - (1 -2 siri2 6 + sin2. h' )2 

2 - 4 sin2 e + 4 sin~ e 

for equi-inclination; the derivation of the formula is 
given on the succeeding two pages (equatiorni and III 
combined)~ In the case of thiethylperazine the data 

tThe author has endeavoured to exclude as far as possible 
derivations of formulae which can be found in standard test­
books. However, there are several exceptions such as the 
Lorentz factor, which it. is hoped is.a concise representation, 
and is included for easy reference. 



- 138 -

was measured on the diffractometer and therefore the 

inclination angle \.1 = 0. The substitution of \.1 = 0 
reduces the equation above to 

1 

2Lp 
= 

1 + cos 2 26 

Optional calculations and punch output are then 
performed according to the punching of the input Instruct~ 
ion card. If input for the Patterson programme is 
required, no further calculations are done and the output 

cards are punched with the values for each reflection of 

h.k.Z.n. 2tp F~ t where n denotes the signs of h, k and t 

( e • g • n = 1 for h , k , Z ; n = 2 for h , k , Z ," • • • • • n = 8 
for h, k, !). If input is required for the Wilson plot, 

Sharpening of Patterson coefficients or Structure facto~ 

programmes, the atomic scattering factors, f t as functions 

f sin2 e o A2 are calculated for each type of atom in the 
structure. Cards containing the selected scattering 

factor tables must of course be included in the input data. 

Absorption correction tables may also be included if 

required. The format of the Instruction card and of the 

output cards is shown in sub-section 2(a). 



'" 
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(d) ·tHLSON PLOT PROGRAMME 

Using \~ilson's (1942) statistical method the programme 
"calculates the first approximate temperature .. factor fo~ use 

sin2 a in the structure analysis. The normal A2 zones into 
which the reflections are sorted have the values 0 - 0.10, 
0.10 - o.1a, o.1s - o.24, ·o.24 - o.3o, o.3o - o.3s, 
0~35 - 0.42, although other zones can be selected by suit~ble 
modification of the programme. For each zone the value of 

( 
}:f . 2 ') 

log · _j_ 
e F2 

. 0 . 

is computed and printed, together with the number of 
reflections in the zone. 

\ (e) PATTERSON PROGRAH1'1E 

For the normal order of axes (P.l28), the Patterson 

summation is performed in the order 7,, .kt h· Equation VIJ;, 
P. 130, can be rearranged as follows:-

P(XYZ) = 2 
[ k ~ ~ Al cos 2trZZ. cos 2trhX cos 2trkY. 

' v 

+ ~ 
* 

I A2 sin 2-tr 7, z cos 2trhX·sin 2trkY 

+ 'k r r A3 sin. 2trZZ sin 2trhX cos 2trkY 
h z 

+ k ~ fAit cos 2trZZ sin 2trhX sin 2trkY ] . 

where the coefficients A1 •••• A .. , having the values given 
in equation VIII, P.l31, are computed first and stored on 
the drum. Approximately 11,000 positions are available, 
which permits a maximum n~ber of reflections of 2,200. 

The first summation over Z calculates the quantities 
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Z (ma:x:) 
~1 = 1.~0 Ahkt. cos 21rl.Z -hk 

-2 
::.hk = f A~kl. sin 2'11'l.Z 

-::3 = I Ahkt. sin 2'11'1.Z -hk 

-::4 = f AhkZ cos 21rtZ -hk • 

The Pattersor.., ... funct ion becomes 

P(XYZ) =· f [ ~ I M'l cos 2'11'hX cos 2'11'kY -hk 

+ ~ I ~2 cos 21rhX sin 21rkY -hk 

+ L ~ 
M'3 sin 21rhX cos 21rkY 

k -hk 

+ L r -::4 sin 2'11'hX sin 21rkY ] -hk 

The second summation over h calculates 

h (ma:x:) 
nl = I t:l cos 21rhX k h=O -hk 

n2 = I ~2 cos ,21fhX k h 
.. hk 

'03 = I ~3 sin 21r hX " k h -hk 
_. 

n4 = r M'4 sin 21rhX k -hk h I 

The ·Patterson function becomes 

P(XYZ) = 2 
[k nl cos 2'11'kY + ~ n2 sin 2'11'kY v k k 

+ k nk cos 21rkY + .k nk sin 21rkY] 

2 
[k<nk + nk> cos 21rkY_ + }:Cn~ + n4 > sin 21rk.Y J = V' .k 

The third summation over k calculates 
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k(ma:c > 
pl3 = r < n 1 + n3) cos 2rr kY 

k=O k k 

p 24 = ~ <n2 + k n4> 
k sin 2rrkY 

The final Patterson function can now be written 

P(XYZ) = Scale factor (pl3 ·+ p24) 

-·~· 

/ 

The input data cards must be sorted in the correct 

sequence n~X 3 .X 2.X 1 , which is n.Z.Y.X. for the normal 
arrangement of axes. If it is desired to alter the normal 

order or to calculate Patterson sections X = 50 or Y = 50, 
etc., as was the case with both chlorpromazine and thiethyl-

1perazine, the input data cards.must be re-sorted, and the 
corresponding Patterson Codeword calculated, as described ·in 

sub-section l(i). An input Instruction card is always 

included to specify the required order of axes. 

It is possible, by making minor alterations to the 
programme, to obtain a print output of the Patterson values 
in sections which are approximately proportional to the 

corresponding sections of the unit cell; this is quite 

useful when searching the Patterson for special features 
such as a benzene ring. 

The author encountered practical problems when attempt­
ing to use the programme and therefore subjected it to a 
complete analysis (available on request). The main cause 
of trouble was· traced: to insufficient drum capacity and 

consequent over-writing of data already stored. By omitting 
the unobserved reflections, which reduced the number of 

coeffic~ents to be stored, and modifying the drum storage 
arrangements to accommodate h = 30 1 k a = 19, the max m x 
programme was eventually put into working order for 
chlorpromazine. 
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(f) I1INII1UH FUNCTION PROGRAMI1E 

This ingenious programme was devised by l1r. M.H. Linck 
of the University of Cape Town. The meaning of the terms 
employed may be best understood by an illustrated example. 
Suppose that in a three-dimensional Patterson function 
(computed over the normal order of axes), a shift is to be 

made to a peak at :r; = 40, y = 60, ·a = 12. The situation 
can be represented as follows:-

40 

For the 
;"( 

0 is 

J' It 

"+ 0 It 

o* 
" 

,a , 
I 

= 12 section 
60 

o+ 
~·Y 

,2 , ,.· 
~/------~.----------4----L--~ 

= 6 section 

= 0 section , . M~ ,,, ... a 
--- -- - -- - - . - - - -.:-~·~rK~~0-r,----+--. ~ .. ...___+-_..c.,____, 

., ., . 

I 
I 

I 

I 

I 
I 

,'7 

·' ·"' ,, 

Chosen peak to which shift is 

required on th~ a = 12 section 

first round, 

the a = 12 section, i.e. the section containing the 

peak, 

" 2 = 0 " " " " containing the 
origin, ... a = 6 " It • the first section of the 

corresponding minimum function, 
ic+ 

0 is a re-arrangement of the a= 12 section to occupy the 
position of o;, 

O'+ is a re-arrangement of the 2= 0 section to occupy the 
. + 

position of 0 • 

For the first round; Patterson values in corresponding 
(x,y) positions of o* and O' are compared; the minimum of 

each· pair of values is taken and printed on to a section, 
o+, which is the first section of the minimum function 
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(i.e. z = 6). The origin of 0+ is midway between the· ... 
origins .of 0 .. and 0'. 

* For the second round, Patterson values of 0 (now 

the z= 14 section) and O' (now the z = 2· section) are 
compared, and the minima printed on to a section of o+, which 

is_ the second z-section of the minimum function (z = 8). 

In subsequent' rounds, Patterson sections are compared 

1n pairs and the corresponding sections of the minimum 
function are similarly computed, until the entire three­

dimensional minimum function has been generated. 

Each round is performed by the computer 1n the . 
following stages:-

(1) * The Patterson values of the section of 0 are read in, 

rearranged to a normal block and stored on the drum 

in the correct sequence, e.g. Patterson values at 

c~,y> = co,o> co,2> co,4> ••••• co,5o>; c2,o> c2,2> 
•••• (2,50); ••••• ; (50,0) (50,2) •••• (50,50) are 

stored in 676 consecutive spaces on the drum. 

(2) The symmetry elements of the Patterson space group 

concerned' are applied in order to generate the 

\3) 

.•. 
complete section of G~, a~d the Patterson values are 

stored on the dpum in sequenc~, e.g. values at c~,y) 
= (0,0) (0,2) •••• (0,100); (2,0) •••• (2,100); 

•••• ; (100,0) ••• (100,100) are stored in 2601 

consecutive spaces on the drum. 

0 
i:+ 

is calculated by bringing down from the drum the 

values of 0 
~·: 

and re-arranging the data to the 

sequential order required for the computation of 0+ 
' 

~ Chapter 2 of the programme, ·which applies the symmetry 

elements of the Patterson space group under investigation, 

must be specially written for each structure. 

,. 
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~.g. if, as in the illustration above, the or1g1n ~f 
+ • . ic+ 

0 1s at (20,30,6), then the Patterson values of 0 

will be re-arrange.d to the sequence (~,y) = (20,30) 

(20~32) •••• {20,130); (22,30) ••••••• (120,130). 
*+ The Patterson values of 0 are now stored on the 

drum in the new order. 

(4) Stages (1), (2) and (3) are carried out for the data 

of O'. 

(5) 

(6) 

The section of the minimum function 0+ is computed by 
*+ + comparing corresponding values of 0 . and O' , and the 

minimum of each pair is stored on the drum. 

The Patterson values on the a-section of 0+ are printed 

and cards are punched ·if specified. The punch output 

permits the subsequent computation of minimum functions 

of higher rank. 

(g) STRUCTURE FACTOR AND R PROGR~~MES 

The centrosymmetric Structure factor programme computes the 

value of 

~ cos 2~ (h~. + ky. + ta.)e-BJ. sin29112 
Fcal(hkZ) = ~ fj(hkZ) J J J 

for each reflection'· where 

For 

Fobs 

•' 

f. is the scattering factor of the atom j, 
J 

z., y.,z~ are fractional coordinates of the atom j, 
J J J 

Bj is temperature factor of the atom j. 

each reflection, the values of h, k, z, 
IIFobsl- IFcalll sin 2 e 

' real ' 
and are 

lrobsl 12 

printed out. When the calculations have been performed for 

all reflections, the values of 
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L IF call 
z = and 

L I robs I 

R = 
L I IF obs 1-1 F calli 

X 100 
LIFobsl 

are printed out. Suitable punched card output (sub-section 
2(a)) provides input for the R centro. or Fourier centro. 
prograrrunes. 

ihe above formula for F 1 is general and can be used ca . 
for any space group, but necessitates putting in each atom 

at all equivalent positions which, for a structure such as 
chlorpromazine possessing 8 equivalent positions and 21 
atoms, would involve punching coordinates and temperature 
factors for 168 atoms. The preparation and computation 

times are considerably shortened if the value for F 1 ca 
specific to the space group concerned is substituted in 
the structure factor formula, so that only the coordinates 

and temperature factors of the atoms in the asymmetric 
unit need be supplied to. the computer. 

The programme must therefore be modified to calculate 
the value of 

Fcal (hkZ > = 

reflect ion, 

I fr(hkZ) A e-Br sin
2

e/A.
2 

tor each 
r 

where r is the number of independent atoms, 
and A is the geometrical structure factor for the 
space group concerned. The general forms of A to be 
used for space groups Pbaa and Pnm·a were derived in 

sub-section l(c). 
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The programme modification for Pbaa is as follows:-

B2 FoCK - • 25 F
0 

+ .25 Fl . B2. = hz h k = -- +-4 4 

B2 = cjl cos (21TB2) B2 = cos 2Tr(h3: - h + k ) 
4 4 

B3 = FlCK+l - .25 Fl + .25 F2 B3 = k z 
ky - 4 + 4 

B3 = cjl cos (21rB3) B3 = cos 21T(ky !i + z 
) - 4 4 

B4 F2CK+ 2 .25 F2 + .• 25 F B4 = Zz - z + h = - 4 4 0 

B4 $ cos ( 21T B4) B4 2 Tr ( Zz 
7, + !:. ) = = cos - 4 4 

Bo = 8 B2B3B4 Bo = A. 

The R centros~mmetric programme applies the scale factor z, 
where 

= 1.0, to the output of the 

Structure factor programme and then_calculates the value of 

R = 
IlziFobsi-IFcall 

}:ziFobsl 
)( 100 

The non-centrosymmetric Structure factor programme computes 
the values of'· 

IF cal ( hkl,) I = 

a(hkl-) = 

A1(hk'L) = A cal = Irj<hk"L> 

j 

B1 (hk'L) 8cal Ir. <hkl, > = = 
J 

j 

arc tan B 1 (hkl,) 

. A1 (hk't) 

cos 21r ( hx. 
J 

+ kv. 
J 

sin 21T(hxj + ky. 
J 

and 

, where 

+ Z3. )e-Bj sin2e/>.. 2 

J 

+'La. )e-Bj sin2 e/>.. 2 

J 
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The values of A b and B b are then calculated as 
0 s 0 5 

Aobs = IFobsl cos a(hkZ) 

Bobs= IFobsl sin a(hkZ) 

For each reflection, the values of h, k, z, IFobsl , IFcall' 

Aobs ' Bobs ' Acal t BcaL and 

II Fobs 1-lrcalll 

I robs I 
are printed out, and z and R calculated as 

for the centro. Structure factor programme. 

t1odifications must also be applied to the non-centro. 
programme for the space group concerned. For P212121 the 
~ppropriate section was written as follows:-

B = 21rF0 CK - o.s 1Tfo + o.s lTfl Bo = 21T(h;x; 11 + k ) 
0 4 4 

B2 = 21TF1CK+l o.s 1Tfl+ Oo51Tf2 B2 = 21T(ky k + l. 4 - 4 ) 

B3 = 21TF2cK+2 o.s 1Tf2+ o.s'll'r B3 = 21T(Z.z - z + h ) 
0 4 4 

B4 = cjl. cos ( Bo) 

Bs = cjl cos (B2) '-

B6 = cjl cos (B3) 

B11= cjl SIN (Bo) 

B12= cjl SIN ( B2) 

B13= cjl SIN ( B3) 

Bg = 4 B'+B 5 B6 

B1 o= -4 B11B12B13 

Bg = 4 cos '::.:rr < hx - b.+ k. ) cos 21T(ky - }$.. + 1 ) . 
4 4 4 4 

211'( z·z z lJ. ) = A cos -- + 4 4 

!l+ k ) . 21f ( ky k z ) 
-. ·- ~- -

B1o= -4 sin 21T(h;x; - 4 s~n -- + 4 4 4 . 2'11'(L.z l. + h ) = B s~n 4 4 
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On insertion of the above instructions into Chapter 2 of 

the programme, further modifications became necessary as 

the permitted chapter length was exceeded. 

',' 

The R .non-centrosymmetric programme operates similarly to 

the R centro. programme but differs in that it accepts the 

non-centro. input and produces output suitable for the non­
centro. Fourier programme. 

(h) THE FOURIER PROGRNn1ES 

The form of the electron density expression used in 

the programmes was derived in sub-section l(h), (equation V); 

the meaning of the coefficients and the Codewords was 

discussed in sub-sections l(i) and (j). The method of 

performing the triple summation, which is similar to that 

described in sub-sect~on 2(e), is illustrated for.the 

centrosymmetric Fourier on the next page. The input 

specifications and the sorting of cards in sequential order, 
etc. resemble the Patterson programme. Modifications to 

drum storage required in the Patterson programme had also to 

be made in both Fourier programmes. 

The time consumed on the ICT 1301 computer to perform 
one set of structure factor calculations with 27 atoms and -
one three-dimensional Fourier of -~ unit cell to~as 14~ hours. - ' 

(All operations on the ICT computer were 9~ried out solely 

.bY the author. ) 
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(~) BoNn L.EN4TH~ AN'll ANaJ..ES PR.oftt:RAMME. 
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£- o.. ..c,..,·,~ ~£,G....,. b 'f" c., oc.+~~Y.. Y -/A"o• 

':l.o ~ ~ ~. :L ~ . .-...c..-.-. ..P~' ;u........, 
+·~·CI( ~..«.,.~-~-~~~· 
lf """'"' ""'. """" ~ .c..o u' ~. [:x. 6] ...... '411 6•. -.cL ~ ~ 
~·~ ~ ~~.~.[X"].~ . 
. ~ ~: [:x..':J .. [~'. x..:r..~J • (.2o/ .... '1/o. Vc.J 
~- : [X"] = [x'. X~ X'l ~[X. Y. 2) 

-:u..- [.X. i.J = [x.i] [,ed "l--- c~·ow '""tn"co)_ - -.-. - -- -- - ·<D 
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2. INTERAToMIC.. :JJf.STANC.ES-1 

I .,.Ae( • ((Xa-)(At+(Ya-VAt~ (Za-Z~YJ'A ··- - ----- ---- --- -® 

3. INTERATOMIC ANCt.LES.I 

-
• ·• c.cn 9SAac. • 

( · e-.~ = 4.~b~ + ~~# ~ ca,eba) 

~ s:6Aac. • 

~M • ~.c Q ~At. Xec +- Y~8 Yac. + ZAa Z8 , 

I()(.A- XeXXe-')(c) +(VA- YaXYe-Yc.) +(lA-Za)(Ze -zJ I 
--~--@ 

l .,.AI I I .,..ac.l 

ii. BES7 PLANES THR..OUG:-H AToMSl 

t.J; ~ ""1-. -of ~ ~ .be... y .. ~· )( + ""-' L + e. 
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~~..w.~-~ 
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"P -t 2 X • A ~ x Y .o ::b 
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+ c..l< 
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(~) 

(!) 

(I) 

(2) 

(ft) 
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f> • ,._A, + -rvk 1" ~N '(r) 

l:> • -c;; + ~ F + c A (.\) 
e- • """"F -+ .,... H ..., c. I<. (-a) 

(e))CA -(:l)XN: (BA- NJ>) • "'-"(AA-Nti:)+""-(At<-NF) (4) 

(t)'ICK-l~)lCN: (8K- NE) ~ .._(AK-NF)of-""-(llK-NH) (~) 

11) X (AK- N F) - (S') ')( (AA- NG0 : 
-(SA -Nl)){AK- NF)- (8t<- NS)(AA- N6.) 

. -=. 't\o[(_AK-NF)(AK-NF) -{I<.K-NH)(A"-N&)] 

'tV' 

(It) lC (KK- N"f)- (s) lt (At<-NF) : 
(8A-NI))(Kt<.-NH)- (81<-N&)(At<-NF) 

: -tn. [( AA- NGt.){ KK- NH) - (At<- NF)( AK- NF) J 
.' """' : (&A-N]))( Kl<.- NH)- (81(- NE){AI<- N F) 

• ( AA -N<Jc){~K-NH)- {At<- NF)(At4. -NF) 

"M.' = ~>c.~Y-N~xvXlz.Z.z-Nlz.a.) -(2·viz-N1Yz IxlZ-Nl)(z.) 
L.)(1X -Nlx~ ~z.1z -N~z.a) -(_2)(,IZ -N1.XZ Ix.Iz-Nixz 

~--(•): 8- ,._,•A- -•K 
N 

c. = ~y- -·l: )(- ""''.l:.Z. 
____ ____:N~--- .. - - - . - - - - - ·- - - . - - - -- -- (j) 

4-~-~.~ ~· .et-., ~ .-<.: \ 

L.X ~,._v+-l-pwo1 J . 
L~+.._:a. +-a. =-

'·f· ""' )( - y + 't\.
1 z. +c. = 0 

••. f. .. A-' 
~ = A{-•) 
"" :. A ., ' 
p :. A (-c.) 

(A,...•)"+(A) .... .,_ (A._.,•)" ::./ 

:a - I 
• . A - (',...•):a. + C •).,. (""'').a. 

I 
A • % •~==~===== ..f I + (-•)a. + (""')'" 

"ti..-.A ~ ~ ~. 1,;,~;-t\t,p. ~~·.--·.c. .a-c.:-

:: : -~· ~ ~: : ~:~;1L: ~=:~: }· -- --- ----- ---------- -® 
""' • -')vi / "'' + t~·):a.+ (-•)1. . . 
J:» = c:. /41 + (-tn').a.+ (""-')a. . 



- 156 -

5. ANC:cLE BETW£EW TWo PLANES. 

w. ~1( P.lfo~. 
'LJ: J:J..c., ""1--'· ...,. ~ ~ ~ ~: 

l., X-+ ....,, Y + """• Z - p, • o .--c., l..~ + -m~ + """~ • I 

l. .1 X • ""'a. Y + """a Z - ,a =- o L.,.,'" + ~~ + ""'-!' • I 

~J:J...-~~.~~.9.~~~~ 
~.~~~.M~-4: 

.Gtn a • L..,t.s. ... """"'•.,.....~ • """•"".3. ,_ .. - - -- . --- -- - - --- -® 
~~~~:C.,. 1.1 C.s.•"'-•~:L+""'•""'.3. • ±I 
~ ~ ~ .:J; -t.J.,,,. L.,{,'" + ~.-~ .. ""•"""a.::. 0 

·c. 

l;, "P£1-l.:'PENJ:>IC..ULAR. '})f~TANCE BETWEEN A PoiNT ANb A 'PLANE., P.43 

'L..J; <...-•• .u . ..of~ -~ ....6-<. X,. Y,, Z, 
u- ..d.A.. ~ . ...., Jl...t., ~ ~ ..c.c. .. ~ ~ 

LX + """"V + ~z. -, c o ~ t.s.. +-'"+,....a = 
~ +·.,.~· .d.iA.t"c. .... u :b -f• u.,_ ~·~...CO ...f11.a..-.... ......6 

I> • (.)(I + .,_ Y, • - z I - , . - - - - - - - - - - - - - - - - - - _@) 
l>"""' -+~ ~ ~ (X,, Y,, Z,) ~ -...... .JI.A. .44~ -of~ ~ 

..t1-f~.lA.. ..e.~ ~ .. ~"'1 ~ ~· 
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APPENDIX B 

DEVICE FOR RAPIDLY DETERHINING THE 

LOCATIONS IN THE PATTERSON AT WHICH P.OSSIBLE 

A-B PEAKS · CAN BE SOUGHT 

"Master11
- card 

I X y z 
(I) 1 1 1 + + + 

Firat 1 1 2 + + -
equivalent 1 2 1 + - + 
pooition 1 2 2 + - -

: 2 1 1 - + + 

u 2 1 2 - + -. 2 2 1 - - + 
2 2 2 - - -

•, 

(2) 3 2 • 
Second 3 2 3 

equivalent 3 1 • 
position 3 1 3 

I - • • 2 • 
v • 2 3 

I • • • 1 • 
• 1 3 

(3) • 3 2 l=A-B 

Third • 3 1 
equivalent • • 2 2=A+B 

I position • • 1 
l ! + = 3 3 2 3=SO+A+B 

I - " 3 3 1 .. : \ • 2 tp::SO+A-8 

• 1 

(4) 2 • a 
Fourth 2 • • 
equivalent 2 a a 
position 2 3 • 

;; 1 • 3 

i + y 1 • • 
i - • 1 8 8 

1 I • 
i 

~ 

-

-

_ .. ----­.-

First quarter 

Second quarter 

Third quarter 

Fourth quarter 

If atom A(l), i.e. atom A ~nits first equivalent 
' position, is combined:with the eight permutations of signs 

of atom B in the order printed on the right hand side of 

the "master" card, the values of the x, y and z coordinates 

of the corresponding A(l·) - B Patterson peaks are represented 

. by the numbers in the first quarter of the x-, y-·, z­

columns, where the number 1 in the x-column stands for 

A - B , 1 in the y-column stands for A - B , 1 in the X X · y y 
a-column stands for A - B • the number 2 in the x-colurnn 

z z ' 
stands for Ax + Bx , etc. 
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If atom A(2), i.e. atom A in its second equivalent 

position, is combined with_the eight permutations of signs 

of atom B ih the· same order,. the values of the coordinates 

of the A(2) - B Patterson peak.s are represented by the 

numbers in the second· quarte~, where 1 and 2 have the same 

meaning.as before,.while the number 3 in the ~-column 

stands for·50 +·A + B and 4 in the x-column stands for 
X :r; 

50 +·A - B ~.etc. 
X X 

The third quarter on the master card gives values for 

A(3) - Band the fourth quarter for A(4) - B Patterson 

peaks. 

An example will clarify the procedure:~ 

Atom A at (18,20,10).-

Atom Bat ( 1, 8 118), 

and the signs of the coordinates of B are to be 

determined by the device·. 

Number 1 in x-column = A 
X 

B 
:r; 

" 
II 

II 

2 

3 

4 

" " 
" " 
II, II 

II 

" 
tl 

- A 
X 

= 50 

+ B 
X 

+ A 
X 

= 50 + A 
X 

Number 1 ~n y-column = A 
y B y 

" 2 " " " 
II 

" 
3 

4 

II II 

" " 
" 
" 

' 

= A y 
= 50 

+ B 
y 

+ A y 
= 50 + A 

y 

+ s· 
:r;· 

.. 

B x· 

+ B 
y· 

B 
y 

Number 1 in z-column = A B ... 
2 z 

II 

II 

" 

2 

3 

4 

II II 

tl II 

tl II 

" 
II 

II 

= Az: + Bz 

= so· + A z 
- 50 + A

2 

= 18 1 
= 18 + 1 

= 50 + 19 
! 

=so +'17 ! 

= 20 8 

= 20 + 8 

= 50 + 28 

= 5.0 + 12 

= 17 

= 19 

= 69 <= 31) . 
= 67 (= 33) 

= 12 

= 28 

= 7 8 ( =· 2 2) 

= 62 <= 38) 

= 10 18 = -8 ( = 8) 

= 10 + 18 = 28 
= 50 + 28 = 78 (= 22) 

= 50 8 = 42 

Due to the symmetry of the Patterson, a peak at (69,78,-8) 

is the same as a peak at (31,22, 8), hence the "master"· 

card can be filled in as follows:-
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X y z 
(I ) 17 12 8 + + + 

17 12 28 + +· -
17 28 8 + - + 
17 28 28 + - -
19 12 8 - + + 
19 12 28 - + -
19 28 8 - - + 
19 28 28 - - -

(2) 31 28 42 

31 28 22 

3l 12 42 

3l 12 22 

33 28 42 

33 28 22 

33 12 42 

33 12 22 

(3) 33 22 28 

33 22 8 

33 38 28 

33 38 8 

3l 22 28 

3l 22 8 

3l 38 28 

3l 38 8 

(4) 19 38 22 i 

19 38 42 

19 22 22 ' 
19 22 42 

17 38 22 

17 38 42 

17 22 22 

17 22 42 

-- I. 

The card now lists the 32 locations in the Patterson at 

which A-B peaks must be sought. If A and B are true atoms, 
four A-B peaks will be found at the Patterson ·coordinates 

occupying the same position on the card in each of the 

four quarters, and the signs of the coordinates of atom B 
will be given by this position: e.g. if Patterson peaks 
are found at (17,12,28), (31,28,22), (33,22, 8) and 
(19,38,42), then atoms A and Bare true atoms and the signs 

of the coordinates of B ar~ (++-). 
4 
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"Coordinate difference" cards 

X= 18 Y=20 z =· 10 

I 2 3 4 I 2 3 4 I 2 3 

0 18 18 32 32 0 20 20 30 30 0 10 10 40 

2 16 20 30 3~ 2 18 22 28 32 2 8 12 38 

~ 1~ 22 28 36 ~ 16 2~ 26 3~ 4 6 14 36 

6 12 2~ 26 38 6 1~ 26 2~ 36 6 4 16 34 

8 10 26 2~ ~0 8 12 28 22 38 8 2 18 32 

10 8 28 22 ~2 10 10 30 20 ~0 10 0 20 30 

12 6 30 20 ~~ 12 8 32 18 ~2 12 2 22 28 

14 4 32 18 ~6 1~ 6 3~ 16 ~~ 1~ ~ 24 26 

16 2 3~ 16 ~8 16 ~ 36 1~ ~6 16 6 26 24 
l : 

18 0 36 1~ so 18 2 38 12 48 1~ 8 28 22 

20 2 38 12 48 20 0 ~0 10 so 20 10 30 20 

22 ~ ~0 10 ~6 22 2 ~2 8 ~8 22 12 32 18 

2~ 6 ~2 8 4~ 2~ ~ ~~ 6 ~6 24 14 3~ 16 
2S 7 ~3 7 ~3 2S s ~s s ~s 2S 1S 3S 1S 

In order to further expedite the process "coordinate 
I 

difference" cards.are prepared which automatically assign 

values to the numbers 1, 2, 3 and 4, so that the twelve 

calculations for A - B , etc. need not be done. 
:t :X: 

The x "coordinate difference" card shown above gives 

the values to be assigned to the·numbers 1, 2, 3, 4 in 

the :x:-co1umn· of the master card for two atoms, one of 

which is situated at :x: = 18: e.~. if the second atom is 

4 

40 

42 

44 

46 

48 

so 

48 

46 

~~ 

42 

40 

38 

36 
3S 

at :x: = 6, the numbers 1-~ must be given the values 12, 24, 

2G, 38; if the second atom is at :x: = 22, the numbers 1-4 

have the values 4, 40, 10, 46; etc. If the second atom 

were at :x: = 21, the oorresp~nding values can be readily 

interpolated as 3, 39, 11, 47. Similarly the y card shown 
above is used to obtain the y coordinate differences of 

two atoms, one of which is situated at y = 20, etc. 
Illustrated above are· three "coordinate difference" 

cards which were actually made out for an atom at 

(18,20,10), but it soon became plain that a set of 14 cards 

would give ~ the Patterson values required for insertion 

in the 11 master card" for any pair of atoms. 
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The application of this device is thus extremely 

simple:-: firstly, th.e equations represented by the · 

numbers 1-4 must be calculated from the coordinates of 

equivalent positions of the particular space group concerned 

and the master card is then made out; secondly, the values 

to be assigned to the numbers must be calculated for the 

preparation of the 14 coordinate difference cards, but in 

practice, once one card has been calculated, the remaining 

cards can be filled in virtually by inspection. 

The comparison of any pair of possible atoms then 

. becomes an error-free process occupying a few minutes. 

r 

- , ~~ 
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ADDENDA 

3rd October, 1969. 

When the paper on thiethylperazine was accepted for 

publication by Acta Crystallographica on 22nd September, 

1969, the referee requested further information on two 

points:-

1. The method of correcting the diffractometer data 

for peak spread; 

2. The sharpened Patterson function. 

further details were therefore written for inclusion in 

the publication, and as a consequence it was considered 

advisable to include the additional information in the 

thesis. 

1. Method of correcting the diffractometer data for 

peak spread 

(Section C7, p.66) 

From the shape of the peak profile (Figure 11) it is 

clear that the ( 5, 2, 0) peak may overlap certain other peaks 

with a values between approximately 2° and 12°, thus alter­

ing the peak intensities. This overlap is subtracted by 

the following procedure. A generalised peak profile common· 

to any selected peak must be obtained by calculating normal­

ised values of I as a function of A' and not e. The direct 

readings obtained from the graph are values of I and e • 
. The interplanar spacing of the (5,2,0) planes, d, is 

calculated from 

2d = AMo(at 6 max) 

sin 6 max 
= 

0 
5.4 A 

' 

and this value of d ~s re-substituted into Bragg's equation 

to give A = 5.4 sin 6, from which the A values corresponding 

to each reading of 6 may be calculated. Normalised values 

of I are calculated from 
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I = norm. I L (max.) 

where IL(max) is the Lp-corrected value of the peak 

intensity. The graph of the (5,2,0) peak if plotted for 

values of I against A would now be the same as the norm. 
graph of any other peak, because at the maximum point the 

0 

ordinate has the value 1 and the abscissa has the value 

i.e. 

A = .70926 <= A,A ) 
i'.iO 

a generalised peak profile has been obtained. 

The sharpened Patterson function 

(Sections BlO(d), P• 33; · ClO, p.70) 

The Patterson function, 

1 1 1 

P(u,v,w) = V f f f p(x,y,z).p(x+u, y+v, z+w) dx dy dz 
0 0 0 

(1) 

may be sharpened by the use of the exponential function, 

e 8 sin
2

e/A
2 

, but false minima are likely to be introduced. 

Jacobson, Wunderlich & Lipscomb (1959,1961) investigated a 

procedure which would reduce the false minima and yet leave 

the peaks highly sharpened. Functions of r which change 

more rapidly with r than p (r) were sought, and the gradient 

Patterson function, Q(u,v,w) was chosen, where 

1 1 1 

Q(u,v,w) = V J J f v p(x,y,z).Vp(x+u, y+v, z+w) dx dy dz 
0 0 0 

t where the gradient operator is 

tcondon & Odishaw, 1958 
.- ... 
~ 

·' 
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v = :,': a * a ·':1': a 
a -+b -+a ax ay az 

The usual expression for p(x,y,z) in terms of FhkZ reduces 

Q to 

(2) 

The gradient Patterson function in itself is only slightly 

better than a highly sharpened Patterson function; it is in 

fact a familiar sharpening function, which has negative 

regions. 

However, a weighted combination of Q<u,v,w) with a 

normal sharpened Patterson function can be chosen in which 

positive regions of P(u,v,w) of approximately the right 

~magnitude correspond with the ·negative regions of Q (u ,v ,w), 

resulting in very sharp peaks surrounded by comparatively 

small residual regions. This is illustrated by the 

following one-dimensional diagram:-

The new combination function P'(u,v,w) may thus be 

expressed as 

P'(u,v,w) =A Q(u,v,w) + B P(u,v,u) 

where P is the usual sharpened Patterson function, 

Q is the gradient sharpened Patterson function, 

(3) 

and A and B may be chosen empirically to give the 

best sharpening while decreasing the negative reg~on~ 

around the peaks., 
' 
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1 Values for A and B of 1 and 6 (16 r.2), respectively, were 

selected. The jFhkZ j2 were the usual sharpened coefficients 

(Spencer & Lipscomb, 1961):-

= 

... 

F 2. e B sin 2 el >. 2 
0 

<j) 2 

where f is the unitary scattering factor (Lipson & 
Cochran, 1953, P. 64, P. 1~3), 

and is given by 

i = 
l f. 
~ ~ 

~ zi 
~ 

Combining equations 1,2,3,4 and the chosen values for A 

.and B leads to the equation 

P' (u,v,w) }: 2 I 
v h k z 

cos 2rr(hu+kv +zw) 

( 4) 

in which the sharpened coefficients closely resemble those 

given in the text of this thesis on p.33. 

According to Jacobson, Wunderlich & Lipscomb (1959,1961), 

and Spencer & Lipscomb (1961), the new procedure which 

emphasizes the gradient of the electron density function is 

of considerable importance in resolving closely n~:i,ghbouring 

peaks. The sharpened Patterson functions calculated for 

chlorpromazine and thiethylperazine certainly support this 

conclusion. 

~ 
Further advantages claimed for the modified Patterson 

function, P', by Jacobson et aZ. are that low order 

reflections susceptible to extinction and absorption are 

given low weight, and interactions between heavy atoms are 

relatively enhanced due to the fact that as sin e increases, 

the decrease in the atomic scattering factors for heavy 

atoms is less than for ~ight atoms. 



('\ 
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Note. In the ma~n text of this thesis. (pp. 70,71), the 

unsharpened and sharpened Patterson functions have been 

designated P(u) and P(s) respectively; P(s) is the 

combination function referred to in the addendum as P'. 
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