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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 analogues 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 groﬁps
according to the chemical nature of the side chain attached
to the nitrogen atom:- (1), dimethylamino-propyl, (2),
piperidine, and (3), piperazine radical. Chlorﬁfomazine,
pyscho-tropically potent, belonging to the first group, and
thiethylperazine, with relatively little tranquillizing or
sedative action, belonging to the 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; Courvoiéier,



Fournel, Ducrot, Kolsky & Kéetsdhet, 19533 Takayahagi,
1964)., |

Thiethylggfaziﬁé (trade name Torecan) is 2-ethylthio-
10-[3=-(4~methylpiperazine-l-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-Gydrgyi, 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, 1965, Nature) and condensed versions of
Sections B and C have been submitted for publication to
Acta Crystallographica (McDowell, Chlorpromazine, accepted
Dec. 19683 McDowell, Thiethylperazine, accepted Sept. 1969).
The .structure of chlorpromazine is the first of the

phenothiazines to have been solved.
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Chlorpromazine

*d uo ,T °TQeL UO 230N, 23S

S
<)( D Phenothiazine Chlorpromazine Thiethylperazine
hydrochloride base
N R,
1
Ra
R, H Ce Cs SC,Hjy
: CHjy CHj TN
R, H (CHp)3N{  ~+HCy ,(cuz)3n< (CH, ) 3N NCH,4
L CH, CHj —
Formula . CI ZHQNS CI7H20N28CEZ CI7H)9NzSCVv C22H29N3SZ
Molecular weight 199.266 355.326 318,861 .
Density
Flotation Water+mercury Benzene*carbon Water+mercury Water+mercury
liquids potassium iodide tetrachloride potassium iodide potassium iodide
g/c.c. meas. 1.356 1.31 1,289 1,187
g/c.c. calc. 1.342 s 1.28 1.285 1.198
No. of mols. 4 ’ 8 8 4
Crystal system Orthorhombic donoclinic Orthorhombic Orthorhombic
Space group Pnma P2)/¢ Pbéa P2,212,
a(X) 7.94:0,01 11.96:0,02 23.50£0.04 12.057¢0.01
o]
b(A) 21.02¢0.01 31.77£0.06 15.20:0,02 19.953:0,01
c(g) 5.91¢0.01 9.84:0,01 9.23:0,01 9.215¢0.01
8 - 98.,9%:1° - -
o]
Volume (A3) 986.4 3,694 3,297 2,217
Solvent Carbon tetrachloride Benzene+ethanol Low b.p. petrol ether| Petrol ether

or methyl alcohol

under nitrogen

under nitrogen

SEAIIVAINAA TTYHL ONY-ANIZVIHIONIHA ‘0 VIVA TYISKH¥O

T a79vL




SECTION A

THE CRYSTAL STRUCTURES OF PHENOTHIAZINE
AND OF CHLORPROMAZINE HYDROCHLORIDE

Phenothiazine (Thiodiphenylamine)

1. Crystals

- Pale yellow needle-shaped crystals were prepafed 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 (¢) have shown the unit cell to be
orthorhombic with dimensions as given in'Tablé l. Wood,
McCale & Williams (1941) obtained the values a = 5.91,

b = 7,90, ¢ = 21.0 K, in good agreement with the results

of the present study.

3.  Space group

The conditions for non-extinction were found to be.

1)  h00,kh = 2n + [100] screw axis, component /2

2) OkO,k = 2n -~ [010] " " " b/

3) 001, = 2n - [001] " " " e/

4) Okxl, k+1 = 2n - (100).glide plane, component 2/2 + ¢/2
5) nkO,h = 2n =+ (001) " " " a/y

These' indicate the centrosymmetric space group Pnﬁa .
However, if the » and ¢ axes are intefchanged, such that
b' = ¢ and ¢' = b, conditions (1)-(4) remain unaltered but
condition (5) becomes hOZ',H = 2n , and space group

Pna?2; (non-centrosymmetric)is indicated.



Table 2. Space group of phenothiazine

' » Prnma . Pna?)
Spaqe group eentrosym. non-centrosym.
Indices ‘ . hkl hk'1'
Conditions for hkO,h = 2n ROL' ,h = 2n
non-extinction
Intensity data rkO - AOYA
Projection 001 010
 Symmetry of ‘ " pgm plg
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 AkO intensity data was

measured on the densitometer, corrected for Lp factor,

: ' n2 _
divided into three 55%7—9 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 kkO data for
' space group Pnma is equivalent to a test on %407' data for
Pna2; , and that the former gives a centrosymmetric
projection whereas the latter has a non-centrosymmetric
projection. v ' '

For each zone N(Z) was calculated for values of Z
from 0.1 to 1.0 in steps of 0.1, where |

N(Z) is the fraction of reflections with

intenéify ¢ the fraction Z of the average

intensity of the zone,

i.e. N(Z) = number of reflections with intensity

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

in the zone,



The graph of the averaged values of N(Z) plotted
against Z, together with the theoretical curves for a L
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 l.355\g.cc"1,

which implied 4 molecules per unit cell, in the special

positions ‘
1 1 1 1
& y Uy 3 z t X, wy z =3 3
3 — 3 -
z "x’ Ly 2 P ; < Y Y 2 e
5. Intensity measurements

Although the crystals darkened on exposure to air,
they appeared to be unaffected by X-rays and it was
consequenfly 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 y = 30.25°%) was obtained. An exposure
time of approximetely 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 measurements were completed, however,
information was received from Drs. Briscoe and Freeman of
Sydney UniVefsity, 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.



Figure 1

Distribution 6f intensities for phenothiazine

compared with theoretical curves for non-

centrosymmetrical (1) and centrosymmetrical (1)
distributions.

lN(Z) = 1 - e;z 1
IN(Z) = erf (32)?
N(Z)%
Z ‘ |
contro | Centro thismine

0 0 0 0
0.1 9.52 24,81 26.9
0.2 | 18.13 .| 3u.53 33.8
0.3 25.92 41.87 42,7
0.4 32.97 47.38 47.8
0.5 39,35 52.05 53.5
0.6 | 45.12 56.1Y4 56.0
0.7 50,34 59.72 67.6
0.8 | 55.07 | 62.89 71.8
0.9 59,34 65.72 73.1
1.0 | 63.21 68.33 74,8
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Chlorpromazine hydrochloride

1. Crzstals

The substance was obtained in powder form from the
May and Baker Laboratories, and crystals were formed by
slow evaporation from é 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
Société des Usines Chimiqueé, Rhéne-Poulenc, better crystals
were 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 érystals in fine
- capillary tubes which were also filled with nitrogen and

sealed.

2, Cell dimensions

Oscillation photographs were taken of crystals mounted
along the x and z axes, so that the cylindrical coordinates,

Cia and Clc were obtainable from the relation

Cn = /__————--}-’-———.___n__ ’ ’ (1)
r? + yg
where Yn is the distance of the n'th layer line
from the zero layer line,
r = radius of camera,

and a and ¢ calculated from

a,e = A | (2)



Determination of a, b, c.
Film 1. Film 2, Film 3. Film u,
Oscillation | Weissenberg | Oscillation | Weissenberg 1 . 1 Average
about about about about aw sin B C% sin B E
x-axis x-axis z-axis z-axis
L 11,8420,02
a* . 3
11.94:0.01 11.98¢0.02 11.96%0,02 S =
H
%* = b 31.74+0,06 31.80+0,03 31.77¢0,06 [y E
¥
i, 9,71:0,01 N B
c O H
9.8520.01 9.830.01 9.84:0,01 5 2
) ™~
H O H
7z 9 o
e SR |
Determination of 8. o oW |
& < B
xa® = 0,130 g e ow
X _ Q
Ab® = 0,0u85 8 9
- m =2
5 g
Method 3. Method 1. Method 2. S B
. H 2
First-level | Second-level]. g g
Weissenberg | Weissenberg . . X . Direct
about about Film 2 + Film 3|Film 1 + Film 4 Measurement Average
z-axis z-axis
«1565 «3130
«0236 .0U36
8 98.6° 99.0° 99,6° 97,2° 98,9° 98,9°

- OT
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Measurements on zero level Weissenberg photographs .

taken about the two axes gave values for lw ) lﬁ and iw )
: e a

iw respectively. First and second level photographs

confirmed that the space group was monoclinic with » the
unique axis, hence the following relations hold:-.

‘\

a = l? sin B .
a
b - . 1-——
b
e ° -'1'—- sin B } (3)
o
8 = 180° - g8~
Vv = abe sin B
‘ /
sin B = sin B8 = === = X ()

3. Determination of B8

B was determined by three methods:-

1. Comparison of oscillation film about 2z axis and
Weissenberg film about x axisj; comparison of
oscillation film about z axis .and Weissenberg film
about z axis. '

2. Meésurement with rotating microscope of angle between
crystal 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 c-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 1is clear that for each layer n

% 9
tan B8 = Eﬂ = - tan 8 : (5)
n

t, is obtainable from the oscillation film using

equation (1)

The level offset §_ can be derived by measuring the
angular lag ¢ of the reflections of the n'th level behind
those of the zero level. | '

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

level Weissenbergé. The wk are measured in mms. for eagﬁ
spot 0kl. '
vy in degrees &= C,oV¥y (6)
= 211,7'{

 for the normal coupling constant of 2.

The ¥, so obtained are plotted on the reciprocal lattice of
the zero level, as shown in Fig. 2C, The values of §; for
each k are obtained by measuring the distances between the
k axis of the zero level (i.e. the 0X0 reciprocal lattice
line) and the ﬁoints of intersection of the angles ¥, with
the lines hkO. These points of intersection should lie

on a straight line, as clearly they are the reciprocal
lattice points 0Okl. 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 B8 given by

Buerger, which is



Figure 2

Determination of B8 for a monoclinic crysfal

A, Part of reciprocal lattice net for a
crystal rotated about the e-axis, with
direct axes also shown.

§; = level foéet for first level.
§, = level offset for second level.

B. Superposition of zero and first level
Weissenberg photographs of a monoclinie
crystal.

Yz in degrees (corresponding to 2¢L in
mms.) = angular lag of axis spot 0Okl of

first level behind the zero level axis.

C. Part of zero level réciprocal lattice net of
chlorpromazine hydrochloride with the vy
obtained from first and second level

photographs marked by crosses.
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e ‘ B z .
B-tan 1 .'" p " ') ] (7)
’ £ tan { 90° - 2 (2773, i
°© . 2

where ¢ is the cylindrical coordinate of the spot
OpO, and is obtained from the relatlon

. A . ’
E = E——— (8)
© d(010) | |

There is an inaccuracy in Buerger's equations in that

the £_ of eqn. (7) is not the same as the £_ of egn. (8).

The corrected equations should read:-

From

Fig.

and

B = tan~! - s PR | (7v)
£ tan { 90% - PP
p 2

where gp is the cylindrical coordinate of the spot

Op0, and
- A - DA '
g1 = ——— , E_ = (8')
d p d
(010) (010)

Fig. 2B it is clear that

(z" = z') + 29'] ¢, = 180°
[Cz) = =, bl c2
e Colz" - zY) .= 180° - 2
- 5 zp zp : wp , from (§)
G - sy - |
'.'. goo - p p = UI (9)
2 R %
2C shows that
tan ¢; = —-(S—— = § = .§_
AbL” A €1
v (010) _
tan q;p = -_6_..:_ = _._é.__.. = __6_. (lO)
xb COA
p p. Ep
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Combining eqns. (9) and (10) with (5) leads to (7') :=~

tan g= - % o ' from (5)
= - 4 from (10)
tan ‘ ‘
“p Yp - |
- - g — from (9)
£ tan { 90° - Z2-%pZZp’,
p 2
= (7")

4. Space group

The .conditions for non-extinction were found to be:-

0OkO, k = 2n -+ [0l0]screw axis, component %

2n » (010) glide plane, component %

noz, 1

The above two symmetry elements- uniquely define space group

- 5. Densitz‘

The density of the crystals was determined by.fldtation

using a mixture of benzene and carbon tetrachloride.

D = 1.31 g.cc™l
D, = 1.28 g.cc~! 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 agreement, 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 consequence, the study of chlorpromazine

base was undertaken,




Note on Table 1: Estimation of standard deviations in cell

dimensions.

Oscillation film

The distancesy of the layer line from the zero’layer line
are measured.

Using & for the differential,

Ay = MZ l (1)
n(n-1) :

where n = number of readings.

Equation (1) P. 9 is obtained from the following'diagrammatic
representation of X-rays reflected from a crystal at O

inside a camera of radius r.

X - roys T = SLv X

Y

The angle o is calculated from .
= X
tén a A
Differentiating,
sec? abda = AY
et ba = =S Ay (2)

The direct lattice constant d is calculated from

. - nA

d = sin a

.. ad = - DAcosa . (3)
sin? a

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

standard deviation in the direct lattice constant,d.



- 19 &

Weissenberg film

The film coordinates x; and x, 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 = 2° arc == 2°(268) = 1%

i.e, 8 = & = fléﬁl

4)

e o AB = Az

and is calculated from (l)

The reciprocal lattlce constant d is calculated from-

2 sin 9
TN

?,

“ 2 cos ©
na

d w =.
e ad 48 (5)

Equations (4),(5) and (1) comblned give. the value of the

standard deviation in the reciprocal lattlce constant d .
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SECTION B

THE CRYSTAL AND MOLECULAR STRUCTURE

OF CHLORPROMAZINE

1. Crxstals

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 finally 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 capillaries, and (3), exposure to
light fays was avoided as far as possible throughout_the

photographic process.

2. Cell dimensions

X-ray oscillation and equi-inclination Weissenberg photo-
graphs, with the use of Ni-filtered Cuke 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 g = 15.20 ¢+ ,03, p = 23,53 = ,03,
and ¢ ='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 %
%07, 1 = 2n » (O10) . " v L
hk0, h = 2n » (001) " " " %
h00, h = 2n + [100] screw axis, component %
0k0, k = 2n ~ [010] " v . m b
00z, Z = 2n » [OO1] ™ " " <

The above conditions lead uniquely to the space group Pbea.

In Appendix A the simplest general form of the structure
factor and -the simplification which arises in special cases
for space group Pbea have been calculated from the coordinates
of equivalent positions, and the conditions for non-extinction
have been derived from the results. The calculations for

Prnma are also shown.

L, Densitz

The measured density = 1.289 g.cc™l,

The number of molecules per unit cell,

N D x y x Av
e
where D = density in g. cc~l!
V = wvolume of unit cell in cc.
Av = Avogadro's number.
M = gram molecular weight.
-y = 1.289 x (3297 x 10-2%) x (6.023 x 1023)

318.861

"

_ 8,03
From this result it was concluded that there were 8 molecules

in the unit cell. The calculated density for 8 molecules

= 1,285 g.cc-l,



S. Absorption

The crystal selected for intensity measurements was
'approximately cylindrical with length 0.1l cm. and diameter
0.03 em., - | | |

The linear absorption coefficient, u, was calculated

from

W= D"‘ZP(%)
where D = density,

= fraction of total weight of element

present,
E = mass absorption coefficient of
element (Int. Tab. III, P.162).
From Table 5,
Y p (%) = 25.91 cm2/gm.
'e w = 1.289 x 25,91 = 33.4 cm”!
and pR = 33.4 x 0.015 = 0.50

As the corresponding absorption correction factor for Cuka
pradiation ranges from 2,29 for 8 = 0° to 2.05 for & = 90°
(Int. Tab. II, P.295), absorption corrections were not

applied.

6. Intensity measurements

Eight layer-lines (%kO to .zk7) were photographed
using the standard multiple-film technique. An exposure
time of about 100 hours was reguired 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



TABLE 4

CELL DIMENSIONS OF CHLORPROMAZINE

VALUES OF THE TEMPERATURE FACTOR
WILSON'S METHOD AND LAYER~-LINE SCALE FACTORS

OBTAINED BY VARIOUS METHODS

COEFFICIENT OF CHLORPROMAZINE
Atomic Total P L3
[
. : . P (2)
Atom weight welight Fraction of for CuKa o
total weight radiation ;
ct 35.u457 35.457 0.1182 106 12.540
S 32.066 32.066 0.1069 89,1 9.530
N 1u.008 28.016 0.0935 7.52 0.703
C 12.010 204.170 0.6814 4.60 3.134
TABLE .6

OBTAINED BY

Ailson's method (b) Hethod (a) X K
Layer B log, é X K from film from least-
from Als exposure squares
Weissenberg, times . refinement
hkO 3.88 0.30 0,741 1.000 1.00 0.673
hkl 4,50 0.00 1.000 0.707 1,03 0.913
hk?2 4,69 0.40 -0.670 1.014 1.05 0.688
hk3 3.88 0.92 0.400 1.284 2.10 0.557
hky 3,60 0.60 0.549 0.487 ll.07 0.757
hkS 3,08 - 0.16 0.853 0.247 0.84 1.037
hk6 3,20 0_.57 0.566 0,312 0.86 0.829
hk? 3,58 1.05 0.350 0.612 0.86 0.566

Oscillation Jeissenberg Oscillation Welssenberg Average Numb er %
about about. about about of Error
y~axis y-axis geaxis g-axis values

a 23,53 &+ 0,03 23.47 * 0,03 23,50 t 0,04 20 0.17
b 15.21 *+ 0.03 15,19 ¢ 0,02 15,20 ¢ 0.02 14 0.13
9.22 + 0.01 9,23 ¢+ 0,01 9,23 ¢+ 0,01 9 0.11
S ‘ .
TABLE 5
CALCULATION OF LINEAR ABSORPTION
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intensities on the scale had the relative values 1,2,3,u4,6,
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 .,.,ys Lcz%;y » Plus either I .77,

or I 72,y were measured; for Pbea these are all equal. Thus
by collating their symmetry relationships about 6000 measured

intensities were reduced, by averaging, to 1893 independent

reflections.

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 factors and the

measured intensity is expressed by

2 .
1. 1

K2k P nk)

F(th)ObS'

Fnry)

where K is the scale factor for the layer-line

to be discussed in sub-section 8.

8. Preliminary temperature factor and scdle factors

Scale factors for the individual layer-lines were
obtained by the following two methods:-
(a), the crystal was rotated about the y-axis and a five-
film Weissenberg gave 120 independent %17 intensities with
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which to set the z-axis photograph on to the Samé scale,
(b), Wilson's (1942) method of obtalnlng absolute K's

for each layer-line was used.
Wilson's method is most conveniently applied in the

form of Buerger' s* equatlon.-

O£
]
1o o 10s (L) 4 23 sin? 8
LOg — e | K Az
iFobs!
where lF bs,z is the average 1nt§n51ty of the
- corresponding Ei%f_ﬁ zone,
Ofﬁl is the scattering power of atom j
at rest.

B i1s the temperature coefficient.

. 0.7
It is clear that the graph of log, (g f%/qFobsl )plotted
. sin? g . . . '
against = i1s a straight line of slope 2B and
. ‘ 1
intercept lqge (K) .

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 method(a), gave
values for K more closely consistent with the scale factqré

obtained by the least-squares refinement.

The values calculated for B are listed in Table 6.

The average value of 3.8 was used in subsequent calculations.

9. The Patterson function

The three-dimensional unsharpened Patterson function,

TCrystal-Structure Analysis, P. 235.
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FICURE. 3

CHLORPROMAZINE % WILSON-PLOT :
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P‘(‘x,.y,z) =;/l- 721 z% ; IPCW)IZ cos 21 (hz + ky + 1z)
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 groﬁp Pbea is Pmmm , it

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

The PatterSOn values were computed in steps of I%U along

each axis in sections perpendicular to the z-axis (Figure 4).
The study of Table 7 shows that rotation and reflection

.peaks could be expected not only on the z = 3 sheet but in

-addition on the z = % and y = } sheets; therefore, the

1
2

additional calculation of the Patterson sections x
perpendicular to the. x-axis, and y .= 3, perpendicular 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. Interpretation of the Patterson.

(a) Calculated heights of Patterson peaks

The magnitudes of the peaks to be expected were

calculated as follows:=T

The volume Vij , of a Patterson peak due to a pair of
atoms i and j is 2:25 where'zi is the number of electrons

in an atom i:
. C e A 2
The volume, V_ , of the multiple origin peak is Ezj
&=

where the sum is taken over all the atoms in the unit cell.

t Buerger: Vector Space, P. 127.
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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,

i.e. 55 Z — Vs
: 72
or, since the height of a peak is approximately proportional

to its volume,
Z.2Z.-

H.. =  e—=ad_. g
i3 [ 22 ©
3 ]

For chlorpromazine, the size of the Patterson origin

was 650 units,

Y 2 8 {17 x 62: + 2°x 72 + 1 x 162 + 1 x 172 }

J

10,040
For a Cg-Cp peak, z,z. = 172 = 289
Therefore the expected height of a C¢-Cp peak of

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

. —283  « 650
+ 10,040

20 units,

e
!

R

and the expected heights of the rotation and reflection
satellites were 40 units and 80 units respectively.
The values for S-S and S-Cg peaks would be of the

same order.

1-

(b) Calculated positions of Harker' 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 1/8th of the unit

1-'I‘he 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
PATTERSON OF SPACE GROUP Pbca

Coordinates of equivalent positions

l] = Y b 1] 7 z
2 | ¥4z -y z 2| i-z  I+y z
3| % Ity i-z 3 i-y  i+z
4]3-z F 3+n, b3+ y i-z
Coordinates of : Number
Vecto#s Patterson peaks Weight of peaks
1-7, 2-1
- - + 3
3.4, T§-3 Baz 3 °
3-%, 4-3
- - 3a 3 %
1.2, 7-1 z=2% H 0
1-3, 3-1 ,
- - 0 342y 3
74, T=2 4 6
Reflection | 2-T%, 4-2
- - Y 3-2; 3 &
peaks 1-3, 3-1 =y
1%, w3 ) a
- - 3 0 3+22
7-3, 322
o - ]
2—3, 3-2 } ' 0 %_23 'y
i-4, B-1
-4, -1 | ¥+22 2y
2-3, 3-7 22 -2y 3
2-3, 3-2 1-2x 2y i *
.l-_—ﬁ’ [ 2 3=22 ‘2y %
1-2, 2-1 3 342y 2z
- %-3 3 3t2y -23
Rotation E 3‘ Y . 2 12
peaks 3-T, 4-3 3 -2y 23
' 17, 2-1 b 3-2y -22
1-3, 3-1 22 3 3+2z
5*—ﬁ, 4.2 -2z 3 1+22
2-4, 1.2 22 3 3-2z2 %
1-3, 3-1 | =2z 3 3-22
1-1 2z 2y 2z f
2-7 220 -2y -2z [
3-3 -2z 2y =2z
. y-4 -22 -2U 2z
Inversion . 1 8
peaks - - - -
1-1 -2z -2y -2z
7-2 -2z 2y 23
i 3-3 26 -2y 22
Ty 2z 2y -23




- 31 -

cell are marked with asterisks, from which it can be seen
that one inversion peak of weight 1 must necessarily be
accompanied by six satellite peaks, three of weight 2 and

three of weight u.

(c) Image-seeking functions

After examination of the Patterson, all possible
reflection and rotation péaks were listed and combinations
of valuesAof-2x 2y, 22 given by three reflectlon and three
rotation peaks were sought. B}

V - A satisfactory combination appeared to be 2x = 16,
"2y = 8, 23 = 20, which was arrived at from the following

peak positions:-

Rotation peaks were found at

(3-2x, 2y, z) : (34, 6, 50) (Height, 43)
(3, %-2y, 2z) : (50, 40, 200 ( " 30)
(22, %, %-22) : (16, 50, 30) ( ™ 36)

Reflection peaks were found at

(% 2y, 3, 0) : (34, 50, 0) (59)
(0, z=-2y, %) : ( O, 42, 50) (107)
(3, 0, $-22) : (50, 0, 30) (137)

(" although not a specific peak, this position
was a continuous '"rod" of high values along

the =z = 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 geometrical relations of the peaks were considered B
sufficiently close to the calculated valﬁes to warrant a
vector shift to the inversion peak. The‘corresponding
three-dimensional minimum function (11,) was calculated
with the use.of the programme "Minimum Function".

As every MM, 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 vector p01nt correspondlng
to a pair of atoms which are centrosymmetrically situated in
the crystal structure, the resulting M, 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 appropriate distance (6.25 &) from the
supposed C& peak to suggest interpretation as a S peak.

The ultimate solution of the structure disclosed that the
orientation of the phenothiaiine group was correct, the
y- and z-coordinates of the "C2" and "S" peaks of the
minimum function were very nearly correct, and that the
Z-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 lowest 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

(sin2 8/x2 + 0.16) F2 exp(B sin? 8/22)
| 2 exp

7|2 = .
S ; (Y £y2

REFER ADDENDA (3-10-1969), P.169.

and used in the caicuiation or a snarpened Patterson

function. As before, the sectionsx = 3 and y = 3 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).

Hii for a single weight C2-Ce = 30 units, and for
peaks of weight 2 and 4,
Hi. = 60 and 120 units respectively.

(e) The benzene ring

Examination of the peaks of the sharpened Patterson
led to the discovery of a feature which, due to the spread
of the origin peak, had not been noticeable on the
unsharpened Patterson. A nearly perfect benzene ring
with two attached atoms was clearly visible., A theoretical
‘Patterson. was then drawn for a benzene ring + Cg + S + N,
and on comparison a remarkable agreement was disclosed
with the actual Patterson, as illustrated in Figure 6.

The following substantive inferences could be drawn:-
(1) The orientation of the benzene rihg (i.e C(1)-C(B);

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 g-coordinates of S and S' was
close to 25,

(4) The orientation of the phenothiazine group was

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

The benzene ring.

A, Theoretical Patterson of a benzene ring and

three attached Atoms:.

Ce S

B. The Patterson of cHlorpromazine, drawn to

the scale of 1 R = 4 cm,

The full contours represent the
z = o section;
the dotted contours represent the

2 = b section.
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FIGURE -5 (B)
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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 although deductions as to the relative
vpositions 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 considered that both S and C& must be correctly located.
Thus in addition to two sets of seven peaks each, eight
S-C% peaks had to be found. '

Possible sets of seven Harker peaks were listed as
described in sub-section (¢); the inversion peaks were
taken in pairs, i.e. (ZxA, 2yps 2z4) and (ZxB, 2yps ZZB),
and the corresponding atoms were initially assumed to-be
situated at (*x,, *y,, tzA) and (*zg, *yg, *zp) respectively.
(The positions (txA t 3, iyA,zA) or (txA + 3, Tyt %,*_zA),
etc. were of course alternatively permissible because the
Patterson peak for x, + 3 is indistinguishable from the
Patterson peak for z,.) _

The signs of the coordinates of one atom, 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
two 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 equivaleht 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 ggg.of which the A-B
peak would be found in the Patterson. Similarly, each

of the équiValent 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 centroéymmetric cell; because the centro-
symmetrically related atoms, i.e. A(l) and A(I), 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 one 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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Ce-Cs inversion peak of height (26) at (2x,2y,22):(10,6,26).

Corresponding satellite peaks at

(1-2z, 2y, 1) : (40,4-6,50) (36)°
(3, 2-2y, 23) : (50, 4u,626) (28)
(2, %, 3-22) : (10, 50,24) (50)
(3-22, 3, 0) : (41, 50, 0)  (100)
(0, 3-2y, %) : (O, 46,50) (85)"
(3, 0, 3-22) : (50, 0,22)  (208)

S-S inversion peak of height (26) at (2x,2y,22):(43,10,13)

Corresponding satellite peaks at

(1-2z, 2y, %) : ( 6, 10,50) (s1)"
(3, 2=2y, 22) : (50, 40,12) (61)
(2%, %, 3=22) : (43, 50,36) - (88)

(3-2z, 3, 0) : (7, 50, 0)  (177)
(0, z-2y, %) : (0, 40,50) (138)
(3, 0, %-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= 50
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 (+213, +5, +63),

Therefore, due to the symmetry of space group Pbea, S atoms

must be situated at the equivalent positions'—

—

(1): (213, 5, 63) (1d: (213, 5, 6;
(2): (711, 45, 63) (Z): (28%, 55, 6:
(3): (21%, 55, 433)  (3): (21}, 45, 563

(w): (283, 5, 563) (W): (71%, 5, u3}

ch—l Ni—

)
)
)
)
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FIGURE 6 {cont.)
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The Cf atom was assumed to be at (*5; t3, t13)3i.e. at one

of the eight possible positions represented by the permutations

of the signs of =, y, and z.

The first equivalent position of the S atom, i.e. S(1l), taken
in conjunction with each of -the sign combinations of the
coordinates of the C& atom, led to.eight positions in the

Patterson at which S-C% peaks could be sought:-

(+44) : (163, 2, 63) (10)  (-=-) : (26}, 8, 193) (O)
(—++) @ (263, 2, 63) (40) (+-=) : (16%, 8, 193) (83)°
(+-+) : (16%, 8, 6%)  (23) (=+=) : (263, 2, 19%) (w)
(--+) : (26%, 8, 63%) (=) (++-) : (163, 2, 193)  (10)

?

The centrosymmetrically equivalent atom, S(I), combined with
each of the sets of signs of the coordinates of the C& atom,
led to the identical set of eight positions to those above,
but each possible S-C% position was obtained from a set of
C% coordinates with signs reversed. e.g. S(1) with Ca(-++)
gave a peak of (40), while S(1) with Ci(+--) gave a peak of
(63), (see * above). It can be deduced therefore that
these were two of the required Patterson S-C% peaks, and
consequently allocated the signs (-+*+) to the coordinates

of the C% atom.

The second equivalent position of the S atom, i.e. S5(2),
taken in conjunction with each of the sign combinations of
the coordinates of the C% atom, plus the centrosymmetrically

equivalent position, S(2), combined with C& , defined

another eight locations:=-

(+++) : (33%, 42, 19%) (=) (---) : (233, 48, 63) (1)
(-++) : (233, 42, 18%)  (52)°  (#--) : (33}, ue, 61) (u3)®
(+-+) : (33%, u8, 193) (=) (=+-) : (23%, w2, 63) (23)
(--+) : (23%, 48, 193) (3) (++-) : (333, 42, 63) (=)

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

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

(+++) @ (263, 48, 303)  (2) - (=-=) : (16}, 42, 431) (1)
(~++) : (163, 48, 30%)  (u5) (+~=) : (263, u2, 43k)  (55)
(+=+) :_(26%, 42, 30%) (1) (-+-) : (163, 48, u433) (=)
(--+) : (163, 42, 30%) . (15) (++-) : (263, 48, 433) (=)
And S(4) and S(T):-

(+++) : (233, 8, 433) (=)  (=---) : (33}, 2, 303) (=)
(=++) : (333, 8, u3d)  (58)°  (#==) : (23%, 2, 30%) (39)°
(+-+) : (233, 2, 433) (13)  (-+-) : (333, 8, 303) (34)
(-=+) : (33%, 2, u43}) (&) (++=) : (23%, 8, 30%) - (6)

Hence, out of a total of 32 locations, eight S-Cf& peaks were
found which assigned (-++) to the coordinates of the CL atom.
It was therefore assumed that S was at (21z, 5, 63) and

Cs at (=5, +3, +13).

The two atoms were placed at these positions, structure
factors were calculated and a three-dimensional Fourier was
computed.

As had been hoped, the two atoms, although not accurétely
placed, governed the phases of the scattered waves to an
extent sufficient for the dramatic disclosure in the Fourier

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

1ll. Refinement of the structure

Using the analytical f-values of Berghuis, Haanappel,
Potters, Loopstra, MacGillavry & Veenendaal (1955),
structure factors were calculated with all 21 atoms placed
and, after adjustment of the scale factors, the value of

R was 35.8%, where
Y IFol - IFc 1]

LIE |

R = 100







Three successive three-dimensional Fourier and difference
Fourier syntheses brought the value of R down to 27.4%, at
which stage one molecule 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, Martin & 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 ’

"R, = ¥ W1y, {l?o(hkz>| - |F (Rk1)[}2 with

equal weight given to each term. Initially an overall
‘temperature factor of 3.8 was applied; subsequently
'individuai 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:
as % IFminl of the appropriate layer line, were included.
and a further four cycles with anisotropic temperature
factors for all atoms (excluding hydfogen 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 11l.u%. 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.
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Operation | Number Parameters Number of Cycle R R
number of Data varied parameters Remarks- number | before | after
cycles varied (%) (%)
1 1 1893 Fobs 8 scale factors 8 Overall B =3,8 1 27 .4 26.4
2 2. | 1893 " 8 scale factors 72 ' 2 | 28,4 | 22.9
1 overall B Isotropic '
63 coords. cycles 3 22'9 22.3
3 2 1893 " 8 scale factors 92 Individual 22.4 "19.3
21 indiv. B's isotropic B's
63 coords. 5 19.3 18.9
Y 1 2568 63 coords 189 Individual 6 21.6 15.5
(1893 F 126 8's anisotropic
obs. 8's
+
575 Funobs.)
T ek a T W Anisotropic 7 15.2 14.1
5 1 2563 189 5 k.‘obs. yeles . - 1u.
) omitted Fobs. Funob
6 1 2563 8 scale factors 71 " 8 ©1u.1 14,0
. . 63 coords. | ! .
7 1 2560 63 coords. 189 8 F b 9 14,1 13.5
126 8's 08
omitted
8 2 1885 F " 189 " Anisotropic 10 11.5 1l.4
obs. cles
¢y 11 1l.4 11,4
F only
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Table 9

Observed and calculated structure factors.

Within each group the COlﬁmns, reading from left
to right, contain the values of 4, KIFO, and Fo

. - ) 1
indicates a reflection with I = O, lFol'- T IFminl

of the appropriate layer line for these reflections.

t indicates ‘Fol omitted for these reflections in
the last three refinement cycles because the

intensities were too high to measure accurately.
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TABLE 11

‘BOND LENGTHS AND ANGLES AND ESTIMATED
STANDARD DEVIATIONS

[} Angle 0

c(l) - c(2) 1.39 & c(6) - C(1l) - C(2) 124.,1(7)°
c(2) - c(3) 1.38 c(1) - c(2) -c(3) 117.0(7)
c(3) - c(w) 1.42 C(2) - C(3) - c(u) 121.7(7)
c(4) - C(5) 1.40 C(3) - C(4) -~ C(5) 119.3(7)
c(5) - c(s) 1.40 C(4) - C(5) - C(6) 120.3(6)
c(6) - C(1) 1.40 c(5) - C(8) - C(1l) 117.5(7)
C(7) - C(8) 1.43 C(12) - C(7) - c(8)  119.u4(7)
c(8) - c(9) 1.39 C(7) - C(8) - C(9) 119.5(8)
c(9) - c(10) 1.39 c(8) - C(9) - Cc(10) 120.9(8)
Cc(10) - C(11) 1.4l C(9) - C(10) - C(11) 119.9(8)
c(11) - c(12) 1.40 Cc(10) - Cc(11) - C(12) 119.8(8)
c(12) - ¢c(7) 1.39 c(11) - c(12) - ¢c(7) 120,4(7)
c(7) -8 1.75 c(y) -8 - Cc(m 97.3(3)
c(y) -8 1.75 S - C(7) - C(12) 120.9(6)
c(12) - NQ1) 1.41 c(7) - C(12) - N(1) 116.9(6)
c(5) - NQ1) 1.40 c(12) - N(1) - Cc(5) 118.u4(5)

N(1l) - c(s5) - C(u) 118.1(6)
N(1) - c(13) 1.51 c(5) - C(4) -8 119.7(5)
c(13) - c(14) 1.53
c(14) - c(15) 1.55 c(12) - N(1) - c(13) 117.7(5)
c(15) - N(2) 1.45 c(s) - N(1) - Cc(13) 117.8(5)
N(2) - C(16) 1.u9 C(1) - C(13) - Cc(1lu) 109.7(S)
NC(2) - C(17) 1l.u46 c(13) - Cc(14) - Cc(15) 109.3(s)

c(14) - C(15) - N(2) 112.7(6)
Ce - C(1) 1.74 C(15) - N(2) - c(16) 112.0(8)
Cs - C(16) 4,10 c(15) - N(2) - c(17) 108,9(7)
Cs - S 6e2u Cc(16) - N(2) - Cc(17) 109.9(7)
Ce - Ca(T) 3,34 o] ] - C(1) - c(2) 118.7(6)
ce - S(u) 4,47 Ce - Cc(1) -cCc(6) 117.1(6)
Ce - S(W) 6.26 '
N(2) - S(3) 5.37
N(2) - S(2) S.45
N(2) - ce(3) 4,71
N(2) - C2(3) 5.28
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TABLE 12.

MEAN PLANE PARAMETERS AND DEVIATIONS

OF ATOMS FROM THE PLANE

I Benzene ring, C(1l) - C(6)

-0.4353x - 0.,3576y + 0.8262z = ~1.8684

T Atom Displacement | Atom Displacement
c(1) ~0.011 A ‘s ~0.135
c(2) 0.004 N(1) -0.007
c(3) 0.001 ce -0.035
c(u) 0.003
c(s) -0.011
c(6)  0.01%

11 Benzene ring, C(7) - C(12)
% _

0.1603x - 0.6920y + 0.7038z = 0.71lu44

Atom Displacement Atom Displacement
c(7) 0.001 - S -0.023
c(8) 0.010 N(1) -0.062
c(9) -0.,009

c(10) . -0.004

c(11) 0.015

c(12) -0.014




12. Discussion

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,
‘Martin & 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 between 1.38
and 1.43 K; the average value for each benzene ring is
1.40 & which is in good agreement with the values reported
for benzene (1.397 &, Stoicheff, 1954} 1.392'8, Cox,
Cruickshank & Smith, 1958; 1.394 &, Sutton, 1965).

The C-Cg2 bond length is 1.74 * 0.01 K; this is an
average C (aromatic)-Cg bond distance, although the value
given by Sutton in the Tables of Interatomic Distances and
Configuration in Molecules and Ions (1965) is 1.70 * 0,01 .
Palenik, Donohue and Trueblood (1968) tabulated twenty-six
C-C2 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. 0f the bond
lengths tabulated, four are equal to or greater than 1.76 &,
 six have values between 1.71 and 1.72 &, and sixteen have
values between 1.73 and 1.75 K. The average value of the
twenty-six bonds reported is 1.737 t 0.016 & which is in

excellent agreement with the result reported above.

The S-C bonds are 1.75 * 0.01 A, which lmplle“ double-
bond character of about 13% This is close to other valuee
in similar aromatlc substances, e.g. Thlanthrene, 1.76 A
(Lynton & Cox, 1956), Phenoxthionine, 1l.75 e (Hosoya, 1966)
Phenothiazine, 1.77 A (Bell, Blount, Briscoe & Freeman, _
1968). The C~S-C angle (97.30) is much less than the C-N-C
angle (118.u°), The implication of the difference in
ahgles'and the contraction of the S-C bond will be discussed
in a succeeding paragraph. ’

The best planes for the two benzene rings were obtained
by the method of Schomaker, Waser, Marsh & Bergman (1859),
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 C2 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.,?

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 Anand B. It
has been found that molecules are planar if both A and B
are any of C, N or 0, but folded if at least one of A and
B is S, Se or Te. The X-S5(Se,Te)-X angles which have
been determinedfare in the range 93° ~ 100°. e.g.
Thianthrene (Lynton & Cox, 1956), Phenothiazine (Cullinane
& Rees,1940; Wood, McCale & Williams, 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 O are limited to 2s and 2p or hybrids of
the two, but sulphur can be converted to the excited
configuration (3s5)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 (1856) lends support to the above theory.
A few intermolecular distances are given at the end
of Table 11. The only noteworthy distance is C& - C&(1),
which is 3.34 & implying that the effective van der Waals
-radius of chlorine is less than the ionic radius, 1.81 .
The molecular packing in the unit cell is given in
Figures 9-and 10..  Four of the molecules are "left-handed",
while 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 10(A)

Perspective drawing of half the contents of the
unit cell (from O to b/2) viewed down the p axis.
All molecules from O to a/2 are folded downwards
about the S~N axis (dashed liﬁes); all molecules

from a/2 to q are folded upwards.

Figure 10(B)

Similar to Fig. 3(A), except that the -(CH,) gN(CH3),
"tail" has been omitted in order to show the fold

of the molecule more clearly.
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SECTION C

THE CRYSTAL AND MOLECULAR STRUCTURE

OF THIETHYLPERAZINE

1. Crxstals

Sandoz, Basle, Switzerland, supplied the powdered
substance; colourless.trahsparent prismatic crystals were
prepared by evaporation 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 tubes.

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 ¥ and z axes gdve an orthorhombic syst%? with
@ = 12.056 * 0.02, b = 19.952 * 0,03, ¢ = 9.204 * 0,01 A,
in close agreement with the diffractometer values obtaiﬁed
subsequently: @ = 12,057 * 0,01, » = 19,953 * 0.01,

e = 9,215 * 0.01 K. The latter values were considered
more accurate and were used in all calculations. The
conditions for non-extinction were found to be 400, 7 = 2m
OkO , k = 2n3 007, I = 2n , which uniquely determined the

space group as P2;2;2; .

3. Densitz

The measured density = 1.187 g.cc™l,

The number of molecules per unit cell, calculated by

the method described.in section B,
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1.187 x(2216.88 x 10=24)x(6.023 x 1023)
399.6

N =
= 3.97,

from which result it was concluded that there were 4 molecules

in the unit cell.
The calculated density for 4 molecules = 1.198 g.cc™1l,

. 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 with fine emery
paper. The directions of the_crystallographié axes were
then located as the directions of eﬁtinction under a
pclarising microscope; the spheres were mounted on glass
rods in alignment with one of these axes.

To prevent discolouration on exposure to air, the
spherical crystals were coated immediately with & thin
layer of low-absorbent polyvinylacetatej in addition, it
was considered advisable to expedite the entire procedure.

Photographs were taken of all the processed 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 crystals
were taken to the Council of Scientific and Industrial
Research in Pretoria; as the selected crystal had not been
démaged in transit, it was mounted on the Hilger & Watts
automatic diffractometer and intensity and background

measurements were carried out by Dr. Gafner.
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Using Zr-filtered MoXa radiation, the integrated
intensities were collected over 120 seconds involving 60
steps of 0.02° in w. After each set of five readings the
intensity of the strong reference reflection (020) was
measured, but as the variatiQn in the values of the
reference intensity was small, no scaling was applied.

The measured data extended to h,k,7 (max)= 14,23,10
respectivelyy subsequently it was found that over 98% of
the reflections with #,%,7 > 12,17,8 respectively, were less
than Imin » therefore the 2200 reflections originally
recorded were reduced to about 1400 in the refinement, i.e.
about 56% of the CuXa 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 8 from 0.05° up to about 20° in steps of 0.05° , each
measurement occupying 4 seconds. Each set of values of I
plotted against 06 gave erratic curves as shown in Figure 11.
The full curve suitably scaled gave the best average back-
ground intensity for any particular 6. Figure 11 shows
thaf the background could be taken as constant for values of
8 greater than about 17°.

The‘stahdard'deviation was calculated and Imi was

n
estimated to be approximately g2

3 x Y CRED) n‘_ T . Peak

intensities which were less than Imih were recorded as

3 Imin and the corresponding F's are listed in the structure
factor table as F '

unobs.
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TABLE 13.

PROCEDURAL DIAGRAM: CALCULATION OF GENERALISED PEAK PROFILE

B = intensity of background
I, = intensity corrected for background
I = intensity corrected for Lp factor
Iopm = .normalised value of intensity (= 1 at IL(max))
8 (max) value of 6 at which I = I(nax)
A = wavelength of l{oXe radiation
Lp = Lorentz polafisation factor (Int. Tables II, P.268)
d g = linterplanar spacing of (5,2,0) planes
, Direct readings I, I(max) sy B 8 % (max)
from graph ~ ~ # *
(Fig. 11) SIn 8 SIn 0 nax)
IC =I~-B
Y
A 3t 8 max
2d = 3 m.
v S1M® (max)
Ic l
I, = |5
Sin 8 (max)
Values required A
for generalised Y T ‘
eak £i1 Iorm = I———E—— A =2d sin g Zf- at 8¢ %)
peak profile L(max) i ma
Values obtained for the peak (5,2,0)
I (max) = 1132.0
I} (max) = 303.398
_ o
. ) A . _.70926 _- .
2d * o ¢ —omm < sk
sin o (max)
— max) . 1g59n §-1
108
1 £ = 495.00 at 8 .

i=1
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7 Lorentz and polarisation factors and streak correction

Corrections for the Lorentz and polarisation factors
were applied as discussed in section B7 and a correction
for peak spread was applied to.the Lp corrected data. On
Figure 11 can be seen the graph of the peak (5,2,0) which
was scanned in steps of 0.05% in o by the same method as
the background scan. From the graph normalised values of
I as a function of.k were calculated so that the peak .
profile obtained was common to any selected peak. The
manner in which this was done can be readily seen by
reference to the procedural diagram, Table 13.

From the scattering factor values of Hanson, Herman,
Lea & Skillman (1964), tables were drawn up for the unit

108 fi was calculated

- cell contents of thiethylperazine, i.e.
o i=l

S0 8 from 0 to 1.55, in steps of

for egch value of A
0.05 A-1, Using the programme STREACOR the overlap of
peaks occurring as a result of peak spread was corrected
by searching the intensity data so that all peaks affected
by any particular peak were reduced by a factor which is

dependent on the relative positions of the peaks concerned.

REFER ADDENDA (3-10-1969), P.168. |

8. 'Absorption‘

The diameter of the selected crystal was 0.0L cm.
'The linear absorption coefficient, u, was calculated by

‘the method described in section BS.

K
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Table 14
Calculation of linear absorption

coefficient of thiethylperazine

) | u
Atomic | Total | P p
Atom Fraction of | for MoXa P (%)
.welght weight total weight | radiation '
S 32.066} 64,132 0.1731 : 9.55 1.654%
N . 14.008| u42.024 0.,1135 .916 .104_
C 12.0101264,220 0.7134 ' .625 LULus

u = D x ZPV(%) : - «;
= 1,187 x 2.20u4 (from Table 1u5
= 2,62 em~!
and WR = 2.62 x 0.02 = 0.05

.

The corresponding absorption correction factor A" for MoKa
-radiation is 1.16 throughout the range of 6, 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 BS. The top left graph (Figure 12) was based on
~ values calculated from the full data set; also illustrated
are the graphs of the 0kl, 1kl and 2kl sets, each of which
comprised more than 200 reflections. As the 3kl,}HkZ, etc.
each consisted of less than 200 reflections it was considered
that the number was insufficient to jusfify the averaging

over a large number of terms implied by the equation

|F2| = ] £2 .
]

J
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Therefore from the four most reliable graphs, shown in
Figure 12, values for B and K, listed in Table 15, were

calculated.

Table 15

Temperature and scale factors

1
T K B

Okz | 5.21|.192 | k.un
1%z7 . 5.21 | <192 | 4.67
Wilson's . 2k1 5.21 | .192 | 4.75
method ‘ Okl, 1kl, 2k7 | 5.21 | .192 | 4.62
All reflect- | 5.75 | .174% | 4,17

ions
Average  5.48 ] .183 [ 4,40
- Least-squares . 5.0 1 .198 | 4.94

refinement ‘

The B values of the 27 atoms gave an average of 4.04
in the final isotropic least-squafes refinement cycle
(see Table 19), or 4.40 if the most thermally agitated
atoms. C(18), C(21) and C(22) were omitted; the refined
scale factor was 0.198. It will be noted therefore that
there was excellent agreemeht between the least-squares
and Wilson's method which is apparently very reliable for

this type of structure..
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10. The unsharpened and sharpened Patterson functions.

The three-dimensional unsharpened Patterson function
P(u) was calculated as described in. section B9. The
symmetry_of the Patterson of space group P212121 is Pmmm
so that, as previously, it was necessary to calculate 1/8th
only of the unit cell.'i Table 16 shows that rotation peaks
could be expected on the # = % and y = z sheets of the
Patterson, therefore these particular Patterson sections
were computed as well as all sections perpendicular to the
z-axis. a

The three-dimensional sharpened Patterson function
P(s) which had proved so useful in the study of chlorpromazine
was computed immediately after P(u), as described in section
B10(d). Figure 13 depicts the z = O sections 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 funcfions_should be calculated and
used in collaboration, 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. o
REFER ADDENDA (3-10-1969), P.169.

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 {22 x 62 + 3 x 72 + 2 x 162}
5804

L 2y
J

i
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TABLE 16

THEORETICAL POSITIONS OF ROTATION PEAKS
IN THE PATTERSON OF SPACE GROUP P212;2;

Coordinates of equivalent positions

1 x Y 2
2 3= 7 I+z
3| 4z 1oy 7
4 z ity -z
Vectors| o0 mson poars | Weight | FUROSE
1-2 422 2y 3}
2-1 3-22 -2y 3
1 Y
3-1 3+2x -2y 3
43 1-2x 2y 3 ®
1-3 T 42y 2z
Rotation 3-1 T 1-2y -2z
peaks 2-4 3 3-2y 2z * . *
Y42 3 32y =23
1-y 2z 3 1+2z
4-1 -2z 3 1-22
1 4
2-3 -2z 3 3+2z
3-2 22 I 3-2z %
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For a §-5 peak,z,z, = 162 = 256
Therefore the expected height of a S-S peak of
single weight on P(u),

256

~ 580W ~
and on P(s),
Hy, = 256 1591 = 70 units.
: 5804 ’

(b) Calculated positions of Harker peaks

Table 16 shows that one"étom together with its three
symmetry-equivalent atoms produce 12 single weight rotation
peaks in the Patterson of space group P2;2;2; , of which the
three marked with asterisks occur in the relevant 1/8th of

“the unit cell.

(¢) Solution of the Patterson by Fourier methods

All possible rotation peaks in the Patterson of
thiethylperazine were listed and combinations of values of
224 2y, 2z were sought. Thirty possible Harker peaks were
provided by P(u) and 63 by P(s). Figure 14 illustrates
the x = 50, =.50 and g = 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 regérded peak positions énd peak
heights for interpretation as sulphur to be possible.

This set is marked S(1) on Figure 14%; the coordipates were

given by the following three peaks:-
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Patterson :
section 2x | 2y 23_ Height
2 = 50 - 38 22 126
y = 50 34 - v 20 125
2 = 50 34-36 4O0-42 - 92

‘Patterson coordinates (2x, 2y, 22):(36,40,20) were
_then deduced, and the atom was assumed to be at (* 18,* 20,

t10).

The intention was to apply the methods which had
proved rewarding for chlorpromazine, i.e. to attempt to -
locate both S atoms, which are designated for present ‘
purposes as S, and SB+’ 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 in pairs by the method
described in section Bl0(f), and S, - S; peaks were

sought in the Patterson.

TFor the purpose of clarity, S, and Sy are used in the
text to designate the two sulphur atoms of the structure,
whose positions are undetermined; S(1l) and S(2) are used
to designate the sulphur atoms as placed in the specific
positions cbrresponding to the Patterson coordinates

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

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 P2,2,2, is non-centro-
symmetric and has only four equivalent positions.

If the signs of S, are chosen as positive, the first
equivalent position of Sps i.e. 5,(1), taken in combination
with the eight possible permutations of signs of Sp 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 Spe SA(Z) - Sy would give one correct peak
from the same set of signs of the coordinates of Sy and
similarly S,(3) - Sy S,(4) - Sz would give one peak each.

There are thus four SA - SB peaks to be.found out of a
total of 32 locations. _ '

The application of procedure (2) was extremely
tedious, and examination of the symmetry relationships
between the coordinates of possible S, - Sy Patterson ‘
peaks everntually suggested the improvisation of a device
which resulted in considerable time saving and increased
aCcurécy; The device is described in Appendix B.

Another promising set of rotation peaks appeared to

be as follows:-

Patterson : : .
section 2x 2y 2z . Height
€ = 50 - 16 3840 11y
y = 50 0 - 36-38 180
z = 50 - 0-2 [1u-16 - 135
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This set is marked S(2) on Figure 1l4; Patterson
coordinates (2x, 2y, 2z) : (2,16,36) were deduced, and

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

S(1) and S(2) were tested with each other and each
was tested with numerous other sets. A complete blank
was drawnj 1in no case were four correctly situated
Patterson peaks fdund. |

It was then decided to work "backwards", i.e. to start
with suitable Patterson peaks regarded a's possible'SA - Sy
peaks, and to see whether Sp and SB rotaﬁ?on peaks could
be deduced from these.

The general Patterson peaks were listed and ‘the
rather formidable number of 105 was obtained. ‘However,
only 47 had heights greater than 70 units, and it was
decided to concentrate on the larger peaké first. At this
stage, the "coordinate difference" cards (see Appendix B)
provided an invaluable jumping-off point. For instance,
if four Patterson Sp =Sy peaks could -be found with
z-coordinates having the values corresponding to the numbers
1-4 on any particular card, then the x-coordinates of
atoms SA and SB would be directly asqertainablezfrom the
card, and similarly for the y- and z-coordinates. In
this manner, four large Patterson peaks having nearly

"matching" coordinates were soon selected:-

2x 2y | 2=z Height
16 28 24 111
18 22 10 78
32 12 26 85
34 38 42 100

Temﬁorarily disregarding the signs of the éoordinates,
the g-coordinates of the atoms which could produce the
above set of S, = Sy peaks (from the ‘"coordinate difference
cards) were z = 18, and x = 0-2; similarly the y-coordinates
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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(l1) and S(2) on Figure 14 were definitely
indicated, but with the one very significant difference -
that S(1) was not situated at (x;, y;, 2,) but at
(2 4 Z=Yyy 210

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

2

sets (¢ * 3, y * 3, z * 3). However, working "backwards"

certainly proved more stimulating.

Atom $(1) was now placed at '(18,30,10) and the signs of
the coordinates of S(2) were determined by the tise of the
cards (Appendix B) to be (-4+), therefore S(2) was assumed
to be at (-1,8,18). The distance between S(1) and S$S(2) was

calculated and found to be approximately 6.3 A.A

Other pairs of positions of S(1) and S(2) would also
have given the correct results, e.g. S(1) at (18,20,10) and
S(2)' at (49,8,-18), or the z-coordinate of S(2) could have
been changed such that S(2)' was at (1,-8,32). These
permissible changes represented only changes in.the choice
of an origin; but S(1) and S(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 (18,30,10) and

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

‘was not to be expected that the phases would 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 tﬁe 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 atqms. Following standard






TABLE 17

PROGRESS OF THE REFINEMENT

A, Fourier refinement

Overall B = 4,1

Data : 892 Fobs. only

‘Fourier Humber Height of | Height of
number of atoms S(1) peak S(2) peak

1 1 u62 - 49,7
2 2 521 48y U6.7
3 11 543 539 40,5
] 19 577 579 31.2
S 26 602 617 21.8
6 27 . 6us 667 19.8
- 27 . - - 18.7

8. Least-squares refinement

Operation | Number Parameters Humber of Type Cycle R R
number of ] - varied parameters Data of number | before after
cycles varied cycle (%) (%)
1 1 '} 1 scale factor 109 2192 1 - 25.4
81 coords, Fopg, * F bs.
27 indiv. B's o (maxSe g
14,23,10 Isotropic
2 3 1 109 2 25.4 19.0
’ " " 3 19.2 18.1
4 8.1 17.9
3 3 1 scale factor 244 ) 1418 S 17.9 15.7
81 coords. Fobs. * Funobs. | Anisotropic 6 15.7 14,2
162 8's %.Ei1 (max) = 7 19.2 | 13.0
12,17,8
4 ‘ 3 1 scale factor 109 892 8 11.5 11.2
81 coords. Fobg. only Isotropic 3 11.2 10.9
27 indiv. B's 10 10.9 10.8
5 3 1 scale factor 24k 1418 11 13.0 11.8
81 coords. Fobs. * Funobs. | Anisotropic 12 11.8 11.3
162 8's : 13 11.3 11.3
6 3 1 scale factor 109 892 14 10,8 10.6
81 coords. . Fops., only Isotropic 15 10.6 10,5
27 indiv. B's "~ 16 10.5 10.5




- 84 -

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 géve evidence of considerable thermal motion among
some of the atoms, notably C(22), C(21), C(18), C(10) and
C(11), 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, Martin & Levy (1962) programme

ORFLS. The function minimised was

Ry = § w(hki) (|F_C(hkD)|-[F_(hk1)|}?

with equal weight given to each term. Individual isotropic
temperature factors was assigned and Funobs. were included.
- The number of Fobs. was only 892, which was unfortunately
insufficient to carry out a meaningful anisotropic cycle

in which there were 2ub parameters to be varied. From

this point therefore the refinement was continued along

two éepapate lines:- Six cycles were carried out using

1418 F's and anisotropic temperature factors, resulting in

a final R index for all reflections of 0.1133; six cycles

were carried out using 892 F and isotropic temperature

factors, resulting in a finaibﬁ.index of 0.105. The
refinement was terminated when the 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-
1tions are those given by Hanson, llerman, Lea & Skillman
(1964). Table 19 gives the final atomic positional

parameters and anisotropic thermal-motion parameters with
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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. 1301 compufer. "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

Within each group the columns, reading

from left to right, contain the values
of L , KlFol , T Ag

ofe

- and BC

indicates Funobs.
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Anisotropic temperature factor = exp {-(h2B); + k2B,, + 22833 + 2hkB;, + 2h28,3 + 2k28,3)} with
B11 = 2n2a*2U1,, B12 = 2r2a b Uy, , etc.

The least-squares standard errors are given in parentheses.

Isotropic temperature factors are given in the last column.

X y z B11 B22 833 B12 B13 B23 B
S(1) 1729 (4) 3003 (2) 0905 (6) 91 (4) 28 (1) 264 (10) -9 (2) 30 (6) 8 (3) 5.83
S(2) 0079 (3) 5809 (2) 3137 (5) 73 (3) 41 (2) 138 (6) -3 (2) 16 (u4) -24 (3) 4,93
N(1) 2181 (8) 5584 (5) 1552 (13) 45 (8) 22 (4) 145 (18)] -10 (5) 36 (10) 4 (7) 3.50
N(2) 5626 (8) 5272 (6) 2031 (13) 38 (7) 36 (5) 112 (18) -9 (5) -5 (9) uy (7) 3.66

N(3) 6933 (9) 4193 (7) 3230 (15) 68 (9) 4y (5) 165 (22) 1 (6) 16 (13) 15 (9) 4,80
Cc(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) uy (9) 13 (W) 188 (25)| -1u (6) |-23 (13) -1 (8) 2.98
Cc(3) 1567 (10) 4998 (7) 1689 (15) 39 (9) 26 (5) 106 (20) | -11 (6) 10 (12) 26 (8) 3,13
C(y) 0525 (12) 5030 (7 2401 (16) 90 (13){ 23 (5) 121 (23)] ~-11 (7) 15 (15) 10 (8) 3.79
C(s) [-0127 (1w) yyu9 (9) 2565 (16) 84 (14)}| 45 (7) 88 (20) -5 (8) -5 (1u4) 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
c(n osou (11) 6354 (7) 1770 (15) 69 (11)| 29 (5) 75 (18) -1 (6) -7 (13) ] -15 (8) 3,69
c(8) 1602 (12) 6194 (7) 1106 (16) 80 (12)| 25 (5) 107 (21) 9 (7) 18 (1u4) 3 (8) 4.13
c(9) 2024 (13) 6608 (7) 0010 (17) 91 (%)} 17 (W) 163 (26) -8 (1) 10 (16) -9 (8) 4,10
C(10)| 1440 (16) 7188 (9) -0348 (22)] 100 (17)| 43 (7) 217 (34) -8 (9) {-39 (22) -9 (13) | 6,18
C(11) | ouug (17) 7340 (9) 0313 (23)| 121 (19)| 36 (7) 230 (37)] -18 (10)|-17 (23) | -15 (14) | 5.77
C(12){ 0003 (14) 6930 (9) 1390 (21) 81 (13)| 33 (&) 256 (35) 4 (8) | -65 (21) ] -u1 (12)| 5.u40
C(13)| 3374 (12) 5534 (7) 1176 (19) 61 (11)| 22 (5) 213 (29) 1 (6) 4 (16) -4 (9) 3.67
C(14) | youy (11) 6067 (7) 2007 (18) 57 (10)| 29 (5) 147 (24) -7 (8) 4 (14) -3 (9) 4,12
C(15)| 5288 (10) 5957 (7) 1690 (16) 61 (10)| 23 (5) 136 (23) -2 (6) | -11 (1) 24 (9) 3.98
C(16)| 5698 (13) 5151 (8) 3652 (15) 81 (13)] 36 (5) 87 (20) 8 (1) 4 (1y4) 9 (8) 4,84
C(17)| 5934 (12) 4408 (9) 3925 (21) 65 (12)] 47 (7) 223 (33) 6 (8) u6 (17) 8 (13)] 5.29
c(18)| 7176 (15) 3469 (9) 3u84 (26)f 118 (17)| 38 (6) 349 (48) 25 (9) 16 (26) 77 (15)| 7.66
C(19){ 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)| uu (6) 77 (20) 9 (7) -1 (13) 20 (9) 3.95
c(21)| 3192 (18) 3104 (9) ous53 (27)] 136 (21))] 33 (7) 380 (52) 9 (10)| 97 (30) 21 (16) ] 7.7
C(22)} 3673 (24) 2454 (14) 0180 (39)| 207 (33)| 69 (10)| 559 (75) 26 (16)] 210 (45) | =11 (24) | 12,43
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BOND LENGTHS AND ANGLES AND. ESTIMATED 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 2 Angle 9

C(1) - C(2) 1.38(2) &| c(6) - C(1) - C(2) 124.8°(1.u°)
C(2) - C(3) 1.40(2) C(1) - C(2) - C(3) 117.7 (1.2)
C(3) - Cc(u) 1.42(2) C(2) - C(3) =~ C(4) 119.0 (1.2).
C(4) - C(5) 1.41(2) C(3) - C(u4) - C(5) 120.4 (1.4)
C(5) - C(6) 1.37(2) C(4) - C(5) = C(6). 121.2 (1.u)
C(6) - C(1) 1.u1(2) C(5) - C(6) - C(1) 116.7 (1l.4)
C(7) - C(8) 1.39(2) C(12) - C(7) - C(8) 121.7 (1.5).
C(8) - C(9)" 1.40(2) C(7) - C(8) =~ C(9) 119.8 (1.4)
c(9) - C(10) 1.39(25) | €(8) - c(9) - C(10) 118.5 (1.6)
C(10) - C(11) 1.38(25) | C(9) - C(10) - C(11) 121.1 (1.9)
C(11l) - C(12) 1.39(25) | C(10) - C(11) - C(12) 121.u% (1.9)
C(12) - C(7) 1.40(2) C(11) - C(12) = C(7) 117.4% (1.6)
c(u) - 8(2) 1.78(ls) | S(2) - C(u) - C(3) 118.9 (1.1)
C(7) - S(2) 1.78(1ls) | C(4) - C(3) - N(1) 118.4% (1.3)
C(3) - N(1) 1.39(¢1s) | c(3) - N(1) - C(8) 118.1 (1.0)
C(8) - N(1) 1.46(ls) | N(1) - C(8) - C(7) 118.8 (1.3)
S(1) - C(1) 1.79(1ls) | C(8) - C(7) - S(2) 118.7 (1.2)
S(1) =~ C(21) 1.82(2) [ C(7) - S(2) - C(u) 99,0 (0.7)
C(21) - C(22) 1.u4(3) | c(6) - C(1l) - S(1) 113.7 (1.2)
N(1) =~ C(13) 1.u48(1s) | C(2) - C(1) - s(1) 121.5 (1.1)
C(13) - Cc(1u) 1.5u(2) C(1) - S(1) - C(21) 104.0 (0.8)
C(lu) - C(15) 1.54(2) S(1) - C(21) - C(22) 109.2 (1.6)
C(15) - N(2) 1.u6(ls) | C(3) - N(1) - C(13) 118.7 (1l.1)
N(2) - C(16) 1.52(2) C(8) - = N(1) - C(13) 117.0 (1.1)
C(16) -~ C(17) 1.53(2) N(1l) - C(13) - C(1lu) 110.3 (1.2)
C(17) - N(3) 1.u3(2) C(13) - Cc(14) - C(15) 108.6 (1.2)
N(3) - C(19) 1.48(2) C(1lu) - C(15) - N(2) 111.3 (1.1)
C(19) - C(20) 1.55(2) C(15) - N(2) - C(16) 112.2 (1.2)
'C(20) - N(2) 1.46(1ls) | C(15) - N(2) =~ C(20) 113.7 (1.1)
N(3) - C(18) 1.u49(2) | C(20) - N(2) - C(16) 107.9 (1.1)
N(2) - C(16) - C(17) 109.1 (1.3)

C(16) - C(17) - N(3) 111.9 (1.u)

C(17) - N(3) - C(19) 112.4 (1.3)

N(3) - C(19) - C(20) 108.8 (1.3)

C(19) - C(20) - N(2) 110.6 (1.2)

| C(17) - N(3) - C(18) 112.7 (1.5)

C(19) - N(3) - C(18) 109.1 (1.5)

C(2) =~ C(3) = N(1) 122.6 (1.2)

NC(1) - C(8) - C(9) 121.u4 (1l.u)

C(5) - C(4) - S(2) 120.6 (1.2)

S(2) - C(7) - C(12) 119.6 (1.3)
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13. Discussion

The structure of the molecule and bond lengths and
angles are shown in Fig. 16, Table 20 lists the inter-
atomic distances and angles with associated e.s.d.'s, which]
were calculated from the ﬁesults of the last anisotropic |
. refinement cycle using the Busing, Martin & Levy (19614)
program ORFFE.

(a) The Tricyclic Group

. A
All C-C distances are between 1.37 and 1.42 A, and

the mean length of the C-C bonds within the first benzene
ring, C(1l) - C(6), whlch 1s 1.396 A and that of the second
ring, C(7) - C(12), 1.393 A compare favourably with
accepted values for benzene (1.397 A Paullng, 1960;

1.394 A Sutton, 1965).

Applying Crulckshank's (1948) crlterlon to the two -
C-N(1l) bonds of 1.39, 1.46 * 0,015 A which should be
expected to be chemically equivalent, the value~obta1ned

8, - & o |
for 1 '2‘1 is 3.5, which is in the zone of probable
(62 + g2)z- .
1 2 _
significance. However, no explanation for a significant

difference in the two bonds can be suggested, as the N(1)
atom is in a symmetrical environment and secluded from
short intermolecular contacts. It appears more likely
that the discrepancy would be reduced if the following
factors, 1nter alia, were taken into con51derat10n.-

1) the bonds are not 1ndependent since a:.change in
_ the p051tlon of N(l) would affect both lengths;
2)  corrections for temperature 11bratlons, which
could 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.

Abrahams (1956) has calculated . a value of, l 82 A for

a C-S single bond distance, which 1s close to the sum of
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the covalent radii for sulphur and carbon given by Pauling
(1960). Using .Pauling's relation '

.
(22 + 1)
for the resonance-interatomic. dlstance curve, the value of
2z obtained for the C-S(2) bond lengths, which are both

(o]
1.78 * 0.015 A, is 0.07, i.e. they have 7% double bond
character. (Abrahams' bond-order, bond-length curve gives

R = RS - (RS - RD)

a value of 25%).

The angles of the heterocycllc ring are all approx1mate—
ly 118° except for the C-5-C angle which is 93.0 * 0. 7°
Table 21 lists a number of compounds of interest for
comparative purposes. It can be seen that C-S-C angles
are all in the range 93°-100° , and that all C-S lengths
are shorter than a C-S single bond. Further, the tricyclic
molecules which contaln S are folded w1th a dlhedral angle
of approximately 140°

The size of the C-5-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 m-bonding molecular orbitals formed by the carbon atoms
with the 3d. orbitals of the sulphur. The suggestion that
8 in heterocyclic compounds can have a decet of electrons
was first made by Schomaker & Pauling (1933), and calcula-
tions of the molecular orbitals in thiophene were subsequent-
ly performed by Longuet-Higgins (1949). Inuthiethylperazine
it is possible that the 2p,, atomic orbitals of the C atoms
conjugate with hybrid orbitals formed from linear combina-
tions of the.3pz s 3dyz and 3dxz.atomig orbitals of the
5 atom. '

The best planes for the two benzene rings were
calculated by the method of Schomaker, Waser, Marsh &
Bergman (1959), with the program LSPLANE and are given in
Table 22, together with the individual displacements of
.atoms from the planes. The maximum deviation of the C
-atoms is 0.03 ﬁ so that the benzene rlngs may be regarded

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

“w



Compound Chemical Formula C-§—C CsS CsN Dihedrgl Reference
) &) () angle(®)

s 91ty 1,74 20,03
Thiophene <_> ° * - - Eg;
92.16%0,10| 1.714%0,002 - - (c)
§ (d)
Thianthrene (:E: :K:) 10020.5 1.76 :0.015 - 128 (e)
s (£)
s (d)
Phenoxthionine <X D (g)
o 97.7%0.03 1.75%0,04 - 138 (h)
. s (d)
Phenothiazine O( X> (g)
N 99.6%1.5 1.770%0,003 1.406%0.,002 153.3 (1)

S @
Chlorpromazine T a 97.340.3 1.75:0.01 1.4140.01 139.4 GR)
CH, ’
(CH)IN
*New,
AN
Thiethyiperazine N SCaHs 99.0:0,7 1.78%0.02 1.425%0.02 139.0 (x)
(CHYy =N N~CH:
N

a) Schomaker & Pauling (1939),
b) Longuet-Higgins (1949),

c) Bak,Christensen, Hansen-Nygaard & Rastrup-Anderson (1951).
d) Cullinane & Rees (1940),

e) Lynton & Cox (1956).

£f) Rowe & Post (1958)

g) Wood, 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 THE PLANE ‘ '

I Benzene ring, C(l) - C(6).

"=0.44532 + 0,1523y - 0.8824z = =0.6911
7 . Deviation Deviation
c(1). -0.029A - 8(2) ~0.137 &
C(2) 0.030 N(1) ~ -0.045
c(3) -0.005 S(1) -0.061
C(w) -0,015 C(13) ~-0.395
C(5) 0.025 |
c(s) -0,0086
II Benzene ring, C(7) - C(12)
0.4963x + 0.5202y + 0.6950z = 88,0889
Deviation 7 Deviation
() 0.001 & 5(2) -0.003 &
c(8) 0.007 N(1) 0.006
C(9) -0.013 C(13) Q.u27
C(10) 0.010
c(1) -0.002 L
C(12) -0.004 |

III Piperazine ring,
N(2) - C(16) - C(1l7) - N(3) - C(19) - C(20)

0.71072 + 0.6009y + 0.3657z = 11.8721

Deviation Deviation-
N(2) ~0.145 A c(18) -0.489 &
C(16) _ 0.318 C(15) 0.272
c(17) -0.279
N(3) _ 0.085
c(19) -0.299
C(20) 0.320
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TABLE. 23

INTRAMOLECULAR AND"INTERMOLECULAR DISTANCES

[
The e.s.ds's x 102 are given in parentheses.
The superscripts!,!! i1l and !V denote the equivalent

positions at (x¥l,y,z),(%-x,y,%+z),(%+x,%-y,2) and
(X,2+y,2-z) respectively.

C(2) - c(21) 3.03(2) A
C(13) - c(2) 2.88(1sg)
C(13) - c(9) 2.90(2)
C(13) N(2) 2.87(2)
c(22) c(18) 5.59(y)
S(1) S(2) 6.29(1)
S(2) C(2111) 3.69(2)
Cc(1) Cc(9ll) 3.94(2)
c(y) Cc(1311) 3.89(2)
c(5) Cc(1311) 3.94(2)
C(5) c(1511) 3.89(2)
Cc(7) C(2111) - 3.85(3)
C(11) - c(slVv) 3.90(3)
C(12) - S(11V) 3,89(2)
C(16) - C(311) 3.92(2)
C(16) - Cc(ull) 3.77(2)
Cc(16 Cc(51l) 3.76(2)
C(16) - c(611) 3.95(2)
C(17) - Cc(ull) 3.82(2)
Cc(17) - c(711) 3.55(2)
C(17) - c(1211) 3.68(2)
C(18) - c(sl) 3.98(2)
c(18) - c(11!!) 3.93(14)
c(18) - c(12'1) 3.84(3)
c(19) - c(sl) 3.66(2)
N(3) c(sl) 3.63(2)
C(22) - s(1l1l) 3.92(3)
C(22) - c(sl1l). 3.84(3)
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however do not lie in both planes of the aromatic rings,

as 1s also the case in phenothiazine and in chlorpromazine.
The dihedral angle between the planes is 139.0°, in close
agreement with chlorpromazine, but differing by 1u4° from

phenothiazine.

(b) Aliphatic Chains and Piperazine Ring

} When the C(21) - C(22) bond is compared with a C-C:
single bond of 1l.54 R the value obtained for &% is 3.3,
which again is in the zone of probable signifizance.
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 difference in the angles C(2) - C(1) - S(1),
121.5°, and C(6) - C(1) - S(1), 113.7° , is probably caused
by steric'hindfance between the hydrogen atoms attached to
C(2) and C(21). The angles centred at N(1) 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 1l.u47 X, which 1s close to the
value given by Kennard (1962) for three-covalent nithgen’.
(1.472 & for sp? - sp? bond type), but the individual
bonds vary between 1.43 and 1.52 X. It was shown by
Kitajgorodskij (1965) that the effects of intermolecular
1interaction 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
contacts shorter than 3,85 ﬁ, as shown in Table 233 also
the distance between C(16) and benzene ring I of molecule
(2) is 3.67 ﬁ, and that between C(17) and benzene ring II
is 3.73 X. It seems possible 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 configuration.

(c) Molecular Packing

In Figs. 17 and 18 the packing in the crystals 1is
viewed along the ¢ and a axes respeétively. ‘Table 23 gives
some intramolecular non-bonded distances and intermolecular
contacts less than 4.0 &. 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 23% solution of powdered thiethylperazine in
absolute alcohol was tested in the polarimeter usihg sod ium
D light and, as expected, was found to be optiecally
inactive. Further experiments are now in progress. to
investigate the optical activity of this material and it
is hoped to establish whether the crystals exhibit

.0 .
enantimorphisn,




FIGURE 17

v :
THE STRUCTURE VIEWED DOWN THE C - AXIS
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SECTION D

MOLECULAR STRUCTURE AND THE MECHANISM

OF ACTION OF THE PHENOTHIAZINES

-Il. : Intrdducfiéﬂ

The crystallographic study of the phenothiazine
derivatives has considerable intrinsic interest, but in
addition it is hoped to discover the relation between the
structural parameters and the mechanism of action of ‘the
drugs <n vivo. Clearly this is beyond the scope of the
crystallographer écting alone. All that can.be attémpted
here is to outline certain relevant aspects and to present
a fascinating theory suggested by Szent-Gydrgyi (1960)
which is COmpatible'with the results of the present study.

Even this ostensibly simple task is difficult. As an
indication, almost 7000 references pubiished between 1952
and 1962 are listed in Progress ivn Drug Research (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
suppressian 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 anxiety and tension states

and improving thought disorder. (Denham, 1964; Sainsbury,
1964).
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Since the introduction of chlorpromazine "a great
number of hospital beds have become empty, because among
all diseases it was schizophrenia which had permanently
occupied the most hospital space". (Szent-Gydrgyi, 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. Delusions, hallucinations and
obsessional and hypochondriacal conditions 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".

(Lespagnol, eirca 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
asthmaj acute alcoholism is controlled more easily by
certain phenothiazines than by any other therapeufié
measures., _

To sum up, Professor Lespagnol may well be believed
when he states: "il n'existe certainement aucun foyer on
les dérivés de la phénothiazine n'aient pénétré 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 ubon 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 pﬁenothiazines are in vitro powerful metabolic
blocking agents and they act in the respiratory chain at the
flavoprotein level. However, it is doubtful if this is
their main action <n vZvo 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 turnover rate of phospholipids
in vivo. This effect is specific for the phospholipids of
the brainy it is of particular 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 interfere
with the transport of many metabolites in the brain, this
action is not gpecific for the brain and, as it 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 éentral nervous system. The psychb -
tropically active phenothiazines however, all have a central
sympatholytic action: it has been suggested that this may
be due to. their interfering with the transport:of biogenic
amines from the point of synthesis to the storage sites or

to the receptor sites in the brain.
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Y, Structure functional relationships within the

phenothiazine class

S
/b 5
o |
q 10
N N R,
|
R,

The phehothiazine "nucleus'.
(Rl = R2 - H)

Although the phenothiazine derivatives form a vast
class, the most useful ones have substituents at paéitions
2 (R;) and 10 (R,), and may be considered as consisting of

two parts:-

(a) The R, 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 R, 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.
restless 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 R; substituent

The phenothiazine nucleus consists of a system of
conjugated double bonds having an extensive r pool of
" delocalised electrons and lone pairs of electrons on the
N and S atoms. As Pullman & Pullman have shown (1964), this
type of structure is highly significant. All the essential
1biomolecules involved in the processes of life are constituted
of completely, or at least partially, conjugated resonating
systems, rich in delocalised = electponsﬂ Further, the
most important molecules are conjugated sheterocycles: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 the most economical and spectacular
transformations. |

The only three solved structures, chlorpromazine,
thiethylperazine and phenothiazine, have atomic parameters
of the tricyclic group which are closely similar (Téble 21)
apart from the different dihedral angle in phenothi;zine,
which may be of importance. ' A

The psychotropic potency is affected by the substituent
forming all or part of R; in the ascending order H, S, Cg,
F. It is significant to note that this is in parallel 3
-with the order of increasing electronegativity of the atoms.

S. Mechanism of action on a submolecular level

From all available evidence it.-appears proﬁéble that
the key to the undérstanding of the subtle biological action
should be sought not in the molecular dimension, but in the
sﬁbmolecular,or'subatomic dimension of electrons, governed
by quantum mechanics.

In his outstanding exposition, Introduction to a
Submolecular Biology, Szent=Gyorgyi produces much evidence

to support the theory that charge tranafer is involved in

the biological activity of the drugs.
In charge transfer, one electron only is transferred
from the highest filled orbital of a donor molecule to the
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lowest empty orbital of an acceptor molecule, without
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 in
different biological reactions have been determined
(Pullman & Pullman, 1958; Karreman, circa 1960). The use
of gquantum-mechanical methods for the investigation of the
electronic structure of big molecules is generally restricted
to m-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 + kB,

where a is the coulomb integral and g the exchange integral
between two carbons. For similar chemical substances a
and g 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 mean 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 +%k for the highest filled orbital is a linear
function of the IP (Mulliken, 1948), while the -k 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-Gydrgyi, 1959) to have a most unusual antibonding
highest filled orbital in its normal stable state, and is
thus. an exceedingly strong monovalent electron 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, c¢irea 1960; Malrieu & Pullman, 1964) and are
found 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 R, substituent.

d Orbitals

In the molecular-orbital calculations of Karreman,
Isenberg & Szent-GySrgyi (1953) for chlorpromazine and
phenothiazine, and in those of Pullman & Pullman (1959)
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for a related compound, leuco-methylene blue® (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:-
Ei = q t 'kiB

o 1s coulomb integral for a carbon atom,

8 is resonance integral for = electrons of an aromatic

C-C double bond," | )

(a + 68) is the coulomb integral of a heteroatom,

pB is resonance integral of a heteroatomn,

where 6§ and p are dimensionless paranEters»character- A

istic of the heterocatom and its bonding in the molecule.

Assuming that the 3p and 3d orbitals of sulphur form
three hybrid orbitals, the overlap parameter pss'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 of the calculations of Orloff & Fitts gave
values of ki for the highest filled molecular orbital which
were positive for all three molecules, leuco-methylene blue, .
k. = 0.168, phenothiazine, 0.208, chlorpromazine, 0.191;
the antibonding character of the highest filled molecular

orbital has disappeared.

1'Leuco--methylerie blue has the chemical formula

(CHs)aN_ S N(CHa)a

N
‘H
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The authors emphasisé however that as the Huckel
method is only a crude approximation to the complete
quantum-mechanical problem, and the values selected for.
the parameters § 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 diethylamideand 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 tKarreman,

Isenberg & Szent-Gydrgyi, 1959).

Non-planarity

As Malrieu & Pullman have shown for phenothiazine
(1964), the energy of the highest filled molecular orbital
is a sensitive function of the geometrical configuration
of the moiecule, and therefore the non-planarity of the
tricyclic group, resulting in a net decrease of electroniec
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
1s not antibonding in character, the phenothiazines are
nevertheless exceptionally good electron donors.

This conclusion is amply supportéd by experimental
evidence (Karreman, Isenberg &:Szent-Gyﬁrgyi, 1959; Szent-
Gydrgyi, 19603 Pullman & Pullman, 1963). To mention a
few examples: the phenothiazines, particularly chlorpromazine,
form charge-transfer complexes with a variety of electron
acceptors, such as riboflavinj 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-
ddnor properties may underlié'pharmacological action.

It is exhilarating to think that precise investigation
of the nature of the eleétron 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 METHODS

1. Mathematical relations required for the Structure Factor,

Patterson and Fourier programmes

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 A4, k and/or I change sign, i.e. the

' relationships between F(4k1), F(Zk1), F(hk1) and F(hk1)
'must be established for the space group concerned, For a
non-centroéymmetric structure the variations in the phase
angle a(hkl), as well as the amplitudes of the scattered
wave |F(nkl)| , with changes in sign of %, k and/or 1
must be calculated.

Most of the information is given in International
Tables I (1852). However, the author discovered an error
in the space group Pm (b as unique axis):- P.377, a(hkl) =

e (kD) is incorrect, and it can be shown that the relation
should be a(%”1) = =-a(hkl). It was therefore considered
advisable to calculate all the relations for the space
groups of chlorpromazine, phenothiazine and thiethylperazine,
Pbea, Pnma and P2;212; , respectively, | '

The derivations were based entirely on the coordinates
of equivalent positions and are reported in sub-sections
(¢), (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
electron density‘expression in the form which is used for the
summation in the Fourier programme; (i) describes the '
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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
Pbeay, Pnma and P2;212; .
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%

(@) THE STRUCTURE FACTOR

Fow ™ 2' 5 ‘”“uﬂk&dﬂ) ' ;= AW(hx; + ky; +lz) !
waa-bn.l xj,¢i, B¢ -‘M coostls .
-§’§ie' “d ".-M"MC“M
. z ~B sind
= iz,ﬁmai - L%f‘-Ma“- § = §,e-Bsinte/a .
s {fieorm, s frcoraye s w ma‘-} + i.{j-, AuA X+ oo + f,-.u‘..,u‘}
FM‘L - 'Fﬁul M“Nu. + ';IFO““JA";\'xw {fr deagram 3
Fuw = |Fual € “%na ‘ 4

] ’
$i cos e, | facosx, facos sy

&—?1’7 cot i = |Fleosa a2 Al —— s

Mog. of §,e¢% a §, o /(4§ cra) + (§ 3 0q)

Mag- of Fuu = |Fuu| = ‘\/C—‘E.f,' enva))* + (?.ﬁ,‘.:nu‘)*
[Faaf* = ALY + B2 , -
Fae = Ay + .’..5;,‘, 6m) g Fer = A:“- Bt (5 )

MM\W . fhose of Acatlt. wwoe. A'*MMB*M
,lencmﬁfb&z of Acall. vowac . 7 Kons * MM?“"G‘OMM

-3

(fr.3 + &) fr.246)
Au.‘, = ]Fku.lmvxw = 2#44&0&3 = ?,{:‘ 2 Y 2"(0\:41.&.5{‘ +L§J) e
B = |Fuul on i = Zdj dmaj = Tty 2 (R + Ky +L8)) q

4
it Thiceo % . 1o

sﬁw iﬂaﬁ". F:u = F‘Et ($or p real - adwoars u-r\dustouab) i
Fuw = [Pl et

El = |Fu] e~ }M-‘n‘ . |Faa] ® | FrET

. . .. abv 2
Fut - ,F‘ttle"‘ut - Frceds . Lanr. oW ERT = = Obwit w::: 3
Ave = AREL Bhw = - Brer
AR = AWl Bfw = - Bukb | ™
Aske = ALel Buit = ~ BRI ™

ARG, » Ami BRE. = - B




R

R —

- 113 -~

(b) EQUIVALENT POSITIONS : THE MEANING OF A AND B

(%433 l. '3_
@}“'6:'&'
;; ! A % % T~ posn 2
O33N e o3n
N //
9 | ,®
2, ‘ 2. a,
T Gea, 2
Ya) | (exy s g
T ™
atom Posn
F uxA'eiB'  (f0)
A‘ = %"i Lerd ﬂ-" ($~ 8) —j= tolal no. ef atoms
over all aloms oz ANl af Cnd.c,'xc.l\r‘e»r\k ateons
Al s 25,3 e aw (ha, + ke, +Lae) ' : 15
oF abem y>a —
= ; *fA"' ' i
" Kinds
of abern
= §, 2 co aw(uz.*u,,ujg + f,_f. cen aﬂ(ha:,_-t-kg‘-obng
, A A,
n o 2M(hxy+ ky,) + con 2T (R(1- +k
;'[Mz Chxt by (e ). %)] fise kind of aton,
- Tk~ iz, ' atom 14 andt s
Ay ] Ay - Sgm. eguoy, Wom la
A
+f [m ar(hx,+ ky,) + e zﬂ(h(c-z.)+ kg,_)]_ Second, kind of akom,
oC oo PRy abtorn 24 anot 5 Sym.
- . - — 2 s equiv., abom A
A, A.; -
As
A = Z ror a(hx+ ky +LE) 17
pPons

= A.(x,,'y.,l,) = Az(zﬂi‘\‘,.l‘.‘) = A,(x-,-.g.,,i,)
A..Ai . V5 .M/M -’—\. of (x,,g,,g,) ad Aza*(x‘,x’,a’) o ab Ar e
o (Xv, Yo, Ba) ) O o Arural, as A s of (X4 2)

M <4~ B. B e P?‘rn' acnar(hxeky+L3) _‘8

Fror~ Fratels Lanr:
IFgar| veos {M(RR +kT+1Z) ~ kD] = |FRE| con { IM(AX+KY +L2)+ < rpr}
- ]Fw’wilﬁck‘(+k‘l+l-l)-dw} 9
(cos (-8 -x) = cos(6+o()

T ILTn

L
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(¢) GEOMETRICAL STRUCTURE FACTORS: THE GENERAL
FORMS OF A AND B FOR SPACE GROUPS Pbca AND Pnma

b’M%W, /fl—oﬂ»\&: + x, Y, & ~
t"'x’n é—so z T
x, k+y, % /f

: "5-30, y) 3_"‘* -
A s z[ao :nr(hx+k,3+l,§) + o8 AT (~hx~ky+ L2 —-—;7‘!)
+m.‘nr(kx-lo1 Lz = h=k “) ~+ to-o:m‘( hoe +ky=- Lz ~ T)]
= 4[m ar(lz~ -i—) con a:n‘(hx.+k,g +—;ﬁ)
+ cot 2T (~Llz QL?-)MJW(NX—M—AL;—&+&E—Q)]

Yhok _k-L
4 ~
- K+J< btk -l
h=k L-h  h-k k-l
-8m2:1r(b;.———"){ 2.1"(h.x+ —-'* )mrrr(l(g-o— ""—" )}
x
Loho-h+k+k-b -( A-A+h-k - k+L E—
e o rTe
b~k k-l

- s 44
. [ , -k -

A« 8 codam (L - “52) cos am(ha ~ 275 cas am (kg — K35

Beo

b eords. of 24uir. porva: t X, 4, Z

' T+rx,%-y,%k-2 ) |
i.‘k"‘ﬂ.; 4 ,’;
i-x, 'gr i#i ’

A = z[m ar(hx +ky + LE) 4 coo 2W(- hx- ky +L2 + hel)

+ conamw(hx=ky - L2 ~ BERELY 4 con am(-hx +hy-L2 + )]

4[m 21!'([.!. + ""'").c_eg .21r(h:x.4-kg- M

+ eo9 2w (~Ll2 - ‘\'*L) con 2TW( ke —ky - "'”“'“ "‘)]

8 <o aw(Lla 4517*9){:44 21r<hx "%:—L *'—T—'Wk“"‘r)

n

2
. Lk
mlﬂ'(&g - k‘-:-L +hrks _,___)}
2.
e T e —h-L+htk+l+R
g + 3
ekt + _k,_
1y 4
‘1A=8 mﬁ]’(hx— b*Tk’L)ma‘r(kg +—‘z—)m3'f'(l.i ""’la—ﬂ')
B =

o

INoTES. 1) Factor of 2 in A A = cos am(hx +ky+(®) + cos M(~Ax-ky~-Lg)

ana Same for each Paie of cquuv: posns. opposite to coth other w.rt. Cenlresym.
9) B=0. bccawse edth pair Of OPPOS. €guuiv. po3nS. camcel.

€.q. 8= 5inaM(AX +ky +LB) +SCA AT (-hx -ky -LlB) = O

Y cosaw(@+ BEL) : cos aM(p-BEY)  Since hand k are integers.

(ThSS means Changing the angle by 11"(k.+k,) = O).

Core must be taken cn choosing the Signs for the AT' % e
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(d) SIMPLIFICATION OF A AND B IN SPECIAL CASES

[ Pocal

A m AW(h ~ D) ege (b= Erb) con am(iz - LA
B~o

h+Rk= 2w h-k =an-2k = an
K+Ll= 2w K==L =z 2n~-al = 2%
-~ = =(h- k.) (k- L) = ~290 - 1.1\-2—4"\/

A= 8 cot (aWhx - 2m AP )cos (amky - 2T A con (amiz + 2w 47Y)
— —_ ST + 2T
2 3(- cmraTTha)(- cos 2T ky)(+ <o 2T(R)
Az R cos AMhx. cor 2Ty oA 2TTLE

2rv-2K = 2n
@n+) <20 = 2m+i
~(A-k)- (k=)= ~2n-(an+) = ~bn-|
A = 8 co0 (AThx = 2T 27 con (AMky ~ 2W 22 con (amrie +2m0 4320
-~ nT — (DT +(am + )T
= 8(~ ot AMhac)(~ aiem 2Ty )(— 4y 2TTLE)
A=z =8 cot arhx. Auy ATy . A 2TTLE
=0 <fp k=0 o~ L=0

[

h+Kk e 20 }

h -k
K +L 2 2%+t k-L
L -A

K+L = 2 =z 2w -~ 2R 2 QA

h+lk = 2+ Nl 2 2rnvel =2k = 2 +1
k-1{
L-h =2 ~(an+) =20 = ~4n-=]

A= 8een (aThx ~ 21 23 Lon (arrity ~ AW EE) con (arrlz + 2w 45:)
- (DT - T +(an + L)
= 8(- Al 2WhTY(— L3 AT kg~ acr 2TLE)
A 2 =8 Ay AMAX . cod AMky. A AIrLE
=0 «f =0 wor L=oO

An+l =2k = 2n+!
2 AN+l =20 = 2Nt
L-h = =Q@n+)~(an+]) = ~4n=~-2

A = B cos(aThx = 2 2520) con (almkey — 2T 252) s (2Le + 2 A5ER)
— (n+)T ~(n+H)T + (27 + )T
2 8 (= Acn AMAXY = Al AR Y)(~ 0 2TTLE)
A=z -8 A~ aATThX. Aus 2TTRY. <00 amTlz
= O -go— h=0 o k=0

h+Kk =2n+i h -~k
K +0 =2+ K-L
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Prnma

A = e.mw(th b '“")M amw(ky +-§-) wonam(lz -o--"-‘f-'-‘-
B=o *

h+l = 2
K = 2w
A= 8m(:,1rhx~:1r’-”§-)m(a,rk,g +aw ﬁ},"-)m(a.vrt;-»:.vr%—'

- 2N + T + T
= 8(+ 208 2WAX)N (=~ cos ATKY)(~ £od ATLE)
A=BrotamhX. cotaWky. <0 2WLE

hel = 20
K = J.‘N-'-l}

A 3 8 con (2Thx - 2w 4530) 2on (alrky + 2 25H) con (At +2w 32
. - (lr\.‘-i}ﬂ" ' +@» +‘_{)'ﬂ" + T
2 8(+ Al ATAD(+ Al 2TMhyg)(~ o5 2ATLE)
Ac =% A0 AMAX, Aun 2Ty, cod 2TLE
20 «fhso

M+l = 2am+l }

k =2 2~
A= Sm(a.vrkx—mﬂ—"f—‘)m(zrug +2w %) eon (amlz +21r-l§1-’)
~@n+ )T + T . +(n+3)T

= 3 (+ Adn AMhX)(~ ot ATKY)(+ Aum 2TLE)
Az =~8 o aTThx. cos aTKy. Ao 2Tl
z=Q’ .;o-k,eo wor L=0O

M+l = 2n 4|
kK 2 drn ¢ |

A = 8ces(alMhx - 2w 252 2) oy (amhy + 21w 52!) cos (amiz +amw2ntl)
- @an+D)T +(neT +(n+d)m
= 8(- co8 ATAXY+ aum 2WRYY + Adn 2TLR)
Az =8 con 2Thx. Acw 2ATTKky. A~ 2TPLE
=0 -«b Lo
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(&) CONDITIONS FOR NON-EXTINCTION

@mwm.

[Poca]

h+k=2n F =0 i k=0 |(hoL) plam.s reflect. are missing if h. =2n }_7
kKele2n+1 an+l
ol =0 (u(o) " “ " " h = 2n+l
: {k e 2ntl @
htk=2n+1 | F =0 h=0 |(OkL) {k-lnﬂ
ket =2n . L =ansl
o L20 [(hKO) - Kk =2n QL
{h = 2ntt]) )
A+k=2n+! [F =20 i A=0 [(Okl) - “ o K =2net }; T
k+l=2dn+l {L =2n
o kz0 [(hOL) {I\. = 2nel
L 2 2n+!
0 (ORL) planes, reflections are missiag if K odd, L even or odd : (OkD) K =2n
@ (hot) = - T T N (- NLE Y
5 (hkO) - . . v e heow oK e (AKO) R =2n

MMM conetiliions .ons P.ISO,

lp'r\.ma,ﬂ

hel =21 Fz=04 h=0 (Okt) planes, nflut arc missing sf'{L even
K =2n+l . k odd
hel=2nel |F=0 i h=0 [(OKL) - - {L osd
K =21 k. even
o L=0 |(hkD) . {k odd
K even
Rtl =2n¢) |F=0 44 L=0 | (hkO) - {t\_ odd
k = dn+l k. edd
@(OkL) misting for L cvc:\.} or lodd (okt) K+l =2n
K odd Kk even
@) (rkO) - « h odd, k even o odd (hkO) h =2n

M chuchk. wrth comollions o~ PISI.
(Internctional Tables I )
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:f.wc ' » amuliced.
Pbcc»ii

OkO:

ool .

okL

hot :

M+l =20 )
M) kel xan } A= 8 coy IMhx.cos ATky cos ATie e-e

h+ke2n
@ RTEL e} A« - Beos amAx 4 aThy. Sin TTLE e-o
@) k-o-k-Mfl}’ =~ QAL AMA .

Kel = an A = Al ITAX . cos ATKY. Sim, 2TMLE o-e
W R Tant} A == Ral, amhx adamrhy. cos amiz 0-o0
hOO: h even ;(1) » A = Bcos aTAX(1).(1) = B cosamhx

@)+ A = -8cos 21rhx(o).(o.)= o
@) 4 W) Lol apply, fov ik 2O, htk = odd.
h 0dd :() +Q2) rannet apply.
@)=+ Az*-2sn(0) -+ =0 (L=0)
@W=A=z-83~@)- -~ =20 (k = 0)
zpmmwo,nmw

K even:() = A = 8 cos(0). cos Arky. ¢co3(0) = 8
@)+ A = ~9.... () =0

(3) 4(14) Lar~olt %, hz0
kodd :3)+ A =~ 8 s(A(S) cos aTky .Sin(c) = ©
@)+ A = - 8 3Cn(0) 3~ 2Thy. coS(0) = ©
Thus Jor OO, k ocolo misaing:

coS .vrk.«_' B

Leven :(1) > A = 3 cos aTie
&)J(A)W%
@)+ A* —Bauv(o) cos(Daamlzr = O
Lodd:@)#(s)wam

@Q+@w—~o i
Jhd for OOL, L odd oo

‘ktleven: ()= A = 8 oS(0) cos 2Mky.cos 2MLE

@)=A =8 3n(0)-.. 20, A) «() cannet apply.
ktl odd:@) = A = = 8 Au ATy, s aTrLE
W= 0, (1)) canmot apfply.

htlewen:(1) = A = 8 cos AMAX . cos AL E
(l')-‘o » (3)‘<3) sl .
hlodd:@)» A 2 =~ 3 cos 2MAX..3in(0). 3éh MR = O
(B)+> A = -84~ AThX. AL 2WLE

0) + *) carnmnet apply.

thekeen (1) »-A = 8 cos aTAX. cos Irky.

2> O, @ +K) canret AM .
Atk odd:(3)+ o, (2)+() “ .
@r—=> A = -8 aun IMhx. 30 AMky.
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)
)

(' '\#L - 2N }
» AN
l\.tb = aAdn
LA ¥ X ]
820\1!}
2 3n
l\ob a2 Adney
2 Anes

A

} A

A

A = -8 cot ATMAx. A 2Thsy . o ANl
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3 8 ot IMhx . cod ATy, cos 2TWLE
* =8 Ay AMAX. an 2TMRY. 200 ATMLE
r =8 acn AWhX. ces AMKy. 2 2TMLE

€-€
e ~0
o-e

o-0

hOO: h even:(1) A = 8 con ATMAX h odd .
@ As»oO h0O : h = 2w
hoda:(3) A= o0
A &) A =0
oOkO: k even: (1) A = 8 <o amky K -odal
G A =0 OkD @ k = an
Koda: @) A =0
) A =0
j00L: Leven: (1) A = § amle L oad '”‘""“"’"‘ﬂ
@ A =0 ooL : L = an
Loddd: @3 A =0
W) A =0
Okl: Keven: (1) A = 8 ces ATrky. cosamle K+l even (1) A= 8 cos UTky. cosamlz
@ A =0 (L) A= -8 5in 2ky. Svn 22
Rodd: Q) A = 0 ktl odd () A = ©
@ A = -8.aiaTky acarmliz @ A:=o0
hOl: htl even: (1) A 8 £03 2Thx. con aT e (This és ambiguous)
@ A =0
htlodd:(3) A =2 -8 Al 2Mhx.au~anlz
@A =0
hkO Reven: (1) A = 8 <03 ATAX. cod AMky hakeven (1) A<= 8 eos 2MAX. cos My
A A=0 (8) A=0
Koda: (2) A = ~ 8 AL 2ATMhX . AL 2Tky  [h+k odd (2) A = -8 sin 2TThX. 8(n 2mrky
@ A =0 (3 A=o0
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RELATIONSHIPS BETWEEN F's
£ ;

Phea

A= 8 cos 2w(hx- %’;—")m ar(ky- ")cm:z:rr(L#.- b
h+k=2n A = +8 o3 2AThX. cod 2Mky. CoA TR
k+tl = 2n F‘\u= F‘Ru: F‘\,RL = F‘\-K.t (: Fm‘_ =FM)
h+k =an A = = % cer 2Thx . AL AMKY. A AT
K+l e 2ntl Friet = Frat =~Faky =~Fmez (= ~FrEL = FREZ )
hek 22n+) |A 2 =8 awy ATMAX . ot IMKY. Ac ATTLE A
k+l = 2n © Pait = =FRie = Frre = —Feit (= -Frr = FREG )
hek 22n+l | A = =9 ad~ A . 4w ATrky. <ot TTLE
K+l =2nsl Faet = ~FRiw = =FrkL = Fruz G Frey = FEXT)

Yhe A'S Aave Lo durarmdd in Aection (d)

e rloliomahifs btlircen the Flo have beon otrCaimed
by Actbratiboking, fov axample, ~h o +h e O relalion
WA(«M fov & conbrotg. Apace greup, A'=ZfA = Fku,)
J:ag»;)cptu %NW%AMMW%M

Audbatbbulionn, abd ia tha core o A a ced 2TMThX -+ -, Auav
Farte = FRKL - #WWMW a0 a e Cade
4 A=z A 2TMhx , Mhaw Frrt = —Frgy . ebte.

= m 2w (hx— L‘L}:-*—‘) wes 2 (ky + %‘)m 11!’(La+“7:—b—)

A+l =2n A = B ced ATAX. e aATTKY. wod aTMLE

k  =2n Frce = Frie = PRt = Frg (= Frre = FRED)
hel =2n A= ~% A 2Thx. A 2Trky. oo ATLZ

k = 2n+l Frut *~FPriee = ~Frlt = Fad G FREL)
R+l =2n+! | A = =B Aun ATThX . cod ATTkY. A~ ATLE

Ko =22n Fare = —Fhie = Fake = = Fakt (== FREe)

A+t =2n+l | A =2 = 8 cog ATAX. A~ ATTRY . A ATTLE

kK =an+l FkkL = Frue =~FreL = = Fae (= - FTJEL)

YAar Al llh haeh. o dR 9.407 (Pbca.) + Pyos (ana.)
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P2,2,2|

Jhe colowtations MM 4.+ L s AI'A.?L -{-vf‘_pl.i.?.,

MA&MW”W W{a’-pbcw

(Ire A’ 4 are Mu.b 2oceefls -{-or..o..ﬂ—u&rr'pﬁ.ﬂ. tAe B's

M A/»?(ld ey 'P.z,:z,z,, M oo mel occnr in

Pbeo., MMWMW W

I Woi, A = | Frne] 208 otpyy .
Bt = | Frut] aan ®pel } fmmﬁm(a-)
U = —

For P22, [Pyl = |Fra = [Fake] = VFual = | FrRa

h+k = 2n A= 4 cos2Mhx. cos 2Tky.cos 2Tz
kK+l=2n | Bz~43cn2Thx.3cn2TKy.3<n 2TMLE l

And = Ang = |Frie] cos aqu

. ’ =
Biwt = ~Bixe = ~JFReu) sin i ,\J
-, o
e b T
S Xpkt & —SUNXRie

And = Awie = Rl cos = uxg } . ooamt = — XRRL
Bag =~ Bake =~ JFrke] sino e
Akt = AnL = ARkt (47 Sect.(a) } L oth = - Ak = R
Bt = -Baxd = Briw - '
h+K=2n 2 — 4 cos 2TMhx. Stn 2TMky. Sin 2Tl
K+l=2n+! B = 4 sin2mhx.cos 2Tky.Cos 2rlz
And = Agg } C . -
< At = — Xhit
Bakt = ~Biu - : I %
AhkL = - ARkt } Jeoes Oy = —~CoS Xy }
Bue = Bare SiAlny= SOk ) - St = TV =&
Anwd =~Ant .
el hit } Kyg = M=oz = T+ XLk
B = Bra —

h+kK=2n+! A = = sin 2TPhX. cos 2Tky. S(n 2TLZ
K4l = 2n B 2 4 cos 2Thx.s¢n2Tky.cos 2rlz

j}wwmkswww

Ry = T — Mgy
X hhf = Rk
Okl = M- Xppt = T4+ XRke

h+k=2n+l |A = -4 Sih2arhx. sin2Trky. cos 2rlz

K+l=2n+! |B= 4 cosaMhx. cosaky.sin iz
Lkt =:)T'—o¢5n ‘
X het = T — ocnke

& il — pT = X Rk
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(g) COMPLETE TERMS OF ELECTRON DENSITY FORMULA

Pbeca
W"MM'#WMMMWWM
rrillin olowr olirel from~ Kb mbuulls obtasnsd in Bectiorn (&):-

h+l = 2n

ER o6 o8 oo Kel 820
PIXYZ) = - TATRZL Fyyy o0 ATTAX. £oo M KY. cos 2TWLLZ
o eo o9 t:.'z:i?-ﬂ .
-%g Z X Fikt o8 ATAX. 4cn ATKY. 25 2TUZ
g X ™= P vadl
~ V2 T2 Farl 4on ATAX. cos ATKY . A ATLZ
heka2nes
_3_ 0N o O k+{ = ane! _
~2 =2 Z. Fhkt 4 ATAX. 4uin ATKY . con 2TTLZ

wauuwfwmww

P (xvz) = -\2,4- A ?k %‘} [F”d_ 08§ aAM(hX + kY +LZ)+ Fru cos 21r(.;\x + kY +Lz)
+ Fugy «<os am (RX ~kY+ LZ)+ Frii cosam(hX + kY—l.Z)]

h+k= 2n} P = FTZI3Z Fare { Cos IM(hK+KY+LZ) + cos 2M(-AX +kY +LZ)
K+L=2n +cos 2AM(AX~kY+LZ) + cos AT (hX + kY~ t2)}

= %222 FMcL{oos 2 (kY +1Z) cos amAX
+ cos UPAX. cos am(~kY +LZ)}

p 22T ST Fuu co3 arhX{ cos AMLZ. cos amk Y}

htk =2n }p = VZ2Z Ry o5 aMChX +KY +L2)+ cos UN(-hX + kY +L2)
K+l=ne! ~cos 2 (hX ~kY + LZ) - cos AT (AX +kY -L2)}

- $S3% Fiie {eos am (kY +12). cos 2wk X
— cos AMAX. eos A (- kY +L2)}

= ‘3‘ 22,2 Fua {608 arhX [cos M (kY+LZ)~ cosam(~kY fLL)]}
‘ L=2 sin 2z, sin 2tk Y]

p== %-_ZS,;F“‘L cos AMAX. 3¢n QWRY. Sca 2TLZ

htke u,,} P 23322 F,M_{a,s AMRX+KY +12) - cos 2T (~hX + kY +(Z)
K+l =2n + cos an (\X=kY +Z) ~cos UT(hX + kY - L2)}
=¥ ZZTZRy{-25in AT (kY +L2) sin ATAY -
—2 sin 2TAX . Sém aT(=KY +L2Z)}
= -é‘,—ziiﬁm sin aMRX. {280 2WLZ. cos ATk Y]
P ==8-332 Fuy sin AMAX. cot ATKY. Sia 2mLZ

k+k=2;\+l} p= 532 A {cns an(hX + kY +LZ) = cos an(~AX +kY +LZ)
K+ls2n¢l ~cos ayr(kx-kY+Lz)+ cosan( RX +‘<.Y-LZ)}
... {-sin 2mAX .3¢n (kY +LZY~f~5in AMAX. Sin an(-ky+L2)}
L ==$ 23T R sin ATRX. SEn aTKY. cos AMLZ
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Ihoa, Aretion (&), s g Mo froms |
B M{—WL fage, .d\.)-. MMM%M A.MAJ‘:' {M
aA

o o K even o Keven o Levea
,o(sz) =V { Foco + 2§1FM° cos ATAX + zZ‘iFmiws arkyY + 2L22 Foor o8 IMLZ
%0 a0 K4l even 00 %0 k+l odd
+ 42 Z Fpp, o8 AThY.Cos 2MLZ = 4 23 Fopy Sin 2TKY. sCh 2TLZ
kel (et kst Lzi
22X _ htleven , k4l odd -
+ 4’2‘ LZFML cos AMhX.cos 2Tl -4 %%FAM son AKX, scn 2MTLZ
= Lz} =l Lz
0 o0 h4k even hek odd
+ 42 S Frpo cos X cos 2TKY —4 = S Fpe0 sin 2TAX. sin 2TTKY
hzl °k°tl heK x2n
=2 = K4t :=2n
+ %2%% Fryy ¢05 2TAX. cos 2TKY . ¢os 2TLZ
22 M. ,
- 9? RZ z ,F““ cos AWAX. 5en 2MKY. sin 2W(Z
=) Rzf b= '
hok= 2nel
S0 <0 o Kels an
%S T 5 Ful v 2ThX. Cos IMKY. sin 2N(Z
het ket by hel = 2nel
S0 o0 o Kele 2nel
-3 2 S P ;«:« UTRX.5¢n 2rkY. cos 2TLZ }
haf ket Lo

.phma,l
WWW%N‘MWMW o A8 ;-
> K even = Leven

© heven
p(1vD)s {,—{Fm +2 7 Fpo tos 2TMAX + 1.‘21&,“, cos amkyY + L%Fm cos ATLZ
A2 S £

Kk odd
Fow Sin 2TKY. sin 2l Z

Kk even

. +4 2.2 F,, 05 2mkY.cos aMlZ — 4

Ksa st

M3
M

x
-
-

- oo h+l even ’ o oo h+i odd
+4 2.3 Fhot Cos ATAX 08 UL ~ 4 2 Z Fyop S ATAX. 5En T2
£ L ¥} T ol
o K even o oo Kk odd
"‘4%?‘;‘“0 cos AThX. cosankyY - "'c. .%- Faxo sen 2IMAX. scn 2Tk Y
-z = Hum R
+8 22 Fay cos 2MAX. cos aMKY. cos amlz
hel even
W ap O K Odd . .
-8 ?2 ‘2, Frikt $Can 2ATTAX .SCA 2ATMKY. ¢os amlz
sl Kgt °:l k:‘( :‘v‘:
-8 AE, %,% Frw scn 2ITAX. cos amkY. sca amlz
el 2 )
* hel odd .
bt on  og K odd
-8 2 23 Faut Cos AMAX. 5in ATKY. Sin ATLZ }

r
»
x
[
-
-
»
-
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(h) EXPRESSIONS FOR THE ELECTRON DENSITY

UM MMM A;Cw WXYZM.U\&M.CM
P(‘VZ)': 222 Fm e—l‘ro(kx-PkaLl) L I
Wx.de.zMM@\A-O"'JU\L o
) LD
VY . d\gw‘o‘»mww
JV- zZ22Z Fi e-;# v Fuge?

wrhere B = 2W(RX + kY +LZ) .F““f’s/oﬁ'
,7'\,-222 [Fuq e~ + Fip e*#®] .

W Lorraa WW +R Md. R
 RER[WE)e W (K= )] (b ki)
vEXTS[A Lfref =a'5._2_'__e___'* ]
{-zzz[A'—usgs +B'M;~¢] ........... .

pOXYY= + 3_2. [Al, cos 2T (nx +kY+LZ) By sin UT(RX+ kY +12)]
= -L- < SSUFM‘L‘“S oy COS ¢ + | Pl sén g su\.ﬁ]
= ¥ 222 ) Fue | <os (8 ~ °‘uu.) (- M“’))
s avombbien _owl M M'
PxYZ) =

+ %Sk.g,]ﬁ\u] <03 [ (AR +KY #LZ) = ocigg] - - = - - - - ay

yﬂaWW'MW’“=OMf
x 20, |Fyyl 2or (@ = Xy) > + Fry cos @ :
o a‘n" IFW'M (@ —xnn) > + Pt cos (- 'ﬂ‘) v~ Fyy cosp

PXYID) = 2.:2.42"" Fuw o8 2F(hX+kY+LlZ) - - - -- .. - ---T¥

—_—o -

P(YZ) = ‘\72 22 [Am os (X+Y+2Z) + Bw sin (X+Y +Z)]

o Ao oloahes, and M X = 2WhX et

=¥ g%% [ Aneg cos (X+Y+42)+ Ar os(-X +Y+2)+ Ay cos(X=Y+Z)+ At o5 (-X-Y42)

°  +ML cos(-X-Y-2)+ Az cos (X ~Y-Z) + ARG oS(=X+Y-Z)+ Akl tos (X+Y-2)
+ Bt SOn (X +Y+ 2)+ BRkL Sin (<X + Y+Z)4 BRRy Sin (X =Y+ 2) + BRE, sin(-X-Y+Z)
+ByZ sin (X-Y-2) + ByRT Sin(X ~Y-Z) +BRuT sin (-X+Y-2)+ Bt SCI\(XO-Y-Z)]
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Norr: o ARLL 08 (-X-Y-2) = Ankt o8 (X+Y+Z), from, Arelion (@),
ounds BLRL S0 (=X =Y-2) = (- Bpig)-5¢n (X +Y+Z)) = Byyy Sin (X+Y +2),
wom Se wrritten
pP(XYZ) =
-%’- %%%[Aw cos(X + Y +Z) + ALy cos(~X+Y+Z) + Ay co8 (X -Y+2) + Ajg cos (-X-Y+Z)
o  +Byy sin(X+Y+2) + Bry sin(-X+Y+2) + B sin(X-Y+2)+ Brxy s&\(.x.y..,z)]

A [eos X. cos(¥+Z) - 30 X.SIn(Y+2)] + ATy [ cos(-X) eos (Y+Z)- Sin(eX) sin (¥+2)]
b Aii[cos X. cos (-Y42)- sin X.sin(V+2)] + Ak [eos(-X) s (-Y+Z)-5in(-X) sin (-Y+2)]

E (At Alu) [us X. coS(Y-l-z)] + (-Anig +Agu)[s‘¢n X.sin(Y+Z) ]
b ( Arke+ AR [eos X. cos(Y+ D] + (-Adie + AR [sen X sin(-¥+2) ]

= (Apet + Ana)[cosX-cosYcan - s X-sinY SinZ ]
+ (A + Am)[.-.osx.ms(-v)asz - cosX. sin(-Y)sinZ ]
HCANL + Ajy) [$6n X SinYcosZ + sinX.cosY snZ ]
(- A+ ARl ) [sin X, Scn(Y)cosZ + sinX. cos(-V)sinZ ]

E(Ane + Al + Anic + Al ) 08 X. cosY. cos Z
+(-Ane— Afd + At + ARl ) cos X. SinY. s Z
+(=Ane + Alt — ARkt + ALKl ) Sin X. cos Y. 8in Z
+(-Ana+ Al + Akiw - AL) Sin X. SinY. cos Z

Buju [sin X. cos (Y+2Z) + cosX. sdn(Y-c»z)] + By [sin (%) cos(Y+Z) +cos (-x)s(.n(nz)]
4 By [scn X .cos (~Y+2) + cos X sin (-Y+ 2)] + Bike [sin(-X)cos (<Y +Z)+ o3 (~X)sin (-Y+Z)]

= (Brig - B sin X. cos (Y+2) ] + (Bug + Biuw ) cos X- sin(Y+2)]
+ (Bl - BRiu)[sin X.cos (-Y+2)] + (B + Bik)] cos X. 3in (-Y+2)]

L (B ~ Brw)[sin X cos Y wsZ - sinX.sinY sinZ]
1»(8“4 + Bi\u)[a’sx- senY co0sZ 4 cosX.cosY sés\Z]
+( B -~ BRk)[scn X. cos(-Y) cosZ — scnX.sin(-Y) 3cnZ]
+(Biki + Br)[cos X- sin(~Y) cosZ + cos X .cos (-Y) sin Z]

= (~Baxt + Bruw + Briw - Balw) scnX . sinY.sin Z
+ ( Bait — Blus + Bals - Bilt) sinX.cos Y. o8 Z
- ( Bu + Blud — Brlt - BIR1) cos X. scn Y. cos Z
+( B + BRt + Bile + BRkL) cosX. eos Y. sin Z

Yoo, e o for S tlickron elimaily becomed
P(XYZ)’%?-&%S& [(+A~¢+Am+Am+Anu) cos X cosY cos Z
TN (~ Akt ~ AR + ARRe + ARRL) cos X SUnY sinZ
(= Apd +AR ~ Anks + ATRL) SR X €osY SinZ
+(~ Al + AR + Ak = ARRL) 30n X SOnY eos Z 7

+(~Bawt + Bigw + Bk~ Bry) scn X sinY sinZ

"+ (4 B ~ Bia + Bk - Brit) s X cos Y cosz
+ (4 Buir + By — Baly = Biut) cos X sinY cos Z
+(+ By + B + BHu+ BRlu) cos X cosY SC'\Z]
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(i) THE MEANING AND APPLICATION OF THE FOURIER AND
- PATTERSON CODEWORDS

(i) The Fourier Codeword

From equation V, sub-section (h),

Al =+ A(rk1) + A(hkl) + A(nkir) + A(Chk1) )
Az - - - +

A3 = - -

AY = - T+ + -

‘ (VI

B! = =~ B(akir) + B(hkL) + B(hkl) - B(akl)

B2 = + - + -

B3 = + - -

BY = + + + )

In the operation of the Fourier programme all reflections
with the same values of |4| , |k| and |1]| are collected and
the coefficients Al ...... B" are computed. Due to the
relations between the structure factors which are specific
to each space group (e.g. sub-section 1(f)), certain of the
coefficients will be zero. In general, because of symmetry
elements, the reflections (hk1l), (hk1), (hki) and (%kl) are
not all measured, and therefore the full set of structure’
factors is not read into the computer. The result is that
the coefficients will be computéd, using only the available
structure factors, and some of the coefficients which should
equal O will have non-zero values.

To rectify the situation, the coefficients Al...... BY
are thus subsequently multiplied in the computer by a set
of constants s; «.ss¢. Sg respectively. The constants have
the values either 1, if the corresponding coefficient should
be non-zero, or 0, if the corresponding coefficient should
be zero., The set of constants s; «..... sg is called the .
Codeword of the space group; it must be calculated for 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
hy, k and 1 .

Although one set of constants only is required for
those space groups which have no limiting conditions,
(e.g. P1, P2, Pn), it is generally necessary to use more
than one set. Reference to sub-section 1(f) shows that
the relationships between F's, and consequently the values
of the coefficients Al ...... BY, depend upon the values of
hy k and 1. 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 catered forj 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:=-

e
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CONSTANTS I

Card | Description| Position| Punch
B L e s e B P S

3 Tests on 9 7y 1 number of index}lst test

indices, 11 hy = 2 number of index

B 13 hy = 3 number of index}an test
15 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 17-24 Codewords 1, containing the con-
s s stants s; ++.. sg to be used for
1 ¢*** "8 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.

26-33 Codeword 2, for the case o-e
35-42 ’ " 3, " " " e-0
44-51 L 4 , " " " o-0
Note that there are no blanks
between the constants s; and

s, etc. The only blanks are
betwgen the Codewords.,

(iii) Calculation of the Codeword for a changed summation

t

order ¢ .
X3.= Z

/ - X; = Y

Normal order
of axes.

Xy = X

The Fourier programme uses indices A;,h,kh3 and a
coordinate system X;, X,, X3 , which may be called the



- 129 -

"internal" indices and coordinates.

a constant value of X3 .

The result of the

electron density computations is printed in sections with

Input data must be provided to

- establish the relation between the "external" or crystal
1 and X, Y, Z, and

structure indices and coordinates k, k,

the internal o6r computer indices and coordinates.
If it is desired to alter the normal order of the axes -
such that X; # X, X, # Y and/or X; # Z, then the order of

the summation will also necessarlly be altered.
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 requlred is

then the summation order will be ZYX.

X3 -

.
Cand

X
X2

YX1 =2

the electron density is

p(XYZ)

1"

p(ZYk)

The expansion

p(ZYX)

rhale

vibET

gxit~ 8

hkl

tkh ©

Y

-2ﬁ1(lZ+kY+hX)

of the second equation

HZ‘“,

+A3
+A"
+Bl
+B2
+B3

+RB4

cos

sin

sin

sin
sin
cos

cos

cos 2nlZ

2nlZ
2nl2
2nlZ
2712
2712
27l
2nlZ

giv
cos
sin
cos
sin
sin
cos
sin

cos

The Code-

Suppose

The equation for

i

esti-

2nkY
2nkY
2nkY
27kY
2nkY
2nkY
2nkY

2qkY

=2ni(AX+KY+12)
e ’

cos
sin
sin
cos
sin
cos
cos

sin

or

2nhX
2nhX
2nhX
2nhX
2nhX
2nhX
thx
‘ZnhX]
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and the coefficients have the values

Al = +A

A A 1 - g _ o meo
\kn ATk Bkt bk B T ~Bura*BIratBiza~Bikn
AZ = . - + + BZ:-I- - + -
A3 =z - + | - + B3_= + + - -
A% = - + + - B = ¢ + + +

By rearranging the indices and applying Friedel's Law, the
‘coefficients may be written

Al = +A‘ +

—_— - - 1 - _ —— - wRa
et B Baki P, B Buk1tBakit Bake Bk
A? = o - + + B2 = + - + -
A3 = .o + - + B3 = + + - -
AY = < + + - B* = + + + +

‘'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

Comméncing with the equation for the Patterson function;
S 2 |
P(XYZ) = ¢ % ; % ‘Fhkl' cos 2n (AX+kY+1Z)

the form of the expression which is used for the summation
in the Patterson programme, derived by the method shown in
sub-section (h), is

P(XYZ) = ¢ ]

ﬂg [A! cos 27hX cos 2nkY cos 2nlZ
h

ozgvds

ot

2 3 - s
+A2 cos 27hX sin 2wkY sin 2nl2 | VII

+A3 sin 2whX cos 2nkY sin 2nlZ

+A% sin 2nhX sin 2nkY cos 2wlZ ]| |
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where Al = + [Fpp, |2 + [Fypp | + [Fpggl® ¢+ [Fggyl®
A? = - - * + VIII
A = - + - +
A = - + + -

The Codeword calculated as for the Fourier.comprises four
constants instead of eight, and it is easily shown that as
[F|2'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;‘
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(j) CODEWORDS FOR Pbca.,Pnma.P1,2,2, (NORMAL ORDER OF AXES)

Pbca | A= HA '[."'"'45 +All
: AT . ~A—A A A,
(e-e):htk=an |Fiy = Fr.uc\ = Fame = Fxie Wt e ko iy
A = 4 Ang EY o = A B A - Ay
A* = © ‘
AY . o v
A® . o 5,-8g = 00O, 0000

(e. ~0): hek z2n Fuk,g: Frxr ==Fare = =~ Frre

K+l 2 2nes , ,
A =0 Ay Ay, =+ A
Al = —A-A-A-A == =4 A Ay= ARkL - + A
A : ~A+A+A-A = ©O : Ays AnkLs - A

Ay ARne:~ A
A* : —A+A-A+A = O v OREL

$,-S3* CiI0Oo, 00 0©

(6~€) : he ke2ne! | Frne = ~Frie = Frle = = FRRL
K+4(z2n

A' =« O Ancy = FA

S = —A
A* : ~A+A+A-A = 0O s
A3 = —A~A~-A-A =-4AML ALkt = - A

A « ~A-A+A+A =0

$,-33g = OC iV oLy

-0):h+kz2n+s | Fame = ~Fric = = Fake = FREL
k*ttlr\*' A' = 0O ’ Ang = =+ A
Ar v = A
A* 2 CA+A~A+A =0 Caree DA
A - _A-A+A+A = o ‘ ATEL : 4 A

AY = ~A-A-A-A2-4A
5,~8g=0Oboi,co00

o koS IT. rord mo. 3.

q;o HOIL 13 04 15 1 (7 18 1920 29 22 23 J4 25 26 2718 2930 31 3232 34 2§ 3637383 39 40 41 42 U3 44 48 46 4] 4R 49 S0 5/

2, 2 3 lOoooooo 00!00000 O | 660000 G GO | O00LOY
\_,".__; e —— e e e - N e e gt B M e, e s AT
Atk K+ 1L e-€ o~a ¢ -0 c~-0

Ist tesf  2nal test

Fire = Friw = Farg = Frie §,-%g = l0o0OC, 000O
Al = b Ay

|A> = A3 = A*=z=0

(e-o): h+l =2n FU(L“FKM"FLEL:FKEL 3, -5S¢g=000Ci,0000
K 2n+l A" 2 A2 A3:z0¢

A s —4 Ay

(0-€): h+l = 2n#l |Fruer = =FRi > FARL *-Frry  $.-53 = 00i0,0000
K =2n Al = A®= A% = 0O

A =~ 4 Ane .

(0 ~0): R+l = 2n+1 [Frpy = Fru =—=Frke = =R, 5i-S3=0i0e,coo0
K =anst|A' = Ad=zA%z0

A = = b Aja

Qo N IL I3 14 0§ 167 18 19 20 1 22 23 24 2§ 26 27 282930 3 32 33 34 35 36 37 32 39 40 41 42 434 45 4& 4] L8 49 80 &)

{3 2 o0 fooooocto OQ!OOOOO 00010000 01000000
—— N e e i = g — e P e g e et 7728 o
hel K e-e - €- o~

Jsb test  2nd test
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PZ, 2,2

(e-©) htk =2n |olpy = ~ %R = ~®RRL = KRRL
K+l =2n
A = [Fri| o apy = |Frae] eos (-&a) = | Fau| cos ong = Ant
ArEL = Ankt  (Similarly)
ATEL = |Freo) cos kxgL = |Figa] 08 Sp = Anit
A' = Am + Ana +Am + A = 4 Akt

MNe e = . + - 4 - = O
Az . 4+ . - . 4+ . = o '
A‘: - -4 ., + . = . e O

Biu - lpml sin g = lFﬁulsm (—aw) = - le‘SU\“m =—Bm
Bt = — By (similarly)
Bhke = JFRRe| Sén oRg = P $ér otug = By
B' = = By +(~Bua) + (-Brg) - (+Bria) = ~4 Bt
P*= 4+ - _(_ “ )+(_ . )_(.‘. . )._ 0
B3 =+ -~ +(- ~)=-(-)-(+ ")=0
B*=2+ . +(-. )+(_ . )+(+ Y= 0
S, Sy is 10001000 fr(e-9

(e-0) htk=2n Kl = —~OR = -0, = T+ ®REL
K+l=2n+l
Rl = —Kpl : €05 KRy = COS Bpk(
HCn KRig = ™ SUn Rpnkgl
Ryt = M-y @ COSapp = —CoS Xppt
Sin X pRL = SUh SCchkd
®RkL = WA pkl : €95 AREL = —COS Shkd
Sin XRLL » =~ SO O

Bru = [Fu | sinepy = ~Bma
Brre = |Fiu) sin oty = + Bkt
BRRy = |Fikg) sineiiy = — B

ARkt = JFrig | cos anee = Ana
Anki = [FRRi] cosopky = ~Ankg
ARl -.]FRHICQSQH‘_ = —Aw

A = + A+ (FAR) + CARg) +(~Ah) = O
A*=m n e ) ) (- - ) = kA
A=~ - 4(+ )+ - )+(=-) =0
A=~ .. +(+ . )=(--)-(--)Y=0
B' = = Bag t (~Bug) + (+Ba) ~(-Bay) = ©
Bret o (= - )#(k - )=~ - ) = 4By
B = + +(- «)=(+-)-(--) =0
B= 4+ ~ +#( - )+(+-)+(--) =0

S, 8 (3 01000100 for (€-0)
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(0~€) htk=2n+l | apy = =&y = ~xpg = T+ %Rk

K+l=2n
OLpy = TM=0pyy : COSXRKL = —COS Kpgy
Sl'-v\.uw' 2 Sl gl -
Cpgt = — Xhat P COSUEp = COS Kkl }
SANORL = ~S0n KRkl

Rkt = M+ Opy : COSXRkL = —CoS Xkl
SUNXRRL = —Son X pki

AR = 1P| cos iy = = Ang | By =|Frulsinapy = + B
Ale = IF i fcos ety = T Apg | Briy = Friw Isimotyly = — Bat
Akt = |FIg | cosoiie = ~ Apig BRis = | Fike|sineckie = — Bkt
Al = + Ana + (-Aug) + (AR + (FARk) = O
ANz — « =(= ~ Y+ - Y+ -)Y=0
A= - (= )=+ ) - )Y = —4A,
Az -4 )4 o)=Y =0
B' = - B +(+Be) +(-Bay) - (-Baw) = ©
B*=z=+ - - - )+ - )-(--)=0
BBz+ o G - )=(-- )G~ )=+4Bu
B* =4 - 4+ - )+l )+ (-~ )=0
S, Sg 'S 0010 00IO for (0-€)
(o-0) k‘+k =AM oy = TP—apyq = TN~ 0k = %Rk
K+l = 2n+l ‘
oS AR, = ~ oS %au.}
Sun oKy, = St Xy
Cos KpR = = COS Wit
SUN O35y = Sun Olngl }
cos ik = COS Oy }
Sin R = Sin oy
At = — A Biw = BPaa
Ay =~ Anu By = B
Al = * A Briw = Bu
A=+ +(=) +(-) +(H) =0 B' = o
A= - ~()+() +(+) =0 ‘B*=o0
A= o () -(-) +(+) = B =0
A== 4(=) +(-) =(+) = ~4A B* = 4Byqy

S-S5 8 0001000 for (0-0)

Constants T, card mo.3

fQro g 12 1304 18 16 17 18 19 20 27 22 23 U 25 24 17 22 29 30 31 32 33 34 35 36 37 39311.051 42 43 &k LS 4t 4T 48 49 SO 57

1 2 2 3 10001000 00100010 ©O©I0O0OCIQ00 0O0O0IOCOLOY
Ny e ~— — ~ e o
h*k K+ 1L e~e

o-e e~0 O~0

st test 2nd test



- 135 -

2. Computing methods, formulae and programmes

The computations involved in the structure determina-
tions were carried out on an ICT 1301 computer in Cape Town.
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
IBY 360/40 computer for chlorpromaz{he and an IBM 360/65
computer for thiéthylperazine. In addition to the QRFLS
programme certain of the data correction programmes used
for thiefhylperazine'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 MAC programming and operation.of the ICT computer.

Although the crystallographic programmes 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 of 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, Minimum Function) relevant to
" the particular épace groups ‘of the structures
under investigation;
(4) understand %he 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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THE ICT PROGRAMMES:
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(Written by D. Feil & M.H. Linck.)

h.k.Z.I-O
, | -

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
h.k.Z.n. h.k.l.n.
1 2 1 sin? o ..
2Lp Fo 2LplFol'. IAZ Freefy
Patterson (3) (i)
t _ +Temp.factor
l Wilson
. plot
P(XYZ) at all Sharpening -
posns. (X,Y,2) of Patterson
i coefficients _
e Temperature
. factor
Minimum ;
function ;
. hok‘aZono
+Atom : F(Z) ( shar'p )
coords.
, /!
' Sharpened
Structure Structure . Patterson
factor factor
non-centro centro
hckoZonc h.k.l'.n. Minimum
Ao'Bo°Ac'Bc° Fo(51§n of Fc). 'fgpctlon
c ,
¥
R non-centro R centro
. Atom
+Codeword +Codeword coords.
\ 1
Fourier Fourier - -
nancgntroﬁr ,W¢?“t?°, Bond lengths

and angles
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(b) THE IBM PROGRAMMES

1. BACKGROUND
2. STREACOR
-3, CORRECT E.G. Boonstra.
b, CENTROSY P. Gantzel, H. Hope.
5.  ORFLS W.R. Busing, K.O. Martin, H.A. Levy (1962).
6.  ORFFE oo | " " (196W)
‘7.  LSPLANE V. Schomaker, J. Waser, R,E, Marsh,
G. Bergman. (1959)

(c¢) Lp AND SCATTERING FACTOR PROGRAMME

-

2
The programme calculates Sl? for each reflection,
using the formula
2
532772 [h2 “2 4 32p%2 4 Z%fz + 2nka*b™ cos y

+ 2klb e cos a  + 2lhe’ @ cos 8% ]

The corrections for the Lorentz and polarisation factors

are applled using the relation

1 Yeos* y - (l -2 sin2 @ + sin2 u)2

2Lp 2 - 4 sin%? @ + 4 sin"“ o /

for equi~inclinationj the derivation of the formula is
given on the succeeding two pages (equations I and III
comblned) In the case of thiethylperazine the data

"The 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.
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was measured on the diffractometer and therefore the
inclination angle u = 0. The substitution of u = 0
reduces the equation above to

sin? o

R

2Lp 1 + cos? 28

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
hokolon, 7%3 Fg , where n denotes the signs of 7, k and 1
(eege n = 1 for hy ky, L3 n = 2 fOr %y kg Ly sesee n = 8
for %, %k, 0). If input is required for the Wilson plot,

' Sharpening of Patterson coefficients or Structure factor
‘programmes, the atomic scattering factors, f , as functions
of 532;52 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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“Uacing -i—--a.A,’ A: V3G-a)(3-b)E-<), 3+ £(a+b+e)
‘t - +/(s +cosp + ot VX=§ + cas s + coPN(E ~ cos v +eosVX G -f-c.os,.,-cos\‘_o))
32
4Byt m-8r @ (e pn =Y e pmnv)
+ =2A= 2(4wRo) (2 5a)
b WM‘,«- (Q.o“f—o‘ﬂ/“-)
"'RRAA:wer CWT=%:)
/7_' v Lo g oY Aw~v T (as) ) (R_,\ = Losv)
'L'&M‘/A/Mr WWMU«M/A-t—V
4. . . A~ w WM- )‘—:\7
(T PP -‘~l- wso-vd ; .ﬁ-v-/ o mara. de £7:3 o,
TWW 2 Qx axmmqwf.w
Lo wsepcas L oin Liiven of O Aot o,
et 28 = Mp.MV-&&MﬁmVMT @)  (PITF Buxr)
ot 20 = | = An>B (irsg. cdentily)
W’MM; me =Y
I~ 24n20 = AP b+ een®sy c0n T (sinae s aan )
| = 2420 4 A~ Hianade
enT .an‘/: 2
T = - (:—23w‘84M/~
v
- M“/u.-(|-a.dd;~"e+ma'/~)x
M"}d—
—"-: = m‘ﬂmr
-i- = \/m“ﬁ-(l-aw\.‘6+m*/~)" gt 1
M—%Jﬂ;b“m M € v
I = 2 420 = 4 e + 2o’ ton T
s T = ] =~ 24020 « A m
oyt o
4 . . . '
L \/w“»,—(,,_':"m‘o,_M‘k)t Sy 1
p = | + cond ‘ r : ‘
= | Pl s K TP E
ALl = Aase Pant Akt
e Ji-[n-»(a-z“'e)’] ls,, ML mcasana
P=1-234an*0+ 2% T Masure E's
| | ki ly g 7~ [FJ*
(cos 26 = 1~ 2 a0.28)




- 141 -

(d) WILSON PLOT PROGRAMME

Using Wilson's (1942) statistical method the programme
‘calculates the first approximate temperatu?eéfactor for use
in the structure analysis. The normal §i¥7—2 zones into
which the reflections are sorted have the values 0 - 0.10,
0.10 - 0.18, 0.18 - 0.24, 0.24 - 0.30, 0.30 - 0.35,

0.35 - 0.42, although other zones can be selected by suitable

modification of the programme. For each zone the value of

Log, ( ijz )

FZ
o]

is computed and printed, together with the number of

reflections in the zone.

(e) PATTERSON PROGRAMME

For the normal order of axes (P.128), the Patterson
summation is performed in the order 1, k, h. Equation VII,

P. 130, can be rearranged as follows:- ;
' j

P(xyz) = ¢ | ; % ) Al cos 21Z. cos ZrAX cos 2wkY
+ ; Z ; Az'si; 2712 cos 2nhX-sin 2qkY
\ o
" z % ; A3 gin.2nZZ sin‘ZﬂhX cos 2wnkY
+ Z Z ;fA“ cos 2nlZ sin 2nhX‘sin.2ﬁkY ].

where the coefficients A! .... A* , having the values'given
in equation VIII, P.131, are computed first and stored on
the drum., Approximately 11,000 positions are available,
which permits a maximum'ngmber of reflections of 2,200,

The first summation over ! calculates the quantities
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1(max)

éik = ZZO A%kl cos 27mlZ

g2, = % A?.7 sin 2nZZ

g2, = ; A}, sin 2nzz¥
- EZk = ; A} ©OS 2ﬂZZ‘ ‘

The Pattersor..function becomes

P(XY2) ='§ [ Z ; sl cos 21hX cos 2mwkY
+ Z ; Eik cos 2whX sin 2nkY
+ ) ; EZk sin 2nhX cos 2mkY
k ‘
+) ] EZk sin 274X sin 2nkY ]
‘The sécond summation over % calculates
. h(mazx) .
Q; = 3 cos 2nhX
kT oLy Chk
a2 = 7§ g2, cos 2mhX
R ZOL hk g
@3 = § g3, gin 2whX -
Kk A hk
¥ = ] 4 sin 2uAX
k % hk

]

The Patterson function becomes

P(XYZ) = % [Z ni cos 2nkY + Z 22 sin 2wky

; Qi cos 2mkY + l Qz sin 2nkY]

2 | . y
T [é(ﬂi + a2) cos 2nkY + }(@2 + i) sin 2mkY ]

The third summation over k calculates
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ki{max) _
pld3 = kZO (2} + 23) cos 2mkY
p24 = 2 (ni + ni)'sin 2m kY

The final Patterson function cén now be written

—

P(XYZ) = Scale factor (pl13 '+ 524)

s

The input data cards must be sorted in the correct
sequence n.X3.X,.X; , which is n.%.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=-

perazine, the input data cards must be re-sorted, and the
corresponding Patterson Codeword calculated, as described -in
sub-section 1(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 f
such as a benzene ring. | l

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
coefficients to be stored, and modifying the drum storage
max - 30, kmax = 19, the
programme was eventually put into working order for

arrangements to accommodate %

" chlorpromazine.
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(£) MINIMUM FUNCTION PROGRAMME

This ingenious programme was devised by Mr. M.H. Linck |
of the University of Cape Town. The meaning of the terms
employed may be best understood by an illustrated example.
Suppoée that in a three-dimensional Patterson function
 (computed over the normal order of axes), a shift is to be
made to a peak at z = 40, y = 60, 2 = 12, The situation

can be represented as follows:-

.2 = 12 section
o¥ 7 60 ¥ .z = 6 gection

]
{
L rl
g
1

N 1;"-_79@5', . p ¥ ¢. )

--3 = 0 section

Chosen peak to which shift is

required on the 3z = 12 section

For the first round,
%

0" is the z = 12 section, i.e. the section containing the

peak,
J! """ z= 0 " " " " containing the
' ' _ origin,
ot non o= 6 " ¢ "* the first section of the
corresponding minimum function,
0*+ is a re~arrangement of‘the z= 12 section to occupy the

. +
position of O, ,
0'+ is a re-arrangement of the z= 0 section to occupy the

ces +
position of O .

For the first round, Patterson values in corresponding
(z4y) positions of 0" and 0' are compared; the minimum of
each pair of values is taken and printed on to a section,
0+, which is the first section of the minimum function
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e - + . . :
-+ (i.e. 2 = 6). The origin of O is midway between the
origins of 0 and 0'.

For the second round, Patterson values of 0" (now

the z= 14 section) and O0' (now the z = 2 section) are
compared, and the minima printed on to a section of Of, which

is.the second z-section of the minimum function (z = 8).

In subsequent rounds, Patterson sections are compared
in 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 in the .
following stages:-

(1) The Patterson values of the section of 0o* are read in,
rearranged to a normal block and stored on the drum
in the correct sequence, e,g. Patterson valueé at
(zyy) = (0,0) (0,2) (O,4) «eees (0,50); (2,0) (2,2)
eeee (2,50)5 eoees 3 (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
complete section of G%, and the Patterson values are
stored on the drum in sequence, e.g. values at (x,9)
= (0,0) (0,2) ..., (0,100); (2,0) .... (2,100); -
eess 3 (100,0) ... (100,100) are stored in 2601
consecutive spaces on the drum.

7
\3) 0"% is calculated by bringing down from the drum the

values of 0  and re-arranging the data to the
. . s +
sequential order required for the computation of O ,

I 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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e.g. if, as in the illustration above, the origin of
ot is at (20,30,6), then the Patterson values of 0 %
will be re-afranged to the sequence (z,y) = (20,30)
(20;,32) +u.. €20,130); (22,30) ....... (120,130).
The Patterson values of O @ 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) The section of the minimum function ot is computed by

. .. 3 +
comparing corresponding values of 0°% and o' s, and the

minimum of each pair is stored on the drum.

s + .

(6) The Patterson values on the z-section of O are printed
and cards are punched if specified. The punch output

permits the subsequent computation of minimum functions

of higher rank. .

l (g) STRUCTURE FACTOR AND R PROGRAMMES

The centrosymmétric Structure factor programme computes the

value of

sin2e/)2?

!

n

§ 7.(hk1) cos 27 (hz, + ky. + lz.de™ "3
3 J J J J
for each reflection, where

Fcal(hkl)

fj is the scattering factor of the atom j,
X, yj,zj are fractional coordinates of the atom j,
B, is temperature factor of the atom j.

For each reflection, the values of %, .k, I,

| [Fobs! - IFcal]] ' sin? ¢
Fobs ’ Fcal ’ Ir | and *—-;;— are
' obs

printed out. When the calculations have been performed for

all reflections, the values of
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7z = 2 lFcall . an
L IE el

ZIlbesl-chél[Iv
LIF sl

are printed out. Suitable punched card output (sub-section
2(a)) provides input for ‘the R centro. or Fourier centro.

programmes.

The above formula for Fcal is general and can be used
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 Fcal
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 asymmetrlc
unit need be supplied to the computer.

The programme must therefore be modified to calculate

the value of

- -B_ sin2%e8/a? '
cal(hkl = 1 fp(rkl) A 7' for each

reflection, !

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 Pbeca and Pnma were derived in

sub-section 1(c).
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The programme modification for Pbeca is as follows:-

- - .. h o,k
By, = FOCK- 25 FO+ 25 Fy . B, = hz --'I+-'I .
B, = ¢ COS (27By) B, = cos Zj(hx - % + é )
By = F1Cy,p = +25 F1 + .25 Fp By = ky - & + &
By = ¢ COS (2nBj3) B3 = cos 2n(ky - % + % )
- _ A h
By = FZCK+2 - «25 Fp + .25 FO By = iz - T + T .
By, = ¢ COS (2nBy) | By, = cos 2n(lz - é + g')
BO = 8 ByB3By BO = A

The R centrosymmetric programme applies the scale factor z,

‘where

Ul -
‘ —cal_ . 1.0, to the output of the

ZZIFobsI
Structure factor programme and then calculates the value of
zlleobsl'IFcall I

= x 100

The non-centrosymmetric Structure factor programme computes./

the values of .

YaAV(nk1)2 + B'(nk1)2  and

N g ChRLY| =
: i
a(hkl) = arc tan B (hki) y wWhere
Al (nkl)

A'(nkl) = = Yf.(hkl) cos an(he, + ky - +Zz.)e'Bj sinZe/2?

cal = 3 J 3 ]

3
’ . -B. sinZe/a2
¢ - -

BY(#kl) = B, = gfj(th) sin 2n(hxj + kyj +sz?e 3

J
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The values of A and Bo are then calculated as

obs bs
Agps = ‘Fobsl cos q(hkl)
Bops = IFobsl sin a(hkl)

For each reflection, the values of i, ky 2, [F | 4 IF_,;1s

Aobs » Bops Acal » Bogy  and
HFobsl-'FcalH . ‘
' l are printed out, and z and R calculated as
F
obs

for the centro. Structure factor programme.

Modifications must also be applied to the non-centro.
- programme for the space group concerned. For P2;2:12: the
appropriate section was written as follows:-

B, = 2nF Cy - 0.5 nF_ *+ 0.5 «F; [B) = 2uChz - £ + §)
By = 2nF;Cp,; - 0.5 aFy+ 0.57F, |B, = 2nlky = £+ £
By = 20F,Cy,, = 0.5 wFa+ 0.5uF [By = 2¢(z = £+ )
" By = ¢.COS (B)
Bg = ¢ COS (B,) | .
Bg = ¢ COS (Bj3)
Byi1= ¢ SIN (B)) ° .
By,= ¢ SIN (By) :
By3= ¢ SIN (Bj) | | ‘
Bg = 4 B,BsBg |
Bjo= =% B11B12B;3
Bg = 4 cos “n(pp - & + % ) cos 2n(ky - % + % ) -
cos 2w(1z ~- % + % ) = A
By o= =% sin 2n(Ax = % + % ) sin 2a(ky =~ % + % ) N
~sin 2n(lz - é + % ) =B
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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 PROGRAMMES

The form of the electron density expression used in
the programmes was derived in sub-section 1(h), (equation V)3
the meaning of the coefficients and the Codewords was
discussed in sub-sections 1(i) and (J). The method of
performing the triple summation, which is similar to that
described in sub-section 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

H

one three-dimensional Fourier of . unit cell was 14} hours.
(All operations on the ICT computer were carried out solely
by the author.) :
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2. INTERATOMIC DISTANCES |

Imel = [(Ka-X)t e (=)' + (Ze-Z% - @

3. INTERATOMIC ANGLES]

A
- Tase Tac = |Tasl vl cos Pape -
- A N
< Tase Tac
Pusc .eod - ———
B T Pase [rasi § Toel|
Tac

(- &b ayb, + ayby + agby)
T Toc = x*s xu + YABYBO +ZMZBC
J(Xa=Xa)X(Xa=Xe) +(Ya~YoX Ya~Ye) +(Za=Za)2s -ZO) | B

I Tasl | Tacl

Lo ¢ABG -

4. BEST PLANES THROUGH ATOMS]

umwamm.oo Yo' R+n'Z +¢

j*()(h‘/. )M.OH&M Ln X+ ZivC f Y MY
Y -Y: -'h\'xb-bon.'zbd-c—Ys

dor olsLoncs = .#c-rdu- Seat flare .

L N » Lotal aer. JG-MMMMW

Bfne U Ly W s Z(M'X +mZitre —-Y)?
L2

x‘(“ h 46"-‘. . %_%"—o > %_%) -%'t'—' = O

W= (% +n'Z, +¢:_-Y,)" + (™! X;-o-w'z,.+c-‘/3)"v-.-.

as:o & "'(‘""xl"' "\-_'z".'c--Yl) x' L Z(M'Xao-w'zl,q-r. Y;) Yzf-..,

- + (' Xy + ' Ty +C —Yn) X = O
3-.,.0" 2. (M'x‘. +n'Z +€--Yo)x .= 0O - (2)
-D‘D\' i (M'XQ. +nZi+C - ‘/.-.) Ze = 0o )
U
%:—._ &2(“ X; +m.Z.,+<.—YL) = O Q)

BY ®m o IBX +» ~=2Z + Nc OR
SXY = mSX24 mEXZ +cZTX C2)
Szy = mTXxZ+ w22+ c2ZZ (3)

Puk X = A < XY =D = x?
2Y =B =VYZ= E 2 2Z*=sH
2z =~ K S Zx -« F
B = mmA + mwK + eN (O]
D g m& + ~F « cA @)
E g wmfF *+* nwH <+ K ®)
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B * A+ K ¢+ eN )
D » mG + ~wF + cA @)
E a mF 4 nH + oK )
MXA ~QQ)XN : (BA ~ND) = m (AA-NG)+ n(AK~ NF) “4)
(XK= ()xN: (BK=NE)= m (AK=NF)+n (KK=~NH) ®)

(4) x (AK~NF) ~ (8) X (AA=N&) : .

(BA-ND)(AK-NF)~ (BK-NE)(AA-N&)

= nJ(AK-NFYAK=NF) = (KK-NHYAA-NG)]

(BA-~NDYAK-NF) - (BK~NEYAA~-N&)

(AK-NFYAK~-NF) - (KK-NHK)(AA ~NG)

! = (ExSY=-NZXYYEx3S2-NIx2)= (YT Z-NZYZYExZX-NZ x?)
(ZxTz-NIXZYTXTZ-NIx2)=-(TZTZ- NI 2>\ TxTX~NZX3?)

- ®

omo=

(0) X (KK~ NH) = (5) x (AK=NF) :
(BA-ND)(KK~NH) — (BK~NE)(AK=NF)
= o [(AA-N&Y KK =~ NH) ~ (AK=NF)(AK~NF) |
= LBA-NDYKK~NH)—= (BK~ NEYAK~NF)
: (AA -N&)(KKk~NH) ~ (AK~NF)(AK-NF)
mt = (ZXZY -NZxYX3232~N72) ~(3v352-N3YZYExZZ~-NZ xZ)
. CxIx —N3Ix)(3232-N32%) —(IX3Z —~NIXZYIASZ~N3IXZ)

G
M e~ (‘): C = B m'A=- 'K .
N ..
c = ZY-m'TX-mn'3TZ
N_ R )
dn Snkinm . Tobritr, A 49ma. of & flane are:
LX + mY+mnZ—-p=oO
L2422+ n? = | }
cg. M'X — Y +2'Z+c =0
equate L = Am! (Am')"-l-(A)‘i- (Aw'); =/
coeffts : [
™ = A(.') Aa =
w = A n! (:”“)14(')"'(""')‘
= A(‘-C = :
a ). AT I =yt
Thaa SOa relaliond Lowkor. L, n,p, andl m',n', ¢ are 1=
= = m! A () (w1
b A+ (m)r e (n)? )

- i+ () e (n)E | o
c /.,./, - (M')"# (.,\')a. v

L
™
v

p
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5 ANGLE BETWEEN TwWo PLANES.]

dot. Latts T P43.

LX*MY-O-M,,Z p, =0 and, La-O-‘m,-ﬁW?.l

LiaX* m,Y ¢ myZ=-p, =0 “ Ly +mls+mi 2
:(Juwodadn%m Lhws frloras, O, MMM‘-‘N\?‘L
S lr. AAir v Sornmdh movralA, M?A—M\.‘z—v

)

Lhe M MW‘# LL;-‘-M.M;O‘NW‘_S + 1
ael MW«.&MM.{ Lily +m 2y 4+ 2 m, = O

cn & = Lilatmymvy+ v,

t 4

b. PERPENDICULAR DIiSTANCE BETWEEN A POINT AND A PLANE.| P43
LL covrds. of e point b X, Y,, Z, ' )
Lot He 2qm. of the plare Corcirmedd bo |
LX+~.~\/+'...z,’peo el L"-O-m +nt =1

D = LX.-c-mY,-rnZ -—p o . . ®
D *W*ﬁ-w(x,.‘/., )Mmqu.«tM—M
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APPENDIX B

DEVICE FOR RAPIDLY DETERMINING THE
LOCATIONS IN THE PATTERSON AT WHICH POSSIBLE
A-B PEAKS ‘- CAN BE SOUGHT

"Master" card

e .-

(l) + 44
First
equivalent
position

z

¥

=

e First quarter

L N I R A >
NN N R e -
O R N  1,']

(2)
Second
equivalent '

. positian Second quarter
-z :
2

i+

EEFFWWWww
NN NN
W EF W FwEwrE

(3)
Third
equivalent
t position
1+
i-y

¥

1z=A-B
2cA+B :
3c50+AeD ’ Third quarter

4:504A-3

W www e F e
£ E W EE LW
P NP NFERD R

(4 A
Fourth '
equivalent
position

H
iy
i-s

* Fourth quarter

o NN
®w®wE L WO &
£ e EwE®E®w

If atom A(l), i.e., atom A in its 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 z, y and z coordinates
of the corresponding A(l) - B Patterson peaks aré represented
.by the numbers in the first quarter of the «-, y-, z-
columns, where the number 1 in the xz-column stands for
Ax -B,, 1 in the y-column stands for Ay - By s 1 in the
z-column stands for Az - B, 3 the number 2 in the z-column

" stands for A_ + B_ , etc.
x %

|
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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 in the same order, the values of the coordinates

of the A(2) - B Patterson peaks are represented by the
numbers in the second quarter, where 1 and 2 have the same
meaning as before,.while the number 3 in the z-column '
stands for-50 + A+ B, and 4 in the z-column stands for
50_+'Ax - Bx s etc.

The third quarter on the master card gives values for
A(3) ~ B and the fourth quarter for A(4) - B Patterson

peaks.

An example will clarify the procedurei- .

Atom A at (18,20,10),

Atom B at ( 1, 8,18),

and the signs of the coordinates of B are to be
determined by the device._

18 - 1 = 17

‘Number 1 in g-column = A = B =
moo mmom = A+ B =18 + 1 = 19
" 3 "™ " =50 +A +B =50 +19 =69 (=31)
"oy Mmoo w250 +A - B =50+17 =67 (= 33)
Number 1 in y-column = Ay - By £ 20 ~8 =12
w2 ww o m A +B. . =20 +8 = 28
wog w58 aa b = 50 + 28 = 78 (= 22)
" y now " = 50 +,Az - Bz = 50 + 12 = 62 (= 38)
Number 1 in z-column = A_ - B, ~ =10 - 18 = -8 (= 8)
"o "™ " = A+ B =10 + 18 = 28
"3 "mo.om =504+ A +B =50+ 28 =78 (=22)
Wy mwm " = 50+A, -B, =50 -8 =42

Due to the symmetry of the Patterson, a peak'at (63,78,-8)
is the same as a peak at (31,22, 8), hence the "master" =
card can be filled in as follows:-



e

(n

(2)

(3)

4)

17
17
17
17
13
19
19
19

12
12
28
28
12
12
28
29

31
31
31
31
33
33
33
33

28 |

29
12
12
28
28
12
12

33
33
33
33
31
31
31
31

22
22
38
38
22
22
38
38

19
19
19
19
17
17
17
17

38
38
22
22
38
38
22
22

+ 4 4+
+ + -

+ -+

P

-t

-t -

- -+

The card now lists the 32 locations in the Patterson at

which A-B peaks must be sought.

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:

i

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 B aré true atoms and the signs
of the coordinates of B are (++-), .

If A and B are true atoms,
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"Coordinate difference" cards

>
n
©
-<
"
o
O
~N
"
)]

N
w
»H
N
w
»H
N
w
»H

~
(=]
N
o

=
o
=

(=

=
o
=
[+

30 30

-
©
-
©

32 32

30 | 3’ 28 | 32

o
o
N
[~
-
@
~N
N

28 36 26 3u

.
=
~
@

24 36

-
~
~
£

26 38

o o £ N O
(=
£
N
N
® o £ N O
-
o
~
£
® @& £ N O

24 40 22 38

-
[=]
~N
]
-
~
~
©

20 uo 10

e
Q
w
Q

28 22 42 10
30 20 4y 12 32 18 42 12
32 18 46 1y 3y 16 4y 1y

s | 16 | us 16 36 | 14 | ue 16

@ O &£ N O N & © ©
~N
(=]
w
(=]
[
o

14 50 18 38 12 48 18

-
Q
w
Q
~
Q
=
Q

38 12 48 20 10 50 20
40 10 u6 22

4y 24
43 25

-
©
N &£ N O N 2 O o
w
o
thE N QO N F O e
&
o

&
~N
-1
&
&
wno [--3
£
1.1}
~N
£
-
&
{7
&
[
-]
w
o

, In order to further expedite the process "coordinate
difference" cards.are prepared which automatically assign
values to the numbers 1, 2, 3 and 4, so that the twelve
calculations for Ax - B,y etc. need not be done.
The x "coordinate difference" card shown above gives
the values to be assigned to the numbers 1, 2, 3, 4 in
the z-column of the master card for two atoms, one of
which is situated at z = 18: e.g. if the second atom is
at x = 6, the numbers 1l-4 must bé given the values 12, 24,
26, 38; if the second atom is at x = 22, the numbers 1-4
have the values 4, 40, 10, 463 etc. " If the second atom
were at x = 21, the corresponding values can be readily
interpolated as 3, 39, 11, u47. 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 éctually made out for an atom at
(18,20,10), but it soon became plain that a set of 14 cards
would give all the Patterson values required for insertion

in the "master card" for any pair of atoms.
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The application of this device is thus extremely
simple:~- firstly, the equations represented by the
numbers 1l-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
ﬁfactice, 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.
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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 peék 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 6 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 caliculating normal-
ised values of I as a function of A, and not 8. The direct
readings obtained from thefgraph are values of I and 6.

The interplanar spacing of the (5,2,0) planes, d, is

calculated from

A o
2d = Mo(at & maxz) _ 5.4 A

in 6
S Cnac

and this value of d is 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

3
’



O

- 169 -~

R A
norie. ’ 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 In against A would now be the same as the

orm.
graph of any other peak, because at the maximum point the
ordinate has the value 1 and the abscissa has the value

A = .70926 (= AMO)

i.e. a generalised peak profile has been obtained.

2. The sharpened Patterson function
(Sections B10(d), p. 33; - C10, p.70)

The Patterson function,
111
Pluyo,w) =V | [ [ ole,y,3)ep(atu, y+v, z+w) de dy dz
00 o
=71 1] IF, 1% cos 21 (utkv+iw) (1)
h kL '

may Pezshagpened by the use of the eprnential function,
eB sin /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 » than p(r) were sought, and the gradient

Patterson function, Q(u,v,w) was chosen, where

V plx,y,3).Vo(ztu, y+v, ztw) dx dy daz

{

O Y -

£

0 Y

Qu,v,w) =V

where the gradient operatorf is

Tcondon & Odishaw, 1958

e ¢



S ® 3 ® 3
vV = —t — —_—
¢ = b oYy ¢ 3z

The usual expression for p(x,y,2) in terms of Fth reduces
Q to ' A

1672 2 Z Z sin? ¢
v h k1 22

Quyyww) = [Fth]Z cos 2q(hutkv+iv)

(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{y,yp,w) with a
normal sharpened Patterson function can be chosen in which
positive regions of P(u,v ,w) of approximately the right
fmagnitude correspond with the“negati&e regions of Qu,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 Qluyv,w) + B Plu,v,w) - (3)

where P is the usual sharpened Patterson function,

Q is the gradient sharpened Patterson function,

and A and B may be chosen empirically to give the
best sharpening while decreasing the negative regions

around the peaks.

L4
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Values for A and B of 1 and (16 s2), respectively, were
selected. The IFthlz were the usual sharpened coefficients

(Spencer & Lipscomb, 1961):-

op) o0

F; eB sin2g/ )2 .
Fred? = - | (&)

)2

where f is the unitary scattering factor (Lipson &
Cochran, 1953, P. 64, P. 153),
and is given by

P il
L2
1

Combining equations 1,2,3,% and the chosen values for A

.and B leads to the equation

\

2 F
Pl < 22y (st 1) Ce
V. rkil A2 6 (f)2

cos 2wlhutkv+iv)

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 néighbouring
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 al. 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 @ increases,
the decrease in the atomic scattering factors for heavy '

atoms is less than for light atoms.
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Note. In the main text of this thesis. (pp.70,71), the
unsharpened and sharpeéned 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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