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PREFACE

The rather general title ?Studies in Crystal Structure!?
is gliven to this thesis because it embodies the results of
*.investigationé into two somewhat dissimile aspects of
structure determination by xeray crystellographic methods,

The introduction contains details of some less usuai
techniques which were used and also some comments on mqthbds
and theory. ‘

The second part concerns investigations into the
structure of the disordered crystals formed by tris-
~ (methylsulphonyl) methens.

The eiucidation of this structure was complicated by
the disorder and necessitated the use of methods which
would nct ordxnwrily have been raquired had the structure
been ordsred.

The third pert details the results of some preliminary
investigations in sesquiterpenoid structure and the '
determination of the crystal sﬁruﬁturé of the alkaloid
calycanthine. Although preliminary work bn calycanthine
utilised the technique of ‘gemeralised projections,® the
final slucidation of the structure resulted from the use:
of three=dimensional data and the e'I-xeaavyv'e==.sai',¢nn method, * a
- technicue which has become 2 standard method and which ~
stems directly from ﬁobarnscn and Woodward®s work (19379
19&0) on the phthalgeyanines,







THE SUIMATION QF FOURIGR SSRIES IN TRIGONAL SPACE-GROUPS

In space groups posseseing 3=fold and 6-fold axes the .

ralationships among the indices of reflexions ﬁhose
intensitias are equal do not permit the ready derivation of
formulae suitabis for tha calculetion of Fourier series dn'
digital computers, The Rollet Fourier program, which was
used during the work to be described later, cannot calculate
the cooffieienus end formulse necessary for the uniqua set
of intenaieies in R3e.

Accordingly_the raflexiona were referred to a non-
primitive cell of orthorhombie dimensions but menoclinic
symﬁetry for which the Rollet progyem could be used@ Thie
cell has sctually Ce symmetry with the 8 axis unique. This
raﬁhsr unususl cholce wes decided on in view of the fact
that it is desirable to hsve the g axis as short a8 poséibla
for efficiency in the Rollet program snd alse that ié seemed
appropriate to have sections parﬁendiculaf to the 3=fold

)

exis and the Rollet program ealculatas sections parpendicular

to ths £ axis,

The naw cell is shown iﬁ biguru 1) and the aquai

1ntensities in Figure 2). It can b seen that the reciproeal

axis a 2 is a 2-fold axis and has s mrror plane perpendie
‘eular to it, thus the Laue symmetry is effectively 2 / m, -
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The equations connecting the new axes with the old

ares-
4y = &
b, = a; + 2By
°~2 = | elvl ’ . T o T T T s 3
and the old with -the new:e B ©ow e g
8 = 8y

"8y *ib;
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- Thus the two transformation mstrices, as in Inter-

nsﬁipnél Tables 'fcr Xeray Crystallegraphy (1952) Volume I

page 16, ars.
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-~ O ©
© % w
© ™»» O
“ o ©

~The t.mns!'omation for ind:leoe is the same as the
cransfonatioh for axas,

£»



3.

The twelve squivalent reflexions for R3e, with the
appropriate reciprocal axes sre shown in Figure 2). The
indices are es for R3e, where 3 1is the conventional fourth
index in hexagonsl indexing; given by i =~(h + k).

Wit éhe new cell we can state that
| Fke) = 1Frizl = IFnil |
reducing the twelve=fold set to three, Further reduction
does not luad to simplification. The problem is then to
generate irith appropriate phase factors, the two extre
isfloxiom‘ negessary,

. As tisre is no changs of origin there a_mb vno changes
© 1n phase to be considered and the cslculation of phases can
be done with the original indices, Reference to the
diagram indicates thet reflexions k,h,1, and 1 k 1, should
be ghnerated from h' kl 1’ as it is desiradble to have as few
indices which vary in sign as possible. This choice
ensures that h,, k, are positive and 1, can be poaieive or
nogluvc except that, when k, ) h , k, will be negative for

-— e o»

t.k,l Hence in this case one should generste 1 h 1



Thus we have the table,
k,{ b, » k, Y h,
h k1 — hhe2X,1 hkl
k h 1 — k,ke2n,2 khl
1 k L+heksjhe kgd Shl—hek,Kknhyl,
The épprnaeh actuaily used was test k, » h, and, if so, to
generate k h 1 with appropriate A and B, replace h k 1 by
this and ecarry out the rest of the transformations.
Reforence to the structure factor expression shows the
following relationships smong A and B,

L oven Lodd

A B A B
hkl ' & : &
khil * - ” e Py
ik} @ & - -

A basie progrem wis writton fer the computer "Deuce’
to carry cut these gperations when uupplied with the results
of @ at:ixetura factor eéalculetion in"spacaegt‘cup R3e en the
unique set of reflexions. The extva roflexions are
generated and punched on to.cards Of the same formet sa the
input dats. The program also allows for the fact that the
multiplicity of reflexions h00, hO}, Ok}, 001; hhO, is less
than tvelve by omitting to celeulate certain combinstiens
where nscessary. Although the program ie only designed for



spaeg=group R3e it eouid be modified madlly for o&hax’
trigonal space groups aud,G accordingly, is givem in ﬂow
sheet form following this discussion,

The speed of the program is semewhat lese than the
punchospeed but of the order of ons esrd a seeond output.

-
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ELECTRO!\! i)&NSl‘i’!’ EXPRESSIO?@ FGR ORTE{(J}{EXAGOHAL

Referred to the indices of the orthohexagonal space
group, the refiexions we wish tc consider sre h2 k: 119

- Vo

hikl, hki

The R3e reflexion corresponding to h k1 is h i1,
and reference to the structure factor expression shows that

Ah‘ﬁ = "hkl for | even Bhﬁ = - 'thkl for 1 even

s hy, for 1 odd = B for ] odd.
and, of course, as always ‘
Apki = Anka By = = Bha

Starting with the usual electron demsity expression
and dropping subseriots on indices,
F(:"éz‘) s Y ZZKE“ F‘;\kt ex? -2 (hx fka&lz)
Using cthe trigonometrie fexrm of sn expaazensml and

-~ = G

eliminating h k 1 and therefors h{ 0 we have

plxy?) 2 2 5 zqt By q cos 20 (e +k3+27)+ %,, smﬂ(hmkylz)

%S
% 2 @ N
= _3_; 2 g 1 Qm‘ttcds:l’?(hxckﬁa‘lz) + N’in(‘\i— '22)]

4 Bt Lsmn 7w (&:rf ké 1 12} - sm W (hx- "3-1«25“}-

lodd
+ (Q wer O cos?ir(hx 4&34.'22) ~t osﬂf(hx - lcm -22)]
+Bs,g1[s;n'ﬂf (L.x 3 !r:y?,zj + s;n ﬂ‘(ux - k:s.lzi} .



1¢ evewny

... P(m ‘(‘32) = —%-6 Ek?kzﬂr H“K.Ltcos LM cos Q'Tr(‘cx?_zﬂ

0 -0

4 %hﬂ(:m.s MWhx s ( k3+'lz)]}

10dd
1+ { _.Ahm['s;n 'l—h"ﬂx 5‘m'2w(k3422)]
4 Bhkl[s m T hx cos'f“‘( kaﬂb]}.
J oz [l
= —-\Z E“;i'iz?‘ A e € Thy ¢ osﬂrkawslﬂz
_Qhkl oo T hx s 7?’*35“'\7}22
4 Bl\u (og)%k')( SMWLA Cosﬁlg
+ Buxg cos2l kfx cos 2N I:BSWQ}?.;}

4 {if‘ S'M sin T by s.L,zméwJﬂz
—Pheg, 50 Arhog 07T ";3 swlll2
4 Bukt sinTWhoc cos 7T kécos?ﬂ.z
= Biig T sind kxmlz}



7.

GENERALIZED _PROJECTIONS

The method of generslized projections has been found
useful for the derivation of the third ceordinate in
‘structures waere only one zood projection is avallable and .
| also for the rasolution ef o?earlapped projections where the
 overlapping moiscules are separated by a rational distance.
Dyer (1951) sad Cochran & Dyer (1952)).

It wes aiso spplied by Fridrichsons & Mathieson (1955)
in & very elegant determination of the structura of & complex
organic moleculs without the use of full three-dimensional
_ dats, _

The principles of the methed are detailed by Lipson
& Goehran ‘1953)0

In the general case wa have,

P(‘x 32} 2%2__%:2 th:t exp “2Tri(h=+ k:‘-a—tz) 1
The gensralized projeetion of this distribution on a plane
perpendicuiar to the g sxis is defined as

£ (z:) = CJ f)(:caz) exp Camrilz]d =2 —_—2
where one wishes to use the hk L deta.




-1

Substituting for P {xxyz) from 1 and using the fact

het §exptcn (L-Tdz =1 uhen L
= O when IL#L

L= K IIFew)exp -2 Chx sky)]
Hows, Fhkl s Ahkl ¢ i Bhkz snd making a3 corresponding
definition for P (xy) we have,

Ph(ji.b\ =CL(:( 3)+L5L(3C‘;9 —73

we have,

Thus we obtain from 3,

CL (= 3) = -#- 7z HhkLcos ZTr(hxdt@ + BhkLsh’l’“'(hx +k:p 4
S, G = £ ZZ By cos Wlharky~ Ay sn2Mlhaxaky) 5

A 'modulus projectien® (sfter Fridrichsons & :jathieson)
may be evaluated which is eqﬁivai.ent to the normal slectron
density projection and this can be compared with the normal
projection with a view to finding sreas of density which are
commen te both, The rationele kire is thut errers in the
two projeetiens are unlikely te be the same and common areas

of density are less likely to ba spurious,

?ha modulus projection may be defined as

/O = ‘(CL *‘Szﬁ

The comparison with the uaual projection can be done
by the Buerger °minitum funcﬁiem or similer functions-



A very useful preperty of the generalizsed prejectien,
as mentioned sarlisr, iz the determination of the third

coordinate of atoms in & projection,

This follows from the fact that the height of a peak
in C_ and S, is prt»port;ion;al to Cos 2ML2z end sin2NMLz
respectively. It follows from this that pasks ean be
posﬁw or negative and thus a decision can somstimes be
made as to 'which atoms belong to each of two overlapping
molecules at different heights. In Cochran & Dyer's (1952)
wm-kf9 there wore two moleenlbh of diglyeyl g’iyeim‘ échyl
ester hydrobromide at mlativo heights of O and §, and, in
the C; (yz) pmject.ion,,, the atems of one molecule gave
positive peaks and ths other negabi.ve ones .

If one mskes use of the fact that, with apherically
aymaetric a’i;emso

F";kl. = C (Mex?-?ﬂrg(kx'bkg

Substituting in 3 and using 38 we have

L Gey) = z Gy, (=, 4-43) cos2W L2

SL ('X‘g iﬁg('x ~Xjy 4" apsm'I’T\.z

where oy (x = & 2, 6 (nkD) exp-2M(bx s k)]
Thus from the ratie g’ﬂ we cen determine cot 217L23 and

-
hence zj.

9.



10.

APPLICATIOR OF GEKERALISED PROJSECTIONS IN P212! 2y o

The c“ and SN funections can be derived as folicws, It
]
might be as well to show that j‘ exp-ﬂ . (‘\~H)sf-d:x
. o
is O or 1 depending 6n whether h X K or h =H respectively,

[erp -G (orp-MilO)uda =1, if M

Soéas 2“'@-—‘-!)7: -1 5'0"2’“("~"0x)¢\3( ,' ,rt, =4
.L._.Tb {:s;n 'I‘W(\\«H)x +¢05 ML.-H),;]:

- h-H) T
= 1 (sm TW(‘MH) 4t (oﬁma\“’“) "’L]

- 2R (h-H) )
=Q, as (‘--H) 15 2q 'm‘caet.

tt

1]

1 )

' - o sep =2

Ve may write ,oHC}z) = Hb?*:Z'l @ep (k~3¢ 'l'z).
Then G = .}5 Eﬁg‘ [gnmcossz(kA+ 1)+ %:;in Tﬂ‘(ks+1?)) )

Sz 35 [Bugs 2 (ry o 12) - Aoy )

For F2,2,2, ths necessery rolationships among the
phase angles for reflexions possessing the same iusénéity
are -as follow cn the next page. ’



h ¢« k {even
k ¢+ 1 {even

{even
{ odd
( odd
{even

(oad

And thus the corresponding signs to be attached to A & B

are

h ¢ k (even
E + 1 (even

{even
( oda

edd
sven

{ o

hki hkl hkil hkl

+ e of = o + of
s TMea Neo o
rof e TWeda Toax
+ o Me = e o

hkil hkl hkl hkil
A B A B A B A B
< L [ < e L

L L4

% -] C N L] < > ]
4 <& % o L4 < L o
< <+ o & & L] @ &

Then for h « k even k ¢ 1 aven

C 3 EZ‘],{F) [o:osﬂf(k 342}&0527(4«5412) +eosTB{k X‘l ) + (057} l?)

+Bm[s;mifkyﬂ-5'nm(~* *11)~5'm(“3-12)'5"'m *r 'lb].}

3t P Les (k4 12) s cos Ty 1)

25,
[o )
%E\:—‘l Q cosf’T ktcos'ﬁflz.



-t

12,

S Ekig{ Cos'fT(k y'b)—wsﬂﬁ# 47,7)-(05276‘3-1):,@527( k .b)
- ﬂ [sm Tr{k. SQ’D-; sm'f\[-‘*g?_q)-f Smﬂ(k«a ’l::)qsgqﬂ"( kg-llz)]}

= “ Eﬁ‘y B&’ [.Cosf.f"(k:yllz)- cos 21 (k\s—-?.b]
e % SKIL Bﬂkl sin 'l_'Tkubsm M2 .

Similar].y for h e Kaven g k + 1 edd 5

H = “'Aﬁsm2n'k"5m2n'£2 , SH = ABcos?Trkacosz'ﬂ'lz

Farheslcedd k 1 eveny

Cu= AB sin2Mhycodlz; Sy ;L4n¢osam<3 a;nn‘mz,

For h e kodd, k + 1 odd,

Cu= 4B cas'l-n'kasm'l’?lz > Du=—~47 smlﬁkaws’fﬁz

combining these, using the symbols o and e for odd and

even we have:o . -
. . u’ A ) |
C = % 2:;: 1 [;05'2.’;1 k\é(ﬂ:,:cos Mz + B::::‘L Smfﬂ"'lz)-k

131

sin 2T kﬁ< Boe cos 2T 1 ~ Q”'s{n 'l’h"l'l)] .

M % %Z‘ (eosky (B2 cos Mo ~ Al 5 vlz) -

H

sin -ﬂkb C b:;sm 2 + Hﬂktcaﬁﬂz)],

This is @ suitsble form for calculstion with Beewars.
Lipson strips.
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THE OPTICAL DIFFRACTOMETER

This deviece which has proved very useful in investigsting
the disorder in tris (methylsulphonyl ) methene originally was

used by Bragg as what he ref‘erredtoaséh "Eeray mi‘ércs'copso"

In this case the opticel transform of a weighted
mciproeai lattice, when all phases could be assmﬁe‘d to be .
the ss'mé {a heavy atom at the origin} was used to produce

directly a picture of several unit cells,
Later developments were due to Lipson & Taylor mainly.
The apparstus is shown in Figure 3).

Lighﬁ' from the high pressure mercury lesmp A is focussed
via lens and prism on to pinhoié¢ B, The 1light is filtéi-ed
to produce nearly monochrcmatic light (yellow, ) £ 5790A )
The pinhole B then acts as a nearly monochromatic small
source (radius variable; usually 25 M= but 12k and 6 M
available }. B is at the focus of lenms _1-1 which thus
produces parallel light. The Fraunhofer diffraction
pét.tern of an object placed at 0 is thus produced, This
is brougit to a focus by ]_'._ens Lz, vie a surface silvered
‘mirror B, in the focal plane F, of microscope Go A

16 mm, camera may replace the microscope,



Figure 3.



NOTE. "Fraunhofer diffraction® corresponds to a light

source at @ grest distance or else to diffraction by 8
source whese light hes beén made parallel by a lens
system, Diffraction by closer sources is "Fresnel
diffraction. "

The Fraunhofer diffrsction pattern is essentially a
Fourier transform of the object placed st 0, Thus

optieally, transforms of molecules represented by holes in

opague maska may be obtained readily end such transforms

éan be compared with the reciprocal structurs of a crystal

in order to determine molscular urientetion. It should be

pointed out that, if the structure does not possess 2 centre

of symmetry, the transform is complex and the optiesl
pattern is the modulus of the trapnsform:. If a number of

molecules ars arronged on a lstties, the transform

cerresponds to the rgciprecsl structure and can bs compared

with, for example, a precession photograph.

Ansther way of regarding the diffractometer is from
the sphere of reflexion stend-point ;wice Lipson & Tayler
(1958). The units in a reciprocsl structure can be
essigned 2 volume; &s opposed to the reciﬁroeal lattice
which s, of course, composed of points.



Tha Ewa1d consf?ﬁctibp forfisray diffrection shows
thst only those units of the reciprocel structure which
lie on the surface df the reciprocal sphers, radius 1/A
are cbsé%wahmuo However if A is smsll enough compared
with the object, the reciprocai of the object can be totally
within the sphere, The intersection of the reciprocél
structure end the sphere is thea equivalent to a plaﬁﬂ
through the}origﬁn of the reciprocal structure and thus any .
one setting allows exploration of & plane section of thg
reciprocal structure. This happenég for example, in
electron diffraction where any one setting will plve 2 single
erystal diffraction pattern { A oeosz) and is also
. equivalent to the situation in the opticsel diffractometer
(radius of reciprocal sphere is Ceo Kgbﬁh i.e. 1,6x10ca:
and the reeiprocal of a typical diffracting unit is

ca. 1 en, )o
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This computer is designed to berform two=dimensional
fourier summations by means of the additiog of suitsbly
gesnerated slectricsl potentials, The amplitudes of the
terms for a fourier summaticn can bz set by means of
rheostats and; once the coefficisnts are set, the summation
is practically instantaneous; the results being displayed
on a television screen in the form of a contour map with a

superimpoased grid.,

The machine was described by Pepinsky (1950) in the
report of the first conference on I-ray computing methods
and the phase Problem and has been operating since 1948,

The machine can also be used to produce sections of a
three-dimensional foﬁriér summation by performing an initial
one=dimensional summation, for each section, on a digital
computer, and then using the results of this for input to
X=RAC,



CAL COMPUTER FOR F

RUFUS

THE _ROBERTSON DIGITAL

MECHANT

This device was used fnirly extensively in the two-
dimensionsl work to be described in the thesis, It was
originally described by Robertson in 1954 and the machine,
as built;;embodies simplificotions cutlined by Robertson
in 1955,

Descriptians of the machine sre given by Robsrtson

| (1960) in 2 paper delivered at the Conference on500mputing
Methods ond the Phese Problem in Xeray Crystal Analysis)
Glasgow, 19600

The basic ides is that the appropriote sine and eosiﬁs
functions are generated by means of suitable gear ratios,

the emplitudes are generated by integral revolutions of

17.

driving shafts end the resulting digital summation performed
by differential gears. The output is by meens of revolution

counters,
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NOTE ON PEODUCTION OF OPTICAL INTERFSRENCE BY INCOHERENT
SOURCES.
ref, Born & Volf (195G} PFrinciples of Optics. Pergamon.

In generel the variaticn in intensity in a single beam
of 1ight may be described in terms of changes in the cross
sectional area of a tube of rays. Yhen two or more light
beams are superpcsed, the distribution of intensity can no
longer be described in such a simple mamner, The intensity
may vary from point to point such that we may have masxims
which exceed the sum of the intensities in the beams and

minima which may be zero.

In a strictly monoehromatic beam from a sinple sourece
the fluctusations of amplitude and phase are strictly
correlataed i.e. the lirht is c@harenﬁu However light
produced from a yeal physical source is néver'stridtly
ﬁanoehromatic and it can be seen {rom atomistie theory
that the amplitude and phasge undergo irregular fluctuations
much too sapid for the eye or sn ordinary physical detector
to follow, The fiuctuations from various parts of a finite
source may be correlated partially, the correlation
depending on distance apart of the elementary radiastors
1,e, the atoms in the source, Such light is thus
partially coherent, The radletion from twd separate
sources is completely uncorrelated and the iight is thus

incogherent -



19.

Elemsntary interference theory using perfectly
menochromatic, coherent lipht shows that the interference
pattern depends on phase differences between beems, Thus;
if the relative phases of two beams change; the positions
of the maxima in the interference function will shift and
this implies that; with incoherent radiation, although in a
very smell imstant of time. there may be interference, the
interference pattérn'will effectively be smeared out,

The facts that two sepérate light sources do not give
interference and that light from a single #mall 8S6Uree, . &,
a pinheleawhen divided into two or more beams does, were of
course noticed esrly on. The production of interferenee
wes one of ‘the arguments for the wave-nature of light, It
is however only rgcently that a rigorous theary of opﬁical |
interferencs by pertially coherent lirht has been worked out.

Most textwbooks when discussing interference use the
concept of coherent light and it seems profitable to discuss
the quésticn of real sources further as the fact that real
light sourees are incoherent radiators seems generslly to
be avoided,

. For a real source the important point is that light from
such a source is partislly coherent and the degree of
coherence may be correlated with the breadth of a spectral



iine. The anelysis is dus meinly to B, Wolf (1955, 1958).

The most important conclusion is that where suitable
definitions of time averages sare teken the following equation
applies

ATAV~ ) where AY is the coherence time
AW AV is frequency spread

in a spectrel line,

The arguments for this deduction are similar to thoss
used in the derivation of the Hedgssenberg uncertainty
principle, The important concept here is AT which may
bs regarded as a short time interval in which the light
from & real scurce c2n be regerded ss ccheirent: The
equation thus correlates this time with the observabie
frequency spread of & spectral 1ins. [t follows that, in
an interference experiment, if the path differences bstween
interfering beams are such that they are much less than the
coherence length { « C AY ) optical imterforence will be
shown, Providing that this condition holds (which is true
for most interfercnce experiments with the interference
taking place at a large distance from the light source)
all that must be considered is the degree of coherence

available with a given finite source under the experimental
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conditions.

An ivteresting development in recent years has been the
laser producing & beam of almost completely monchromatie
Iight which it follows must be almost completely cbherent;
so that we do now have natural sources of coherent lipht and
in fact optical interference from separate sources hés

recently been demonstrated.

' The first investigations in the theory of partially
coherent light are probably those of Verdet (1865),

Through the years the names of Michelson, von Laue
and Bevrek have been associsted with work on this topic.

A new stage in development came in 1934 when vén Cittert
determined the joint probability distribution for the light
disturbances at two points on a scraeﬁ illuminatéed by an
extended primary source, In & lster papﬁf hé determined
the probebility distribution fer light disturbances at anﬁ
- ons point st two'differehz instents of time,

Zornike in 1938 used a different approach and determinsd
a "degree of coherence” in & mamer reéiated to ekpérimenta
The appreaeh, aithough simpler is for most purposes
equivalens to van Citvert’s.
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The theory was simplified further by Hopkins (1951) and

applied to the study of image formation aund resolving power.

Further and much movre rigorous development is detalled
in Jolf's paper of 1955 and independently by BlanceLeplerre
& Dumontet {1955},

An important consequence of what may be called the van
Cittert-Zernike theorem is the determination of the diameter
of the circular avea that is illuminated almost coherently by
a quasi-monochromatic uniforn source of angular radius o i,
which is 0516 ‘ﬁ/c{ » This theorem assumes that the path
differences are less than the coherence length, A
departure of 12% for coheremce 1s teken as Ghe minimum

acceptable valus.

Wolf and Born consider the optical diffractemster on a
basis of this theovem for two pinholes ir the mask, The van

Cittert-Zonike theorsm shows that the degree of coherence

2 Js (V) ei-'\l’ . wkgre V= %\tr/é-«l("r.xa‘)n(m"@*

fa - (22

.3 ) a@ .
and '\r = 2W (K,’@Yf)"(x:i-\f:)
A 2R
and L is the source radius, R the source distance, and
X, Y the coordinates of the pinholes, J.. is the Beasel
function of the first kind and first order.. ‘
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One implication éf this is that the degres of coherence
will fall to zero with increasiﬁg distance apart of the pin=
holes and then rise again to a small value, This is a
consecuence of the shape of the Bessel function, The
effeets are brought out well iw a paper of Thompson &;Wﬁlf‘
(1957) where photographs of the appropriate pinhole tranforms

are shown.

One further comment is that it i{s interesting to thq;v
auther, that, although opticel interference by natural A5 ght
sources has been demonstrated over a period of centuriea ih
~is only very recently that the subject has been treated

prigofaus?

APPLIcAm@ao:PAR TIAL COHERENCE THEQRY TO XoRAY DIFFRACTION

a) AT AV Nzﬁ'

for Cu Ko ; = 1542 , A = 0:00060 A
CAY.AY ALA) Ll ghec
< zo AT Ao Ax

AL ~ __?_C_ = "54'22____ = 3[25
ATMAN 4 X0 00060
Thus path differences in an interference cxperiment

wit.h Cu K radiation should be much less ‘chan 300A for
true interference,



d = source radius
A‘ ' | 1a a = half distance between
R /L plnholes in optical
Source Crysh‘ R = source to object distance

Assuming that we only consider the strong and essentially

_parallel beam produced by a collimater, we can consider the

source as the same size as the pinholes in a collimator,

‘Path difference to two extremes of diffracting object.

=P-P, =(R4W@Y]3- (R (-]
[Q2+d*+a +2ad] [ R dhat-2 ad]

[(\4»4’*3 +2a<4) (1 +d4al +2ad) }

1]

1"

Rl
% R[& +d% aJaA -] —d%ai- ',Zadw

2R ZR‘ "

7 R. 4ad lad
2R
Taking an average size for a crystal gozsaic unit of 3 x 103 A

Source radius 0.2 mm ¢ AP = 2x02x10'x3x10° = 12H
R i ]Ocm. 10°

Source radius 0,5 mm: AP : 30 A

These obey the condition that path differences should be much
less than the coherence length.,
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¢) Diemeter of circle of coherence for X-rays.

Using the formula 0~.l6 A
¢
we have for a source radius 0,2 mm and at distance 10 emg

diameter of circle of coherence = Q-{o6X l-542><l0q
2 X108

= I'Zﬁf\ ’ for Cu Kor Xecadiakion,

Another consequence of the van Cittert - Zernike
theorem 1s that mutual cohsrence falls to zero at M_ and
) o) &
therefore two scattering points 468 A apart will have gero

coherence.,

This is considerably less than the usual estimate for
mosaic block size vis. 3 x 103 2, The usual calculation foxr
this sizs assumes coherence ratios of 1 and it could bs
enlightening to evaluate the integral expressing propagation
of coherence with the trus coherence ratios, The integral
expressing iatensity at a point Q from diffraction by &
series of points (due to Zernike) is as follows

1) |50 ey o) k) A, NS4

AA

for the conditions as in the diasgram

A is the arbitrary
surface on wnich

E}P: 119.

—> -
ocideat radialion

-—ew e e ae we e = > w

P R
ald
&




J\.is an inclination factor,

In effect the intensity is considered as a summation over

all pairs of points Pffé allowing for the echerence factor

As an experiment a linear set of diffracting objects

o
10 A apart was censidered on a basis of the above ecuation,

°
For a 1line 400 A long and Cu Ko radiation,

Q being ca.
5§ em., away.

%%&ensity at %, assuming complete coherence o

0
For a line 470 A long, = 0,78
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NOTE ON THE PRECESSION CAMERA

khile the precession camera is much used in crystal
structure investigation, there is cae point cenecernmed with
the angles neasured on the azimuthal circle which does not
seem to have received much attention mainly because
determination of triclimic cell dimensions on such a camera
‘has not been very common. It has been assumed fairly
generally that the angle measurcd, en the azimuthal
eircle, batween two reciprecal lattice zero layers, is the
appropriate reciprocal angle. This is true for symmetries
of menocliric or higher but is not true for triclinic systems,
i.e, in general and, in fact, this angle 1s the cowplement
of the appropriate real cell angle,

2 % ok
Thus the angle between [a b) and [a e] measured

*
by rotation about a is (120% = ol ),

Since [a.*b*} L c  and [a*cz*].l_ b , the dihedral
angle between the planmes, which is what is measured on the
camera, is the complement of the angle between the plane
normals C and b 16, 180% = o | |

%
In the momoclinic system o = 180° = X but this is
not true for the gensral trieclinic cass,




PART 1II

~

THE CRYSTAL AND MOLECULAR STRUCTURE CF TRIS

(METHYLSULPHONYL) METHONE,

S
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INTRODUCTION

Bafore stating the reasons foy the investigation
it should be pointed oub that an ethyl analogue of tris
(methyl sulphonyl) methane exists and, for reasons that will
become evident, the most loglcal way to undert&ké*the
structural determination might have been to detqrmine the
ethyl structure first, However, when the investigation
started the ethyl compéund had not been prépafed@and, in
faet, crystals only became available towards the and of
the work, |

Tris (methyl sulphonyl) methane has the formula.

CH,
Ck§é¢;C)

H
C

Wedl g’\CH3

o
The conformation about the central carbon atom
has been investigated by Gibson (1931) and Bohme & Marx
(1941) by chemical methodso In both cases the results
were inconclusive, Certain papers by Doering et al. |
(1955) had suggested that there might be some:poésibility
that the compound might have a planar-centra;-configuration
rather than a tetrghedral one but there was some doubt about
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this, As confirmation of the suggestion of planarity was
phe fact that ﬁris (methyl sulphonyl) metﬁane (hereafter
referred to aé'TMSM), is, although only sparingly soluble in
water, a fairly strong acid. It was thought that the
decrease in overlap due to a planar configuration would
decrease the stréngth of the central C-H bond facilitating
release of the hydrogen. Samen (1936, 1941, 1942, 1947)

in his investigations on sulphones has reported that tris
(methyl sulphonyl) methane has an acidity in aqueous solution
indistinguishable from HC1,

PREPARATION ETC,

Gibson (1931) pfepared the trisulphonyl methanes
in order to inveétigate a suggestion of Frankland in his
presidential address to the Chemical Society (1913) that
’optical activity can be preserved in an asymmetrie

system becoming ionised at the central atom’,

The various compounds were synthesised by the
method of Brooker & Smiles (1926) involving the introduction
of an alkyl ﬁhinl group into a sulphonyl acetone,
RSOZCHZCOCH3Q
sulphonic ester RS0,S - Alk derived from the same sulphonic

It is apparently advisable‘to use a thiol

acid as there is evidence of interchange of asozo
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olysi s dation XSO
X - 50, = CH CO{H, WYIrolysig yso, cp, OXAGAtion, ™ o™ oy
s ‘ ¥s0,.~ F2

(1)

The disuiphone (I) is recondensed with fresh
sulphoxide and oxidised to the trisulphone.

XS0 XS0 H ¥S0 H
2\(}H —— 2\\0// e} 2\\0//
1’802'/ 2 *f;sog/ s xsoz/ \soz

The resulting trisulphones form salts very readlily

but optical activity was not detected, Although they are
strong acids, the trisulghones are only slightly soluble |
in hot water and do not crystallize until a few drops of |
strong mineral acid are ahded to the solution.

The erystals will melt under pressure above 250°¢
but, in fact, start to sublime slightly below 200°C.

PRELIMINARY RESULIS

Crystals of TMSM from agusous solution take the
form of colourless needles elongated along the 3-fold éxisa
There is pronounced cleavage parallel to the needle axis
which makes preparation of suitable specimens for x-ray
investigation somewhat difficult, The usual result of

trylng to shorten a crystal is a collection of very fine



needles. The érystals also tend to have small satellite 1
crystals attached whose removal is very difficult.

The various alkali metal and ammonium salts are
stated by Fritzmeir (19,9) to be monoclinic and isomorphous,
This is true of the K; Rb, Ti and ammonium salts but not of
the C* salt. A goniometric investigation by Gibson and |
Carson (194,9) showed this to be trigonal. This observation

was confirmed during this investigation by means of a ' u
photograph,

Preliminary work by Abrahams and Spealman (1956)
gave the following results for TMSH.

The Laue symmetry is Jm
In terms of hexagonal axes a=b=12,90 I .,02 A,
| c=9.53 ¥ 0,02 A at 291°K.
The measured (flotation) density is 1.83 gfcc and
six molecules in the unit cell would gife a _,density
of 1.82g/cc. | |

- -6 6
Space group Trigonal R 3¢ or R 3¢ chorDm

Absent spectra: hk$ for <h+k+{ 3 3n
bh 1. for 1% 2n

Stereochemical considerations make the centro-
symmetrical space group R gc, of twelve-fold multiplicity,



unlikely unless there is a statistical centre of symmetry
based on half molecules in the twelve general positions,

The central carbon atom must lle on the 3-fold
axls and there can be no indication as to whether the
molecule is planar or pyramidal.

The most remarkable feature of this preliminary

work was the reporting of strong diffuse scattering
consisting of "diffuse spots around points in the reciprocal
lattice forbidden by the space group obtained by consideration
of the sharp (Bragg) reflexions, These diffuse spots are
linked by intense diffuse ridges forming a honeycomb of
diffuse hexagons around the sharp spots", (Figure 4)

The diffuse reflection does not arise from thermal motion

as it is sti1ll as pronounced at 78°K as at room temperature.
The cell dimensions, for comparison, are a=b=12,78%0,02,

6=9.45% 0,03 A at 78°K.

A heat capacity and entropy measurement by Staveley
& Daviea (1956) indicates that there is no phase transition.
down to 22°K.

For the sake of completeness the cell dimersions
and symmetry of tris (ethyl sulphonyl) methane will be
recorded now, although it should be borne in mind that this
was investigated at about the time when three-dimensional



of the hkiO layer of himtlkyltulphony'ltnethane, with Cu-/.'a radiatiou.

Figure 4.



work on TMSM was in progress.

Trie (ethyl sulphonyl) methane.

~ Trigonal, space group R 3¢ or R Je
. ' o) ' (4]
a=b=14.92 2 0,02 A, C=9.73 £ 0,02 A

The most obvious difference from TMSM is in the
total absence of any evidence of diffuse scattering., The
lengthening of the 2 axis is to be expected and the
similarity in length of the ¢ axis to that of TMSM shows
that therg must be similarities in the packing of the two
compounds, o

As a point of interest, the density of the ethyl
analogue is considerably less than that of the methyl,
'1.55 glec as opposed to 1,82 gfce respectively.,

Leaving aside differances. between the ethyl and i
methyl analogues which were not apparent when the
investigation started, there were thus two reasons for

interest in TMSM viz. the conformation of the central carbon

atom and the unusual disorder.



TWQ-DIMENSIONAL WORK ON TMSM

There was no electroniec computing equipment available
at Glasgow when this 's'tudy commenced and hence a considerable

amount of work was done in projection.

Initially it was decided to treat the space group
as R3c and the structﬁre as though ordered. Thus only the
reflexions corresponding to R3c were estimated. It is
difficult, in any case, ¢o0 assign numerical values to broad
diffuse reflexions, which would be required if it were
treated as P3cl.

hkO data were collected using photographic techniques
and Cu K X-radiation by means of a Weissenberg camera and
~ the Robertson (1943) multiple‘ £ilm techniquae. The data
were later supplemen{:ed with _data, collected with Mo Kex |
 X-radiation as the temperature factor is such that intensities
=a.re Quite large at the limit for Cu X~radiation, |

These data were placed on an approximate scale and
an overall temperature factor estimated by the Wilson-Harker
method. (Harker (1948); Wilson (1942)),

A Patterson pi'ojection on 001 gave rather
approximate sulphin' coordinates. The coordinates were
nof; very acctn-aﬁe because two S~3 vectors overlap due to
the sulphurs being quite close to the glide planes.
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PRELIMINARY COMMENTS ON THE DISORDER

While the diffuse seattering is very strong, it is
confined quite accurately to layers in the reciprocal
structure perpendicular to the ¢® axis, There is no
evidence for diffuse streaking parallel to c*s The vertical
dimension of the diffuse ridges can be seen to be equal to
tﬁat of Bragg réflexions with quite high accuracy. (Figure 5).
lf one suspends ccnsideration of the diffuse ridges which
indicate a lack of regularity in the repeat distance parallel
%o a and considers only the local increase in diffuse
intensity near the Bragg positions forbidden for R 3e, the
space group is P38l. The absence of stregking parallel to
¢* indicates that the disorder is'a two dimensional effect,
the regularity of packing being maintained along the 3~fold
axis, There is also no evidence for any doviation from
exact maintenance of the C glide; there are no diffuse
reflexions in hoR1 for‘léﬂna The effects could be explained
by independent packing of stacks of molecules possessing 3c
symmetry but having independent orientatisn (this could be
rotation or inversion or both)., On a regular basis this
independence is possible for P3cl.






No information could be deduced as to light atom positions,

However, by means of an electron density projection
based on sulphur phases only, calculated with the help of
Beavers-Lipson strips (1936), it was possible to deduce
what appeared to be probable positions for the light atoms.
The process of refinement was then commenced using difference
maps. The projection is badly overlapped owing to two
symmetry-related sulphur atoms being close to the glide plane
and the process of refinement was laborious and slow, All
calculations were done by hand., The discrepancy was slowly
reduéed from 40% with the sulphurs alone to about 25% with

isotropic thermal parameters.

While, ordinarily, the introduction of anistropic
thermal parametérs at this stage of refinement would hardly
be justified, especially for a compound with such a high
melting point, it was felt that perhaps the disorder might
be reflected in such parameters and refinement continued
with anisotropy introduced. There~d1d'abpeér‘to be evidence
of anistropy in the difference maps. However the refinement
appeared to have concluded at a discrepancy of 18% and there
were still some var& large individual diacrepahcies, notably
900, which, although unobserved, inmvariably calculated fairly
high; There was also some residual density in the difference
maps which could not be correlated with a reasonable molecular



model, Consideration of structure factor graphs, after.
Bragg and Lipson (1936), also appeared to indicate that no
structure consonant with reasonable molecular geometry would

reduce the 900 discrepancy.

Two things were however abserved; the largest
residual amount of electron density was related to the
sulphur atoms by means of a two-fold axis in projection and
ﬁlao the reflexions showing the largest discrepancies tended
t0 have large imaginary parts in their structure factors.
This suggested that possibly the structui'e was R 3c
statistically, The actual assumption of. centrosymmetry
only inecreased R by a few percent but it was felt that, as the
number of equations per parametér was rather low, any attempt
to introduce a centre of symmetry (especially partially which
appeared to give best agreement) was hardly justified.

In the cycles of refinement after anistropy was
introduced the da.ta had been supplemented by meana of data
collected with Mo ko X-radiation and a precession camera.
At this point there were 32 observed, independent reflexions.
The mumber of paramsters was 14 for the isotropic case and
22 for the anisotropic ( the cmtr‘al-earbdn has ':;c poéieional.
parameters, being at the cell origin,and “its vibrations in
projection must be. isotropic) .



The following coordinates were obtained from the

cycle of refinement which gave the 18% discrepancy,

x y (2D) x ¥ final 3D.
s 155 110 1525 1040
0, 191 206 2062 2232
0, 111 152 110 1398
c; 231 ol 2213 o468
C, 000 000 0000 0000

This set has some errors which must be attributed
to overlap and a tendency to move towards the residual |
electron density. The atom attributed to an oxygen, 050
is actually a carbon and vice versa, However no atom,
apart from vhe central carbon, is at all well resolved in

this projection,.

» I% was then decided to consider the 010 projection.
h0 1 data were collected in the usual way with Cu, K X-radiation
and approximate g parameters calculated on a basis of
expected bond lengths, The discrepancy for the hO1 data
was 42% but the resulting electron density projection could
not be interpreted raédily'either assuming a centye of
symmetry or otherwise. Attempts were also made to interpret
an electron density projection using phases determined by the

sulphurs c¢nly but without any real success,




At this polnt it was decided that the best hope
of a real solution would be by the use of three-
dimgnsional methods,
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THREE-DIMENSIONAL v.ORK ON TMSM

A_small crystal was used such that absorntion errors
would be negligible and this was oriented along its ¢ axis,
Three-dimensional data were collocted up to a value of 1=l
using MoK ;Karadiaﬁion and the weissenberg technicus. As
the absorption of X.ray film for Mo radiation is small, the
£ilm packs wevre interleaved with 0,001” nickel foil. The
"film-Tactor' at normal incidence was determined as 4.7,

Intensities were estimated visually.

The date were corrected for Loventz-polarisation and
Tunell inelination factors (1939) by hand. The various layers
of structure amplitudes were then corrvelated and placed on
the seale of hKO by the use of the hk0, hOl and hll data,
Some ?eflcv ong, missing becauvse the cemera design prevented
their reaching the films, were also added from hO} and hli
The hOol and hill data were collected by means of timed series
taken on a precession camera with MHokeg X-radiation produced

by a stabilised Xaray generator.

o=-1
The limit of sinéyﬁ was ca, 0,850 A , which

corresponds, according to Bragg & West (1930), to a limit
c .
of resolution of 0,35 A.



THREL«DIMENSIONAL PATTERSON #UNCTION

(a) Calculation

The Patterson function was evaluated treating the
cell as triclinic after generating the twelve-fold set of

observed intensities,

The generation was carried out by hand and there
appear to have been some errors which manifested themselves
as ¢light deviations from the true symmetry in the Patterson
function. However these deviations did not affect the

conclusions.

The actual process was to carry out a one-~dimensional
summation for 1 and then to set the coefficients into X-RAC,
It appears likely that there were also some slight errors in
preparing the computer input for the one-dimensional summation
and the input to X-RAC. X-RAC was made available by kind
permission of Frofessor R, Pepinsky. The television screen
output was contoured at 12 arbitrary levels and a grid was
' superimposed in 20ths of a and D. Sections were calculated

perpendicular to ¢ at intervels ofB%q

(b) Intefpfétation of Patterson Function

The xy coordinates of the sulphur atom were readily
deduced from the sections at 2=0 and 2= 3 as approximately



0.157, 0,107 . In space group R3C the origin is defined
only as being on the 3-fold axis and hence the z-coordinate
of one atom can be chosen as gero. This value was assigned to

the z =ccordinate. of the sulphur atou.

Still assuming R3e, a partial solution for the other
atoms can be obtained but a true explanation for all the peaks
is not given. However one atomic position, at least, is
obvious, The section at z=0 has a hexagon of peaks surrounding
the origin peak; The heights of these peaks are comparable

with S=5 interactions, The section can be seen in figure 6).

The peaks can be interpreted as each being due to two
overlapping S-0Q irect;ars9 ihe height of an S-0 peak being about
half that of an S«3, This means that there is an oxygen atom
having'the same gz parameter, approximately, as the sulphur
9toms; Although the sections at z= O andgz =% are both Harker
sections, it is not possible to derive any definite information
about the:light atoms except that the coordinates of the oxygen
atom just mentioned are compatible with the vector pattern,

It is possible that the peak height for iwv 5<C vectors might
also account for thelpbserved vaiue but the vector distance is

o . o
1.4 A and one would expect an S-C vector to be ca 1.8 A,

The major problem in interpretation lies in sections
2=' §/30, 3=  10/30. These are shown in (figures 7,8).






Figure 8.

Figure 7«



When the Patterson was first calculated, an attempt
was made to settle the cuestion of whether or not the space-
group was R 3¢ by searching for planar concentrations of
vectors, following Buerger {1950), If the space group is
R 3 ¢ there should be such a concentration on the plane x2xu
and, in fact, if one considers sectionz,=5/30 one does see
a series of large peaks on the intersections of such planes
.wi‘th the seétione There are six large peaks, nearly as largs
a8 S<3 peaks on the section z=0, However such peaks arise

" from the interactions shown in the diagraﬁn 'and there should

be 9 ecual peaks of double weight. The peaks are marked

[
-Q.

Hewi-~eD
.‘-

?
§
]
[}
]
[
!
[]
X

1,2, and 3 in figuré 7 and it will be seen that peak
3 is considerably smaller than peaks 1 and 2, Moreover there
are other double weight peaks if the space group is R Jc,
notably on section £ =10/30 if 3 +z = 5/30, where there
should be double weight peaks at

4, %,22; 3~=c',3313 3."*3.521 “;x-ai’iz; x '35‘23 E-‘;,"iz
and single weight peaks at

2 ,"5.'3 122 2y 2ac, 2252y 24 ,“‘Zi-, 2,2 .A—Qx 122; 22y dx ,'2_2523—23:-;2:
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The appropriate peaks are there; marked _
for typical‘single and double weight peaks in Figure 8, but
their heights are only about half that which would be expected.

On the section,z = 0, there should be, for space
groups R 3¢ and R 3¢, 12 peaks due to the various triangles
of sulph&r atoms (related by the 3-fold axis). The only
‘différence betwéen the spaceegroups is that for R 3c the peaks
are double-weight, The peaks which correspond to S-S
interactions have heights of 8 contours, 80 tyat a double-
weight S-5 peak is of height 8 wather than caoh which is the actus]

height on non=gero sections,

The first assumption made 6n the basis of peak heights,
was that the peaks were due not to centrosymmetrical S5=5
1ntergétions but to vectors between sulphuf' and light atoms.
This islsupported by the fact that the vector distance to the
closest-in peaks is 1.8 X; the length of an S-C bond,

However if carbon atoms are placed at such positions and

. oxygen atoms at positions indicated by the vectors atz =0,

the molecular'geometry is rather strange, some bqnd angles »

being less than 90%, notably the CSC angle whesre Co is the é

central carbon atom placed at any regsonable height,. |
By what is now realised to be a rather cavalier

disregard of certain peaks, a partial interpretation on a
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basis of R 3¢ was attained and an attempt was made to refine
this by least-scuares techniques., However the discrepancy
index was never reduced below 40% and the resulting bond
angles after refinement were most unlikely. The final
coordinates indicated that there had been a tendency for the
1light 'Iat.dm to move in such a fashion as to give aome ele{:tron
density near positions related to the sulphur atom by a ceatre
ot symmetry. Also‘ the refined z»coordinéte of the central
carbon atom seemed greater than would be expected.

FURTHER WORK ON PATTERSON, BASED ON A PARTIAL
APPROACH TO R 3c.

It has become é.pparent that some explanation of the
dieorder would be reguired if any real hope of solving the
Patterson was to be entertained,

Aa a first approach, the triangle of sulphur atoms
related by the 3-fold axis was used as an image-seeking function,
This method led definitely to the conclusion that there was
some density at the centrosymmetrical position.

The moat likely explanation now appeared to be that,
in what one may call 'the average structure' in the unit
defined by the stated cell lengths, there must be some partial
approach to centrosymmetry. In other words that sites
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related by a centre of symmetry were filled statistically but

in such a manner that the occupancy was not egual.

If the fraction in one gite is,fr. the fraction in

the other site must be 1= v,

Then the height of a peak on section z =0 will be
2
proportional to r + (1-r)? and a peak on zuté i.e.z =10/30
will be proportional to 2r{ler).

If v=0.5 these hsigms will be equal,

The actual. ratlio between the peak heights is somewhat
doubtful because tﬁe zerovalue of the Patterson is unknown;
the author was not present when it was calculated and was
unable %o find out whether or not an origin term had been
included or how the zero of contours had been adjusted.
Assuming the heights are acecurate and that the 2+ % peaks are
only half the height of those atz= 0, one arrives at a value
of r =0,78, The large uncontoured arcas suggest that the
pék height ratio will be less than 2 and thus r must lie
somewhere between 0.78 and 0.5.

4

in agreemeﬁt with this is the fact that, as stated
sarlier, the local intensification of the disorder streaking
suggests that théré must be a partial approach to P 3Cl,
If 6 molecules are placed in P3Cl, with pairs of molecules at
000, 4 4 3, § 4 § and allowing the only difference of




orientation to be that required by a centre of symmetry,

two pairs of molecules must be driented simiiarlyo | If such
an or%entation is averaged over all thyee sites, r then equals
0,667 .

On a basis of r = 2/3, a set of coordinates could be
derived. There was however a degree of uncertainty due to
the overlap of pesks, To obtain confirmation of the partial
approach to HEE and also to attempt to £ind better information
about light atom positions, it was deeided to try Fourier

methods.,
FOURIER METHODS

To calculate electron density functions by Fourier
methods it was necessary to write the program given in the
introduction, in order to be able ¢o use Rollet's Fourier

program for the Glasgow computer 'Deucel,

Structure féctors wsre caloculated based 6n1y on S
atoms in the R 3¢ positions using Rollet’s program and the
'Deuce* computer. The discrepéncy, on observed reflexions
was L%,

After generating the three-fold set of structure

factors necessary, the electron density was evaluated over

a volume large enough to contain the asymmetric unit of R 3c.
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The eleetron density map showed the sulphur atom and
what appeared %o be fairly reascnabie positions for the
- attached light atoms., Agresment with the Patterson function
appeared satisiactory. The section through the sulphur atom
is given in figure 9. The electron density at the centre of

03
the sulphur atom is 28e/A .

What was very 1nteresting, in view of the fact that
it was thought that the structure would be represented by a
partial approach to R ;E, was the appearance of a large peak
with x and y coordinates related to the sulphur atom by means
of a two-fold rotation and at a distance corresponding to
the that appropriate from the Patterson map. This is shown
in figure 10 . The peak height is 5e/A3 larger than any
of the light atom peaks, and the area on the section is larger
than that of any of the light atoms, The area is, in fact,
comparable with that of a sulphur atom.

' To establish that this peak was not fortuitous and
also to check the light atom positions, & few cycles of
refinement were carried out using an ordered R3c structure
- leaving out this peak., |
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Figure 9.

Figure 10.



THEBE DIMENSIONAL REFINEMENT
(ai Ordered structure

Using Rolletfs least-scuares program and the Deucef
computer0 four cycles of refinement reduced the discrepancy
to 32/ at which point the coordinates began to oscillateo

Calculation of bond lengths and angles revealed that the

o

ccentral = S distance had Increased to 2AC rather than the
o o

expected 1,d A and “ad decreased to 1*4 A¥* These

results are comparable with the previous attempt at three-

dimensional refinemento

A difference synthesis revealed that the density at
the large peak in the first electron density map was still
present and also that large difference densities existed,

It was also suspicious that some of the scale factors for
the independently collected layers diverged greatly from those

originally assigned if agreement was to be optimum,,
(b) Refinement on a basis of 2:1 occupancy ratio

Assuming now that there was a partial approach to
centrosymmetry, structure factors were calculated for a centro-
symmetrical coordinate distribution based on the first electron
density map and various occupancy ratioss A ratio of 2:1

gave the best discrepancy; 25%«
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A second difference map was now calculated, Better
values for the sulphur and oxygen coordinates were readily
obtained. Careful examination revealed also that the first
electron density map had given what were§ in two cases,
sssentially the wmeans of the partially related positions.

The réason for this is theAclose approach of one 2/3 moleculs
and the centrosymmetrically related 3 molecule of the one
related to the first by a glide plave, The position is shown
in Figure 11 . The difference map indicated that the two
methyl earbons wsre sufficiently far apart, ca. l 29 to be
refined successfully but the two central carb?n atomgs were
very c¢lose, in fact very near the limit of resolution of

ca, 0,35 ﬁg This c¢lose approach and rafinemegt t0 the mean
‘bf'positions explains why the central carbon atom moved 8o

far from_the sulphurs,

Structure factors were now calculated, based on the
difference map coordinates giving a discrepancy of 21.4%.
After re-checking layer scale factors the discrepancy was
‘reduced to 18%. The scale factors which had been used were
deduced from the refinement on an ordered basis and the new
‘scale factors were nearer those obtained by correlation with
crossing series although not absolutely identical. A small
deviation from these cross-eorrelated scale factors can be
Justified bessuse the number of commen reflexions on crossing

series is small. In any case the deviations are small.



Figure 1l.



{e) Least squaves refinement on 2:1 basis

The Hollet leaét sguares program for ‘Deuce’ uses @
block diagonal approach. The 10 x 10 full maﬁrix foxr each
atom is veduced %0 a 3 x 3 matrix for coordinates, a 6 x &
matrix for anischtropie thermad pavemebters and a 2 x 2 matrix
correlating the overall scale and temperature factors, %
is not possib1e to refine directly isotropically.

- The welghting scheme vsed was Nwelfor F obs (

: ) awsF" Q 1
8 Fmtnimum and Jw = Ahndmm for Fouo D 8 Fye.

Foha

Approximate isotvopic thermal parsmeteyr shifts were
ealeulated from the anisotroplc ones given by the program.
Although the two related sets of atoms were vrcated
independently in the program, the given shifts were averaged
on a 2:1 weighting and the centresymmetric ccordinate

velationship maintained,

After four cycles of least squares refinement the
discrepancy was reduced to 10.2% and the weighted sum of
asquares of differences was reduced from 572 to 256
This is baséd on observed reflexions only. |

In the last two cycles of refinement 1t began to

be apparent that the program was tending to decrsase the
temperature factor of the 4 atom relative to‘that of the$

52,
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atom. It was realised that this was probably symptomatic
of the fact the occhpahcy ratio was other 2:1 but this ratio

cannot bs refined by Rollet's program,

(d) Refinement of cceupancy ratio

It would have been possible to experiment with various
'occupancy ratios to find that which would give the best
diserepancy but it was felt that a fairer approach would be
to refine the ratio in conjunction with the other parameters

by lsast-squares.

As an expe;iment two other ratiocs were tried at this
poing; 1:0 {i.e. R3c¢) which gzave a discrepancy of 27.1%
with bad individual agreement, and 1:1 (i.e. R3c exactly)
which gave a discrepancy of 11.6%,

At this point the author informed Dr. 5. C, Abrahams
of the results &s they then stood and he kindly offered to
refine the occupancy factors and cell parameters on an

IEM 7090 computer at Bell Telephone Labs.

Initially, as a check, the atomic occupancy factors
were allowed to vary individuvally but;after 3 cyecles of
refinement, all occupancy factors were equal to that of the
sulphur atom within their limits of error. The occurancy
factor was then 0,6108 20,0076, Two further cycles of



refinement were carried out, holding the occupancy factor
constang, which gave a final diserepancy, on observed
reflexions, of 9,14,

The final list of observed and calculated structure

factors is given as table 1 ,

The central carbon atoms were slightly more than
0,4 X apart at the start of leaste-squares refinement and
theyvmoved somewhat cleser in the process of refinement,
Ag a check that the final pesitions were corvrect and that they
had not stayed in one place due to resolutionm twoubles, the
expeviment of moving them apart and refining only them was
gried. The Rollet program which was used tends to overshift
atoms in special positions and thus one guarter of the
indicated shifts was applied, The indicated direetion of
shift was never in doubt., The euperiment commenced with the
atoms 0;85 g apart which would eertainly allow them to refine
to a plan&§ configuration if this was correct but, after three
eyeles of least-sguares refinement with quarter shifts, the
atoms had moved %o Q.44 3 aparéo The discPepancy changed
from 12.1% at 0.85 2 0 Q.hb at 0.4k Xo The final least-
scuares coordinate of the central earbon atom with the higher
occupancy factor was 0,26851 and, in this experiment, after
three sycles, the coordinate was 0.27300 with an indicated
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further shift towards the lower value. Thus it would
appear that later observations on the molecular conformation

can be taken as correct,
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MOLECULAR STRUCTURE

The final, least-squares-adjusted, parameters are.

s .15250 10402 .32%74 g:??§§§§ns,dgé§g 0% % .6%é§§
0,.22125 .0L676 .30606 00140 .00141 .00136
0,.14096 13975 .46721 .0012; .00132 .00118
Cq-20621 .2232% .21213 .00165 .00156 +0014k
G, 00000 00000 .26851 00000 00000 .00264

The appropriate bond lengths are -

$=0,  lok2, & 0198 2

§-0, 1.438 2 013 g

5-C; 1,735 & ,017 A

8-C, 1.829 % ,009 A .

The bond angles are -

. PAS
0, 80, 1194 % 1.9° C, ¢, 104.9 ¥ 1.1°
s’ Gs 110,9 % 0.4° 0, 8o, 111.1 % 1.9°
c, §ol 107.2 2 1.° o, Sc; 106.7 % 1.8°

2 + o
C, 50, 106.0 = 1.k
The nomenclature of atoms is shown in figure 12

which shows the bond lengths and figure 13 which shows the
bond angles.



The thermal parameters are as follows:-

Aton B (22) s(8) (22)
s 1,923 0,076
0, 3.585 0,255
0, 3.058 0.234
C; 2.425 0,288
c, 2,627 0. 366
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Figure 12.
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.COMMENTS ON STRUCTURE

(a) It is evident that the conformation at the central
~carbon is pyramidal rather than planar. The angle is slightly
flattened from the tetrahedral angle of 1090@500.' The
| difference is over three times the standard deviation of the

angle and is probably significant (957 probable at least).

(b) = The 080 angle has diverged greatly from a tetratedral
angle and even although the standard deviation of the angle is
falrly largs the differencé is definitely significant

{99.98% probable). This is consistent with other studies
where angles from 113° o 130° have been recorded., The angle

is not significantly diffevent from that in 50, ; 120° & 2@

(e) - The other angles are fairly close to the tetrshedral
angle, although some differences from it,notably those of czsc

and Cégbl,are over twice the standard deviation,

(d)  The S»0 distances are not significanily different and
their average, 1.432, is very much what has been observed in
similar compounds. This distance in dimethyl sqlpﬁoneg by
'electron diffraction methods is 1.3 < 0,02 X &8 quoted by
Allan and Sutton (1950). It is notable that the tendency for
sulphone S«0 lengths to remain constant at 1.43 Z and for the
dgb to be greater than tetrahedral in many different compounds

is maintained here.
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(e) The distance S-C, can be compared Qith.that in
dimethyl sulphone in the above study 1.83 as against
1,80 2002 Ao

- (£) The distance SeCy is‘rather lesé than that in
dzmsthyl sulphone, The difference 0,06 is probably significant»
given the calculated standard deviation of 00017 Ao The :
standard deviation of the difference between these two
méasurements is however ca. 0,03 X and the difference is

only twice this value,

_ If ©he structure had been ordered; the standard
deviations of lengths and angles might well have been less
but the above values are based on an average structure which
is not an exact reprasentation of the situation in the crystal
and are thus somewhat higher than would be expected in an

ordered structure refined to the same level,

(g) It is possibly interesting to compare these values
~ with those obtained by Hoogsteen (1957) and given in his
thesis but not otherwise published., Hoogsteen studied the

'tris'(methyl sulphonyl) methyl ion as its ammonium salt. §
' It is monoclinic and no moleculsr symmetry is required but the |
- pesulting average lengths and angles are as follows:-

$0, 21,43
sfcMethyl 1778
S—G = l o?o

Central
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As it is an ion the lengths are probably not directly
comparable but there is a fair measure of agreement except

for S=C Although the standard deviation of the only

Central®
variable parameter of the central carbon atom in TMSM is
higher than all other standard deviations of position, the
carbon position does not greatly effect the length and, in
fact, if the carbon were at the same height as the sulphur the

o o
length would still be 1.74 A. -

The average 0 SO angle found by Hoogsteen was u7°.




MOLECULAR STRUCTURE AND PACKING
(a) Single molecule

Given the bond lengths and angles observed it can be
seen that the molecule Is arranged in a manner which is
probably the most logical oneO It is quite evident if a
space-filling molecular model of the Stuart or Catalin type
is constructedo What actually happens Is that the bulky
methyl groups are on that side of the molecule where there is
most room and one set of the smaller oxygen atoms is on th®©
other side¥* The model seems to Indicate that there would be
a considerable barrier to free rotation of the sulphur atoms
and attached groups and the position adopted is one of minimum
energyo The situation would not be as favourable sterlcally
if the methyl carbon “Cl “and oxygen “®2~ were interchangedO
The third possibility which might arise would be the interchange
of the methyl carbon and oxygen “01* i0®o to bring the
methyls into more or 1lessthe same plane as the sulphurso
This also would be unfavourable sterlcally as can be seen when
one considers that the distance 0 - S (figure 14) is only

o
3032 Ao The more relevant intra-molecular distances are

given in the diagramo



Figure 14.
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(b) Molecular stacking along 3-fold axes

It would seem relevant to discuss packing along a
3=fold axis separately from the overall packing becagsep first,
there is probably no disorder involved in this packing andv
" second, the molecules appear tb interact itost strongly in
this sense as evidenced by the ready cleavage parallel to
the 3-fold axis.

The space group does not require any definite
orientation of one molecule with respect to the one ic above,
The actual angle chosen would appear to be governed by packing
coneiderations., If the molscule has a large dipole moment,
as sesms likely, there presumably is an attractive force
between the molecules and the configuration adopted seems to
allow them to be as close as possible, In fact, in the
~.molecule itself and in the vertical stacka, space is utilised
rather efficiently, as is shown by the qomparattvely high
.denﬁity of 1.82 g./cea Dimsthyl-sulphone,‘for comparison,
has a dansity of 1l.42 g./cco |

The relevant distances are shown in figures 15, 15a.

The dipole moment is estimated as follows.

The dipole moment of (CH3)2 S is 1.40 D,



Figure 15.
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Treating the resultant dipole as the sum of the.
dipole vegtars along “30"3» this means, if the angle C=S~C

is ca. 109°, that the H,C-S dipole is + 1.2D along the bond.

In (CHy), SO, the dipole moment is 4.41 D in the
same sense, Thus the SO, dipole is ca. 3.0 D and, 1f the
0=5«0 angle is 120° p the S = 0 dipols is 3.0 D.

In the TMSM molecule, the dipole components in any
direction but along the 3=fold axis will cancel,

The situation at each sulphur, neglecting the
HCCantral = S dipoles is as follows,

Vector components of dipoles are 3'30—'3‘0?'77»?
0B oubd
0 52,794
2= 3,100 %

Thus the total molecular dipole should be ca. 9 D, if
one can validly separate the_¢ipale mments along different
bonds as in this calculation.

The tight packing vertically of molecules with a largs.
.. dipole in some ways resembles the situation in me‘t,al;dehyde as

~ deéscribed by Pauling & Carpenter (1936},



DISORDER

As previously mentioned, the disorder streaking is
confined, quite exactly to layers perpendicular to c* and there
is no deviation from the glide plane absences, Thus the
disorder musty be associaibed with the packing of, what one might
call, 's‘sacks‘ of molecules which are themselves ordered in

the ¢ direction,

The model used for the least-squares refinement
postulates an arrangemeni whereby these stacks have both
possibls oriencetlons vequired to give, on average, an approach
to a centre of symmetry but the choice of a glven orientation
is random, The actual positions of the stacks are as required
for placing on an ordered hexagonsl lattice on the 001 plane,
The aéi:ual repeat distance a is probably decided by its being
-the minimum value for a random arrangement. Howsver, in
‘the fefined structure, the ccoxjd'inate requi:ed for a centro-
symmetrical placing is not zero, = If a molecule is inverted
it is also trenslated. This trgnslatidn would seem to be
required by packing considerations as two molecules at the
‘eame height but related by a centre of symmetry would be too
' elose to each other, The fact that completely random
arrangement of ordered stabks is neither apparontly reasonable
or suggested by the average structure indicates that environuoui "'.
of a molecule is conditioned by the orientation ::f that molecule,



Since a molecule of TMSM has a three-fold axis it does not
seem unlikely that there will ‘be a tendency for its environment
to retain the three-fold axiss; There might be a tendency for
a molecule to have at least its three nearest neighbours

- oriented similarly., This snalysis is in agreement with the

a tual nature of the diffuse scattering which has a regular
appea?ancé and is consistewt with the idea that such ascatisring

is explicable by short vange order,

Paylor, Hinde and Lipson (1951) investigated tha
cubic random slioy QuB Aaw by the use of Qm, optical
diffractometer and showed the tendency for diffuse reflexioms
t0 align themselves as short range order {vas introduced. They
used several hundred avoms in their masks and, in the case of
THMSM, the punching of masks with simlilar numbers of molecules
| would have besn impossible in any reasonable time, With the
_available equipment for punching masks, insufficient molecules
for randomness to have any real meaning could be punched.
It was realised, after soms work in a differentc fashion, that
it would be possible to show the lining up of diffuse spots in
the given crystal system but transforms produced from such a
mask would not be ‘d:lrectsly comparable with the X-ray photographs j |
in even a semi-guantitative fashion,

The approach which was actually used was to attempt
to find a model b@od on a small number of molecules which

|
|
|

-
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would reproduce the observed diffuse scattering,

The model would, in the natura of things, have only
short range order but no true repeat uﬁito This description
would be valid for the whole crystal and thus the disadvaxitage
of the small number of molecules representable on a mask could
be turned to advantage. It was also considered that such a
model would allow testing various types of short range order.,

In the work described below masks were punched in
black plastic film on a scale of 0,83 cm. to one cell division.,
The drawings from which the masks were made had a scale of 10 em
to a cell division and a pantograph punch reduced this by a
factor of 12, Only the sulphur atoms were punched and two
glide related molecules were represeni;ed by thelr projection
on 001 as it was decided to consider the hkO photograph for
_compérisoh, The holes in the mask were 0.5 mm in dismeter.

The average structure allows two centrosymmentrically related

orientations, and these were represented thus:-
o © = e 0
o ° :

o0

{a) (b) ’
In the following diacusgion (2) will be represented by | j
X and (b) by 0. ]
It is not possible to represent other than the zero
layer of the reciprocal structure without introducing phase



shifts at the diffracting holes. (Three dimensional
transforms have been produced by using circularly polarised
light and introducing phase shifts with mica half-wave plates;
Harburn & Taylor {1961),)

(a) First attempts involved the introduction of disorder
into otherwlse ordered arrangemsnis., It was found that a
block of 16 R cells with molecules all oriented similarly was
sufficient to give adequately sharp spots in the optical
transform. 16 R cells are of course equivalent to 48 primitive
units, The transform ls shown in figure 16 .

(b) 16 cells, arranged as would be rgquired for P3C1 below,
although the number of repcats is smaller, gave only

/oo e ote ]
A % A
A

VAT

sharp spots with, of course, the extra spots corresponding
to ~h+k+l X 3n., (figure 16a).

(¢) Keeping the molecules defining the cell corners for
P3C1l regularly oriented but arranging the internal molecules
randomly gave diffuyse scattering which was howsver continucus
rather than discrete. Both (b) and (c) would lead to an



Figure 16,

Figure 1l6a<



averaged structure with occupancy ratios 0.67:0.33,

(c)\ Corresponds to a random structure superimposed on

a regular one rather than local ordering.

(d) A next approach was to make the repeat unit larger

but to keep the same total number of molecules in the mask,

This was attained by interchanging a pair of X and

0 molecules at the corners of a cell as below.

AT
VAT
fo /o /o "o/
// 3/0’)/ ,/c //

This model gave diffuse hexagons but the transform
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did not possess hexagons oriented as in the x-ray photographs

(figure 17). One characteristic of the model is however that

there are now only limited linear concentrations of similarly

oriented molecules and this gave the idea that a model based

on linear concentrations rather than on cells of various

-siges should be tried.
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() . . The model above , although -possessing %00

few molecules to givé_ discrete sharp spots, and also being

' too weak to see properly in the micz;oscope,, appeared promising.
It was felt that the model should possess an overall three-
fold axis and initially_ideas were tried with various héxagons

of molecules around one,

The model above was not unpromising but extensions
of .this to further hexagons tended to quickly give discrete
rather than diffuse patterns., Hexagonal concentrations
rapidly gave 1l:1 ratios,

(£) Reverting again to linear concentrations based on the

triangle rather than the he%tagon suggested the model below

The bptical transform of this model is shown in
figure 18) and can be seen to be in very fair agreement with
the X-ray pho¢tograph. '

'Aﬁy additions to this tending to produce a hexagonal
array had thé -effect of producing discreteness again but the
addition of a further triangle again gave a transform very
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‘like the photographs; figure 18,
1))

The ratio of X to 0 is 0.37 : 0,63; quite close to
the observed ratio 0.39 : 0.61,

If this triangular packing were to continue
indefinitely the occupancy ratio would tend to 1:1 and
ultimately would be equivalent to three twinned crystals atp

120° to each other, sach having the arrangement,

8] (8]

.

(&) o

and would eventually produce discrete spots at the centres

of the faces of the diffuse hexagons,

At this point it was realised that two different
scattering units at the X and O sites could just as well
possess the diffuse stresking in their transforms, although
not of course the observed intensity variation; This was
checked by representing the XI-molecules as open holes at
their centres and the Q-malecules by holes covered with ons
thickness of cellotape. FPerhaps a more obvious ms;hod*nould
have been to have used holes of different sizes but, owing



W pagh misuse | ohe pontogonyh punek hed ooz sise of punsh
Jammed in which proved impessible W romnove withoot major
dismantling. The open and covered hole model has one
compensating advantapge in that the cellotape is readily removed

to produce a different arrangement. The transform of a medel

corresponding to the larger triangle model is given as figure 19y

The actual transform produced by projections of molecules can
be regarded as a convolution of this transform with the

transform of an oriented'single molecule of THSH,

(g) The production of linear arrays of diffuss spots on
hexagons with the developuent of order was illustrated with
the hole and cellotape masks., In this case it was decided
to approach P31, A gix by six array of cells oriented as
for R3c was punched out on half the previous scele. In all
there were 121 holes., 121 random numbers were generated by
a method similar to that used in a digital coumpubter i.e, by
scuaring a number and then selecting part of the product and

scquaring this. Six figure numbers were used and, if the

number formed by a fixed internal triad was divisible by three,

the appropriate hole was covered with cellotape to approximate
to a 2:1 ratic. A photograph of the original transform is
shown in figure 20), A set of three pairs of molecules

related as nearly as possible by a three fold exia were then

!



Figure 18a

Figure 18bo



Figure 190



Figure 200

Figure 2lo



Figure 220
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interchanged to give positions recuired by P3cl. The
gradually development of linearity is shown in photographs
(21) and (22) with respectively 3 and 6 pairs interchanged,
with 9 and 12 pairs as in figures 23) and 24) the diffuse
scattering decreases and the P3cl pattern is developed,
although figure 24) is dué to a transform possessing 23
molecules in places not reguired by a regular afrangemento
The first transform is of a model with 47 molecules wrongly
placed for space group Picl.

At this point it is relevant to consider the
observations on a basis of the packing of molecular stacks
with the coordinates given by the last cycle of refinement.

PACKING OF STACKS Of MOLECULES

There are twp'arrangements which recuire consideration
for molecular_distances: other arrangemsents do not give any
different distances,

(a) The first situation is that shown in figure 25 , i.e.
a completely ordered arrangement in R3c. There are some
fairly short distances but none are unreasonable although

‘it is true that some oxygen atoms in different stacks are
fairly close and, quite possibly, there will be a tendency

for these polar atoms to turn away from each other. Not all
distances are indicated but all independent ones below 4 ﬁ

are shown.



Figure 25.



(b) The second situation; that of a molecular stack
with one orientation completely surrounded by a hexagon of
stacks of different orientations is shown in figure 26),

The situation here is radically different, The pair of
stacks arranged vertically above each other in the diagram
possess no close 0-0 contacts but the other differently arranged
pair, although the distances ars not impossibly short, have a
pdir (symmetrically related) of 0<0 contacts which are quite
short, being 3.25 :o Thus it seems likely that a given
molecule would tend to have a triangle of oppositely arranged
molacules but not a hexagon, |

However, if a molecular stack 1is allowed to have a
triangle of differently arranged molecules, it becomes
impossiblé to fit in other stacks without producing short

contacts,
X
o o) (-] [<]
X going to x is satisfactory with
. ® %
o o

reépect to the central molecule but not with respect to the
0 molecules which now have short contacts with the added

X molecules.,

The situation in an ordered crystal arranged for
P3C1 is shown overleaf.
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Figure 26.
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The situation allows molecule (a) to have a favourable
environment but requires molecule (b) to have an unfavourable
one, Also the O molecules have three molecules favourably
oriented but three unfavourably, The best compromise to an
unprejudiced observer might be for the whole unit cell to be
ordered R3c but the process of crystal growth may ailoﬁ one
molecule to attain its favourable environment and then any
met_-.hod of fitting the next few molecules produces an
. Wu tituatioho The actual disorder must be a

-ecuprmise between two competing processes, one tending to
- complete order and the other to a favourable local orientation,

| If only 2/3 of the sites were occupiqd the molecules
could be arranged favourably in hexagons as belot/.—

l

x'/\x/\z’

N~ N
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However the central molecule is placed; and the
observed density of the crjatala does not indicate that there |
are many gaps; the situation isvunfavoufable with respect to
an X or O ﬁolgculeo One point which makes this hexagonal
arrangement unlikely is the observed occupancy ratio 0.61 : 0,39
which would require the central molecules to be 5/6 of one
sort to¥6.of the other and this ratio is too small to explain
the observed diffuseness. This can be seen if the approach
from randomness to order is considered; where there were
23 randomly misplaced molecules in 121 the diffuse spots
had become extremely weak,

If one next considers the triangle models which
reproduced the diffuse streaking well one can see that there’
is, in the two cases considered, a combination of arrangementa
which are both favourable and unfavourable.

3 %
0-. -o
"’ k

I'Ok o9t

In the smaller arrangement above the central.molocula
has a favourable environment but the triangle of 0O orientations
has an unfavourable arrangement apart from the central X,

e .9
”

o.
)

»

©

o % o--a‘ St'-
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In the larger arrangement the X molecules now have
as near a favourable environment as pnssible, given the

central érrangement and the centre triangle of O molecules.

The triangle arrangement is probably not a complete
explanation, It would be possible for the crystal to be
built up of small units like these triangles, arranged,
relative to each other, randomly. Small integral translations
of triangles with respect to one another would leave only
small areas to be filled in some other fashion which would not
affect the overall ratio of orientations greatly but perhaps
the model may best be‘regarded as an analogue of the situation
in the crystal,

The major difficulty in attaining a more exact idea
of the nature of the disorder is in the lack of knowledge of
how the crystals actually grow. Their direction of maximum
growth is parallellto the ¢ axis which is consistent with
dipole-dipole attraction in this sense but the actual pattern
of growth would-seem to be probably decided by the initial
deposition on the 001 plane, The fact that the occupancy
ratio is not 1:1 may suggest that there is a greater tendency

for the molecules to be oriented in one particular direction
on the surface on which growth commences.

Given that one initial orientation is favoured, one
can sugzest a method of producing limited lines of differently
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oriented molecules which gives approximately the correct ratio«

If one considers a growth front composed of similarly
oriented moleculest a apart and allows, perhaps, the molecule
at the end of the row to attain the favourable triad of
oppositely arranged molecules, there might then be a tendency
for the other molecules in the row to also attain this

situation as far as possible»

The o molecules could also attain their favourable

t
environment by adding a line of x s»

* * * %
am =S 0.. ,6.° .0,
x Jok *>kk  doRy *
* F

If the row at the centre of the partial hexagons is
now to be filled, one could suggest perhaps an even chance of

the orientation being X or O,

The row of X*s above this random row might then add
another row of Xvs9 if the chances of the ordered and most
favourable orientations are about even, giving the following

situation and the chances would then be



that the next vrow would be a row of 0'50.

This fairly nasive srsument wonld lesd to s ratio
of X to 0 of 2} : 1} i.e. 0,625 : 0,375,

POSSIBLE FURTHER APPROACHES

It is possible that the substrate on which the
‘crystals form causes the observed prevalaence of one orientation.
Attempts have been made €0 grow cryatals by sublimation in an
effort to find out whether such crystals have a different
degree of disorder, However; so far, although the sublimate
has been crystalline, the crystals are much too small to
consider investigating by X-ray methods. |

It is also possible that electron microscopy might
give some indication as to whether the idea of linear
concentrations is correct but there are difficulties in the
way of preparing suitable specimens for this method.



TARLE 1.
m AND CALCULATRD STRUCTURE PACTORS
The seale on which these strusture fastors are caloulated 1s 1.64 times that required for one pﬁuﬁvn

wnit. It was convenient to vary only the scattaring faotors for the atoms with the lower ceoupaney fastors and
to kesp the others constant. (1:0.64 = 0,61:0.39)

L R 1 W : GG of hu1\gg§-
% { ! bl 3 . 2\5""2‘ 7 5‘?: ‘}g 1 0 47 182 73 nf
12 M )5 344 H 5 11 10131 5 12 13 206 4 17 1;:
01 2 75 T2 3 Y 8 23 2 8 8 13 14186 7 1 128
8 34 38194 i vl 4 71 11 8 7186 74 0 B8 159
02 4 3 3177 24 1 29 15 4 6 1 20 2511 3 10 181
10 15 15177 . T 19 20 2 4 11 10 21 [ 9 173
0 3 6 10 1218 10 10 10188 7 16 15168 75 2 121 9
04 2 A 3 25 3 19 20 47T 3 15 U 5 17 1 xez
8 35 u u 49 1 9 53% 6 1 3 N
o5 4 .11 13216 26 2 19 18 lsg 410 3 11 174 4 12 13 M2
10 15 13 11 . 5 12 17 216 5 0 2 67 68 lg‘) z 19 22 5
06 6 7 3 1 8 198 8 20 18 77 11 10187
0 7 2 31 34358 2 7 1 45 43173 51 1 29 29 7 79 & 8 9 5
8 8 1 , 4 23 24 10 4 34 3B 2 8 0 2 23 26357
08 4 17 1) 353 7 21 23167 7 15 18 355 8 23 12 352
10 7 355 10 10 9 10 13 14 359 8 1 1 7 216
09 6 13 14 183 2 8 3 27 27T U 5 2 0 21 13 3 4 5 236
010 8 1013 6 6 11 198 3 3 33182 7 11 10198
011 4 15 16 194 9 16 15 13 6 19 17 353 10 11 10 190
014 4 18 20 356 2 9 5 26 25358 9 18 20 180 8 2 0
10 4 26 ag 30 11 10 10 347 5 3 2 9 82%» 3 10 149
10 3 106 210 4 12 11180 5 15 18 4 8 3 5 15 1} 1
11 0 8 90 0 21 3 21 19170 1 11 1 s 11 7 M6
2 6 85 3 0 59 59199 5 4 1 19 16223 85 0 9 175
& 25 26 350 6 52 45188 4 19 17 165 6 10 121
12 11 10 356 . 12 11 10 186 7 15 14 191 9 0 6 11 12163
1 2 2 49 50 359 31 2 67 59 163 5 g 6 17 15 0 9 1 2 8 5 26
5 11 g 340 8 9 17 5 2 8 314 5 16 18 o0
8 16 18 1 32 1 42 45 22 5 151 176 92 1 21 24113
13 1 31 8 4 16 18 1 s 7 1 27 26 6 9 3 0 6 199
4 33 37191 T 41 40 2 T 18 ;Z 4 3 24 11
7 20 20 7 10 10 11 M9 6 0 0 353 9 12 12 4
10 14 15193 3 3 0 24 26180 6 ‘8 10217 9 6 0 8 8
13 € 3 3 17 17 330 12 6 194 9 9 0 7 180
14 3 s 0 6 10 8181 6 1 2 14 15346 10 0 4 11 11 34
£ 21 20154 3 4 2 22 21187 5 19 18 7 10 22\49
9 T 430 5 17 15173 11 11 12 8 1001 0 17 16188
1 5 2 1% 15 47 11 7 8 1 6 2 1 24 22 3 3 1 11 16
5 Z 6 181 3 5 1 29 28170 4 19 19174 14 13 186
8 16 15 352 4 13 13 29 10 12 12178 9 8
16 7 10 8145 7 17 19184 6 3 0 33 2 12 10 2 2 13 15170
10 6 5190 36 3 3B 2 3 40 4311 10 3 1 18 20172
17 3 2 2 9 9 21 22 359 6 22 2 10 4 0 16 16 358
6 11 10 ®R7 37 2 nl 9 21 20168 3 6 6
9 14 13 0 8 14 11165 6 4 2 13 11200 11 0 2 1€ 13165
18 2 13 11168 38 1 21 24179 11 7T 2 132 0 7
19 1 15 16186 4 8 717 6 5 1 22 2235 3 17 19 11
4 15 18 352 T 12 11185 7 12 1035 9 % 12
7 8 8189 3 9 3 13 10148 6 6 0 22 22180 1 3 2 16 19 185
110 3 8 8141 . 310 5 =24 21 3 3 13 15213 11 5 o0 11 13
6 12 12 165 11 11 10 2 € 17 16 180 12 0 0 5 7208
111 2 18 20 357 4 0 & 76 83359 9 12 11 201 6 15 14 195
. 5 15 17 10 29 3337 6 7 2 15 17 11 12 1 2 13 11175
y 7 11 357 4 1 0 11 13280 5 21 22170 12 3 o lg 17 X
11 1 4 0 3 14 11 RT £ 8 1 18 17 12 6 0 5
112 4 9 10144 & 29 28192 414 12 349 13 0 4 10 10354
115 4 15 1F 357 12 13 16 187 7 20 17 131 0 9 75
2 0 2 33 3513 4 2 2 21 20174 610 2 10 10 184 13 4 © 5 5 e
8 8 ‘7172 5 14 13132 70 4 23 2135 M 0o 2 14 17 3%
2 1 1 28 28 12 I 7 9159 10 14 14 188 14 1 4 10 82
4 28 271 O 4 3 1 22 17 3 T 1 0 21 20 3 15 0 0 8 8143
7 15 19 4 16 18 164 3 %2 33172 15 1 2 12 358
2 2 0 83 83180 7 13 15 350 9 12 127l 15 3 0 129
3 20 17 1 4 4 0 31 27 ? 2 2 14 1634 161 o0 6 6160
& 31 17 6 15 17 3 5 42 40 2 806 0 8 8
9 1 735 . 11 17 18 0 19 1 0 9 8 0

UNOBSERVED S8TRUCTURR PACTORS

The observed values tabulated were ebteised by applying the appropriate polarization and kinetio fastors
to the minimum intensity on the step wedge. The amplitudes are then to be regarded as less t!.an the given value,
The average caloulated value 1s 0.5 times the aversage 'observed' value and only four reflexions have

cAloulated values greater than the minimum obaservable,

-~

»
Wkt KK bkt KBl Kl bt Bl Rl ”gl;.llroJ;c._g
e 9 0 6 329 31 5 6 313% 5 3 8 12 loe2oo a4 1 149
010 2 8 & 55 g8 8 o1 5410 6 4127 i3 E3%
013 2 10 6 0 ! 11 4 4 151 5 5 3 7 7 200 7 13 3715
11 9 4 396 339 6 3280 & 9 423 a5 3 8 4303
121 3 1126 34 8 13 0 2 9 8 41f ‘88 2 9 8
13 3 4l i35 10 & 295 5 €1 T 6167 23 0.
1 4 & 5382 36 6 8 632 27 4 8 42 8 7 4 10 5M2
1e.5 9 527 37 9 8225 58 2 8 321 88 0 9 2180
8 14 8168 302 % 258 & 10 1178 6 10 4191
1n & 3291 310 2 9 4228 59 2 9 61 31 5 %9 911
19 7 12 8188 i1 9 5 5226 3 u 314 2 0 b
10 7 4 M2 421 5 310 62 7 12 T232 95 1 9 2 64
2110 4 338 ¢ 31 3 3ur €4 3 3107 102 5 10 838
244 5 2ip 41 3 & 2192 €3 5 2k 103 4 9 52
22 5 15 i cew }oah 71 6 8 020 2378 IR
29 2 8 5113 47 6 9 420 751 T 4135
210 1 10 4258 48 2 7 4 26 71 0 7 1180
212 2 10 5217 5 10 5 13 O
49 4 9 219 9 8 4 86
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PART IIX
INVZSTIGATIONS IN NATURAL PRODUCT STRUCTURE

{a) PYRETHROSIN AND TENULIN,

(b) THE CRYSTAL AND MOLECULAR STRUCTURE OF
CALYCANTHINE DIHYDROBROMIDE,

78,



(a) PYRETHROSIN AND TENULIN

The"study of these two compounds was undertaken as
part of a general programme of fesgarch into the structures
of ~sesguiterpenoid compounds., The two compounds are isomeric
and have formula CI7H2205. At the time that the work was
carried out little was known of the details of the structures,
.although the structure of pyrethrosin has been worked out
since then by Barton, de Mayo and Bockman (1957, 1960) by
chemical methods. Both compounds proved to have complex
structures and attempts to prepare heavy atom derivatives were
absortive. Hence this study was not carriqd beyond the
determination of unit celi symmetry and dimensions.

(1) Pyrethrosin

Pyramidal crystals from ethanel, g.axia corresponds
to axis of pyramid,
Tetragonal, absent spectra h0O for hX 2n
001 " 1% 4n
8
Space group P432;2 (D} ) or Phy 212 (D4 ) - enantsomorphie
Dimensions, from precession photogréphg Cu Kew X~radiation
used because of length of ¢ axis
3
a=ba=8.,0720,01 A C + 49.72 < 0.0 A V. = 34253 A =8

| Density (by flotgtion) = 1,27 glbc
- nunaity (frun.xpray upaauremeuts, assuming 3 = 8) = 1027'8/°¢°

IS
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The space‘group has 8 general positions and hence no
information can be deduced about molecular symmetry.

(i1) Tenulin

Small flat plates crystallised from benzene were
provided by Dr. de Mayo. Thesgvcrystala are a benzene
‘adduct-and are unstable, probébly due to the release of
solvent of crystallization. Crystéls from ethanol and
ethanol/benzene were very small., Although tenulin is labile
in weakly alkaline solution and in fact could not be
crystaliized from watér in London, it was possible to obtain
good crystals by very slow crystallization from Glasgow
tap water.,

Crystals g flat prisms.
Orthorhombic, absent spectra,
hoo for h oc’cl, OkQ 'F"" kodd, OO1 .gr 1 odd.
Space group: P2y 21‘2 (D23)
Cell dimensions (precession photographs, Cukx X-radiation)

' o o ' (o]
a =28.47 £ 0,034, b=105620,024, c=10,5420.,02A

o3 :
. ¥V = 3169 A Z2e 8
Density (by flotation) = 1,30 gke
Density (from X-ray measurements, assuming Z = 8) = 1.29 %}Ec
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The dimensions ave approximately tetregonal, and,
although the b and ¢ axes have lengths resembling somewhat
the lenéth of the 110 diagonai of pyrethrosin (11l.4 X), there
is no doubt thaelﬁhe crystal symmetry is erthorhombic.

The aasymﬁetric unit contains two molecules of
tenulin and thus no 1nfonmation ahout structure can be deduced.



b) THE CRYSTAL AND MOLECULAR STRUCTURE
OF CALYCANTHINE DIHYDROBROMIDE,
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INTRODUCTION

There has been considerable interest in calycanthine
since its first isolation by Eccles in 1888 from the seeds of
the shrub'Calycanthus Glaucus (Willd,), native to Georgig;
North Carolina and Tennessee, The impetus for the isolation
- seems to have been that rabbits fed with the seeds died in
convulsions,.

In 1905 Gordin assigned the formula,crlﬂlh N2 and
also described its crystalline form as orthorhombic
bipyramidal., He described various salts, notably a
" hydrobromide and hydrochldride and also a chloroplatinate
and chloroaurate, The hydrohalides were assigned the
formula Cp Hy, N, X. Hy0.

In 1925 Spath & Stroh doubled the molecular formula
giving Cp, Hyg N, o

Somewhat later, in 1939, the formila was revised to
the correct one C,, Hzéimhfby'Barger, Madinaveitia & Streuli,

. In between these dates, in 1929, Manske had isolated
calycanthine from the seeds of a Composite, Meratia praecox.
The occurrence of the same alkaloid in two unrelated plants
euggésted that ghere might be a simple biological route for
its preparation.  This was in accordance with the fact that

pyrolyeis of calycanthine yielded N-methyl tryptamins.
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Barger et al. also described the isolation of a
degradation product, the weak base calycanine, to which they

assigned structure (I).

H-N -
(1) (11) .

In 1954, Robinson and Teuber depermined the correct
structure of _cglycanine (II) and suggested: various fomulaé
for calycanthine, favouring (III), but noting that other
possibilities existed, notably (IV). This was the position

when the X-ray work on the structure was started.

Ty cHy
N N

L ¥
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PRELIMINARY CRYSTAL STRUCTURAL WORK

In 1957, crystals of pure calycasthine and its
'hydrochloride abd hydrobromide were supplied by Dr. Harley-
Mason, These salts are dihydrates and are 11ablé to iose
water of crystallisation in a dry atmosphere, It was found
however that they were quite stable in a deepéfreeze unit and,
in the high atmospheric humidity of Glasgow, they are
.sufficiently stable to allow collection of X-ray data.

4 It was hoped that examination of several derivatives
using isgmorphous replacement or heavy-atom methods would
‘allow recognition of the molecular units with two»d;menéional
téchniqueso Accordingly preliminary invastigation§ were
cérried out on the pure substance and severgl ealts., Because
the hydrohalides supplied by Dr. HarleyéMasénwhad been

: dehydrateda érystala of these wers prepared frbm'the pure
substance and crystallised from ethanol/watero

The hydrobromide and hydrochloride wers readily
prepared as dihydrates., The hydroiodide, although Geordin
prepared it and stated that it was probably not hydrated,
proved extremely difficult to make, Oniy one crystal was
ever obtained and this decomposed during prelimdnaiy, |
investigation, Hence unit cell details can ohly bé reported
approximately.



The erystalline form of cslycanthine is orthorhombic
bipyramidal and, although the substance was pure, the crystals
were §inkish=brown in colour. The hydrochloride and
hydrobrbmide were orthorhombic prismatic in form and colourless,
while the hydroiodide crystal was rather more platy in
appearance and distinctly yellow,

The hexachloroplatinate was also readily prepared;
bright red needles separated slowly from agqueous solution.
iz waé interesating to note that, although they appeared
dwdritiq » the crystals were actually single., -

The preliminary information is summarised in the
following table. Sp_sészgmg a b <@
Calycanthine. P2,22, (DY) 105 13 45
Caycarthne dibgdrodborde dibydede. P2,2,2, (Df) 45 B9 110
Calycqnﬂ;ne dihdwbrorde dhdele, P2,2,2, (D) 96 w1 170
Cajcanthine dibydroiodle.  Monodknic, B-125,95 B4 89
Cabycanthine heracblorophlinde. P4,,22 ) 54 134 319

It will be seem that, while calycanthine crystallises
in the same space group as its hydrochloride end hydrobromide,
it is not isomorphous with them., The hydroiédide might
perhaps have baen the most suitable for structural
investigation but the difficulty of preparation and the
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instability of the crystals precluded this. The structure
of the hexachloroplatinate appears to be somewhat complex,

|

It was obvious that the crystals wheoss structures }‘
stood the best chance of solution were those of the
isomorphous hydrobromide and hydrochloride especially as the
" axial projections of space-group P2, 2, 2, are centrosynmet.rico'
In actual fact most of the work was done on the hydreobromide,
although the isomorphous replacement mathod was used on the
100 projection, However this did not add any information
to that given by the standard heavy-atom technique,
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SPACE GROUP AND CELL DIMENSIONS
Calycanthine dihydrobromide dihydrate, 022528N43r2° 2H,0

Orthorhombic, absent spectra h00 for h odd,

| OkO for ¥ odd,

_ 00t for 4 odd.
Spaée-group P2y2,2; (Dzl’)
| Cell dimensions (Precession camera; Mo K X-radiatiori,
A= 0,7107 X; photographic measurements corrected for
£ilm shrinkage.) | ‘ _
a=90612%2001, b=14,232002, ¢ =16.97 0,02 X
7:23014.23,1 A=)

Density (calculated for four molecules in the unit cell)
= 10568 ngCO

Density (measured by flotation in CCi, /benzene) = 1.568 g/,cc.,
The exact agreement in density is probably fortuitous as
the probable error in the measured density is at least

0,005 g;ec °
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STANDARD PROJECTIONAL WORK ON THE STRUCTURE

In this work the various fourier series were
calculated using Beevers-Lipson strips and also the Robertson
fourier machine RUFUS (mentioned in the introduction)o' |
The choice of method was decided by the availgbility of RUFUS,

Ok? data was collected for the hydrobromide by
Weissenberg photographic methods using Cu X¥x X-radiation and
the multiple film technique (Robertson (1943)), '

The intensities were eatimated by comparison with a
step-wedge made with the actusl crystal used for recording
the data.

A Patterson projection on 100, was calculated using
RUFUS, and it was possible to determine the bromine y, s
coordinates uniquely by using not only peaks due to symmetry
related atoms but also peaks between independent atoms,
No structural information about the molecule could be deduced
from the projection.

A similar collection of ho{ data and calculation on
RUFUS gave x,z coordinates with good agreement for the common
g~coordinate, Coordinates were taken as the mean of the
values obtained by using all the peaks in the Pattersons which
could be assigned to Br - Br interactions.,
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Using phases given by the bromines only, electron
density projections were calculated on the 100 and 010 planes,
in these cases with Beevers-Lipson strips {Lipson & Beevers,
19361},

It was not however possible to make any very
definite deductions about the structure, Neither of the
structures suggested could be recognised in the projections
but it was not possible to suggest that either or both were

wrong.

The projections were actually quite reliable,
Figure 24) shows a comparison between the final structure

and the 100 projection,

Fairly accurate bromine coordinates were obtained
however from the projections as can be seen by comparison

“with the final, least-squares-adjusted, coordinates.

Final coords. | Projection coords.
x y z x y g

' Bi"o -,1147 010338 :_»502&- = 1167 014-311 o 5040
Bry =o44787 «6204 .2936 w830 6210 0R950

At this poinz, after reading Fridrichsons and
Mathieson's (1955) very elegant paper on the determination
of the structure of cryptopleurine, it was decided to try
the method of generalised projections in the hope that more
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information about the structure would be obtained by this
partial three-dimensional method.

Before this was carried out, the isomorphous
replacement method was used with Oki data from both the
hydrochloride and hydrobromide to calculate a 100 electron
density projection but the density map was not signif;cantly
different from that given by the heavy-atom technique.
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GENERALISED PROJECTION WORK ON CALYCANTHINE

Thq'prinqiples on which this part of the investigation
are based are detailed in the inttoduction. After thé
appropriate’formula had been derived for the Gn_and“Sa‘
generalised projectiona, the tk1 data was collected by
photographic Weissenberg techniques and'espimated visually
as usual, Gorrectidns for Lorentz~-polarisation and Tunell

effects were applied by hand.

Using the bromine coordinates previously derived,
structure factors based on bromine alone were calculated by
hand. Those reflexions for which the geometrical part of
~ the structure factor was greater than 1 were used for the
projections.{(The maximum value of the geometrical structure
factor for two bromine atoms per assymmetric unit iﬁ a cell
of multiplicity four is eight.)

The'cH and Sy fourier series were summed with
Beevera-Lipson strips and g modulus funqtion evaluated.
This was combined with the 100 electron density projection
by méans of a minimum function and three-dimensional
coordinates derived for the 32 atoms which seemed most
probable, Some of these later turned out to be spurious
for which the rather bad overlap in the projection muat'be
‘blamed, Attempts were made to fit the models suggested to
this set but this was not very successful. Actually, quite
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a number of atoms were found in positions close to those in

the final structure. A list is given in table 2).

After much work which led only to partial conclusions
aboixt the molecule, it was decided that the best a pproach
‘would be to use three-dimensional methods and the heavy
atom technique as the University had then placed an order for-
a Deuce computer, By means of Weissenberg and multiple
" £11m techniques some 2116 reflexions were measured above
backgrouni. The structure was recognised partially in the
first three-dimensional electron density map and refined
by fourier methods until all the heavier atoms had been found.
The final discrepancy was 9s6% with 18 hydrogen atoms
included in the calculation, after three cycles of least
squares refinement, |

A diagram of the molecule is shown in figure 28),

It will be seen that the structure is not one of
those suggested earlier although it appears that this
conformation was also considered but the cryastal structure
was in fact worked out without this infozmat;ono

The final listing of observed and calculated atmgture*
factors is given as table 4). The final positional
paraneters and anisotropic thermal parometers are given

in table 3).



’ Bond angies,
Angles: 5—~8—.14, 109",
8-—9—19, 113,
9—14—22 j08°,
13—14—5, 113,

Figure

ONurogcn

28.

Bond lengths (4.



Table 2.

Aton No. Coords.(Refinement) Coords.(Gen., Proj."

x y z (R X Vg z (2
4 1.6 8.9 3.1 1.0 8.1 2.7
5 0,2 8.1 2.9 0o7 802 3.2
6 9.3 8.9 1.9 9.5 866 1.6
7 0.6 9.6 1.0 %4 904 0,8
9 8.9 Te2 3.7 9.5 Te2 3.6
10 6.6 5.8 3.8 6.6 602 3.5
12 705 4.6 4,2 8.8 5.3 3.5
13 8.7 4.9 4.9 9.2 4,9 4.9
15 1.3 6.3 4.9 1ol 6.3 4.8
16 0,9 T.0 5.5 0c3 7.2 6.1
17 2.1 Te3 To0 207 ToT To5
19 8,6 8.0 5,0 8.4 8.5 5.1
20 2,0 3.9 1.4 0,9 3.9 1.2
22 05 5.2 208 N3 409 2.5
23 9.5 5.4 1.7 867 504 1.7
25 102 401 9.3 1ol 465 9.3
26 2,1 7.2 4.1 1.7 To2 4.2

Although in severzl ceses the agreement is quite
good, overlep has prevented the recognition of some
atous which would have =2llowed the definition of the
ring systeas end also 1t mnust be admitted that the

x-coordinate tends only to be approximately correct,



Atom
Br(0)
Br(l)
C(2)
C(3)

C(5)
C(6)
c(7)
C(8)
c(9)
N(10)
c(11)
c(12)
c(13)
C(14)
c(15)
N(16)
c(17)
c(18)
c(19)
C(20)
c(21)
c(22)
C(23)
C(24)
C(25)
N(26)
N(27)
H,0(28)
H,0(29)
H(2)
H(3)
H(6)
H(7)
H(8)
H(12)
H'(12)
H(13)
H'(13)
H(15)
H(18)
H’(18)
H(19)
H’(19)
H(20)
H(21)
H(24)
H(25)

xla
—0-1147
—0-4787
0-2011
0-2645
0-1672
0-0205
—0-0289
0-0627
—0-2055
—0-0737
—0-2982
—0-4286
—0-2241
—0-0898
0-0047
0-1394
0-0923
0-2151
0-0172
—0-1082
0-2062
0:1703
0-0488
—0-0334
0-0027
0-1271
0-2223
—0-1667
—0-3944
—0-6405
0-270
0-358
-—0-133
0-017
—0-241
—0-283
—0-208
—0-029
—0:125
0-191
0-071
—0-008
—0-158
—-0-179
0-291
0-237
—0-083
0-187

Atomic co-ordinates and temperature factors.
IO‘BOS

»fb
0-4338
0-6204
0-6732
0-6158
0-5634
0-5683
0-6265
0-6780
0-4756
0-5068
0-4120
0-3918
0-3220
0-3449
0-4146
0-4452
04972
0-5158
0-5823
C-5655
0-2758
03155
0-3683
0-3796
0-3428
0-2920
0-5075
0-4263
0-4182
02772
0-719
0-614
0-623
0719
0-541
0-297
0-275
0-283
0-391
0-385
0-628
0-603
0-524
0-628
0-238
0-303
0-345
0-258

zlc
0-5024
0-2936
0-0704
0-1305
0-1800
0-1680
0:1105
0-0598
0-1728
0-2202
0-2235
0-1792
0-2454
0-2893
0-2406
0-2862
0-3625
0-4141
0-3462
0-2949
0-0840
0-1572
0-1635
0-0982
0-0245
0-0179
0-2387
0-1022
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Tables 3) and 4) and figure 28) are taken fkom the
final paper on Calycanthine dihydrobromide by Hamor &
Robertson (1962). The structure was originally reported
by Hamor, Robertson, Shrivastava & Silverton (1960).
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This thesis embodies the results of investigations into
two dissimilar aspects of 7-rny crystallogroohy, hence the
rather general title ” Studies in Crystal structure

The first pert concerns n study of the crystal structure
of Tris ( methylsulphonyl N methane, a sonewhr t unusual
organic confound, which is an acid of strength comparable
with hydrochloric acid* Two ¥*ssects of this structure re of
interest, firstly the molecular geometry, because of
theoretical speculation previous to the work, end secondly
the fact that the crystals give rise to an unusual form of
diffuse scattering of X-rays¥*

?hrt the two aspects 1lre not independent s shown in
the course of the investigation. It w”s impossible to recount
for the intensities of the Hrsgg reflexions or a basis of
any ordered structure. These intensities can only refer to
a structure which is an average taken over the whole crystal
and the nature of this ’'average structure’ was deduced,

a ter much work in tvo dimensions, by the use of three-
dimensional d ta and vector and ’'ourier methods. The '>wvera
structure involves partial occup*ncy of sites in the unit-
cell whose positions are related by a centre of sy .wietry,
not required by the sprce-group. 'he two sites do not appear

to be occupied equally.



The results of a least-squsres refine .iont of the average
structure ore given. The residual is 9, *nd thus the
molecular structure is known to n fair decree of accuracy.
The structure appears to contradict the previo isly mentioned
theoretical ideas. The bond lengths and angles ore comprrnble
with those in similar compounds.

The nature of the overage structure has been used on r
starting Point for investigations of the disorder with the
help of an optical diffractometer. Details are given of the
finding of a fairly small unit which gives rise to on optical
transform similar to the l-ray photographs. The extension of
this model to the whole crystal is also considered.

The second part of the thesis concerns v'ork in a aore
conventional field of crystal chemistry? t at of alkaloid
structure.

Details are given of the investigation of the crystal
structure of the alkaloid Oolycanthine, derived from the
poisonous shrub, Calycanthus aureus.

The structure of this compound was known only artially
at the start of the work. The structure was studied initially
by two-dimensional methods and, while partial success in
the Location of the atoms in the crystals of the hydro-
bromide of the alkaloid v/as BMttained by the method of
'generalized projections*, t e crystal structure was not

solved completely until three-dimensional metmods, usina
the 'heavy-atom’ technique, were employed.



