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u1,
SUMMARY .

This thesis deals with the study of some organic
crystal structures using the method of x-ray diffraction;
it is diwvided into three parts.

Part T consists of a description of some theoretical
aspects of xeray crystal analysis. The techniques
described have been limited to those which have actually
teen used by the author. X-ray investigations are
undertaken with one of two aims in view, either to
gbtain more accurate molecular dimensions for molecules
of Ikmovn crystal struchbure or else to determine the
structure of a molecule vwhose erystal, or even chemiecal,
structure is not known. Both types of approach are
deseribed in this thesils. '

Part II describes the determination of more accurate
parameiers for three sulphone molecules, L_L . dichloro-
diphenyl sulphone has been fully refined using the
methad of least squares. {Accurate bond lengths and angles
have been found and an analysis of the anisotropic
thermal vibrations is given. The positions of the
hydrogen atoms have been deteymined and found to be in



gaod agreement with the positions found in a neutron
diffraction study of this compound by other workers.

The other two molecules studied are M-U'<dibromodiphenyl
sulphone and 4-4'-diiodediphenyl sulphone; these three

sulphonas are lisomorphous. The analyses of these two

. molecules are nat so complete as the previous one

although they have also been approached by the three -
dimensional least squares method. The molecular geometyy
is gilven although the values are not as accurate as in
the ease of W-U'.dichlorediphenyl sulphone.

In Part III the attempts to elucidate the crystal
structures of two molecules are described. The
investigations were undertaken becanse of the lack of
conclusive chemical evidence about their molecular
structures. The study of prodigiosin, a bacterial pignent,
was unsuccessful and the reasons for this are discussed.
The study of a derivative of an antibletiz, fumagilling
has, however, been more satisfactory. So far only oune
projection has been studied btut the mclecule has been
.located in this and a possible chemieal strueture for the
compcund is suggested. A complete analysis to determine
the sterecchemistry will require three - dimensional
data.



v.

There are two appendices to this thesls, the first
is composed of all the structure factor data for the
compounds studied. The second appendix gives detalls
of the programs written for the DEUCE electronie
digital computer which have been used in the erystal

analyses described.
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Part I.



. "
1. LB DIFERACTION.

1.1 Jptroduction.
Although xerays were discovered in 1895 by Roentgen,

x-ray crystallography really originated with von Laue's
discovery in 1912 that crystals can diffract an x-ray
beam. Since then considerable advances in the subjoct
have been made and today it is becoming a very powerful
method of analysis, particularly in the investigation of
compounds of completely unknown chemical structure.
Another important use of the method is in determining
accurately the details of the atomic arrangement of atoms
in molecules and cryétals.

The greatest problem in the application of the method
arises in the making of the initial observations. The
measurement of the amplitudes of the diffracted x-ray
beams can now be carried out with considerable accurzcy
particularly if electronic counting apparatus 1s used; no
mefhod,hcwever, has yet been devised for the determination
of the relative phases of these waves. These phases must
be known before the structure can be solved. Several
methods have been suggested for overcoming this problen,
in particular by Patterson(1935), Harker and Kasper{1948},
Karle and Hauptmann(1950) and Sayre(1952). None of these
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48 generally applicable end cach case must be considered
on its own merits. Details of some of the methods used
in thls thesis are given below. |
Pirstly, if we know the positions of the atoms in the
crystal we must be éble to calculate structure factors

from these for comparison with the observed values.

1.2 Strycture factor expressjon.

If a primitive lattice is defined by the lattice
constants g, b and ¢, then the two lattice points A; and
A, (Fig.l) are related by

;=mg+m§+mg tevesceeeseese (1)

where u, v and v are integers.

-Fig,l.
If a parallel x-ray beém of wavelength A falls on the
lattice in a direction defined by a vector go, of length
1/A, then after diffraction travels in the direction of a

second vector s, also of length 1/A, the path differcncs



3.
of the two scattered waves as in Fig. 1 is given by

Al.N - A2.M

]

path difference

A(r.8 - r.80)

= Azl - 8)

= AeL.S cesecseeses (1i)
where S = g - g5.

For the scattered waves to be in phase this difference
must be a whole number of waves, ie. r.S must be integral.
By (1),(u.a + v.b + w.gc).S must be integral, and this
will only be true if each term is integral since u, v, and

w are integers; hence

a:.85 = h
Q._S_ = k S soes 80 CcCReee e s O (iii)
c.8 = 2

where h, k and 2 are integers.

These are Laue's equations and the integers h; k and B
are the Miller Indices of the diffracting plane.

If,now, we consider an atom in the unit cell with
fractional coordinates (x,,¥ys2n)s its position will be
defined by the vector

En = Xno_a’ + ynoh + Znog ®owv s s w (iV) .



1

and the phase change of the wave scattered by this atom
wvith respect to a wave scattered by an atom at the origin
of the cell will be

%%..A.gn.g, Z 2R.IpneS  ceeececcccceces (V)
Thus the expression for the wave scattered by this atom is
fy.oxp(2xiz.S)
where f,, is the atomic scattering factor of the nth atom.
The conmplete wave scattered by all of the N atoms in the
unit cell is given by
N
F = 3 £,.exp(2KIPNne8) cececercncceees (V1)
n=l :
where F is called the structure factur.
By substituting (iv) in (vi), we get‘

F = 3 fp.exp{2xi(xn.a.8 + yn.b.§ +zn.c-8))
n

and by (iii) :
F = % fn,exp{zﬂl(hxn + Ky + lznj} eeee (vii)

In general the quantity measured, the intensity, is
proportional to lFal; the phase, however, is not
measurable.
Now if F = A + iB, then
F2 = F.F" = 42 + B2

F* being the complex conjugate of F, then



A

% fn-cos2alhoy + kyn + Bzn)

seessses (ViL1)
B

3 fn.sin2x(hxy + kyy + zp)

These are the quantities used in practice and they can
be simplified for the various space-groups, eg.Py whare
the equivalent positions are (x,,¥n,2,) and

(=Xpy=¥ny=2n). Substitution in (viii) gives

N/2

A = 23 fpu.cos2n(hxy + kyp + 2z2p)
n=1

B = 0

and, therefore, we need .mly calculate A for half of the

number of atoms in the unit cell.

1.3 Atomic scattering factors.

These are numbers representing the amplitudes of the
x-ray beam scattered by an atom, and for any particular
atom are proportional to Z, the atomic number, and a
function of 6; the Bragg angle. They are available in
tabular'form and have been determined from theorctical
considerations by James and Brindley(1931), McWeeony(l951},
Stam and Tomiie(1958) and others, and also by empirical
methods, for example by Abrahams(1955).

’ These atomic scattering factors are determined for
atoms at rest, and since in crystals étoms are undergoir:z

thermal vibrations, the atomic scattering factors must Lo



modified to allow for this. If U 1s the mean displecement
of the atom from its mean position, then by analogy with
equation (v) the phase change will be
ox.2u.8 = bmi.§ N A 4D
and hence for this atom |
fn £o.0xp(triu. )
= fo{cos(hnu.g) + 1.sin(hfﬁ.§3.-

If the atomic vibration is spherically symmetric, then
fn = fo.COS(ufﬁ.g) e 00V esBGQROIEOGCOIOEOEOROTEDBDROBDEIOSES (iX)

Now
cosx = 1 -« x2/2 + xt/Mh - ...
' exp(-%x?) = 1 - x%/2 + xH/B - ees
whence )

008 x % exp(-*xZ) R EEEEESEXRE N I I W I I SN X ] (X)
By applying (x) to equation (ix) we get
n fo.exp-%(hxu.é)e |

= fo.exp(—szﬁzgg).

1]

This is generally wriltten as
fn = fo.exp(-B.S?‘) -;-ch'oonacloonooo-. (Xi)
where B = 8x2.32 and is generally known as the Debye

temperature factor (Debye,1914).



If now we have a set of observed structure factors
derived from x-ray intensity data, thcn we may give these
the signs of the corresponding structure factors calculated
from the positions of the atoms in the unit cell. These
signed; observed structure factors may then be used as
coefficients in a Fourier series to determline the electron

density at any point in the unit cell.

1.4% Pourier representation of a erystal.

If o(xyz) is the electron density at the point (xyz)
then g(xyz)dxdydz gives the rumber of electrons in the
volﬁhe element dx.dy.dz. When the unit cell has volume
V, we get
F(hk®) = V,]%fé %is(xyz)exp {thi(hx + ky + Bz)} dx.dy.dz ..(xii)
Now the electron density may be represénﬁed by a three-
dimensional Fourier series (Bragg,1915), viz.
f)(xyz) = gzzk(pqr).exp{aﬂi(px + qy rzj} ceeeese(xiii)
If we now insert this in (xii) we get
F(hkR) = Vf%f%f%{éé; Alpgr).exp2=i(px + qy + rz)}.

exp{2ni(nx + ky + 22)}ax.ay.az
- and on integrating all terms are zero except that for
vwhich

p = -h; g = -k; r = -2 giving



vil{11 A(GiB)ax.dy.de
V.A(hkD)
ie. A(hkD) = 1/V.F(hkR)

F(hk®)

L]

1]

and so

P(xyz) = 1/V.§§z F(Jru{ll).exp{-Zﬂi(hx + ky + lz)} eeee(xiv)
If h=%k=R= 0, then we find that F(000) = Z, where 2
1s the total number of electrons in the unit cell. Since
fn will fall off with sind/a the terms in the series will
decrease and in consequence the series will converge if
sufficient F(hkR) data is available.

The disadvantage of this Fourier expression is that
the signs of the coefficients, the phases, must be known,
and these can only be calculated when the positions of
the atoms in the crystal are, at least approximately,
known. A method for overcoming this is to use F2(hkR) as

coefficients in the Fourier expression instead of F(hkR).

1.5 Patterson's Fourier seriles.

Patterson (1935) showed that the Fourier series |
P(u,v,w) = 1/V.253 F2(hkD).exp {-27i(tu + kv + 2w} ...(av)
would give a peak with coordinates {(u,v,w) when two
atoms of the structure are related to each other by a
vector (u,v,w), the value of P(u,v,w) being proportional

to the product of the electron densities of the twe atonc



concerned. This function has the advantage that it is
real for4all values of (u,v,w) since if we collect the
coefficients in h,k,®2 and h,k,2 and put

Fo(hk2) = FMIOKD)
then (xv) becomes
1/2V.?§§ Fz(hkﬂ)[exp{~2xi(hu + kv + ]W@}

+ exp{2ﬂi(hu + kv Ew%]
IN.352 F2(hkD).cos2m(ku + kv + Qw)  .....(xvi)

P(u,v,w)

This function has the disadvantage that it gives rise to
a large number of peaks, nf{n - 1)/2 if there are n otoms
in the unit cell. Its chief value lies in ths location of
'heavy atoms', ie. ones whose atomic number is larger
than the others.

. This arises since the value of P(u,v,w) is proportic: .ol
to the atomiec number of the two atoms consldered and in
consequence these peaks will be better resolved.

This series, then, gives us a metiod for using our
observations, the F2's in a direct attempt to determine
the atomic arrangement in the crystal. Having once
determined the approximate atomic positicns we thon
require some methods for improving these values.
Successive cycles of Fourier series and structure facior
calculations will accomplish this but irznioved

nethods have bzen suggesied.
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1.6 Difference Fourler series.
In the locast squares refinement process the function
minimised is
2
= BPo -

b 2 w(Fo = Fe)

If w = 1/fy 1s used the function to be minimised bacomes
J : 2

¢ =z 1/0y(F, - F)

and the condition that q’)' should be a minimum with respect

to the coordinates of the Jth atom 1is
' U
oxj oY} 323

For a centrosymmetr%; structure
2
Fc - 2.2 fJ.COS@j R EEEE R R R (K’Vii)
al

where @4 = 21".(11::‘.l 4;3kyj + ﬂzj)e

Now

dre

an = hwhfj.sirﬁj
and

3¢

3Fa - -»2.?1 1/f3 (FO - Fc)
and hence

r;é_i:_ - 3& . oFc _ : n
axj = X.ﬁ:; 5;3' = 87‘:.;1:1 h(Fo - Fc)sin 63 P (/:7111)

If we let Dy = (Po”Pc) 5 = the difference electron denslity
at the eentre of the jth ztom then
Dy = lfv.i(Fo - Beleos @y




( D ) hat i? 2 11(F0 - F‘!) 8111 6 LR 20 A B B N J (:{iJr)

Combining (xviii) and (xix) we get
d - _1f_ of
(-‘12 - W(" S%)j

Xy
and since {3§'/dx) = O minimises §', then so does
3D} _ 3D _(AQ)-
(bx)j = 0 and similarly (ay)j = 32; = 0.

If the positions of the atoms used for the structure
factor caleculations are found to coinecide with points of
zero electron density gradient on the difference mep, then
&‘ has been minimised with respect to these coordinates.
If, however, the gradient at an atowmic position is non-
zero, then the atom must be moved to a more positive
region by an amount proportional to the gradient. The

expression used to caleulate the mggnitude of this shift Ig

pry = - (%%)3/(%%—;)'? .o ...... oo (xx)

where p is the vector along the line of maximum gredieut
through the atom.

If we assume that the electron density near the
centre of an atom can be represented (Costain,lghl) by

fD(r) = fD(O).exp(cprz)



2. Anisotropic thermal vibration.

The negative electron density contours are dashed.

These features indicate that the temperature factor

should be increased along the X - direction and

decreased along the y - direction.




where p is a constant dependent on the temperature factor

of the atom, then

32p )
(——5—%51)? =0 = 2P0

and hence equation (xx) becomes

dD
Ary = (6r)3-~2pf)(0) ceevess (xxi)

The constants p and;)(o) are evaluated by plotting lo%p
agalnst ra, the values off) and » being nmeasured from
well resolved atoms, of the same type, on the corresponding
Fourier map.

Temperature paramstors can also bs improved from the
information on these maps. if, for instance; the veluo
of 33 for an atom 1g too high then exp(ijsz) vill e too
low and correspondiangly Fo = Fe will be oo high, In this
way po - pPec will bepositive at the correspoending atomie
positions conversely, if Bj is too low the value of;b W/DC

L) .
\\.....1 -~
WA VISP

o7

will be negative. Evidence of aniscotropic thermal vik
can found hy featuvres such as are shown in Fig.2. Theco
allow suitable thermal parameters of the form

B = o posin?(P-L) ..ol Gixid)

to be chosen (Hughes, 1%4%1; Cochren, 1951) for the twe-

dimensionzl case, where g, P ard'{ are eccunstants and
(ZSin.e,é) are Tthe polar coordinates of the recipiocal

1
e

id
ns
e
«*\
Y
‘_l
Taale
-t
1o
o
0
Z )
ﬁ.l
\,l
" o
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1.7 Method of least squares.
When the function

$ = = wma) {7yl - 1Pl 2

1s near to its minimum, then a small change A% in the

X = coordinate of the jth atom will change Fg by an

amount

AFC = %g? . AXJ

Simultancous changes to all the atomic coordiﬁates will
result in a change of F. of
AFe = %(%%?Xj + g%gyj *+ %%?zj) eoo (xxiii)

The correct values of bxy ete. will therefore be those
vhich most nearly equate AF, to Fy ~ Fg for all possible
equations. For the least squares proceedure to worlk thils
number should be consideradly greater than the numbeyr of
unknown parameters to be determined - generally 3 positional

and 6 thermal parameters per atom plus the scale factor.
If we consider only the positional parameters for N atons,
then the'observational equations will be of the tyre shown
in equation (xxiii). Te form the normal equations, sach
of the q observational equations, where g is the unmbe;
of independent observations, must be multiplied by ﬁhehr!

weighted coefficient of each of the unknowns in turn. The



1k,

resulting q equations in each case are then summed to
give the 3N normal equoations which can be solved for AXJ,
4yj and Azj. The Jth of these normal equations will be
obfained by multiplying the q equations (xxiii) by

w.dFe/dx5 and adding to produce

)2+ o2y Mo Moy, 5 We(doy,
z w{(6x3 by § V3§ vy o%j 8zy d k 6x3 aik )
+ _é‘x“:c bl"c ) - UL, "
3k T Sabrll = ZU(TQ - Fc)axs <o (xxiv)

where k denotes all the atoms except the jth,

Solution of these q equations 1s frequently a very
large problem and some simplification can be made, If the
atoms are well resolved it can be shown that quantities
such as |
are likely to be small compared with

av(3e)”
and ean therefore be neglected. If the axes are orthogonal,

or nearly so, terms of the form

Fc. dFc
2V 3x;787;

can also be neglected. This reduces equation (xxziv) to
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2 R
Axy .aw(%f-;;’) gw(Fo - F )%gg cecseee (XXV)

If the temperature parameters are also being refined
the problem is a much larger one and best carried out on
an electronic digital computer.

In many cases it is obvious that the atoms in a
crystal are not subject to isotropic thermal vibrations
and analytical methods have now been developed to allow

for anisotropic vibration.

1.8 Anisotropic thermal\vibratiqgg.

In section 1.2 it was shown that if the atoms were
vibrating with spherical symmetry, then the scattering
factors should be corrected by the expression

T = exp(-Bs?)
where B = 8%2,32. In general, however, this is not truve
and the vibration of thz atoms is anisotropic; this con
be represented by

-2
u

i

3 3
ZI Z U;‘j.ﬂioﬁj RN (mi)
i=} j=1

where Ugj is a symmetric tensor and ¥y,R, and 23 are the
cemponents of the unit wector 9 along which the vibratlion
is taking place. Eence

3

3
T = exp -872( 3 3 Urq.0q.D4)s2
P 1ey j=y T7TATH
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which can conveniently be written in the form
T = exp =(h%byy + k%bpp + P2h33 + hkbyy + kibpy + Fhbyy)

ceseses (xxV1L)

where by = 2n2(a™) 2U{1
by = 2x2(b")2u%,
b = 202(c*)2Uk
33 ) o3 erevees (xXVidl)
by = e 8™ . b .Ufz

bpy = ln2.b™.e".UE,
byy = Ux.e®.a".ufy

If the molecule under consideration can be assumed to
be a rigid body then Cruickshank (1956a) showed that the
UY tensors for these atoms can bs represented by two
tensors T;j and W3 . The tensor Tij glves the mean square
amplitude of the %translational vibrations along the
molecular axes and the W4j tensor gives the mean square
angular oscillation about the molecular axes.

These two tensors may be calculated by the least
squares method; the normnal equations are
B a5 - 0 (5™
a=1\n D | * n p

obs _ Ugj obtaired from the bjy3 Uﬁalc = Ufj

where Up
calculated from T.j; anc 3 Aq are the unknown components
of Tij
hese are twelfth ordexr equations and can be solived for

and Wyy and n is the moaber of independent Uij.

3

the twelve values Aqe
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1.9 Methods of computation.
Various methods have beon used to perform some of

the lengthy calculations involved in x-ray crystal
analysis. Several of these have been programmed by the
author for the DLEUCE computer; detalls of some of these
programs ars contained in Appondix 2.

Structure factors have bean calculated by twvo methods.
Firstly, hand calculations were carricd out with the help
of tables which give values of sin 2% and cos 2« for
values of © vhere 0< 9 <X. The tables compiled by
Buerger (1941) which contain values of sin 2zhx and
cas 2nhx forAvalums of 1 fyom 1 to 30 and of x frem O to X
at intervals of 0.001 have also bzen used. Secondly
calculations have been carried out on DEUCE using the
structure factor yrogran written by Dr.J.S5.Rollett.

Fourier summaiions 1ave also been carried out in

several ways. Hand calcilations ware performed using

Beevers-Lipson styips (Jeevers and Lipson,193l, 1936a

and 1936b; Beever:,1952) and also using RUFUS, a fast
mechanical computer designed by Prof.J.M.Robertson to
perform Fourier summations. The dzegign of this machine
has been described in two papers (Robertson, 195% and

1955). The machine gives values of F.cos 2nhx for %



18.

which corresponds to the regquired value of h by means of
an electric motor. This operation simultaneously sets
up on 32 other counters the velues of F.cos 2xhx by
means of an appropriate train of gears, Values of

sin 27hy can be abtained at the sam? time and summations
of the form

% Fp.cos 2xhgx - % Fp.3in 2nhpx

are performed in one operation.
Automatic computations have also been carried out

on DEUCE, again using a program written by Dr.J.S.Rollett.



Part II.

4L tegihalogeno-diphenyl sulphones.



1.1 Introduction.

. The chemistry of sulphur has long been of interest to
chemists. This is because of its ability to form a varying
number of bonds from two in ecompounds such as HoS to as
many as six in $Fg. The reason for this wide variation
is the expansion of the outer shell of electrons in
sulphur atoms beyend the normal octet of electrons to a
decet or even a dusdecet. This is accomplished by accomod-
ating the extra electrous in the 3d ovybitals which are
normally unoeccupied. The bonding arrangement in sulphur
atoms has recently been revieved by Abrahams (1956).

Particular interest in the past has been shown in the
sulphur - oxygen bond and there has been nuch argument
about its bond ordey, especially in sulphone molecules,
it is now generally agreced that this bord has a high
percentage of double bond character; the accepited double
bond length being 1.434 while the single bond length is
1.60A. The sulphur - oxvgen bond lengih has been measured

in sulphuryl chioride by electron diffraction (Falmer,i1030)

and found ta be 1 J3 r 0.02A; this is the same value foui
in dimethyl sulphone and quoted by Allen and Suttor 2 (19507,

In B - isoprene sulphons the sulphur - oxygen bond has
been measured by xz-ray analysis and found to be

'

1.1436 + 0.0174 (Jeffrey.1951). These measurements are all,



" hovwever, cdnsiderably shorter than the bond length found
by Toussaint (194%5) in 4%-h'-dibromodiphenyl sulphone of
1.5% + 0.05A which suggests that the sulphur - oxygen

"bond in this molecule may only have about 60% of double
bond character.

The carbon - sviphur bond has been shown in several
molecules to have as much as about H0% of double bond
character but in b-W'.dibremodiphenyl sulphone this bond
is almost certainly a pure single bond, the bond length
given by Toussaint being 1.84% * 0.0%A. The accepted
earbon -~ sulphur single bond length is 1.82A and the
double bond length is 1.6EA{Abrahams,l956).

The angular distribution of the bonds in sulphone
molecules is alsc interesting, the four bonds are
approximately tetrahedrally distributed btut the 0 « & ~0
angle is always significantly larger than the tetrahedral
value of 199.5@° Yu these molecules the X-.8-0 angle
appears vemarkably constant at about lO?ﬁ; the X=5-X
angle on the other hand varies considerably. Three
measurements have been reported for the F-S-T angle in
F5805, the first by Stevenson and Russell (1939) was
100 1,80. The second, cbtzined by Fristrem (1952) using
the microwave methaed was 92.8 + 0,5%°, and the third

= P
3100 f daZ,

o
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determination by “he same method was 96974

&
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Mann and Fristrom,1957). Electron diffraction on €150,
shows the C1-S-C1l angle to be 111.2 + 2° (Palmer,1938),
This change in bond angle can be attributed to two souvcos,
firstly Increased sterie repulsion cauced by the greater‘
size of the chloyxine atom, and serondly, a change in the

hybridisation of the sulphur atom with a less electro-

" negative substituent. To study this second effect in

more detail, substituvents with vaiying electronegativitics
but the same effective size are requived. Such a séries

of compounds are the W-itt-dihalogencdiphenyl sulphones

in vhich the halogen atoms are divectly conjugated through
the benzene ring to the sulphur atom. Any change in the
electronegativity of the halogen can thus alter the

hybridisation of the suiphur electrons and cause any

ot
t.de
&

change in the X¥.-S5-X angle without the aceompanying ster
effect of the larger groups.

It has also been predicted by Koch and Moffitt (195%)
that the benzene vings in diphenylsulphone should be
normal to the C~S-CF plane because of the overlap of the
sulphur 3d and carybon 25 orbitals. This has been found %o
be the case in diphenyl sulphoxide (Abrahems,l947) whovo
the angle between the ring planes snd the C-S-C?! plansc
is 81.9°. It has slso b:ien shown that the diphenyl

silphone and diphenyl snlphoxide molecules are so similcoy



that they form a continucus series of solid solutions
having the crystal structure of diphenyl sulphone in
proportions up te 90% of diphenyl sulphoxide (Abyzhams
and Silverton, 1956). It seems likely then, that this
will also be true in the substituted diphenyl sulphone
nmolecules.

Koeh and Moffitt (1851) also state that the nore
electronegative the groups attached to the sulphone the
strongey will be the sulphur - oxygen bond. This appears
to be tyue in the case of sulphuryl fluoride and
sulphuryl chloride where the sulphur - oxygen bond lengihs
are 1.37 + 0.014 and 1.k3A wespectively. This effect
should also be present in the dihalogencdiphenyl sulphone
molecules although probably to a lesser extent. To observe
these effeeis, however, will require analyses of more
accuracy than have so far been carried out on sulphone

nmolecules,

1.2 Historical.
Compounds of the gencral formula (p-R-Cgil)oS0p have
been studied by seversl workers. Table 1 gives wvaluss of

some physical constants of fhese molecules together with

R = H, viz. diphenyl sulphone, are taken from a paner by
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Unit cell
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Density
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group
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b

¢

8
Unit eell
volume
Density
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mols/cell
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Table 1.

B=H
218.27
1249¢
12.21 + 0.034
7.82 & 0.02
11.31 + 0.03
98925+ 1 10°
107143
1.355
%
Parse
B=3Br
376.08
172%C
12.32 + 0.034
5.0% + 0.02

- 20.75 + 0.03

Q2%

128683

1.88
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H
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254,25

989¢C
10,310 + 9 02A
13.05 + 0.02

8.22 + 0.02
99;53 + 0,39
106943

1.56
IS
Poy/a

R=1
420,09
213, 5%
19.678

k.92
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R=601
287.16
k7, 59¢

12.3kX

5.01

20.5
90931
1263A3
1.52

1.

12/a

21,374

.92

ik, 37
316,79



Abrahams and Silverton (1956) which shows the formation
of a series of solid solutions of diphenyl sulphoxide and
diphenyl sulphone. The data for the compound (p-F-Cghy)oSCp
has been measured by Sime(1956). As can be seen in Table 1
the compounds with R = €Y, Br and I form an isomorphous
series. The first two of these compounds have been studied
by Toussaint (1948 and 1944 resp.), and the third by
Keil and Plieth (1951).

Sa far no detailed study of the diphenyl sulphone
and 4Y-4'<difluorodiphenyl sulphone molecules have becen
reported. The structure of “-h'edibromodiphenyl sulphone
has been reported in three papers by Toussaint (19h',194%5
and 19%6). This work was, however, carried out in relation
to optical studies of the crystals and not to determine
detailed molecular geomectry. He does, however,give the
coordinates of the two heaviest atoms, broumine and sulphur,
as determined from projections down the b~ and a- axcs.
These coordinates are given in Table 2. The following
bond lengths and angles are also given, assumlng the

benzene ring teo be a regular hexagon of sides l.klﬂ;

Br-C = 1.89 + 0.0k4A Br-S-Br = 100 x 0.5°
S-C = 1.79 + 0,0%A 0-8-0 = 131 & 3°
S - Q = lost* i OOOSA‘



The Br-5-Br' plane is veported to be at an angle of

90 + 19 to the benzene ring plane and at an angle of 2u°
to the e- axis. The length of the sulphur - oxygen bond
agrees with the prediction of Koeh (1949} that this bond
should be longer than the normal S - 0 bond lengih of
1.%43A. He suggests that the following resonance foyms

are possible

@ &)
By By
N\
\ / Q "
N
0// \\o S o/ \o
P e ©
0
(a) (b) (e)

Contributions from (b) and &c)'indicaﬁe that € - S should
be shorter than the normal single bond, and that S - 0
should be longer than the novmel double bond as in (al.
bl dichlorodiphenyl sulphone has alsc been studied
by Toussaint (1S48). This anslysis, again carried ouvt in
conjunction with an optical study, was cnly done for the
hO2 projection. The ¢4gﬁs of the structurs factors usced
ta calculate the Fourier synthesis for this projection

were obtained by comparison with the structurs factors



of the isomorphous bromo - compound. Several Fourier
series were calculated far this projection but no atomic
coordinates are given; the following angles are reported -
the C1 -« 8 - CL*' plane is at about 90° from the benzene
ring plane and mskes an angle of 24% yith the c- axis.

The C1 - S = C1' angle is 100 + 1°,

Two papers have been published on 4&-lfe=diicdodiphenyl
sulphone by Keil and Plieth (1951 and 1959%). The second
of these papers is the more complete and contains all of
the information given in the first. Their analysis was
carried out without any reference to any of Toussainl's
earlier work. The unit cell they chase is the alternative
orientation of the Io/y cell chosen by Toussaint and this
orientation is also recorded in Table 1.

The structure was determined from the hOR zone for
which a list of observed and calculated structure factors
is given. The y- éoordinates were obtained by assuming
"bond lengths and calculating hk0 structure factors based
on different iodine positions. They also assumed in this
calculation that the benzene ring plane was at 902 to the
I -8« 1I"plane. A complete set of the %, y and z co~
ordinates for all the atoms are given and these values,
transformed to the Ip/g orientation for comparlson purposss,

are given in Table 2,
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¥,

ergmann and Tschudnowsky (1932) give the C1 - S -« C1t
angle of U-%'~dichlorodiphenylsulphoxide as 1099,

Two papers on L-L’-dichlorodiphenyl sulphone are
now being published. The first by Sime and Abrahams (1959)
is a full three dimensional study of thlis molecule and
forms the subject matier of part of this thesis. The
second paper,by Bacon and Curry (1959) is a twe
dimensional neutyon diffraction study of this molecule

and is commented on in section 2.9.



2. h-ls.Dichlorodiphenyl sulphone.
2.1 Unit cell data.

Precession and Weissenberg camera photographs were
taken with the crystal set about the b- axis using
molybdenun K, radiation ( A= 0.7107A). The axial lengths
were determined from the precession photographs and
corrected for film shrinkage; the § -~ angle of the
monoeclinic cell was measured on the Weisscenberg photograph.

These gave the following results

a = 20.20% + 0,010
b = 5.009 + 0.010
e = 12,259 + 0.010

p = 90.57 + 0.25°
The values given by Toussaint (1948) were

a = 12.3 kKX
h = 5.01

¢ = 20,5

B = 90931

ie. the a- and c- axes have been interchanged.
The volume of the unit cell
V = a.b.c.sing
is 1240.6A3; the density determined by flotation in an
aqueous solution of zine chloride is 1.533 gm/e.c. vhich

gives four molecules per unit cell and using the formula



D = 166020 . ZA

(Bragg,19%7) the calculated density D is 1.537 gm/c.c..
The total number of electrons per unit cell, F(000) is
58%,
Examination of the precession and Welssenberg photo ~

graphs showed the absent spectra te be in

hkl when h + k + R is odd

hOl when h or 2 is odd

OkO when k 1is odd
which indicates that the space group is either Cgh ~ Io/a
ar c§ - Ia (Toussaint states Ip/s). The centred space

group Io/g was assumed initially and latey confirmed.

2.2 Intensity datsa.

(a). For the initial work on the hOR zone the x-ray
data were obtained using a Weissenberg camera and rotetien
about the b - axis. A pack of five films was used in the
camera and the intensities estimated visually; this
miltiple film technique has been described by Robertson
(19%3). The radiation uéed for this was copper K@

(A= 1.5418A). These intensitiecs were corvected for loventz
and polarisation factors by ithe usual formula

F2 = I.sin 2/ + £05226 )



giving a set of }F| values on an arbitrary scale.

(b). For the three dimensional analysis all of the
data were recorded using molybdenum K, radiation and
Ilford 'Industrial G' film. Since the linear absovption
coefficient for this radiation is small, 0.718 mm™l,
sufficiently small erystals were chosen to make the
errors due to absorption negligible. The crystals used
were 0.5 x 0.3 x 0.3 mm and 1.0 x 0.5 x 0.5 mm. the
latter only being used for measuring the weakest intensit-
‘ies. Equi - inclination Weissenberg photographs were
taken with rotation about the b- axis of the layers hOR
to h7® using the multiple film technigue and a modified
Weissenberg camera based on a design of Abrahams (1951).
’Since, hovever, x-ray film does not absorb Mo K@ radiation
to the same extent as it doses Cu Ky radiation it was
necessary to interleave the films with sheets of nickel
foil 0.0008" thick. In order to determine the resulting
intensity reduction for normal beam photographs a small
portion of data was photographed four times on a four
film pack with a 3 : 1 ratio in the exposure times of
sucessive exposures - a stabilised x-ray output was used
for this. An approximate reduction factor was then

determined and the process repeated using this ratio &s



the ratio of the exposure times; in this 'way a reduction
ratio of 2.65 : 1 was derived.

' For the upper layers recorded on the VWeissenberg
canmera this factor was modified by the obliquity factor
(Rossman,1956), viz.

R = %0" = lfcexp(,m.secv).

Since the values of the constants given by Rossman were
for Cu Ky radiation new values of the constants were
determined. The value of mt was determined from the known
linear absorption coefficient for nickel and the thickness
of the foil; this gave mt = 0.8%2. By substituting this
value of f"t and a value of 2.65 for R when V= 0, it was
found that 1/(1 - €) = 1.142. A graph of R against V was
then plotted and the reduction factor determined for fhe
individual layers. These intensities were also estimated
visually and corrected by the Lorentz and polarisation
factors and Tunell’s rotation factor (1939),Dg, for the
upper layer lines where

Dg = (cosv- cos%)%/si‘ne
where V = equi - inclination angle = sin~1(nN24d), and
n is the layer being photographed, 4 the length of the

rotation axis and A the wavelength of the x-rays.



In order to place these eight layers on the same
scale, five ather zones,hkO0 to hkh3were‘ph0tographed cn a
precaession camera,a seyies of six or more photographs
being taken of each layer with a 3 ¢ 1 time ratio between
the exposure of each., These intensities weie also
estimated visually and corrected for the Larentz and
polarisation factors by using the Waser and the Grenville
« Wells and Abrahams (1952) charts. The ratio of the
strongest to the weakest intensity (taken as unity) was
8,800 in hk0O; 37,200 in hkl; 8,800 in hk2; 3,645 in hk3
and 3,000 in hkd#. In the other layers the ratio was
" 37,950 in hOB; 22,300 in hI®; 3,905 in h2B; 646 in h3L;
37% in h4B; 315 in h58; 92 in héR and % in h7B. The 351

common reflections were then used to plaece the resulting

structure factors on the same scale; in all 1,706 structure

factors were determined and ave listed in Appendix 1(a).
Standard deviation.

Sinece 351 of the reflections have been estimated
twice, it was possible to obtain some indieation of the
aceuracy of the structure factors. The method used for
this was the one suggested by Abrahams (1955) based on
the formula of Whittaker and Robinson (1944), viz.

@) = {3 F-r)?: (- v} ®
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Fig. 3. N(2) test for h-l'-dichlorodiphenyl sulphone:
the erosses indicate the experimental deta.




where F = % Fi/n.

This clearly holds for n large, but although in this
case n = 2 the results may be somevhat ambiguous, 0 (F)
was evaluated for each of the 351 F(hkR)'s. When this
had been done it was found that the standard deviation of
each was very nearly a counstant percentage of the
magnitude of the structure factor with

@ (Fy) = 0.092|Fyl .

Test foxr centyro - symmeiry.

The 1,706 structure factors werve divided into five
renges of sinZ® ani the test of Howells, Phillips and
- Rogers (l950§ was applicd. This gave the following figures
Z 0.1 0.2 0.3 ok 0.5 0.6 0,?_ 0.8 0.9 1.0
N(z)% 36.1 W8 £0.2 54.% 58.8 61.7 65.2 67.2 68.% 70.9
which are shown grsphically in Fig.3. Alssa shown in the

figure are three carves

]

{1) non - gentred Ny(z’ 1 - exp(-z)

(ii) centred Ny(z) = erf(%z)%

(iii) the 'hyper - centved® curve of Rogers and Wilson
(1953) Ho(z) = 2/% jifzerf(%z%.sec$).d$.

The experimental cirve is seen to lie between curves (ii)
and (iii) which coaifirms that the space group is in fact

the centred one 021;' I./5. The justification for the



curve lying so near the hypercentred curve (iii) can be
based on the structure of the molecule as indicated in

the diagram

The benzene ring has a centre aof symmetry and the sulphur
and chlorine atoms have almost the same atomic number

(8 = 16, C1 = 17); in this way each sulphone molecule

can be seen to have two approximate centres of symmetry
vhieh cannot:.coincide with any of the crystallographic

centres of symmetryy.

2.3 Apalysis of the structure.

In the space group Io/a the general position is eight
fold and since there are four moleeules in the mit cell
the sulphur atoms must lie on special positions; this
demands that the moleculwr symmetry is Cs ox I. The known
bonding arrangements in sulphone groups (Abrahawms,195 56)
elilminate the latter possibility and reguive the sulphur
atom to have coordinates

(%,Y;Q)g ('%5%: + y;'{?)f {%;37“90) and (7?7;"3; - y:'}:’)-
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The 160 (hOR) reflections measured ﬁsing Cu Kq
radiation were used to compute the Patterson projcetion
along the b~ axis (Fig.%); in this projection the x- and
z= goordinates of the chlorine and carbon atams are
immediately apparent. The coordinates of the oxygen atom
vere cbtained by assuming the S - 0 bond length to be
1,43A and the 0 - S - O' bond angle to be 120°. A graph
of In<F2)/ 2y sgainst (s Ar8/0)2 indicated an overall value
of the isotropic tasmperature factor By ia the expression
exp(-B.sin20/5\2), af 3w76A2 (Wilson,19%2). By using these
parameters, togethsr with the gtomic form factors of
Me.Weeny (1951) for carlon and oxygen and of James and
Brindley (1931) for sulphur and chlorine, ta calculate
structure factors, an agreement factor

R o= 3_(Fed_=lFol)
2 Fol

of O.43 was obtain:d.

Refincment of this yrojection was effected by making
use of the differeace Fcurier syntheis method which
clearly indicated large anisotropic thermal vibrations
of the chlorine ani sulphur atome. The expregsion used Lo

allow for this was expfnsggﬁ + HM.zos?(w - ?ﬁ}

i

mixn

vhere L = #Bimin.}, ¥ = +(B{rax.) - Blmin.)), s = cid),

L . .Y - a4
W= L(gjh) angd = (ngie between the direction ol
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Fig. 5. hOl difference map. Contours at 0.5 e/A2
intervals; the dashed contours represent

negative - the dot-dash zero.




nmaximum vibratinn and the g« axis (Cochran,1951), After
four difference syntheses,the structure factors obtained

with Yo Ky radiation being introduced after the first,

B(max.) fer chlorine = 6.%0 for sulphur = 6.00
B(min.) for chlovine = 3.80 for sulphur = 2.00

and‘g = 65056‘; tre original isotropic B being used

unichanged for the carbon and oxygen atoms. The value of
R at this stage wes 0,185, the last of these diffcrence
maps is shown in Fig.5. This mar ws that some shifis
in atomic coowdinctes were still vequired particulerly

Por the chlorine stom. Temperature Tactor changes for

1
¥

oxygen and sulphury ave also indicated. The changes to

the temperature fectors were not made but the stomic
coordinates were cdjusted and the final values from this
map are given in Table 3.

To: obtain values for the y - coordinates of the atous,
the values of y for all the atoms relative to y{sulphuw)
taken as zero were calculabed by assuming the following

bond lengths

§-8 = 1.,hL3A C - ¢ (aromatic) = 1.k04
S-C = 1.85 C - CL = 1.75.

4 Patterson piojection along the c- axis was then

computed using a charpening function such tha
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| Pmoddl 2 = M(s).lFP(nxo)}2
vhere M(s) = (I/f)aexp(-xzsafp)
where f'is the sczttering factor per electron, s = 2sird /A
énd p 1s a constart, here equal to 7.25 (Lipson and
Cochran, 1953). Tke resulting map, Fig.6, showed so
little resolution that it was not possible to recognise
the Cl =« C1l or any other vector with any cextainty.
Because of this the true y- coordinates wore found by
calculating structure factors for the 020, 0h0, 060 and
310 planes with vslues of y{sulphur) ranging from O to
0.25 at intervals of 0.05 and then drawving a graﬁh of
Feale, against y(sulphur) for the four planes. Only walucs
of y(sulphur) from O to % were considered as values of
¥(sulphuy) from %+ %o % are related to these by the glide
plane at y = ¢, ard values from % to 1 correspond to a
shif¢ of the origin frony = 0 to y = %, these being
equivalent to each other apert from a possible change of
sign. From the graphs the value of y(sulphur) giving the
best agreement between the Fypg and Fepje values vas
chosen and hence the y- coordinates for all of the atoms
determined; this value of y{sulphur} was 0.135. Using
these coordinates the compieﬁe set of (hk0} structure

o e £ ?v..
factors was calculated and the R - factor found to be 2.7:3.



38.

Oné Yourier projection along the c- axis showed that the
high smount of overlap would consicerably hinder the
vefinement. Using the x- coordinates from the (hOR)
projection the best y- coordinates were obtained and a
second set of structure factoré calculated; these gave

R = 0,344, As a result of the overlap in this projection
ne further ilwo dimensional analysics was carried out; the
second set of y- coordinates are listed in Table 3 along

with the final two dimensional X- end z- coordinates,

Table 3.
Final two~-dimensional positicnal coordinates.
Atom X ¥ z

C1 0.0319 0.946 0,1592
s 0.25 0.135 0
0 0,2250 0,000 -0.0949
Cy 0,1870 0.368 0,0458
Co 0.1362 0.505 -0.0245
Cy 0.088% 10,697 0.0106
Cy 0,0903 0,726 0.1162
Cy | 0.1433 0.583 0,1845

Cg 0.1917 0.399 0.1497.



2.4 Three - dimencional refinement.

The method uscd to refine the structure fully was
that of least squeres. This was carried out in two stages,
initially using ar TBM 70% computer and finally the
ORACLE.

2.4(a) IBM 70% pefinement.

For the work cn the IBM 70% computer the NY XR2 prougran
was used. This program uses the diagonal approximétion
method referred te at the end of 1.7 of Part I, the
temperature factors, as well as the ccordinates, are
refined but only isotrorically. The refinement was corrisdé
out using 1,071 otserved and %75 unobserved structure
factors giving 1,546 conditional equations, the unobscrved
terms being used 2t one-halfl their maximum value. The
weighting system used was that suggested by Abreahams
(1955), viz. w(hkE) o 10,000/ F2(nx)] with wimax) = 25
‘f°~1‘ |Pp(hkB) € 20; unobserved teiyms having a weight of
unity. The atomie form factors used were those of Berghmis
et al (1955) for carbon and oxygen and of Viervoll and
Ogrim (L9%9) for silphur and chlorine. The initial para-
meters used were trose from the final two - dimensional
work as listed in Pable 33 the temperature parameters

used were the original ones for oxygen and carbon. For



chlorine and sulpkur the anisotropic values were replaced
by the isotropic values B = 5,00A2 for chlorine and l.3042
for sulphur. The first set of styucture facitors had an
R' factor of 0,!%¢ and a value of ZwA2 of 1,373,06C. The
R? factor differs from the normal agreement factor, R,
in the treatment of the unobserved terms; in R the-
unobserved terms agre takon as one = half theilr maximum
value and ia conscquences

| Rt = R + 0.03.
After three least squares iterations in which only the
X§y ¥i1 and 23 and scale factor varied the value of R!
had fallen to 0,341 and of xwA2 to 700,940, In the
following two cycles the individual vaiues of By were
also allowed to vary aad in the next two nycles the
contributicns frow the Lydrogen sloms were included
although these atounic pzrameters were not allowed to
vary. The pogitions of the hydrogen atoms for this were
determined by assuning ithat the atoms lie on the extended
lines Cy = C5 and 03 - {g with € -« H = 1,084, At this
stage the value of Rf wes 0,269 and of 3wA2, 465,666;
the complete detaile of the course of this refinement arve
given in Table %, The rsther constant values of RY and

ZwA2 in the final eyeles suggest that refinement of the



Table 4.

Course of refinement using NY XR2 program.

Parameters obtained from
2D - refinement
- 1st eyeles xyyjzyvariable

By constant

2nd cycle: do.

3rd cycle: do.

kth cyclet xiyyzi and B; variable
5th cycle: do.

éth cycle: do.

(hydrogen atoms included in
structure factors but not varied)

7th cycle: do.

RG
0. 446

0,397
0.360
0,341

 0.306

0.293

0,273
0.269

Zwa2
1,373,060

988,690
80,880
700, 940
545,070
462,310

522, 667
165, 666

- strueture is probably as complete as this program will

permit. Comparison of the coordinate shifts (Af) with

the corresponding standeprd deviations {(o-§), Table 5,

reveals that some »f the paramecters, pavticularly fthe

thermel ones, still have significant shifts. It was

therefore decided that for any further useful refinement

o be obtained the anisciropy of the thermal vibrations

would have to be considered, The final parameters from



Comparison of coordinate shifts and corresponding standard
deviations from 7th NY XR2 least séuares eycle (x 103)
A ¢x Ay oy 4z ¢z AB  ¢B
¢l 0.0 0.20 0,10 0.92 0.19 0.32 0,319 0,08
5 o 0 -0.05 0.85 0 0  -0.023 0.07
0 «0.17 0.39 0.23 1.77 -0.58 0.66 0,192 0,15
G 0.16 o.48 0.80 2.00 0.71 0.79 0.1C% 0.16
C; 0.28 048 1.27 2.00 0.25 0.79 0.106 0.16
03 0.0% 0.48 -0.63 2.00 0.92 0.79 0,173 0.16
G, 0.37 o.48 0©.66 2.00 1.7. 0.79 0.298 0.16
Cg 0.27 0.48 ~C.68 2.00 0.91 0.79 0.295 0.16
Cc 0,03 0,48 1.27 2.00 0.83 0.79 0.105 0.16.

the NY XR2 prograr are given in Table 6 and Fourler
projections along the b~ and c- axes drawn out at this

stage are showm ir Figs. 7 and 8 vesp..

2.4(b) ORACLE refinement.

The final leacst squares refinement of this compounrd
was earried out using the comprehensive least squares
program written by Dr.H.A.Levy and Dr.W.R.Busing for the’
ORACLE computer. In this program the anisotropic

temperature factors are treated in the form



Table 6.

Coordinstes from NY XR2 refinencnt,

C1 .0328  ,9380 1621
s . <25 1549 Y

0 - .2247 .0127 -. 0940
oy 1871 L3726 .CMhg
Cs .1357 4337 -.0261
Cy. .0867 .6058 .(087
Cy. .0932 L7154 .11.68
Cs <1439 L6433 .1873
Co .1901 1738 1490
Hp' .1320 L3472 -.1049
Hy' 0476 6615 -.0u54
Hg' 1466 .7085 .2629
He' .2289 1209 .1993

'  these parameters were not refined.

_B,
6.96
3.9%
%.95
3.69
%.73
5.39
5.50
5.09
4,38
.60
%.60
4. 60
4. 60
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exp -(By1h? + Byok? + B3322 + 2B ohk + 2Po3kl + 2631 %h)
and in the lezst squares process the complete set of
normal equations, including off - diagonal terms, is
solved.

For the gemneral positions in the space group In/y all
the symmetry related atoms have the same values of the
coefficients i3 except for a sign change in By and Pog
for atoms related by the glide plane or two - fold axis.
ConseQuently, for the sulphur atom which lies on a special
position, Bys = Pz3 = 0 (Levy,1956). The atomic form
factors used for this rofinement were the same as hefore
for oxygen and caxbon, but for sulphur those of Tomiie
and Stam (1958) were used. For chlorine a modified
Berghuis et al (1955) curve was used with fg- replacing
Afc1 at values of sin 8/ » 0.2. The weighting system was
the same as for the NY XR2 refinement except that the
unobserved terms (again taken as oue - half their meximum
value) were now assigned a weight of 25. The contribution
of the hydrogen atoms was ineluded in the structure
factors, the coordinates being Bacon's (1957) %~ and gz~
coordinates together with the y- coordinates obtained by
solving for these with the equation of the benzene ring

plane determined from the coordinates from the 7th UY XR2



eycle (Table 6). The values of these coordinates are
given in Table 7 together with Bacon's isotropic wvalues
of B.

Table 7.
Initial hydrogen atom coordinates (Bacon,1957).
Atom. X 4 z B.
H, 137% . 3452 . S0l 6.1
H3 . Ol .6703 .9558 6.9
Hg -148g .7183 .2708 6.9
Hg . 2315 1152 . 20%4 6.1

The ORACLE is able %o solve a determinant of order
not exceeding 48. For this refinement we have 25
positional, 52 thermal and 1 scaling parameters which
requires the solution of a 78th order determinant. This
was accomplished ty solving two, overlapping, parts; all
of the parameters for any atom being kept as a group and
in general the nearest neighbours being included in each
cycle.‘The {otal namber of terms used was increased to
1,706 of which 1,158 were observed structure factors. A
' further requirement placed on each term rejected it from
inclusion as an cbservaiional equation if 3.Fealc < Fpeass

these torms are inlicated by a dagger in Appendix 1(a).



The structure factors based on the coordinstes from the
7th NY XR2 cycle contained 141 sueh terms and those bosed
on the final ORACLE coordinates contailned 126; of these
76 vefer to unobserved terms and need not have been
- rejected.

In all, six least squares iterations were corried out,
the final value of R! being 0.1%% and of zwa2, 107,481,
After the second cycle the hydrogen atom coordinates
were replaced by row values based on C -« H = 1.08A and
- such that they weie on the extended lines Cp - Cg and

€3 - Cg. These values ave given in Table 6.

Table 8.
Atom. z Y z
H, 1321 -3557 -8943
Hy - L0473 L6646 -9568
Hg L1463 . 7257 .2685
He . 2310 4210 . 2012

After the fourth c¢ycle no significant changes in R' or
Zwa occurred, the finzl two cyeles being carried out
to ensure complete convergence; more significantly, in
the final cyeles no value of A?i was greater than the
ecrresponding o §j. The variations of R' and swA2 during

S om ITEA Y
the ORACLE vefinenent are shown in Table 9.



Table 10.

Final atomic ccordinates for k-lttedichlorodiphenyl sulphone, |

Atom,

OmB

/94
0. 0045k

0.00312
0.00403
0.00281
0.00272
0.00296
0.00297
0.00347
0.00331L

x
0,0327
0.25

0.224%
0.1868
0.1352
0.0877
0.0926
0.1431
0.1910

B22
0.07857
0.03686
0.04319
0.03571
0.05968
0.07263
0.04671
0.06119
0.0%:502

L

0.9381
0.1546
0.0126
0.3696
0.4367
0.6117
0.7173
0,648
0.4743

£33
0,01700

0.00755

Bio
0.00883
0

2z
0,1621

0
=0,0927
0.0456
~0.0240
0.0112
0.116k
0.1867

0.1503

P13

823

0.00281 0,0160%3

-0.00025

0 i

0.00926 -0,00275 ~0.000%5 -0.00551
0.00762 -G,00069
0.00808 -0.00053

0.01019
0.01165
0.00922
0.00773

0,00207
0.00190
0.00313
0.00192

-0.00047 0.00373
-0.00048 0.00333 |
"0.00011 0&0@680

0.001%3 0.00785

-0.00011 0.0003 |
-~0.00006 0,00073: |

{
i
i

|




Iable 9.

Course of refinement using ORACLE progranm.

: R? Zwa2
 Final NY XR2 coordinates 0.2562 406,987
Ist cycle: all parameters ,

variable 0.1759 183,484

2nd: do. 0.1467 116,892

3rd: _ do. | 0.1419 109,379

Yths: do. 0.1415 107,434

Sths do. 0.1415 107, 548
6th: do. 0.1k 107,481,

The final values of the atomic positional and thermal
parameters are listed in Table 10. These correspond to a
Avalue of R = 0,108 if, for the unchserved terms Fygqg 15
taken as its maximum walue, ie. twice the astorisked
value in Appendix 1L{a), and Ppeasl = |Featel = 0 if
this value of |Fpeas! is greater than|Faaiel . The actual
caleulated values of the structure factors are listed in
Appendix 1(a),

A plot of & = {Fyensl = 1Fearcl against |Fuoqql was
made. These point were fairly widely distributed but for

values of Fpeng between about 10.0 and 80.0, it was found




that A ®0,10%[Fyeasl which is comparable with

0°(F) = 0.092|F| as found earlier although no
significance is attached to this because of the fairly
Lwide spread of the A values.

The standard deviations of the atomic coordinates in

Table 10 are given in Table 11.

fable 11.
Standard deviations in the final positional coordinates
(a1l x103)
Aton. X X | Z
CL 0.10 0.43 0.18
s 0 0.35 0
0 0.20 - 0.76 0.32
Gy 024 0.91 0.38
Cy 0.26 1.23 0.43
Cy 0.29 1.2 0.5
G, 0.28 1.23 0.53
Cs 0.29 . 1.31 0.%9
Cg 0.27 1.08 0.h2.

These have been obtained from the variance - covariance
matrix derived frcm the least squares process; the standerd

deviation in a function f is given by



[?f 3 :;‘i )(Mg)cﬁ * (igi) ‘TJ%

where Pj,p; are the least squares parameters, Cij is the
corrésponding variance -~ covariance matrix element, qi arc

the e¢ell parameters and 0y their standard deviations.

2.%(e) Comparison of the two refinements.

During the course of the IBM 704% refinement the value
of R! fell from 0.%46 to 0,269 and of IwA2 from 1,373,060
to 465,666; ie. 2wA2 has been reduced by a factoy of
1/2.95. At this stage the refinement was almost complete
as can be seen by oxamining Tables 4 and 5: only for 9 of
the 3% parameters heing refined does A}'exceedtrf {these
values have been underlined in Table 5).

In the ORACLE program where the full 78th order
matrix was solved, the value of R! fell to 0.1M1% and
2wa2 to 107,481; ie. a further reduction in Zwa2 by a
factor of 1/%.33. It is clear then, that considerable
improvement has been achieved by using the complete
determinent and by allowing for anisctrOpy in the thermal
parametérs instead of using the diagonal approxima%ion
with isotropic thermal parameters.

A compariscn of the results of the two methods is



given in three tables. In Table 12 the values of

S¢oraciE) - ¥ (WY XR2)
g $(ORACLE)

are given. If the value given is less than unity then no
signifiecant improvement in this coordinate has basen
achieved; if, however, the value is greater than unity
then the change in this coordinate is greater than its

standard deviation and it can be considered significant.

Table 12.

Ratio of $(ORACLE) - $(NY XR2) tooJ(ORACLE).
Atam. X pA Z
Cc1 1.0 0.3 0
s 0 0.8 0
0 1.5 0.3 2.6
Cy 1.1 2.5 1.5
Cy 1.8 2.4 k.5
C3 3.7 %.8 5.
Cy, 2.2 1.5 0.9
Cg 2.9 1.2 1.3
Cg 3.3 0.k 2.6.

Only eight of the twenty - seven values given in the
table are less than unity.

In Table 13 the values of the isotropie values By



 Table 1h.
Comparison of bcnd‘ lengths obtained from the NY XR2
and ORACLE programs.

€1 - Q 1,731 1.736A
¢ - Cy 1.389 1.382
Cy = C3 1.380 1.373
C3'- @ 1.436 - 1.395
® - Cg 1.400 1.378
Cg - Cg 1.345 1.367
Cg - & 1.371 1.386
C - C(mean) 1.387 1.380
¢ - 8 1.762 | 1.765

$-0 1.546 1.432.



from the NY XR2 program are compared with the Bij values
from the ORACLE program, The relationship between the
Bys's in the table and the Bij's obtained by ORACLE are
By = bp11/(a™3; Bpo = Uppo/(b)2; B3z = Up33/(cM?
312'= %512/2*.b*; Bpy = h523/b*.c*; Byy = hp31/c*.d“.

iable 13.
Comparison of NY XR2 B; and ORACLE Bjj.
Atom. By Byy Bpp B33 Biyi Bio Bpy By
CI 6.96 7.h1 7.89 10.19 8.50 3.57 2.56 2,78
8 3.9% 5.09 3.70 4%.53 L. Lk 0 0 -0.2%
4.95 6.58 4.33 5.55 5.49 1.1l -1.35 -0.h%
G 3.69 4.58 3.58 L.56 L.2k -0.28 0.91 -0.%46
Cr 473 W.Uh% 5,99 L.8% 5,09 -0.2L 0.81 -0.%47
C;  5.39 %.83 7.29 6.11 6.08 0.8% 1.67 -0.10
G, 5.50 4%.8% 5.69 6.98 5.8% 0.77 1.92 1.42
Cz  5.09 5.66 6.1% 5.52 5.97 1.26 0.12 -0.10
C, %.38 5.41 4%.52 %.63 %.85 0.77 0.18 -0.06.

Note. Bii = (Bll + 322 -+ B33)/3,
These values ijllustrate the very marked anisotropic

o

vibration of the ctoms.
In Table 1% tre bond lengths obtained from the two

refinement prograns are compared.



Table 15.

Molecular Dimensions..

C;- €5 = 1.382 + 0.007A Cg €= €y = 121.1 + 0.52°
Cp- C3 = 1.373 £ 0.009 Cp~ Cp~ €3 = 119.2 + 0.53
Cy- O = 1.395 + 0.009 Co- C3= (y = 119.2 + 0.55
Oy= Cy = 1,328 £ 0.009 Gy~ Oy Cz = 121.8 + 0.5
Cg~ Cg = 1.367 £ 0.008 Cy~ Cg- Cg = 118.9 * O. 56 |
Cg- Cp = 1.386 + 0,007 Cs- Cg= C3 = 120.1 + 0.52
Com Cg'= 3.854- + 0.011 Cy~ Oy~ C& = 119.7 & 0.h9
Ce- G, = 1.736 x 0.007 Cgm Gy €2 = 118.7 + 0.52
§ = C; = 1.765 + 0,006 8 - Cy= Cp = 119,8 + 0.47
S -0 =1.%32+ 0.005 8 ~ Cy- Cg = 119.1 * 0,40
C;j~- 8 - 0 =107.3 + 0.29
C3- 8 = ¢ =308.0 + 0.28
C;- 8 - C'= 10%.8 + 010
C2- S - C& = I01.8 + 0,25
0-8-0 =120.%+ 0.42.



-

2.5 Molecular Geometry.
The coordinates given in-Table 10 were used to

calculate the bond lengths and angles given in Table 15.
The mean of the aromatic carbon - carbon bond lengths is
1.380 + 0.003A and the sum of the internal angles of the
benzene ring is 719.9 & 0.4°. The shortest contact
between the two benzene rings is Cp - Cg* which §s

3.85% + 0,011A. Tre intermolecular distsnces less than A
are given in Table 163 “hese were obtained by an

exhaustive progran writien by Dr.Busing for the ORACLE.

Dable 16.
Intermoleculay distances less than LA,
Cgess0 = 3.211 + C.0094 Cy...0 = 3.721 x 0.0134

Cge..0 = 3.243 + €.010 C;...0 = 3.729 £ 0.013
Cge-<0 = 3.272 + C.0L1 Gp--.0 = 3,996 & 0.011
Cg...0 = 3.455 + €.010 Cy...Cl= 3,981 % 0.010
C,e..0 = 3.508 + C,012 CeeoCl= 3,976 + 0,010
Cyee.0 = 3,654 + €.010 Cl...Ci= 3.56% + 0.009.

Three of the carbon - oxygen céntacts, 3.211, 3.243
and 3.272A are sherter han the sum of the accepted van
der Waal's radii, viz. 3.34;, the remainder are all longer

than this value. The Cl ... Cl distance of 3.56% + 0.0094
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.520

agrees with the van der Waal's C® ...C2 distance of 3.60A.

A general view of the whole structure is given in
Figure 9; it consists of columns of molecules stacked
along the two - fcld axes, the alternate columns
'pointing' in oppcsite directions.

After transforyming the coordinates to orthogonal
axes defined by

%' = x ~ z.cosf
yt =y
_ 2% = z,.3inp
the least squares plane of the benzene ring, the sulphur
and the chlorine ctoms vas determined. In forming the
equation of this plane the sulphur and chlorine atoms
were given three times ‘he weight of the carbon atoms
since the standard deviavions of their coordinates is
about one - third of thut of the carbon atoms. The equation
of this plane, determined on the DEUCE computer (see
Appendix 2) is
x' 4+ 1LW22yt - 0.63272° - 6.130% = 0 ..... (a)

The least squares derived equation of the plane of the
carbon atoms alone is |

x' + 14208y - 0,63272' = 6.0373 =0 ..i... (D)



53.
The distances of the atoms from these plames are given

in Table 17. None of the earbon atcms lies significantly

Table 17.
Out-of-plane distances.

Atom. Distence from plane ‘a' [istance from plane 'b?

s © 0.0200 + 0,0018A 0.0616 + 0,0018 A
ce 0.0160 + 0.0020 0.0123 + 0,0020
G -0.024% + 0.0047 0.0043 + 0,00%7
Cy -0.0295 + 0.0055 -0,0079 + 0,0055
C3 «0.0150 + 0.0065 -0,0002 + 0.0065
Gy, 0.0028 + 0.0062 0.0I17 % 0.0062
Cs -0.0279 % 0.0062 ~0.0150 + 0.0062
Cg -0,0157 & 0.0055 0.0070 + 0.0055.

_out of plane 'b* but thres of them, Cj, Cp and Cg lie
out of plane 'a'. The sulphur atom is very significantly
cut of plane 'b' and both the sulphur and e¢hlorine atoms
are further from plane 'a‘’ than might have been expected.

The following angles have also been caleulated -



Plane a / Plane a® 79.5 + 0.3°

Plane b / Plane B' = 78.7 + 0.3

Plane a / C2.5.C2¢* = 8%.6 + 0.3

Plane b / C2.5.C2' = 8.k + 0.3
2. Ihree dimensionzl Fourler sestion.

The electron densiiy in plane 'h' has been evaluated
using only the 1,158 observed non-equivalent strueture
factors on an IRM 70% computer. The program used was one
speeially written (Treuting and Abrahams,959) to compute
a three dimensionsl Fourier series on a general plene in
a eyystal of monoclinie or higher symmetry. The method
used is to select a grid of poiuts X,y in fractions 'of
the unit eell edge and to solve these against the equation
of plane 'b'. The resulting values of z are then rounded
off to the neavest 1/3600 th; this means that the error
in z is less than ¢/7200 or 0.0017A which is less than
the distance of all of the atoms except C3 from the
plane. The synthesis was thenm performed at each of the
resulting points for values of x from O to 1200/3600 at
Intervals of 30/3¢00 amd y from O to 3960/3600 at
intervals of 90/3%00. The resulting avray of eleectron
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Fig. 10.

Electron density of 4, 4' - dichlorodiphenylsulfone in the plane

X + 144239y = 0,6320z - 6,0393 = 0
(Fmeas Fourier coefficients), The broken line represents 0.5¢R~3 and the first solid
line 1eﬂ’3. Contours thereafter are at 1e8°3 intervals for the oxysen and carbon

atoms; for sulfur the contours above 2e8~F are at 5eR™ and for chlorine above 6efR~3

at 2eR'3 intervals,
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densities was drawn out with the projected axes a' and b',
where a' = 11.22 and b* = 10.31A with ¥' = 39950°%; this
is shown in Fig.lO0.

This map shows several interesting features, firstly
the positional parameters show good agreement with the
earlier least squares values, and secondly, the marked
ellipticity of the chlorine atom offers confirmation of
the anisotropic thermal wibration found in the least
squares refinement. The third feature is the line shape
of the 0.5e/A3 contour in the weglon of the atoms Coy Cys
05, and Cg which suggests the presence of hydrogen atoms.
This third feature prompted the calculation of a difference
synthesis in the same plane using structure factors
evaluated using the final atomic pavsmeters for all of
the atoms except the hydrogens which were omitted. These
F(cale)'s were then subtracted from the F(meas) values of
Appendix 1(a) and the difference electyon density in
Plane 'b' computed; this is shown in Fig.ll.

This map shows the expected maxima which are distin-
ctly above the average background (0.45 - 0.65 G/A3) and
in the correct location to be hydrogen atoms. The

2 .
remaining atoms, except sulphur, are also seen ©o be in
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Fig. 11.

Difference electron density of 4, 4' - dichlorodiphenylsulfone in the plane

1 x + 144239y = 046320z = 6,0393 = O

1 (Fmeas - Fcalc Fourier coefficients). Contours are at 0.1eﬁ"3 intervals. The dot-
|

dash line represents Oeﬁ'3, the solid lines are positive and the broken lines negative

densitiess
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reglons of very small slope and. small absolute height
whieh gives further confirmation of the leaﬁt sguares

derived parameters.

2.7 Position of hydrogen atoms.

The positional coordinates of the hydrogen atoms
were then independently determined by computing the
electron density along lines parallel to the crystal
axes and through the expected centres of the hydrogen
atoms. This was then repeated taking new lines corres-
ponding to any apparent changes in the positions of the
centres of gravity of the atoms; the coordinates obiaincd

in this way are listed in Table 18.

Table 18.

Pourier derived hydrogen atom coordinates..

Afon. x ¥ z
Hy 0.Ihk 0.%00 ~0.10%
Hy 0.0:8 0.663 -0.037. - -
He 0.13% 0.723 0.273
He ‘ 0.222 0.386 0.198.

Using these coopdinates structure factors were

2 4 th Bo
calculated based on the hydyogen avoms alone with kacon
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end Curry's (1959) temperature factors and McWeeny's
(1951) atomic scattering factor. These structure factors
were then subtracted from the F(meas) - F(cale) values
used in evaluating Fig.ll and the resulting residuals
taken as coefficients to calculate F(error) syntheses
around the hydrogen and sulphur atoms. These syntheses
were performed to confirm that the electron density peaks
in the region of the hydrogen atoms were caused by
scattering from the hydrogen atoms and not by errors in
the observed structure factors. The residual electron
density around the sulphur atom was calculated in this
case to investigate the relatively large electron density

around the sulphur atom in Fig.1l. Table 19 gives the

Table 19.
Maximum electron densities.

Atom, Density (a). Density (b).
B, 0.450/43 0.09e/43
Hy 0.62 0.25

By 0.1 0.0%

He 0.5% 0.13

s 0.64 ' 0.6lk.



Table 20.

- Carbon - hydrogen bond lengths.

C, - Hy 4 1.02A
c3 - H3 1.02
Cy — Hg 1.1%
C¢ - Hg . 0.96.
Table 21.
Out-af-plane distances.
Atam Plane ‘'a‘'
H, - 0.261A
I-I3 : «~0,0k43
Hy -0.196

He -0.223

Plane 'b'
0.289A
-0.033
-0.187
-0.197.




58.
maximum electron density values at all of these atoms in
both syntheses for comparison. Density (a) is that based
on F(meas) - F(5,02,0,C) and density {b) is based on
F(meas) - F(s,Ce¢,0,C,H).

All of the ‘hydrogen' atom peaks can be seen to have
been significantly reduced although that for H3y is still
about double the background density. The 'sulphur' peak
is clearly unaffected by the hydrogen atoms, the maximmum
change in electron density in the neighbourhood &f this
atom being less than O.OSé/AB.

The coordinates of the hydrogen atoms were used to
evaluate carbon - hydrogen bond lengths and these are
given in Table 20; the mean of these values is 1.0kA.
The distance of the hydrogen atoms from planes ‘'a' and
'd' has also been evaluated and these are given in

Table 21.

2'8.égﬁl2§l§ of ithermal vibrations.

The anisotropic motion of an atom in a crystal can
hé completely described by its ellipsoid of vibration.
The ellipsoid is uniquely determined by the thermal
Parameters b13 in the expression (xxvii) of Part I; where
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in this case byjy = B34, bjy = 2B1y. Rollett and Davies
(1955) describe a methed for obtairing the prinecipal axes
of the ellipscid in terms of orthogonal reciprocal axes.
Waser (1959) and Busing and Levy (1958) describe a similar
methed but using direct lattice vectors, the latter method
being mere suitable for autouatic computation. Caleulation
af the prinecipal axes has been carried out independently
by both methods, the first methad bteing used in a hand
calculation and the second on ORACLE, The results of these
calculations are identical, apart from errors in rounding
aff; the ORACLE results are given in Table 22 sinee the
standard deviations were alsc determined in this
calcul)ation. The first part of the table gives values of
)l('zﬁrthe root mean square displacement of the atom along
the rth principal axis; the sesond part gives {(r,i) in
degrees, the angles made by the rth principal axis with
‘the direct lattice vectors.

It is, however, easier to wisualise the thermal
motions of the atoms if these are given with respect to
same fixed mclecular axes. A natural choice of axes is

that given by




Atom,
ce
S

o

Atom

r

ce 1

2
3

N

M(1) A
0.%27 + 0,003
0.257 + 0.002
0.197  0.004
0.26% + 0.005
0.287 + 0.006
0.329 + 0.007
0.33.6 + 0,007
0.302 + 0.007
0.272 + 0,006

@ (x,a)°
58.5 + 0,52

138.6 + 0,78
66.1 + 1.05

157.2 + 3.83
90.0
| 112.8 + 3.82

Table 22.
The prineipal axes; R.M.S. displacements and orientations.

MA(2) &
0,227 + 0.002
0.217 + 0,002
0.299 + 0.00%
0.196 + 0.005
0.226 + 0.006
0.231 * 0.006
0.228 + 0.006
0.241 + 0.006
0.225 + 0.006

¢ (r,0)°
57.2 + 0.59
48.8 + 0.85
58.6 + 1.00

90,0
180.0
90.0

Mm(3) A
0,297 + 0,002
0.236 + 0,002
0.28% + 0.004
0.231 + 0.005
0.245 + 0,006
0.263 + 0.006
0.237 + 0.006
0.266 + 0.006
0.2u4+ + 0.006

@ (r,e)®
49.2 + 0.75
86.5 + 0.92

139.0 + 0,76

66.7 + 3.83
90.0
156.7 + 3.83

’




Atom
0
2
3

G

Ce

Ww N W N

(¥Y)

@ (r,a)°
71.3 + 1.79
23.9 8.27
75.6 + 12.5

123.0 + 6.82

89.3 + 5.89
147.0 + 6.83

102.% + 5,40
43.7 £ 13.2
l*‘8-9 2’. Bcl{‘

80.9 + 3.70
50.0 + 8.70

69.6 + 2.62
136.2 + 4.5
126.7 + 25.7

129.6 + k4,64
41,1 + 5.1k
80.9 + 10.1

9.9 & 5,76
61.6 + 5.87
80.9 + 10,2

J (r,m)°
36.5 + 1.91
113.7 + 6.56
€4.0 + 6.23

.7 + 3,86
1k8.9 + b7
106.8 + 6.56

31.8 + 6.05
101.2 + 7.93
60.6 + 6.95

3”'\7 _'t 305?
117.% + 4,26

70.3 + 5.75

57.5 + 2,61
111.6 + 23.2
40.6 + 16.%

1404« k.66
3128.5 + 4,68

97.8 + 8.80
120.% + 5.77

ll:'so 2 i ?l 85

105.8 + 12.3

60,

P(r,e)°
60.2 + 2,07
87.1 & 11.%

150.0 + 2.h7

M3k & 5.15
58.9 & k.35
116.9 + 6.79

%9.0 + 10.9
1250!{' i"‘ 11.6

56.9 + 1.0
62,2 + 7.19
131{'01 i: 6-0 7I:'

40.1 + 2.63
53.6 + 9.18
1ok, 6 + 17.%

8g9.4 + 7.82
78.%: + 10.9
168.% + 10,8
89.5 + 8,58
71.9 + 13.6

161.9 & 13.6.




T« 8- 0
¥ « G5-0C3 + Cg- G
Z < X,¥

The amplitudes of the thermal vibration of the atoms
along these axes, u(m) were cbtained from the values of
p(r) and {(r,i) given in Table 22 using the known angles

between the prinecipal axes and the molecular axes. These

values of u(m) are given in Table 23.

Jable 23.

R.M.S. displacements along the molec¢cular axes.

NG INC I IR I gg

It 1s interesting to note that the wibrations u(l) are

uf1) A
0.239 + 0.002
0,242 + 0,001
0.281 + 0.00%
0.253 + 0.005
0.273 + 9.006
0.27% + 0,007
0.249 + »o.ooé
0.247 + 0,006
0,236 + 0.006

u(2) A
0.395 £ 0.002
0.236 + 0,002
0.255 + 0.00%
0,232 + 0,005
0.237 + 0,006
0.275 + 0.007
o.3£6 + 0.007
0, 261 + 0,006
0,246 + 0.005

w(3) A
0.330 + 0.002
0.233 £ 0.001
0.25% + 0.00%
0.209 + 0,005
0.252 % 0.006
0.283 * 0.007
0,244 4 0.006
0.297 + 0,007

0,261 + 0.006.
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essentiaslly constant ranglng Trom C‘.23:6A to 0.27%A for
atoms in the plane of the benzene 1ing whilst the values
of u(2) vary from 0,236A at sulphui to 0.395A at chlorine.
In view of this it was considered that the atoms Cl - 6
and chioryine could be considered as a rigid body and the
method of Cruickshank (1956a) applied. Since the seven
atoms considered 1ie in the plane z = 0, the twelfth
order determinan® can bs reduzed tc three fourth order
ones. The molecular axes defined atsve were used and the
origin taken to be at the sulphur atom, the resulting
equations being solved for the components of the symmetric

tensars Ti‘;] and Wyge These equations are

T o0 o g2 11 l= Oy ]
1 o x° Too| [Uao
T -xy Trof (U2
i 2+ v+ 222 o3| [pP0yg + 2P - WU |
v 2 2w [Ty = [Us
v x2%y2 7»2x.y3 Wit y2033
Xt -2dy | W *x°U33
I Lx2y2 “12 -2xyU33




Table 2k.

The values, in A2, have been maltiplied by 100,

stom. USFS  ufgle
ce 5.646 6.162
€y 6.389 6.163
C, 7.421 6.606
€3  7.525 6.602
6, 6.149 6.163
C; 6,113 6.558
06 5.567 6.556
Atom. USRS Ufgle
ce -2.372 -1.,213
¢, -0.815 -1.239
¢, ~1.063 -2.085
C3  -2.157 ~2.568
a, -1.6%2 -1.240
Cg -0. 540 0.061
Cg -0.096 -0.}%00

035
15.653
5.418
5. 646
7.603
10,056
7.038
 6.09%

obs
U3

3.944
0.368
10.327

1.430

1.766

0.762

0.732

cale
U

15.101
%.895
5.699
8.146
9.773
8.169
5.723

cale
U3

3.850
0.111
0.490
1.520
1.903
1.1k2
0.310

obsg
U3

10.879
4.368
6.319
7.989
5.9k
8.827
6.795

obs

~0. 40
0.766
-0,723
1.11%
-0.851
0.097
0.688

cale
U33

10,446
3.775
6. 4uk%
7.877
6.962
8.713
6.909

calce

-0.165
~0.189
-0.591
-0,770
-0.186
0.191
0.035.



"y o %2 xy 7] !'.:1.23" = T Uns -
1 o ~y2 T3 Uyg

o+ x%y2 xyd - s S| T -x2Up3 + xyly3

Y + x%y2 |f013 xyUo3 - Y2U13

Where the % x 4 matrices are symmetric and, together with
the right-hand side vector elements, are sumed over all
the atoms. The U§I are cbtained fiom the byy by the
relations {xxviii) of Part I and these are then
transformed to the Uij with respect to molecular axes by
the rule for transforming sezand crder tensor components.
The transformed Gij‘s are given urder Ug?s in Table 2%;
the values of Uii% correspond to the values of u(m) in

Table 23, Solution of the ahove ecuations gives

Tyy =] 6.162 + 0.248 ~1.221 + 0.248 -0.172 + 0.257
4,011 + 0.398 -0.221 + 0,398 [x 1072a2
k 3.197 + 0.633
Wyg =[53.37L +12.62% 1,718 & 1.390 1.901 % 2.696
6.132 + 0,806 -3.447 + 0.695] deg.?
\ 9.361 + 0.69%
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The values of i3 ¢ given in Table 2% are obtained from
the equations

Uy = Tyy + Yowy,y

Upp = Tpp + xouyy

Uy = T3y + Ty + Xy - 270y,

Upp = Typ - xyuyy

023 = T23 - x2w23 + XYW 3

Tyy = Ty3 - Yy * Wwy
Thg root mean squere value of the AUzy = Ug?s- U%?J'cis
0.607 x 10"2A2, These tensors correspond to librations of
the ring of 0.248, 0.200 and 0.179A along these axes and
oscillations of 7.31, 2.%8 ard 3.0—6" about them.

When the DEUCE computer became available 1t was
condidered to be of interest to repeat this analysis
using all 17 atoms in the molecule (except hydrogens).
This required choosing a new set of molecular axes since
the previous set referred only to the plane of one ring
of the molecule. In the new system
< Gt - ce
o b= axis

-y -
{ }:.y

Ny b M

The new origin was chossu to be the gentre of mass of ihe




ce

£ S5 58

o

bs
Atom, U$5° U5

ce

7.280 6.987
6.292 6.185
6.208 6.625
6.53% 6.598
5,232 6.209
7.284% 6.608
6.765 6.556
8.586 8.262
6.601 6.905

cale

2.767 2.349
-0.809 -0,289
-0.682 -0.401

0.081 0.388
-0.136 0.76%

1,397 0.219

0.802 -0,048

-0, 567 -0.826

0 0

Table 25.
The values, in A2, have been multiplied by 170.

bs cale

o
9.987
k.539
7.586
9.232
7.208
7.778
5.722
5.490
%,685

o
%.803
0.908
0.829
2,356
2.61.7
0.803
0.610

-2.135

0

cale
Uss

10.%58
5. 282
7.722
9.669
7.778
5,808
5.211
5. 558
%, 796

cale
Uo3

2.455
-0.305
=0, 561

0.510

0.801

0.082

0.036

-1.615

0

w3
1%.910
5. 3k
5.593
7.351
9.707
6.917
5.969
6.821
5.612
Y
0.91%
-0,398
~0.607
=0,727
0,32k
-0.05%
0.291
0.092
0.0kt

cale
U3z

1.738
5.152
5.673
7.587
9.012
7.399
5.408
7. 500
5.898

calc
031

0.553
-0.298
-1.305
~1.81%
0,277

0.897

C.372

1.286

0 L6k
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molecule and has eoardinates (0.25, 0.5378, 0). The

complete calculation was then carried out using the
second program described in Appendix 2; this gave

T,y = [6.013£0.216 . 0  -0.470 + 0.219) .
4,796 + 0,295 0 x 10~242
%,076 + 0.329 |

Wy =[16.24% + 2.570 0 -8.317 % 1.133)
12,167 + 0,932 0 deg.?
7.952 % 0,839/

The corresponding values of Ugjbs and Ug?lc

for these axes
are given in Table 2%, values for the symmetry related
atoms are the same except for a sign change in Uyp and
Up3. The root mean square value of the AUjj is
0.891 x 10-2A2, These tensars correspond to librations of
the centre of mass of 0.245, 0.219 and 0.202A and to
oscillations of %.03, 3.49 and 2.82% respectively about
the axes x, y and z. These two analyses show by the
relatively good agreement of the U‘f?s and Uﬁ?" values
that the molecule cam reasonably be considered to be
vibrating as a rigid body.

The method of Cruickshank (1956b) has teen used to
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determine any errors in bond length due to the angular
oscillations of the molecule. If we assume that the
sulphur atom only undergoes transiational vibrations
then we find that the resultant displacement of the atoms
towards the sulphur atom is 0.003A for Cy, 0.009A for Gy
and 0.012A for chlorine. The resulting apparent reduction
in the bond lengths is thus less than their standard
éeviat:lons and has consequently been ignared.

2.9 Neutron diffraction study.

Concurrently with the present study a two dimensional
neutron diffraction study of l4-l%'-dichlorcdiphenyl
sulphone has been carried out by Bacon and Curry (1959).
Data for the hOl zone were used and structure factors
calculated using the chlorine coordinates obtained from
the x-ray Patterson map (Fig.% of this thesis), together
with coordinates for the remaining atoms estimated from
Keil and Plieth's (1955) paper on the diiodo compound.
This gave an R- factor of 0.51. Refinement was carried
out using Fourier and difference Pourier syntheses and
finally four cycles of 'least squares'. This reduced the
R- factor to 0.08.



Table 26.

Final xe-ray and neutron diffraction parameters.

X

X N
.0327 .03%3
.25
224 2234
.1868 1883
.1352 1345
.0877 0867
.0926
%31 .1h20
.1910 ,1919
i
LO48
X3k
.222

.25

.0923

1356
.Ok62
<1465
.2308

X dénotes ¥=-ray results

2
X N
(1621 .1636
0 ]
.9073 .906k4
.0#53 .0%5%
.9760 .9738
L0112 .0LI%
116 L1164
.1867 .187%
.1503 .1509
-.10% -,1021

-.037 -, 042k

. 2685
+ 2020

<273
.198

X
By B33
7.4 0.2
5.1 4.5
6.1
4.6
4.6
5.5
k.8 7.0
5.6
5.0

-
-
-

N
Bnin Bmax
5.2 10,6
2.7 -6.2
5.2
Y
ek
5.6
%3 6.8
5.0
%3
3.7 10,0
6.4 10,6
6.3 9.9
5.2 7.5

N denoted neutron diffractiom results.
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The x~- and 2z- coordinates for 211 of the atoms
including hydrogen atoms are given in Table 26 together
with. the final x-ray x- and z- coordinates for comparison.
Also compared in this table are the final temperature |
parameters from the two analyses; in the neutron data
anisotropic values have only been considered for 5, CQ,
0, and the hydrogen atoms and consequently the x-ray
values, Bjy and B33, have been averaged for easy
comparison, With the exception of the hydrogen atoms, the
parameters of all the atoms agree (within the limits of
their standard deviations) except for the value of Byy
for the sulphur atom. The reason for the discrepancy in
this parameter may well have arisen in the x-ray data by
using an atomic form factor which has small deviations
from the true value. The good agreement of the other
parameters is of great importance in illustrating that
the two types of diffraction do in fact produce the samé
resulis.

The only bond lengths given by Bacon and Curry are

those of carbon - hydrogen, these are



C; -H, = 1,024

03 - 33 = 1,08

Cg - Hg = 1.06

C - Bg = 1.04
These values were abtained by taking the x-ray equation
for the plane of the tenzene ring and assuming that the
hydrogen ataoms lie in it, This gave y~ coordinates for
the atoms which were then used in the bond length
calculation. The mean vél‘ue cf these is 1.05A which
compares with 1.0%A found in the x-ray study.

2.10 Discussion. |

As was expected, the bond arrangement in this molecule
.1s not that of a regular tetrahedron. The 0-5-0° angle of
120.% + 0.%42° is very significantly greater than the
tetrahedral value of 109.5%: the C-S-C' and C-S-0 angles
are less than the tetrahedral value, although to a Iesser
exﬁent,. and again this déifference is significant. The
sulphur - oxygen bond length is, as expected, very close
to the double bond length of 1.4t34; the carbon - sulphur
bond length of 1.755 + 0.006A on the cther hand, is very
significantly shorter than the accepted single bond
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length of 1.824, a fact which agrees with measurements
on this bond in comparable molecules, eg. 1.76A in
diphenylsulphoxide (Abpahams, 1957).

The slight but significant deviatfon of several of
the atoms from the least squares derived planes is very
interesting. A similar effect has been found in another
aromatic molecule, paradichlorobenzene, by Housty and
Clastre (1957) wha find that the carbon atoms are 0.0k4
fram the mean plane. The only close contacts of the
chlorine atoms in this sulphone meolecule are distances of
€L ... CI, 3,564 and C1 ,., Cy, 3.98A which are no shortcr
than the van der Waal's distances of about 3.6A. Three
of the C ... O contacts are shorter than the usual van
dor Waal's distance of 3.3A& viz. 3.2%, 3.2% and 3.27A tut
there are no angular relations involving these distances
to suggest that they are any other type of bond. Many
eases of C ... O contacts between 3.1% and 3.25A can now
be found in the literature, eg. 3.1k4 in furoic acid
(Goodwin and Thomson, 1954) and 3.2%A in nicotinamide
(Wright and King, 195%), which suggests that the van der
Waal's C ,.. 0 distance should probably be shortened to
to about 3.2a,
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The thermal wibration of this molecule has also
proved rather interesting. The r.m.s. atomic displacements
along the length of the molecule are reoasonably constant
at about 0.25A whilst normal to the plane of the ring
they increase from 0,23 at the centre to 0.33A at the
periphery. Nhrﬁal to both of these directions the displace-
ments increase even more rapidly from 0.2% to 0,%04,

Iwo: sets of molecular axes have been chosen and %o vhich
the thermal parameters have been referred. In both cases
an attempt has beea made to represent these as translations
of the molecule as a rigid body coupled with aseillations
of this rigid body about the axes. Both sets of axes scen
reasonably good for this purpose tut the first set, viz.
the axes of the aramatic ring, appear tc be slightly
better in that the off-diagonal terms in the T and W
tensprs are smaller and the e.s.d. of the Uij is smaller,
0.006742 compared with 0.008742 for the case of the
complete molecule.

Simltaneously with this study a neutron diffraction
study has been car-ied cut by Bacon and Curry (1959) and
the results of this siudy and the x-ray one have alreacy

been compared (Tabie 26). That the parcreters agree £0
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well 1s valuable in showing that tie methods do in fact
give identical results within the ¢xperimental errors
of each. The largest discrepancy wkich occcurs is in the
sulphur thermal parameters and whereas the suggestion
made earlier may account for this; it must be remembered
that x-ray diffraction locates the electron cloud
associated with the atom while the neutron diffraction
methed locates the mucleus of the atom. It may well be
then, that while the nucleus of the sulphur atom exhibits
én anisotropic vibration, that of the electron cloud may
be essentially isotropic.
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3. b-Lt-dibromodiphenyl sulphone.

3.1 Unit cell gata.

Precessicn camera and Weissenberg camera photographs
| vere taken with the crystal set abcut the b- axis using
molybdenum Ke radiation (A= 0.7107A). The axial lengths
were determined from precession phctographs znd corrected
for film shrinkage, the hﬁ-— angle of the monoclinic cell
was ‘determined from a Welssenberg rhotograph. These gave
the following

a = 20.752 + 0.0L0A
b = 5,031 + 0.010
e = 120359 t 0.010

g = 92.62 + 0,25°
and the values given by Toussaint (19%5) were
a = 12,324 0.03A
b = 5.06 £ 0.02
e = 20,75 % 0.03
g o= 920
ie. with the a- end c~ axes interchanged.
The volume of the unit cell obtained from the formula
V= ga.b.c.sing, vas 1269.0A3, Since the density given by
Toussaint (195) 1s 1.88gn/c.o. thers sre four solecules
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in the unit cell and the calculated density is 1.938gm/c.c..
The total number of electrans in the unit cell F(000) is
therefore 728.
Examination of the precession and Weissenberg camera

photographs showed the absent spectra to be in

hk€ when h + k + ¢ is odd

h0¢ when h or € is odd

Ok0 when k is odd.
The space graoup is therefgre either Ct ~ Ig ar Ggh -« In/a;
the latter has been ad;pted because this compound is

isomorphous with the chloro- compound.

3.2 Intensity dats.

Data for the h02 zone were obtained using the modif-
ied Weissenberg camera {(Abrahams, 1954) with 0,0008"
thick nickel foils interleaved between five films. The
data for the hk0, hkl, Lk2, hk3 and hkl layers were
collected on a precession camera using a stabilised.
x-ray source, a series of six films, with a time ratic of
three to one betwesn the exposure of each, being faken
for each.éone. All of the intensities were estimated

visually, the ratic of the strongest to the wveakest
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intensity (taken as unity) for each zone was 33,598 in
h0?, 2,970 in hx0, 7,380 in hkl, 2,100 in hk2, 1,680 in
hk3 and 591 in hkk. ' |

Since for these crystals the linear absorption
coefficient for melybdenum Ke x-rays is 7.17 mm;l, it
was decided that absorption corrections should be applied.
The size of the cyystal used for the collection of the
data was 0.4% x 0,27 x 0,25 mm.. Corrections were only
applied to the h02 zone since no method was avallable
for correcting precessisn camera data. The method used to
correct the h0e data was to approximate the cross section
of the crystal to 2 cylinder and use the data tabulated
by Bond (1959). The wvalue of the radius of the crystal
used was 0.155 mm. and hence MR was 1.1k; the corrections
were appliedkusing a pregram written for the DEUCE
computer (Appendix 2), The initial refinement was,
howsver, carried cut before this program had been writien
and so the h02 data at that stage were not corrected for
absorption. Both sets of hOl data (ie, with and withoul
absoyption corrections) were coyrected with the usual

Lorentz and polarisation factors. The precession camera
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Fig. 12. W-W'-dibromodiphenyl sulphone.
hkO Patterson mapj contours arbitrary,

dashed contour is zero.
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data were corrected for these factors using the charpts
of Waser (1951) and Grenville-Wells and Abrshams (1952).
The values of these struetufe factors are listed in
Appendix 1(b) under F(meas). No unobserved texms are
given, since, although they were included in early
calculations they were later removed. In all there are

459 of these obscrived values.

3.3 Structure Apalysis.

Work on this structure was started with the hkO zone
at the stage when the y- coordinates for the chloro-
compound were beiﬁg sought. If had been hoped that the
increase in atomi¢ mumber of the bromine atom (over
chlorine) wculé allow the Br - Br vector peaks to be
resolved on the hkO Pattierson map. This, however, did not
prove to be the ccse as can be seen in Fig. 12. The hkO
data for this work was approximately scaled using the
method of Wilson (1942); no sharpening function was
applied.

Values of IFG! were then obtained from the scaled 72
values and signs cbtained for these by comparison with

the hk0 zone of tke isomorphous chloro- compound which

had by this time, been fully refined. These signed
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structure factors were then used to compute an hk0
Fourier synthesis from vhich coordinates for the bronine,
sulphur and oxygen atoms were obtained., These coordinates
together with coordinates for the carbon atoms in the
chloro~ compound were then used, together with an isoiro-
ple temperature factor ¢f B = %.0042 for 211 of the atoms,
to calculate a set of h¥0 structure factors. The atomic
scattering factors used were those of MeWeeny (1951) for
carbon and oxygen and of James and Brindley (1931) for
- ~sulphur and bromins. This gave an R- factor of 0.65. Two
further Fourier syatheses and a difference Fourier
synthesis reduced this % R = 0.28; only changes in the

coordinates were made.

3.% Least squayes refinement.
The program us:zd for this least squares process was

that written by Dr,J.S.Rollett for the DEUCE computer.
This program refinss nine parameters per atom, three
positional and six thermal, together with the overall
scale factor; na provision has been made to prevent
refinement .of any sf these, ie. refinement of isotropic

temperature factors is not possible. The program uses the
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diagonal approximation method as discussed in Part I.
Three weighting systems are passible, firstly if

IFol € IF*l then W = 1, and if

IFl > IFYl then F = IF*1/17,)
where IF¥Y is a suitable, preselected, value of [Fyl;
secondly, if .

\Fgl € IF*1 then W% = IFGI/IFY, and if

IFg! > IF*l then W= \T*1/1Fgl 3
and thirdly, the weight for each reflection is allocated
mamally and punchad on the input card for that reflection.
The second method 1as been used throughout. Provision has
alsc been made for applying full, half or quarter of the
calculated shifts to the new input parameters. In this
wark 'quarter shifts' were used in the early stages and
'half shifts' when the structure seemed to be refining
reasanably.

The atomie scattering factors used in these structure
‘faetor calculations were those of Berghuis et al. (1955)
for carbon and oxyzen, and of James and Brindley'(l93l)
for sulphur and bromine. The values of these at the
intervals required by the program, were determined using
a short program for DEUCE which performs the calculation
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using the method suggested by Forsyth and Wells (1959).
They approximate the atomic scattering factor to an
expression’
£(s) = A.exp(-as®) + B.exp(~-bs?) + €

and 1ist values of A,a,B,b and C for the atoms up to
uranium.
‘ The first structure factors were calculated for the
h08,hk0, hk2 and hk% zones, These had been placed on a
common, approximately absolute, scale using the raflections
in the h0€ zone common to the other three zones; the hkO
data were used to give the approximately correct value
of the scaie factor. The initial coordinates used were
the final two dimeasionel ones together with the ze co-
ordinates for the chlorc- compound, and an isotropic
temperature of B = 4,00 for all of the atoms. The value
of R resuliting froa this was 0.502 but the program which
solves for the new paraneters failed toc converge to a
limit with the brosine parameters. The value of F* used
in this calculatiox and in the subsequent ones was 50.0,
the second of the weighting systems being employed.

The 'solve routine' was then repeated using only the
hk0 data for which R = 0.309 {(including unobserved terms

at half their maximm velue). The new coordinates
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produced were then used for a second least squares cycle
which gave R = 0.313 and again failed to produce new
bromine parameters. 1

At this stage the h02 structure factors were ecalculated
using the new x- coordinates and the z- coordinates from
the chloro~ compornd; this gave R = 0,289 which fell with
two further least squares to 0,266, A further cycle,
however, gave R = 0.4 aceompanied by the previcus failure
to produce new brcmine parameters. Several further least
squares cycles weie then carried cut with various trial
sets of coordinates and temperature factors; the same
pattern of events was, however, found repeatedly, viz,
decrease in R and Iwa2 for one or two cycles followed by
rapid increases ir. the walues of these, and Tailure to
produce fresh bronine parameters.

By this time the program for applying the absorpﬁiop
corrections had been written (see Appendix 2) and conseg-
uently the hOf data wers corrected as deseribed above.

At the same time the unobserved terms were removed from
the structure facior caleulations in case the bad agree-
ment of some ofgthese was contributing to the failures

to solve for new bromine parameters. An hO2 Fourler vwas
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then drawn out using the structure factors for which

R = 0.266. From the coordinates meuasured from this map
an R-factor of 0,248 was obtained :nd the value of Zwa2
was355. Six further least squares cycles on this zonme
reduced R %o 0.1‘26 and Zwa2 €2 g98.

Two further cycles including hk0, hk2 and hk% data
again resulted in an increase in tle R-factor and conseé-
uently the complete set of structuie faetors were calcul-
ated and used as coefficients for 2 series of line Fourfer
syntheses parallel to the y- axis through the expected
atomic centres. From these a new set of y- coordinates
were obtained which, toge‘t}her with the previous x- and z-
ccordinates gave R = 0,236 ani zw? = I,085 for the
complete data; ome cycle of refinerent using these param-
eters resulted in R = 0,287 and zwa2 = I,W%2,

It was then decided to carry refinement of the two
projections to a more complete staie before trying three
dimensional refinement again. Four cycles were then
carried out on the hO2 zome with the following results




Zable 27.
Final parameters for Y-%!.dibromodiphenyl sulphone.

Atom. x ; b z
Br 0.0371 0,9536 0.1655

0.25 0.1606 0
0 0, 2248 0.026% -0,0876
Gy 0.1909 0.369% 0.0398
Co 0.1396 0.h423 -0,0202
& 0.0945 0.6433 0.0187
G, 0.1020 0.6922 0.120%
Cs 0.1532 0. 6666 0.1853
Ce 0.1970 0,4815 0,1h%47

Mem- P Pz Py Rz a3 B
Br  0.0049 0,0825 0,0186 0,0082 0,00%6 ©G,005%
0,004t 0,058¢ 0.0110 O 0 0.6003
0.0062 0,097% 0.0215 -0,0038 0.0232 0.,0002
¢  0.0022 0,062 0.0109 =0.0035 -0.0088 ~0.0006
C,  0.00%9 0.070z 0.0192 ;0.0052 0.Cll1 -0,0010
€3  0.003% 0,133% 0.0%40 -0.0139 0.005L -0.0087
G,  0.004% 0.055¢ 0,0107 -0,0128 -0,0361 0,0027
Cg  0.00%7 0.1187 0.0080 0.0089 -0.0%05 -0.0691
Ce 0.0055 0.053% 0.0159 -0.0963 0.0387 0.005%.

Q
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R Zwa2
(a) 0.169 92
(v) 161 80
(e) 158 80
(d) 153 ol
(e) 151 77

This was followed by one cycle of refinement on the hk0
zone which redueed the 2- factor for this zone from 0.173
to. 0,133.

The parameters from these refinement cycles were then
used to calculate the siructure factors for the complete
data giving R = 0.220; Tailure to solve for the new
bromine parameters again resulted. The new coordinates
for all of the ateons except bromine were then used to-
gether with the pravioﬁs ones for bromine and another set
of structure factors was caleulated, for these R = 0.208
but the shifts for the bkromine atom were again not
produced. At this stage the refinecment was temminated,
the final set of structure factors being listed in App . 1(b)
under F(eale), The paraueters used for the calculabion
of these are giver in Tuble 27,



Fig. 13.

L.L4'_dibromodiphenyl sulphone. hOl Fourier
map. Contours at 1 e/A2 intervals up to 8,
thereafter at 2 e/A° on bromine and sulphur.

Zero contour dashed. This corresponds to

R = 0.151.
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Fig. 14, L4-h'-gibromodiphenyl sulphone. hkO Fourier
map. Contours: at 1 e/A2 intervals up to 10,
thereafter at 2 e/A° on sulphur and 5 e/A2
on bromine. Zero contour dashed.

This corresponds to R = 0.133.



3.5 Molecular Gecmetry. |

~ The cocgdinaﬁes given in Table 27 have been used to
evaluate the bdnd lengths within the molecule and these
are given in Table 28.

Fable 28.

Bon¢ Lengths.

G - 6 1.32A
C; - G | 1.%7
C - 6 - 1.28
6, - Cg : 1.31
Cg - @ 1.41
Cg - G 1.38
Mean C - C 1.36
G, - Br 1.98
¢ - 8 1.71¢
8 - 0 1.36.

The sulphur - oxygen bond length is rather shorter than
expected (1.%434) end the carbon - byomine bond is slightl;
longer (1.90A) but thess are probably not significant.
Only two angles hove beon vorked out,

Br - 8 - By' = 102.3°

0-8-0 = 1205
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The equation of the mean plane of the aromatic ring
and sulphur and bromine atoms has been calculated with
respect ta the orthogonal axes defined in Appendix 2.
The sulphur atom was given three timeg and the bromine
aton five times the weight of a carbon atom in the least
squares process, and the equation determined on DEUCE as
x! + 1.46357" - 0.6503z' - 63741 = 0O
The distances of all of the atoms from this plane are
glven in Table 29.

Table 29.
Out-of-plane distances.
Atom, Distance.
Br -0.002%+ A
S -0.0021
G -0.0188
Cy -0.0248
C3 0.0859
Gy -0.1033
Cs 0.06%2
Cg, 0.0083.

In order to examine the temperature parameters for



Table 30.
R.M.S. atomic vibrat:loi:s along molocular axes.

Atom. U T, 3
By - 0.276A 0.k024 0.333A
s 0.288 0,293 0.283
Cy | 0.278 0.280 0.23%
6,  0.390 0.373 0.233
Cy 0,139 0,334 0.368
Q. 0,285 0.296 0.279
Cs 0,319 . = 0.a3% 0.%456
C _ 0.353 10,392 0.166

0 0. k00 ' WRTO 0.323
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the atoms, the r.m.s. vibration of each atom has been
computed along a set of molecular axes defined as for
the chloro~ compound, viz.

¥ « §- By

_Y"C C5—C3 + GG-C2
-> - =

2 % X.y

The components of the bi:! along these axes were determined
on DEUCE using the first section of the second program
described in Appendix 2, The values of the r.m.s.
vibrations along these axes are given in Table 30, It
can be saen that the type of vibration found in the
chloro- compound is not apparent at this stage, but this
iIs probably due to incomplete refinement. Some atoms,
particularly Cs and Cg show vibrations u, and 53 which
are very different from those for neighbouring atoms and
these anomalies have probably arisen by refining the
anisotrapic temperature parameters at too early a stage
in the least squares process.
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3-.6 Discugsion,

The refinement of this struciure has been most
disappointing; it had been expected that this would
follow a similar course to that of the chloro- compourd.
Various reasons for the trouble in refining the bromine
parameters have been suggested and alternative proceed-
ures tried, but all were¢ unsuccessful, The reason for the
failures has, at last, been found; to understand it the
methad of storing mumbers in DEUCE must £irst be under-
staad.

DEUCE stores numbers in ‘chinese binary?, ie. the
binary pattern of the nmumber Is written so that the most
significant digits come at the right-hand end of the
mmber as oppesed ta the lefi~hand end in the decimal
system. Each number has thirty-two binaxry digits which
allows mumbers to de stcred which are less than 23% in
magnitude. The conrenticn used in DEUCE for a negative
mmber is that the thirty-second digit, denoted P32,
should be present. If now we start to accumulate a
Positive number in DEUCE, the binary patiern will build
up, from the left-hiand end, until the number exceeds 23t
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at which stage a P32 will be added to the rumber and the
positive rmmber will be treated as *negative'. What this
really means 1s that we have exceeded the capacity of the
number store.

Now, in the least squares process numbers such as
Ew(éFléfj)z, which must be positive, are accumlated.
Since these terms include fj, the atomic scattering
factor,‘ghey will be correspondingly larger if the atonm
is a 'hea&y' ane, for example a bromine atom, The cause
of the failures tc solve for new bromine parvameters has
been causedthen,; by these numbers being so large that
they have become nzgative, Further, if such a mumber is
much larger than 231 it is quite likely that it has
beecome so large that the P32 is absent and that the
mmber is positive agair but considerably tco small: this
vill cause the proiucticn of too great 'shifts' for the
parameter and result in the rapid increases in R- factor
which were sometimas experienced. }
| Standard deviations for the atoms and bond lengths
are not given here in ary detail as the refinement is not
camplete. These have, however, been estimated from the

formula
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2y = Zwp2
T (i) (n = u).2w(dF/3f)=

‘vhere ¥ is the parameter being considered, n is the
mmber of indepenéent reflections included in the refine-
ment anq u is the total number of parameters being
refined.iThe standard deviations in the positional coord;
inates are 0,006A for bromine and sulphur, 0.05A for the
carbon atoms and C.OWA for the oxygen. Some of the co-
ardinate shifts from the last refinement cyele are
greater than these values, particularly for the y- co-
ordinates, and refimement is thus not complete. The
largest deviations are probably tce be found in the y-
coordinates because a considerable amount of refinement
haé been done on the overlapped hk0 zone giving incorrect
shifts for some of the badly overlapped carbon atoms,

The deviations of the bond lengths found, from the
exbected values are thns not significant. The'mean
distance of the carbon atoms from the least squares
derived plane is C.05A and so none of these atoms are
lying significantly ont of it.

No. real conclusions can be drawn about the thermal



88.

vibration of the molecule until the refinement process
is complete because errors in positional parameters
frequently cause even larger errors in the thermal

- parameters in the early stages of refinement.

The Br - 8 - Br' angle is larger (102.3°) than the
value found by Toussaint (19%5), viz. 100 + 0,5% a
greater difference is, however, found in the 0 - 8 « 0°
angle, where Toussaint found 131 + 3° the new value is
120.5° which 1s in better agreement with the angle in the
~ ehloro- sulphone. The‘angle made with the aromatic ring
plane and the Br - S - Br® plane is alse less than that
given by Toussaint, 84,52 as oppased ta 90 + lo, this
agaln being in better agreement with the chloro- sulphone.
The bromine - carbon bond length of 1.984 is longer than
Toussaint's value of 1.89 + 0.0%A although as indicated
above this bond will probably decrease in length on
further refinement. The sulphur - carbon btond length
found is 1,718 which is shorter than Toussaint's value
of 1.79 # 0.0%A but to increase its length in the present
study 1s cansistent with shortening the carbon - bromine
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bond. The sulphur - oxygen bond length of 1.3& is
significantly shorter than Toussaint's value of. o
L. 5% + 0.05A tut is probably not significantly different
from the expected value of 1.Lk3A,
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%. 4-Y+.dijododiphenyl sulphane.
4.1 Unit cell data.

Precession camera photoéraphs were taken with the
crystal set about the b - and a" - axes usingA molybdenum
Ka radiation (A= 0.7107A). the dimensions of the mono-
cliniec cell were determined from these photographs and
corrected for film shrinkage; they were
19.715 + 0,0104A

4.9%6 + 0,010

e = 14.448 + 0.010

B = 103.25 + 0,25°
These.dimensions correspond to the first values given by
Keil and Plieth (1955) viz.

a = 19.67A

b = 4,92

e = 1%.37

B = 104°
The volume of the unit cell is thus I,371.4A3; Keil and
Plieth give the density of the crystals as 2.25 & 0.01

a

b

i

gn/c.c. at 20°C and hence there are four molecules in the
unit cell. The ealeulated density is 2.276 gm/c.c. and
F(000) = 952.
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From precessicn photographs of hk0, hkl, hO¢ and Ok
the absent spectra were found to be in
hk€ when h + k + ¢ is odd
hO€ when h or ¢ is odd
0kO when k is cdd.
These absences corresp&nd to the space groups ét - Ia

4.2 Intensity dats.

Apart from the data for the hk0 zone which were
collected on a precession camera, the camplete three
dimensional data were collected on the modified Weissenberg
- camera of Abrahame (195%+). Molybdenum K§ X-Tays were used
- throughout with the muliiple film pack technique and
Ilford 'Industrial G' £ im. The size of the crystal used
for collecting these data was 0.36 x 0.22 x 0,20 mn..

ALl of the intensities vere estimated visually, allowence
being made for the obliquity factor of Rossman (1956)
modified as in 2.2. The ratio of the strongest to the
veakest intensity (taken as unity) for each zone was
11,24% for hkO; 2C,950 for hOf; 30,585 for hle; %,330 for
h22; 8,740 for h34; 628 for h4+&; %30 for h5¢ and 55 for
hée,
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Since the linear absorption coecfficient for these
crystals is 5.10 mTY it was decided to apply absorption
corrections to the intensity data. Thiéiwas done by the
same method as with the bromo. campound; The radius of
the gylinder was taken as 0.13 mm. and hence R = 0.66.
For upper layers ifaken on an squi-inelination Weissenberg
camera the table given by Bond (1959) of O vs, A (where
A% 15 the absorption correction) is entéred with /2
instead of ©, where

_ . cas(X¥/2) = cas®/cosv,

and where v 1s the equi-inclination angle. In place of}lR
the value used is}AB:seﬁv and the resultant value of'A*
is mulitiplied by cosv, This calculatien and the subsequent
one to correct for the Lorentz ard polarisation factqrs
and Tumnell's rotation factor was carried ocut on the
DEUCE computer using the programs described in Appendix 2.
The resulting, scaled; structure factors are }isted under
F(meas) in Appendix 1(c). In all there are 1,609 of these
which were used in the following analysis, no unobgerved

terms have so far been ineluded.
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Pig. 15. 4-4'-diiododiphenyl sulphone.

hkO Patterson map, zero contour dashed.
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Fig. 16. 4-4'-diiododiphenyl sulphone. hOl Fourier map.
Contours at 1 e/A2 intervals except on sulphur
and iodine. After 4 /A2 the interval is 2 e/A2
on sulphur and 5 e/A2 on iodine.
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PFig., 17. b-h'_diiododiphenyl sulphone. hkO Fourier map.

Contour interval 1 e/A? except on iodine.

The iodine contours are 1,2,... 8,10,15,20..,

Zero contour dashed.
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Y Least sauares refinement.

At thigs stage it was deeided to ﬂfy refining by the
methed of least squares using the program of J.5.Rollett
as used in 3.%. The weighting system used was the same as
foy the bromo- compound with F¥ = 50,0. Initially three
cycles of refinement were carried cut on the hk0 zone,

only half of the shifts calculated actually being used.

This gave .
(1) (2) (3
R 0,222 10,206 0.205
Zwa2 289 98 92

from which it seems that useful refinement has ended. It
was also considered inadvisable to refine this praojection
toa far because of the overlap probably leading to wrong
coordinates as appears to have occurred with the bromo-
compound, Thé coordinates used for this third ceycle were
consequently also used ta calculate the complete three
dimensional set of structure factors in order ta scale
the observed values more accurately; each zone was scaled
to the corresponding calculated set.

New coordinates for the next ealculation were obtained




Igble 31.

Final parameters for Y-%'-difododiphenyl sulphone.

Aton.

.8 P S e ° e W

x
o.oir73
0.25
0.2110
0.1982
0.133%
0.0966
0.1123
0.1666
0.1922

By b2
0.0073 0.116€
0,004 0,09%7
0.0057 0,.101%
0,0055 0.0507
00.0046 0.15%1
0.0015 0.082¢
0.000% 0.095C
0.0LIL 0.058¢
0.0I45 0.033¢

4
0.9360
0.1405

-0.0232
0,3511
0.4%208
0.6192
0.686%
0.6090
o.uaéé

by B2

0.0082 Q

4
0.1823
0

-0,0769

0.chok

0.0342
0.1258
0.1722
0.132%

0.013% O0.00I8 0.0603 0.0052

4]

80,0050

0.0097 -0.010% -0.033] 0.COLY
0.0098 0.01Y5 0.0062 0.0057
0,0070 0.01%5 0.C005 0.C085
0.0I53 -0.00%6 0,0068 0.0068
0.01.00 =0.0209 0.0069 0.0016
0.0:.82 0.0125 -0.0033 0.0060
0.0:68 0.0II% 0.0301 -0.0028.
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from the hkO and hO¢ data only. Again only half of the
calculated shifts in parameters were applied except for
the 1odine atom which was kept fixed beeéuse of possible
avershifting as occurred repeatedly with the bromine atom
in the bromo- compound. Two cycles of refinemant on the
complete data were then performed and the value of R_ fell
‘ﬁ'mn 0.326 to 0,311 vhile that of Zwa2 fell from 5,832 to
%,920. The parameters used for the second cycle are Iisted
in Table 31 and the corresponding values of F(cale) are
in Appendix 1i(e),

None of the standard deviations have been calculated
‘at this stage because of the incompleteness of the
refinement process; the positions of the iodine and

sulphur atams will, however, be the most accurate.

%.5 Molecular geometry.

AXthough this analysis is incomplete some ol the
geometry has been evaluated at this stage. The bond
lengths are given in Table 32, the only angles which
have been evaluated are

I-S-1' = 106.5°
0-8-0" = 111.9%
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Table 32.
Bond lengths.
G -G 1.38A
Cy - C3 1.h48
C3 - & 1.33
Q, - Cy .19
Cy - Cg I.2%
Ce - Cr 1.37
Mean C - C 1.39
G - I 2.08
§-0 1.66
8§-0 1.k5

The equé’eion c¢f the ring plane has also been computed,
the sulphur atom teing given three times the weight of
'&}e carbon atoms and the ifodine atom five times. The
equation determined with respect to the orthogonal axes
defined in Appendix 2 is
_ x* + 1.%205y' - 0.3967z -~ 5.8888 = 0
and the distances of the atoms from it are listed in
Table 33. Some of the atoms appear to be at relatively
Iarge distances from this plane but these are probably



not significant at this stage in fhe analysis.

Out-cf-plane distances.
I -0.0008 A
S 0.0150
o 0.0709
Co -0.1029
C3 0.035%
Q; 0.0187
Cy 0.0808
C6 -0.1569.

Molecular axes have been chosen for the half-molocule

as in the case of the eckloro~ compound, viz.

¥ « 8-1

- — T
_YOC 65-(33'@'(36«»92
zZ £ Ry

and the thermal parameters have been transformed %o these
axes. These are given ir Table 3% as root mean square
vibrations along tie molecular axes and are comparable
vith Tables 23 and 30 for the chioro- and bromo- compounds
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respectively. Thoy were caleulated using one of the
programs in Appendix 2.

Table 3h.
R.M.S. atomic wibrations along molecular axes.
Atom, uy up "u'3

1 03395 0.3804 0.3674
s 0,260 2.313 0.296
G 0.208 0.332 0.29%
c, 0,205 0.318 0.399
Cy 0.243 0.38% 0.211
Ci, 0.328 0.293 0.147
Cs 0.327 0.2 0,327
C¢ 0.k77 0.386 0.385
] 0.345 0.32% 0.325.

The values of Uy for Oy, and Cg are the only onmes which
appear at this stage to be significantly ‘out of line’
-.with the others btut this is probably caused by positional

errors for these atoms.



100.

4.6 Discussiop.

The same comments as were made about the least sqﬁares
refinement of the bramo- compound (3.6) also apply to the
refinement of this compound. Here the least séuares
totals will be even larger since the atomic number of
iodine is still higher than that of bromine, and further,
there are considerably more data to be refined; this will
consequently increase the likelyhood of the totals
becaming *negative’,

The accuracy of the parameters at this stage is
similar to that of the parameters in the bromo- campbund;
although the final R- Tactor and sws2 values are higher
there are more data being refined and eonsequontly n in
the expression for o2(]} will be Iarger. The standard
deviation of the positicn of the iocdine and sulphur atoms
is thus about 0.007A and about 0.06A for the carbon and
axygen atoms. |

The high value of these standard deviations mean that
no significance can be attached to the deviations of the
bond lengths, particularly carbon - carbon, from the
expected values. The atums do, however, appear to be
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planar within the limits of;the present accuracy. As
with the bromo--compound no conclusions about the thermal
vibrations can be drawn at this stage because possible
efzars in the positional parameters may be causing

anomalous values of the temperature parameters.
| Comparison of these results with those of Keill and
Plieth (1955) is not pessible since most of their bond
lengths and angles were assumed to obtain the y- coord-
inates. The two angles they give, are however, in good
agreement with the values found here, viz,

0-5-0' = 111 + &°

106.3 + 2%

and C-8S~0Ct

which agree wi%h the present values of
0«S5-0' = 111,9°

and I-8-1 = 1065,
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5. Final Disecussion.

Although the accuracy of analysis aimed at has not
yet been achieved for the structures af 4-4'-dibromo-
diphenyl sulphone and .Y4!'<diiododiphenyl sulphene, it
iIs fortunate that the highest accuracy which has so far
been attained 1s in those details of the molecular gea~
metry which are of most interest. In particular, since
the halogen and sulphur atoms are those most accurately
determined, the X -~ S - X' angle will be sufficiently
well determined that the values are not expected to
change significantly with further refinement. Examination
of Table 12 shows that the positions of the chlorine and
sulphur atoms did not change significantly during the
ORACLE refinement. These values are

C-5-Cet = 101.8°
Br - § - Br' = 102,3°
I-5-1I' = 106.5°.
This shows that the inerease in this X - 8 - X' angle is
in fact present as suggested in Section 1.1. The relativ-
ely large increase in this angle from X = Br to X=11is
sumewhat surprising but is thought to be genuine. Since
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the moleeules are Iying on two ~ fold axes parallel to.
the be axis the decrease in the length of this axis
reflects the increase in this angle. The lengths of the
b~ axis in these crystals are

X =¢Ce 5.009A
X = Br 5,031
X=1 . 9%6,

The increase in going from the chloro- to the bromo-
compound is most likely caused by the increased size of

the halogen atom; the decrease on going to the iodo~
compound mast then result from an inerease in the X - § - X!
angle. To allow for the increased size of the iodine atonm
the molecule in the icdo- compound Is inclined at a
greater angle to the a=- axis, resulting in a longer c-

axis and a greater f- _ang];e. The angles made by all thrce
molecules with their a- axes and the lengths of their c-

axes are |
X Angle with a- axis. Length of ¢~ axis.
ce ok, 3% 12.259A
Br o 4% 12,3594
1 29.1% 1% 4484,



The bond lengths have not yet been determined with
sufficient accuracy to allow any reasonable comparisons
to be made. More accurate values for the O - X bond
length when X = Br and I can, hawever, be found. Since,
in these last two campounds the positions of the sulphur
and halogen atoms are the most accurately determined, the
8§ - X distances will be the most accurate. These are

8- Ct = 6,229

8 -Br = 6.360

8-1 = 6.974
and If from these we subtraet the value for S - Cy as
measured in the chloro- compound, viz. %.%93A, we obtain
the following bond lengths

C-Ct = 1. 73-6A

C-Br = 1.87

C-I = 2.08,
The value for carbon ~ iodine found in this way is in
fact the same as that cbtained by dirsct calculation and
agrees with the (assumed) value of Keil and Plieth (1955)
of 2,10A. The carbon'-; bromine distance is, however,
considerably shorter than the directly calculated
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distance of 1.98A and fs in mich botter agreement with
the value of Toussaint (19%5) of 1.89A.

The sulphur - oxygen bond lengths are again not
sufficiently well determined for accurate comparison
but their wvalues

in X=C¢, S~-0 = 11,4324
X=Br, 8§=-0 = 1.3&
X=1, 8-0 = k5
definitely confirm that this bond in sulphome molecules
is essentially a pure dsuble bond.

As predicted by Koch and Moffitt (195L), the planc
of the aromatic rings is almost at right angles to the
X-85 ;-X' plane, the actual angles being

X =Ce & 6°

X=8B 845

X=1 85.4°,
These values are also remarkably constant. The dihedral
angles made by the normals to the two arcmatic pings are
also fairly constant, the deviation in the ilcode- compound
not being considered significant; these values are

X=ct  78.7°

X s Br 78.4°

X=1 74.3%

)



Atom.

o w
£ P

Q
W

Table 35.

Comparison of mean By,

Chloro-

10.1942
k,53
5¢59
L, 56
4,8l
6.11
6.98
5. 92
%.63

Bromo=
9.3342
6.5

11.18
5. 57
9.06

11.31
6.57
8.3L
8.21

9.6312
6.50
7.73
6.02
8.52
6.02
le, 8
5.5%
5.70.




vhich are in good agreement with the values found in
other molecules eg. 75.8% in diphenyl sulphoxide
(Abrahams, 1957).

As with the positional parameters, the thermal
parameters have not yet been found sufficiently
accurately to allow detailed comparisons. The mean values
of the prineipal components Byi, Byo and B33 have been
determined for all the atoms in the *chrée compounds and
these are compared, as Debye temperaturs factors, in
Table 35. Some inkeresting Peaturss are apparent in these
figures; apart from C3 end 0 in the bromo~ compound the
temperature factors for the halogen atoms are the highest
in each molecule and suggests that all three molecules
probably exhibit a similar type of vibration. Cne
interesting featurs of 211 of these molecules is that
the temperature fastors for all the atoms on one side of
the molecule are cansistently higher than on the other,
viz, the values of B for Cp are higher than thase for Cg
alﬁ for C3 are higier than for Cs. The reason for this
has not been investigated at this stage because of the
incomploteness of the refinement of two of the structures
but the effect appcars to be germine.




Part III.

Other Compounds Studied.
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Y. Prodigiosin.

1.1 Introduction.
Prodigiosin is a bacterial ﬁigmen% and forms crystals

in the form of very thin pla%es. These ave very dark
brownish red in colour with a greenish lustre. The cheme
istry of this pigment has been discussed in a series cf
papers by Wrede and Rothaas (1932,19332,1933b and 193%).
They state that the crystals have no definite melting
 point but sinter st 70 - 80°C and have a molecular weight
of 323, Mass speéﬁrnmeﬁyic.evidence (Suedden,1957) coniiyms
this value. The molecular formula for the compound is

then»020H250N3 and the structure suggested is

n-Cgiyy
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It is believed that this formulation is reasonably near

the truth but confirmation of it is very desirable. An
x-ray study of these crystals was thus undertaken using
material supplied by Dr.N.J.Cartwright.

~ Since the prodigiosin molecule has no atom with
atomic rumber higher than 8, attempts were made to
introduce one of higher wvalue. Crystals of %the
'perchlorate’ had been provided by Dr.Cartwright but
these were in the form of extremely fine needles and
unsuitable for an x-ray study; it was also found to be
impossible to grov larger crystals. The preparation of &
tzinc salt’ has besn described by Wrede and Rothsas(1932)
but several attempts to repeat this preparation failed.
As prodigiosin has twe _N-H groups it was thought likely
that a hydrobramice should be formmed but the prepavaeticn
was alsco unsuceessful.

Finally recrystallisation of prodigiosin from
various organic sclvents, particularly petroieum ether
and methanol, was tried but the crystals formed were no
larger than the oxiginal ones. The x-ray study was
therefore carried out with the largest crystal that
could be found.
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1.2 Unit Cell Data.

Precession camera photographs were taken with the
crystal set about the a - axis using molybdenum K, .
radiation (A= 0.7107A). The axial dimensions were
determined from these photographs and corrected for film

shyinkage; the monoclinie cell had the dimensions

a = 19.22 + 0.01A
b = 20.55 % 0.01
c = 9.66 + 0.01L
B = k.88 + 0.25°,

The volume of the unit cell (a.b.c.sinP) is therefore
3,80043, The density of the erystals was determined by
' flotation in aqueous potassium iodide solution and was
found to be 1.127 gm/c.c.. This gives the number of
molecules per unit cell as 8 and the calculated density
as 1.129 gn/c.c,, The total number of electrons per unit
cell, F(000) is 1,392.
Examination of photographs of the hO¢, hk0 and hkl
zones showed that the absent spectra were in
hke when h + k¥ + £ is cdd
| hO€ when h or ¢ is odd
0kO when k is odd.
This indicates thet the space group is elther the



N{(z)%

801 -

1 i ] | i >

0 0.2 0.4 0.6 0.8 1.0 2

Fig, 18. N(z) test for Prodiglosin: the crosses indicate
the experimental data. ’ ’
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centrosymmetric Cgh - I5/5s or the non-centrosymmetric

o - Ia.

1.3 Intensity data.

Since the c- axis is the shortest, hk0 data were
cdllected as a serlies of timed exposures, using a
precession camera and molybdenum K& radiation from a
stabllised x-ray generator. The intensities were estimated
visually and corrected with Lorentz and polarisation
f factors obtained using the charts of Grenville - Wells
and Abrahams(1952). The ratio of the strongest to the
weakest intensity was 8,748 ta 1.

As the space group Ip/g is centrosymmeirie in all of
‘ its projectionsand Iy has no centrosymmebric projections,
a test for centrosymmetsry on any zone of inbtensities
should indicate which of the two possible space groups
is ecorrect. Conmsecuently, the N(z} test aof Howells,

- Phillips and Rogers{1950) was applied to the hkO data.
This gave the following result which is shown graphiﬁaliy‘
in F1g.18. |

2 0.1 0.2 €.3 0k 0, 5 0 6 0.7 0.8 0.9 1 0
N(z2)% 21.0 29.5 38.3 47.7 50.0 561 59.5 63 5652662

From *his infcrmation the corrsct space group



<
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appears to be the centrosymmetric Cgh - Io/a.
L. Patterson synthesis.
A Using the structure facters for the hk0 zone the
Patterson projection down the ¢~ axis was computed. This
map is shown in Fig.19. It caa be zesn that this has
rolatively few features and has prcved o be wiinterpret-
able. This was not entlrely wiexpected becmuse of the
comparitively long ¢~ axis (9.66A); which means that
there will be considerable ovarlap of the atoms in this
projection. The absence of any ‘hesvy atom' also means
that no vector peaks will be sufficiently well resolved

to indicate the rolecular corientation.

1.5 Conclusions.

In order to sclve the structure of the prodigiosin
molecule one of two proceedures will have to be adopted:
btoth of these involve preparing more suitable crystals.

Probahly the simpler would be to prepare a
derivative containing a heavy atom which would then give
the possibility of a two - dimensional analysis if the
derivative had a short axis. The second methad is to
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gbtain lax-ger erystals of prodigicsin which would be
suitable for the collection of three - dimensional
data. This method demands computing facilities which

were not available when this study was carried out.
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2. Fumagillin.

2.1 Introduction.
The discovery of fumagillin followed observations

of its activity against bacteriophage (Elbe and Hanson,
1951; Asheshov, Strelitz and Hall,1952). Fumagillin, is
a metabolite of Aspergillus Fumigatus and has recently
aroused some interest as an anticancer agent. This
together with its other biclogical broperties make the
elucidation of its strueture a matter of particular
interest. . _

Chemical apprcach has proved very difficult owing to
the tenﬁancy of the molzcule to undergo complex
rearrangements and as yet the final structure has not
been daetermined. I has been shown (Schenck, Hargie,
Tarbell and Hoffmsn;1953; Brown and Landquist,1953) fhat
fumagillin, 026H3ho7’ is rapidly hydrolysed by cold 0.1 H
sodium hydroxide solution giving an alechol, Cg¢lipgOh and
designated alcohol - I, and octa-l:3:5:7-tetraens-1:8-
dicarboxylic acid. Alcohol - 1 has besen the subject of
most of the investigation so far, and has been attributed
the following features
(1) a earbocyclic ring vith a secondary hydroxyl on it,




(11) a side chain —C——CH CH=C
So 2Ny i,

(ii1) an ethef‘ring
(iv) a methoxyl group.

Alcchol - 1 may also be reduced to another alcchol
known as tetrahydioalcohol - lab in which itiis assumed
that the double bund in the side chain has been saturated
and the epoxide ring has been hydrogenclysed. Treatment
of the latter alechol with p-bromobenzenssulphonyl
chloride in pyridine haz resulted in a crystalline
compound of formula CpoH3206SBr, molecular weight 505.5,
1n:wﬁich the 'bro:syl' group is presumably attached to .
the secondary hydioxyl of the ecarboecyelic ring. Thece
erystals take fhe form of lavyge colourless prisms uiich
have a melting point of 103 - 104°C and were used for
the x-ray study. They have the disadvantage of being
sensitive to heat, decompositicn occuring even on stand-
Ing for 2% hours in a warm room. Portunatiely they did
not prove too unstable in an x-ray beam provided that
the room was kept as cold as possible., The chemical study
aind

has been the subject of a series of papers, see Cross ¢

Tarbell (1958) ard earlier papers.
A previocus x~1ay study has been made on the parent
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compound, fumagillin, by Brown and Landquist (1953) to

deternine its molecular weight. They found that the unit
cell of this compound was monoelinic with

a = 15.62A
b = 13.68
¢ = 6.05‘
B = 92.2°

The space group is Pgl and there are iwo molecules in the
unit cell, whence the molecular weight is 458.

2.2 Unit cell dats.

Precession canera photogyaphs were taken of a cv vstal
of the brosyl derivative of tetrahydroalcchol-lsbh set
about the b- axis. Molybderiw Ka radiation (A= 0,7107A)
~was used, and photographs were taken of the hkO and Cki
zones. The axial lengths were measuyed Irom thece
‘photographs and ccrrected for £ilm shrinkage; the mono-

olinic cell had the dimensions

a = 16,80 + 0.,01A
b = 6,12 + 0,01
¢ = 11.77 + 0.01
B = 97.25 + 0.29%

The p- angle was measuved from an hOf Weissenberg

photograph. The volume of the unit cell {a.b.c.sind) is
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thus 119943, The density of the erystals was determined
by flotation in agueous potassium iodide solution and
found to be 1.38 gm/c.c.. This gives the mber of
molecules per unit cell as %wo and a caleulated density
of 1.40 gm/c.c.. The toial number of electrons in the
unit cell is then F(000) = 526, .

Examination of photographs of the hkO, Ok€, hO€ and
hl€ zones showed that the only absent spectra were in
0k0 when k is odd. The spaece group is therefore either
C% - P2 or C%h, = P23/m. The second of these cén be
eliminated as it demands four equivalent positions; with
only two molecules in the cell this infers some molecular
symetry which is not present without disorder.

2.3 Intensity data.

An h0¢ series was taken on the modified Welssenberg
camera of Abrahams (195%) design using molybdenum Ka
radiation. The multiple film pack technique was used for
this with Ilford Industrial = G film interleaved with
0.0008" nickell foils. The ratio of the strongest to the
woakest of the visually estimated intensitles was 31,579
to 1. Lorentz and polaz‘ﬁ;saﬁion correction factors were

applied to this dzta by the program written for the DEUCE
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computer (Appendix 2). The 518 structure factors resulting
from this are listed in Appendix 1(e) scaled to the

last sel of calculated structure factors.

2.4t Strueture analysis.

Since the maleéule conteinsg two relatively heavy
atoms, bromine and sulphnr, it was hoped that the 'heavy
atom®' method would be very likely to yield a solution
to the strusture. I the sum of the squares of the atonmic
ngmbers of the heavy atoms is greater than the sum of tho
squares of the atomic mumbers of the light atoms, and if
the positions of the heavy atoms are known, the structure
factors calculated for these gtoms should have snfficient
of the phases corrzct to give a Fouriey synthesis which
- will show the positions of at Jeast some of the other
atons (Lipson and Cochréﬂ, 1953). For this compound
2£2(heavy atoms) = 1,421 and 3£2(light atoms) = 1,209
and so if the bromine and sulphur atoms can be located
the Fourier synthesis based on these should lead to the
solution of the structure. ‘

As there are only two bromine atoms in the unit cell
it was hoped that a Patierson projection onto the

centrosymmetric hO2 zone would reveal the position of




Ol

3A

tterson map of Fumagillin (derivative).

hOl Pa

Fig. 20.

Contour interval arbitrary.
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the Br - Br vector. Accordingly the F2 data for the hO€

zone, on an arbitrary scalé, was used to compute a
Patterson synthesis; this is shown in Fig.20.

The Br - Br veector is marked on thisg map with a cross.
Since the be axis is relatively short it was considered
that the Br - 8 vector which is actually 6.36A long vould
be about 5A long in this projection. Accordingly a vector
peak was socught at this distance from the origin, it was
- found at 5.7A and is marked in Fig. 20 with an asterisk.

The coordinates of the bromine and sulphur atoms from

this are
x z
Br 0.627 0.h38
S 0.372 0.100.

The struéﬁure fautors based en these positions with
a temperature factor of B = 3.6&2 gave an R~ factor of
0.61, After rejecting about 1/5 th of the structure
factors for which 1F(ecale)l was small, an hO? Fourier
synthesis was computed, This map showed the bromine and
sulphur atoms in the expected places and abcgt‘20 cother
peaks. Using the coordinates for these peaks together

with new bromine and sulphur positions a new set of




Pig. 21. hOl Fourier map. Contours at 1 e/A%
except on sulphur and bromine. After b e/A2
the interval is 2 e/E2 on sulphur and

5 e/K2 om bromime. Zero contour is dashed.
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structure factors was calculated; theée gave R = 0.51.
Four further Fourier series and structure factor calecul-
ations were then performed resulting in an R- fa:tor of
0.36 for the 26 atoms included. The last Fourier synthesis
computed from these structure factors is shown in Fig,2l.
An outline of the postulated structure is shown on this -~
the atomic positions marked with a square are those not
included in the final structure factor calculation. The
manmbering system corresponding to this structure is
shownt in Fig.22 and the final coordinates for all of the
atoms are given in Table 36. The structure factors caleul-
ated from these are listed in Appendix l(e). |

In order to confirm the positions ¢f these atoms and
find the others not included in the last set of structurc
factors an error synthesis was compuied at this stage
using ¥, - Fg as coefficients for the Fourler series. This
map is shawn in Pig.23; it shows where the errors in the
atomic positions are and none of the atoms appear to be
- completely ﬁrong,except for one of the sulphone oxygen
atoms. The positive peak an the sulphur atom position and
the negative area where the two oxygen atoms have been

placed suggests that the two oxygen atoms are not so close




Table 36.

Two dimensional coordinates.

Atom.

Br 3701
S .3700
Oy .2827
04 o Olle7
03 .28%
Q 1146
O 3535
0 .3700
Cp .1818
Co L1167
63 .0731
Q, <1554
Cy .2137
G 2285
C .0217

. 5642
.0971

. .I510

-1353
3446

4312

.9850
9775

- .0352

.0583
1436
+2635
. 2478
.1250
.1633

Atom.

Cs

%

%o

“n

G

C

13

Gy
s
Cig
G7
Gs
g

Coo

Gy

Coo

.3320

L1142
.1348
JIIHT
. 2055
.2009
b0
.2893
0460
L1y
4843
L631
L1505
1816

4653

© 3438

.3620
RIVT )
. 5642
6256

L7487

7800
7770
3746
L1811
Jd3k2

LT
- .6683

.6229
.3088

' not included in last set of structure factars.
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Fig. 22, Numbering system in Pumagillin (derivative)
Oxygen atoms nmumbered in italies.

120,




nIo

(o] | 2 3A N
Fig. 23. hOl difference map. Contours at 1 e/A°
intervals. Zero contour is dot-dashed,

negative dashed.
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in projection, but that one of them lies directly above

(or below) the sulphur atom. The map does, however, show
that some of the atoms require to be moved slightly, in

particular the bromine atom,

2,5 Discussion.
While the structure of this compound has not been
determined completely unsmbiguously, it is felt that the

structure shown is probably reasonably correct - the
. erroy synthesis seems to confirm this. So far it has not
béen possible, and probably will not be in projection, to

distinguish between

OR <‘:'
—C—— and —C—C—
[ \ /
CH3 0

in the side chain, the latier being the cne shown because
of mors recent chemical evidence (MceClorkindale, 1959).

It is also now thought that the ‘ether' ring mentioned
in 2.3 is in fact the epoxide in‘the side chaln and the
epoxide which has been opened by the rveduction of alcohol
« 1 is in fact on the six - membered ring. This carbo-
;cyclic'ring;is consequently showﬁ with a tertiary

hydroxyl group.
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To distinguish betveenn these pessibilities and

determine the other stereochemistry of the molecule it
is clear that a three dimensional study must be '
.nderﬁaken. This should not prove too difficult since
once {he data has beon collecied, the phases of the
strueiure amplitudes can be immediately ealculated
without fipstly computing a Three dimensional Patterson
synthesig. This ls possible bocause the origin of the
unit cell cen be chosen anywvhere along the twe - fold
screw axisy it may therefore be chosen so as to make the
y- coordinate of the bromine atom equal to zera. If this
atom alone were included in the struciure factor ‘
caleulation a false centre of symmeiry would be induced
in the structure resulting in the superposition cnl the
structure of its nmirror image..This difficulty may be .
overﬁcmé by including the coordinates of the sulphur atom
and of the atoms of the bengene ring whose y- coordinates
may be calculated using the known dimensions of the
p-bromcbenzene sulphonyl group{see Part II)., The phase
angles hased on these ccordinates should lead to a rapid

solution of this structure in three dimensional space.
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l1(a). **+l-dioMorodiphenyl sulphone.
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1(b).

b -b 1-dibromodiphenyl sulphone.
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1(c).

Wt'-diiododiphenyi sulphone.
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(d) Prodigiosin Structure Factors.
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l(e). Fumagillin.
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This appendix contains details of a number of
programs which have been written for the electronic
digital computer, DEUCE, situated in the Computing g
Laboratory of the University of Glasgow.

Brief desc;igtigg.

DEUCE is a serial machine with numbers and instruct-
ions consisting of 32 binary digits; the digit rate is
one million per second. Punched cards form the input -
output medium. The store comprises
(1) %02 words in mereury delay lines (access time, 32 =
1024 mieroseconds) and
(11) 8192 words on the nagnetic drum (access time, appro.
13 « 48 milliseconds). '
Programming Alds.

There are a number of "automatle programming" aids.
Using these it is possible %c write programs in a
language more scphisticated than the basle machine
" language and ‘closer? tc.accepted mathematical usage. A
mmber of programs are available which translate from a
varietj of these subject languages To the object language
viz, the basic machine language. The following interprel-

ive program has been used.
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Alphacode.

This program handles protraeted caiculations
inveolving single varxiables; it 1s best used on so-called.
ione-of " jabé 6.8., exploratory calculations in research
studies.

In this case, simplicity of programming is achieved
at the expense of the speed of the subsequent operation.
Faor repetitive or standard calculations it may be better
to reverse the emphasis and spend time in producing a
fast program, making efficient use of the machine
facilities., The bturden of this 'optimum coding® is
reduced considerably by a speclal translation program,
STAC, |
STAC.(Storage Allocation and Coding Program).

This program translates instructions from a semi -
symbolic form to the fundamental form required by the

control circuits af DEUCE.
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Program 1,
Description.
This program evaluates the least squares plane ﬁhrough a.“
mmber of atoms; each atam can be given a different
weighting factor. The distances of all the atoms from
the plane are also determined,
Imput.
This consists of the unit cell dimensions (monoelinic
cell) and sets of fractional coordinates and weighting
factors.
The arthogonal coordinates in Angstroms for each afom;
the equation of the plane; the distances of all of the
atoms from it and the mean and root mean square of these

distances.

Iime.

Approximately 2 minutes for 9 atoms.
System.

~ Alphacode.

Method. .

The coordinates are first converted to orthogonal coordi-

nates by




Floy fdisgram.

Read cell dimensions

\

read sets of x¥, y{, 2§ and w I

convert to orthogonal coords.

1

calculate weighted sums

W

solve equations

A 4

punch a, b, ¢ and d

caleulate d; and a;% and sum them

Y

punch mean dj and R.M.S. dj‘

A 4

punch individual d‘-j: .
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xg = a.xf c.zg'.coss
y 3 = b.yg
zy = c.zg.sinﬁ
If the plane has equation

a.x + by + c¢c.z2 + d

)
o

then the noymal equations are

a,zwjxf + b.ijxjyj + c.ijszj + d.Zwaj =

1

a.zwjxjyj * b.ijy:“? +* c.zwjyjzj + d.ijyj
a.ijszj + b.ij-ysz + c.ijzf + d.Zwizj =
where the summations are over all of the J atoms. These

equations are solved for b, ¢, and d by putting a = 1,
Ihe distance of the jth atom from the plane is then

a.x;5 + b.ys + c.z2sy + d
da = ——‘L_—_-T-l—: z.i-‘
3 (a® + b= + ¢°) .
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Rrogram 2,
Deseription.
This program calculates the T and w tensors of Cruicks-
hank (1956a). The program is in five sections.
dnput.
The monoeclinic cell dimensions, fractional coordinates,
temperature parameters from the expression
oxp =(By3h? + Posk? + 3382 + pyohk + Po3k® + p3yth),
and the direction cosines and origin of the molecular

axes.
Output.

Ugfs‘ and Ugﬁlc’ with respect to the molecular axes, the
components of Tj.:}'f“ij ,o—(Tij) and “‘(“ij)' ’

Zige.

Approximately 10 minmutes for sections 1 and 2 with nine
atoms. Section 3 takes ébaut ik minﬁtes and section b 10
mirmtes., The last section requires about 5 minutes.
These sections cannot all be run consetutively as the
output and input forme of the data are incompatible.
Systenm.

Sections 1,2 and 5 are alphacade.
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Section 3 is LEQ1L - solve n similtaneous linear equations
vhere n € 1k,

Section Lt is LVOL - invert nth order matrix with n € 83. .

These last two sections are DEUCE library programs. M

Method.

The coordinates are transformed to orthogonal axes as

defined in program 1, the origin is then changed and they

are converted tc molecular axes by

Xm = ayl aio ay 3 Xj
Ym 82y 2o 8p3 Yy
Zm 31 832 333/ . \Zj

where the ajj are the direction cosines of the molecular
axes with respect to the orthogonal axes.
The temperature parameters are then transformed to the
same orthogonal axes by

by = aapll, + c2p33coszp + 2cafgyjcosp

bp = bP22

-b33 = c2§33sin2§ |

byo = abpyp + beppyeosp
.b23 = bepoysing .
by3 = c2p33sing.cosp + capy3sing

(Rollett & Davies, 195%).
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The bij are then transformed to molecular axes by
Ulj = aik.ak'j.bij
" (Nye, 1957).
The method then follows that described by Cruickshank.

Flew Diagram.
Section 1 is blocks 1 ~ 10

2 1t,12

3 13,1k

" 15

5 16 - 18.

(continued overleaf).




1. Read a, b, ¢, 8

1

2. read sets of xg, Ygs z?
i

3. convert te orthogonal axes
{

4, read d.cos and origin

of molecular axes

1

5 transform coords. to molecular axes
]

6. form products ajk.aiy
l

7. read Bij
{

8. convert Pijj to By
!

9. ccnveft by to Uiy
|

10. punch Ly, Vi, Zm and Uiy

f




1X,

13.
W
15,
16.

17.

18.

f

form elements of 12 x 12 matrix

form column vector
1

solve 12 sim, linear equatians

punch Tij and Wy g
]

invert 12 x 12 matrix
|

caleulate Us; from Tyy and wiy

a"(Tij-) anda’(wij) and punch these

|

punch Uij(calc) .

1%o,
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Program 3.

Deseription,

The program corrects intensity values for equi - incline
ation Welssenberg cameras with Lorentz and polarisation
‘and Tunnell factors. A test is included to ensure that no
value of sin<o is greater than unity.

- Input.

Unit cell dimensions (trieclinic cell), wavelength of the
x~-rays and the cosine of the equi - inclinatlion angle for
each zone. The intensity data has hy k, € and I punched
on one card for each reflection.

Qutput.

,Rij in binary te 31 binary places as required for input
data by Rolletti's structure programs for DEUCE. This is
followed by h, k, € and IF| punched on one card per
reflection,

Approximately 2n + 1 mimutes, where n is the number of

reflections in hundreds.

Systen.
Stac,



Flow Diagram.

Read a, b, ¢, a, B, ¥, 2and X

¥

4

caleulate and punch RZJ_J

A

4

~ read

cos Yy

A

4

read up to 8 cards with h,k,2 and I;

test for last card after each

last card

1
read

ast card not
read

stop reader

2

calculate singa and test for <1

1

seven A times

caleulate Lp”l, De and IF|

aelghth
BB kT me
A store corrected data in magnetic | last card T
ad
stare and test if last caprd read not re

last eard :
read »

rocad data from magnetic store

and punch h,k,® and IFl for each
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Method.
2
sinze h Rll + k R22 + '?. R33 + hkR12 + k%Rz?’ + heRIB

where

Rll = ’L)\Z( )2 R12, = &)\za*b*cos'.rf
Ry = 3X2(p%)2 Roy = #)b*c*cose®
Ry3 = 1N (e%)2 Ryzy = 32" a*cosp™

where a¥,b*,c®,e™,p* and y* are the usual reciprocal

coordinates. The Leorentz and polarisation factor is

-1
Lp = sin®
1 + cos<® ,

and Tunnell?s protation factoyr is

Dg = gccszvs-i»zé:g_g,zﬁ)*

where V is the equi - inclination angle.

Then
IFl = (I x Ipt x pof.
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Program U,

Desceription.
This program has been developed from the preceding one ’
to calculate absorption corrections for a crystal by
assuming it to be of eylindrical cross - section. The
data used are those given by Bond (1959).
dnput..
As in the previcus program plus the appropriate absorption
curve far the valua of JR.secv under consideration.
Output.
One eard per reflection punched h, k, € and I(correcied).
Iime.
Approximately 24n + 1 mins., where n is ‘the number of
.refleections to be correected in hundreds,

stem.
Stac.

Method.
s:[n26 is ecalculated as before and then

Y/2 = cos”if(1 - sinze)é'/cosv]
This value of T/2 is used to interpolate,; linearly, in
the table of A" values and then

I(corrected) = TI{obs.} x M x cosv.




FYoy Disgram.

Read a, by, ¢, ay B, ‘{,)\

1

calculate Ri‘i_l '

Y

_ (1%)

read eosy and correction data

Y

prepare correction data

for interpolatoon

N

read up to 8 cards with h,k,2 and I (iii)

and test foyr last caxd after each

last card last card not
read read

1 calculate sinaa and test for <1

stop reader

l seven

Y times

caleulate and store cos Y/2

eighth
time

(1)




(1)
}

£ind each 1/2, intexpolate
amd £ind I x AY x cosv

Y

store corrected values in magnetic

store and test if last card read

1hls,

(1115

1asg card last card
rea not read

- read data from magnéile stare

and punch h, k, £ and Igopyp.

(i1)




Yigw Diagpam.

(4

Read h, k, £ and F

Y

find F2 and store

Y

was this the last card?

yes

store last set in

magnetic store

—

was this card a
miltiple of eight?

Y

+yes

punch out results

from magnetle store

store last eight
cards in magnetic

store

i
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: | Program 5.
Deserintion.
This program will read data from program 2 and convert
IFI to F2,

Input. |

- Data cards punched with h, k, €, and IF|.

Cards punched with h, k, & and F2,

Time.

1%n + § minutes if there are n hundred cards.

Sysiem.

Stac,

Method.

The reader.and pumxh are allowed to run continuously
since this is faster than reading and punching acard
alternately. Up t¢ 1,500 cards may be read in at one
time. |
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Program 6.
Deseription.

This program will calculate the dictance between each
pair of up te 32 points. The range of distances required
is selected and only values in this range are punched out.
Input.

Monoelinic cell'dimensians, maximum and minimum required

distances and fractional coordinates for each point.

-Buiput.

One card per distance containing the numbérs of the two
poiants concerned and the actual distance.

T4ime.

About 3 minutes fdr’ao atoms,

System.

Stae.

Method.

The coordinates are read in for a monocclinic eell and are
firvst canverted.to an orthogonal set using the equations
in pragram 2, The distances are then calculated from

diJ = {(Xi - Xj)z + (Yj_ v Yj)z + (Zj_ - 23)2]‘& .



Elow Diagram.

> Read a, b, ¢, B

Y

read card with no., of

atoms, d(max) and d{min)

Y

square and store

d(max) and d(min)
Y

read correct no. of

cards with %, y, 2.
convert x, ¥y, and z to
orthogonal coordinates .
\r’
select atom 'i?
Y
is this last atom?

) (12)

yes

A

y Bo

(1)
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select next aton in

sequence - atom 'J*
4

£ind a2

Y

is this <d2(max)?

2 \K

Is this )dz(mi‘n) —>>] was atom *J' last atom?

yesy /

Yno

find d and puneh out
modify to select modify to select
next atom 'it next atom 'J'

(i%)
{
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_ Program 7.
This program will read and scale observed structure-
factors to the caleulated ones - the agreement factor R
is also determined.
Input.
Usually the cutput from Rollett's structure factor progr-
ams,
Qutput.
31Tl , mcl, 21al, k and R, Optional output is the
input data with Fg values on scale and A's with correct
gigns,
Time. ..
Approximately #n + 1 mimites for n hundred data
| MHn+ 1 minutes for n hundred data if the
| optional cutput is also required.
Systen.
Stac,
The program first finds

Fo = A -+ Fc

A e D

R

R



and then evaluates
" k = ZIFel & 3\Fl.
The ¥y values are then scaled by this factor and |
A' = kFy = Fe (not [kFg) - [Fel )
- is found, The agreement factor R 1s then determined from

R = E:A'L ‘

R

jg
s




Floy Diagyam.

Y

Read one card ""‘*—Lu’)"'

Y

has all data been read?

N

£ind k &3
Y

read Fe and Fo in succession

A

from magnetic store

Y

find kF, and A’

A4

add kF, and A' to progressive tatals
Y

" stare kFg ard A' in magnetic stare
Y

) , no

has last value besn read and scaled? >
vyyes
find R

%
punch totals, k and R
ifyrrequired

< punch out scaled data.
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(1)

!

store h, k, 1, F, and FJ
) 4

add Fy and Fe to

prograssive tobals

v

wag this card a

miitiple of 10?
N\

yes

transfer last 10 data (11

to magaetic store




|
1
|
|
|
]
!
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