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I obtained my M.Sc. degree in Physics from the University of
Dacca in 1952, 1In 1953 I joined the Comilla Victoria College as a
lecturer in Physics. Since 1957 I have been working as a Research
Physicist in the laboratories of the Pakistan Council of Scientific
and Industrial Research, Karachi, where, for a considerable period,
I was associated with its X-ray laboratorj'e In 1960 I was selected
for higher studies in U.K. Since October 1960 I have been working

at the University of Manchester on the problem which provides the

subject matter of this thesis.




Abstract

A etudy of the X-ray crystal structure of naphtho [2,1—@]
cinnoline forms the major part of this thesis. The structure deter-
mination, which necessitated the development of new technigues, is
described together with the influence of steric hindrance on the con-
figuration of the molecule. The remainder of the thesis is concerned
with a brief account of some computer programmes written in the auto-
code system for crystallographic calculations.

The collection and treatment of the X-ray intensity date are des-
cribed in Chapter 1. Chapter 2 briefly describes the préliminary in-
vestigation and attempted refinement of the [@Oi] projection of the
naphthocinnoline. An approximate shape of the molecule in the [301]
vrojection was obtained by the optical transform method, It was
originally intended to use the molecular location method (Taylor, 1954)
to obtain the position of the molecule in the cell and refine the struc-
ture by Fourier and least-squares methods but these methods, however,
were unsuccessful,

In Chapter 3 an account of the earlier investigetion and refinement
of the [010] projection ofg;aphthocinnoline is given. Although the
structure was refined to an R-value of 0.15, the extent of distortion
produced in the molecule from its idealised picture was sufficient to
cast doubt upon the structure. The structure in this projection is dis-
cusesed, and attention is drawn to its important features,in Section 3.1Q.

Some further steps in the solutbtion of the [OOl] projection are dés=

cribed in Chapter 4, where it is pointed out that some difficulties exist




in solving this projection. Neither the minimum function (Buerger, 1951)
nor structure factor graphs (Bra~g & Lipson, 19%6) gave satisfactory
results. As such, the shape and orientation of the molecule was re-
determined using optical transforms. The moleculer location method
(Paylor, 1954) was again used to obtain the molecular position in the
unit cell, but the structure would not refine from this position. A

new method was, therefore, devised in order to fix the molecular position
correctly. The beauty of this method is that it provides information
whether or not the orientation of the molecule has been correctly
determined to start with. The development and application of this
method is discussed in Chapters 5 & 6. The position of the molecule

so obtained gave a reasonable agreement between observed and calculated
structure factors so refinement was carried out by Fourier methods and
then by the least-squares method, The results of this refinement are
discussed in Chapter 7. Again these methods did not refine the struc-
ture below the R-value of 0.34 due to a great deal of overlap in pro-
Jection. A new method of refinement was, therefore, devised to éope
with this difficulty. The development and application of the method are
discussed in Chapter 8.

In Chepter 9 the refinement of the Epoi] projection of the navhtho-
cinnoline using the new method is described. The sgtructure was refined
to a final R-value of 0.16, even though there is a great deal of =tomic
overlap,

Chavter 10 describes the solution of the [010] projection of the

naphthocinnoline. The aporoximate structure in this projection wes




obtained with the help of the [OOi] orojection and it was v»rovosed to
refine this projection by the new method starting from the trial co-
ordinates. ‘YWhen this was done the structure refined to a R-value of
0.12. The new method is varticularly useful to deal with overlepped
atoms in projection and is capable of refininc~ the structure even when
very large co-ordinate changes (>0.5 ﬁ) are necessary.

The final structure is shown diagrammatically and some of its
important features are cdiscussed in Chapter 12, ILines of further
investigation are indic=ted.

Details of various programmes, written for the Ferranti Mercury
Computer, sre given in Chavter 13,

The appendix (1) is concerned with the preliminsry eray investi~
gation of Strontium Caproate.

I should like to record that none of the work referred to in this
thesis has been submitted in support of an aspplication for another degree

of this, or any other, University.




Explanatory notes

A word of explanation is perhaps needed on one
or two points which arise in this thesis. The axes of
the Patterson maps, electron density maps etd., are not
all drawn in accordance with the convention adopted in
the International Tables for X-ray Crystallography,
where ever this occurs it has been done intenbionally
to aid the lay-out of diag?ams and figures and, in some
cases, to avoid the necessity and extra work of re-
plotting them as this was the way they were received

from the Computer.
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Part L. The crystal and moleculsr structure of

naphtho[2,l—d}cinnoline

ggggter 1

T ™

Introductory and Experimental

l.l. Introduction. The structure of naphtho{z,l—c]cinnoline, a

potentially carcinogenic compound, is of considerable interest,
especielly with regard to the molecular configuration and electron
distribution in the molecule,

The early history of carcinogenesis begen when Sir Percival
Pott (1775) described a particulaer form of cancer occurring in
chimney~sweeps due to the contemination of the skin by soot, and
there were several other examples of similar disease such as
"Mulespinnerts® cancer in the Lancashire cotton industry due to
lubricating oil and "peraffin" cancer of the refinery workers in
oil fields. The next stage was that of systematic enquiry and a
major discovery was achieved by Vamegiwa and Ichikawa in 1915, when
they produced tumours by application of coal tar to the ears of rabbits.
Tn the early twenties Bruno Bloch end Dreifuss (1921) suggested that
the cancer-producing agent might lie in the class of cyclic hydro-
carbons. Later on several other workers, Bruno Bloch and Dreifuss
(1921-26), Kennaway (1924-25) and Schroeter (1924) successfully
demonstrated that certain types of cancer in the boly are due to
cyclic hydrocarbons. The recognition that cancer can develop as an
occupational disease has led to the examination of many hydrocarbons
and to the discovery that many of them are specific carcinogenic

agents, It was this circumstence which led Cook (1930) to embark on




a long series of synthetic studies on homologues of benzanthracene

(1) (e.g.

I IT
*
S
132-benzanthracene 1l:2-benzpyrene
11T
CHg
methylcholanthrene

1:2-benzpyrene (II) and methylcholanthrene (IIY)) which manifested

pronounced carcinogenic properties, Hewett (1940) examined several

(AT

carcinogenic hydrocarbons consisting of ). condensed aromatic rings




v v
3:4~benzphenanthrene 1:2: 3 ~dibenzphenanthrene

VI VIT
1:2:5:6~dibenzphenanthrene Chrysene

(e.g+ 3ih~benzphenanthrene (IV), 1:2:3:4~ and 1:2:5:6-dibenzphenanthrene
(V and VI), Chrysene (VII) and l:2-benzanthracene (I)) and derived a
fascinating correlation between chemical constitution, molecular
disposition and biologicel action. Each of these hydrocarbons is a

derivative of phenanthrene (VIII), substituted in two of the




V111

phenanthrene 3sl~benzphenanthrene
B " C
/‘A\
r Y
' f
L
S
” ~
r f
| 1 1 |
L\ /) k\ ’)
A ~
1:2:3:4~dibenzphenanthrene 1l:2-dimethylchrysene
D B

3sh~benzpyrene 9:10-dimethyl-1:2-benzanthracene




7-, 8~, 9- and 1l0-positions. Further substitution in either or both

of the remaining positions gives rise to highly carcinogenic

hydrocarbons.

5

In an attempt to define the essential struetural requirement for

carcinogenicity, Robinson (1946) examined severasl polycyclic hydro-
carbons (e.g. 9:10-dimethyl-1l:2-benzanthracens (IX), 9:10-dimethyl-

IX X

*k
%
CHy CHz

9:10-dimethyl 9:10~dimethyl
l:2=benzanthracene 1:2:7:8~dibenzanthrscene
XI

CHz

CH3
9:10~dimethyl

1:2:5:h~dibenzanthracene




1:2:7:8-dibenzanthracene (X) and 9:10-dimethyl-l:2:}~dibenzanthracene
(X1)) and suggested that the phenanthrene bridge ("meso" position marked
by #%) is of great significance for chemical reactivity., These exemples
are in keeping with the view that an esééntial requirement mey be the
phenanthrene double bond, and that the "meso" positions of phenanthrene
(shown in IX and X by **) must be unsubstituted. Robinson also
suggested that the reactivity of these positions may be enhanced by
appropriate substitutions elsewhere, while the activity may be
ecompletely reduced if these positions are substituted (e.g., 9:10-
dimethyl-l:2:3:)4~dibenzanthrecene (XI)).

Otto Schmidt (1938, 193%a, 1939b and 1941) was the first to
compare the electron density of the "meso" positions of certain
carcinogenic substances with that in related non-carcinogens, and on the
basis of this comparison he postulated that it is a necessary condition
for carcinogenic activity that the density of such regions should exceed
0.446/32; in particular, he further suggested that the activity of a
carcinogen is due to the electro-affinity of its excited state
facilitating a guantum change in the neighbouring molecule,

More recently Pullman,A. and Pullman, B. (1946) have theoretically
investigated the relationship between electronic structure and
carcinogenic activity in aromatic molecules, For the description of
the electronic structure of conjugated molecules they have used
indexes such as bond orders, free valencies and total charges. These
indexes have beenr very useful for the interpretation of the chemical
reactivity of conjugated molecules, so that their application to the

study of the relationship between electronic structure and carcinogenic




activity was quite justified.

In recent years a new set of electronic indexes has been
introduced by meny authors (Pullman, B. and Pullman, A.,(1952); Brown,
(1952); Pullman, B.,(1946)) to study of the relationship between the
structure and carcinogenic activity. This theory of chemical reactivity,
based on a new set of indexes, has been named the localizetion theory.
This set is composed of three main guantities -

(A) carbon-~localization energies,
(B) bond-localization energy,
(C) para-localization energy.

It has been shown that the agreement with experiment is greatly
improved when these simple basic indexes are replaced by more complex
ones, which generally consist of a combination of these simple ones.

It has also been shown that the substitution of a methyl group for one
of the hydrogens of, say, benzanthracene (I) or the replacement of one
of its carbon atoms by nitrogen has practically the same effect on the
localization energy of the 5-6 bond (between atoms shown by *) of the

molecule.

Quentum-mechanical study (Pullman,A. and Pullman, B., 1946) of the
electronic structure of polycyclic aromatic hydrocarbon shows that the
majority of these compounds contain two regions which are of particular
importance for their chemical and biological behaviour. These are the
regions of the type of the 5-6 bond and the 7, 10 positions in

phenanthrene which they call respeotively the K and L regilons.




XIT

K region

Phenanthrene

In an isolated molecule, these are the regions which contained,
respectively, the bond which hed highest mobile order and the carbons
which had the highest free valencies. These two types of reglons
are known to be the principal reactive centres of the polynuclear
hydrocarbons. The search for a relationship between the electronic
structure and the carcinogenic activity of polynuclear hydrocarbons
has led to the two following fundamemtal propositions (Pullman, A.,
1954) ¢~

(1) The appearance of carcinogenic activity in aromatic hydrocarbons
is determined by the existence of the K~region, that is the reaction
takes place at or through the K~region.

(2) If, however, the molecule contains also the L-region, a

supplementary condition requires that these regions should be rather

< . -
. : : - . . - - . e e -
inactive. ¢ v e A hae el atb ota o veed o . - T N
0 ;

3:)~benzphenanthrene (IV) has been shown to possess carcinogenic
activity. This case is somewhat special; in contrast to the other
compounds which are devoid of steric effects. 3:l~benzphenanthrene has

been shown, by X-rays (Herbstein and Schmidt, 1954) and U.V. absorption




spectra (Clar and Stewart, 1952) to be non-planar and to possess a
small dipole moment (0.7D) (Bergmamn et al., 1951). This phenomenon
is due to steric interference between the hydrogen atoms in the
positions luand 12 shown in the figure by —» .+ Steric interference
between these hydrogen atoms in the positions shown in Fig. (IV)
creates in the molecule conditions which have not been taken into
account in the calculations of the indexes and which mey well have the

effect of increasing the reactivity of the K~region of this compound

beyond the calculated value.
!i

It has also been found’;n“bertain nitrogenous analogues of J:l~

benzphenanthrene such as

XIIT IV

Benzacridine Naphthofz,l—o]cinnoline

benzacridine XITI possess carcinogenic activity. N&phtho[?,l—@]
o ! i vy
E Vi ol g . N N .

cinnoline (XIV) is an analogué}&erived by replacement of the two CH
groups in the positions 5-6 by nitrogens and this replacement may have
similar effect on the localization energy of the molecule. As the

molecule is greatly strained due to steric interactions, its geometrical
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shape is such that the resonance demand for planarity is no longer
possible, Such a molecule is said to be overcrowded. These non-
planar molecules may be classified into three types (Coulson, 1958a,
1958b) - (a) polyphenyl type, (b) polynuclear type and (c¢) corrugated

ring type. The first type is associated with

XV XVL
H H CL
CL « Ct
at Ct
H H Ct
Biphenyl Hexa-chloro~benzene

biphenyl (XV) and its derivatives. Here if the molecule is plenar the
four ortho-hydrogens are closer together (about 1.82) than the sum of
their conventional Van der Waal radii (2.4&). There are several
considerable ways in which this close contact can be reduced and some
deformation (either by rotating the molecule around the central 1-1!
bond or by rotating C-H bonds around the carbon atoms as pivots) is
expected in order to relieve the molecule of the strain. The second
type of overcrowding is associated with condensed polynuclear hydro-
carbons, such as phenanthrene, dibenzanthracene, 3:L=benzphenanthrene
and n&phtho[?,l~é]oinnoline, In these molecules the rigidity of the
carbon framework no longer permits the rotation of the two rings as in
biphenyl. The third type is illustrated (XVI) by hexa-substituted

benzene, such as 06066.
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The steric interactions in naphtho[?,lnéjcinnoline form an
interesting subjeo“p for study. The present work was, therefore,
undertaken in order to determine the extent of deformation produced
‘in the molecule by steric interactions which might affect the chemical
reactivity of the hydrocarbons. If the molecule of ﬁ;phthocinnoline were
planar the separation (Z.AE) between the centres of two carbon atoms at
the positions 1 and 12 would be much less than the Van der Waal spheres
required to accommodate two hydrogens. The region between the two
"legs" of the molecule, which is assoclated with Gy Cqos Hy and Hy,
(shown in Fig. (XIV) by - ), is grossly overcrowded. It appears that
this overcrowding is relieved almost entirely by displacements of various
atoms in a direction perpendicular to the mean plane of the molecule,

The atoms on one side of the molecule are displaced upwards, the atoms
on the other side ére displaced downwards. The two hydrogens (1 and

12) are alsohdisplaced in opposite directions normal to the plane of the
rest of the molecule. In order to investigate quantitatively such
deformations the structure of naphtho[?,lmélcinnoline has been

determined by X-ray diffraction techniques and the details of the

investigation are described in the subsequent sections of this thesis.
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l.2. Collection of crystallographic and X-ray data,

ls2.1. Crystal data. The crystal specimens were provided by

Dr. Braithwaite of the Chemistry Department of this College. The
crystals of naphtho[2,1-c]einnoline (R.S.W. Braithwaite and G.K.
Robinson, 1962) were large, yellow and blade-like in appearance.

The crystals were either badly formed or twinned. As single crystals
were not avalilable, from the blades were cut the crystal specimens
used for the present study.

As the crystal specimens were blade-like, only one face, (100), could
be examined conveniently under a polarising microscope and looking
straight down the perpendicular to the plate face nice optic figures
suggestive of a blaxial crystal were obtained.

The pyro-electric test was performed with liquid nitrogen. The
crystals were observed to exhibit a definite pyro-electric effect,
indicating that they were polar and non-centrogmmetric.

The density of the crystal was measured, by a flotation method,
in a mixture of a solution of potassium iodide ('@ = 3413 gm/c.c.) and
ethyl alcohol. Different portions of these two liquids were mixed
together until the crystal just remained suspended in the resulting
liquid, indicating that the liquid and crystal densities were equal.
The liquid density was then determined using a specific-gravity bottle.
The mean of the three measurements on three crystals gave a value of
~ﬁ = 1.25 gm/c.c. The molecular weight is 230, giving the number of

molecules per unit cell as 16 (calculated 15.94).
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1.2.2, GCollection of X-ray data., Oscillation and Weissenberg

photographs about the a, b and ¢ axes using CUKG radiation showed the
unit cell to be orthorhombic with the following dimensions:-—
(=) (e} o]
a = )—‘-O.SOA’ b = 10o75A’ c = 10-75Ao
The—aecwrateoneasurenent-of -the-cell -parareters,using a-new-
technique;—is-disoussed-in-section-l.3.
In an attempt to decide thgegtish 1,310, with the help of zero-
layer \feissenberg photographs taken sabout the b and ¢ exes, it is

observed that reflexions

n00 are present only when h = in,
QkO are present only when k = In,
00& are present only when £ = 4n,

hOf are present only when (&, h = 2n), € + h = hn,
and hkO are present only when (h, k = 2n).
TThe space group therefore has all faces centred, with disgonal-glide
planes perpendiculsr to a and b exes, and the above conditions determine
the space group as Fdd2,

The above conditions also demaend that a zero-~layer Welssenberg
photograph about the a-axis should contain 0kf reflexions for k + £ =
An! and (k, & = 2n) to satisfy the conditions of the space group Fdd2.
In order to confirm this zero-layer Weissenberg photographs about the
a~axis were teken. Considerable difficulties were experienced in
setting the platy crystels of naphﬁho[?,l—o]cinnoline to rotate about the
AD.BK a~axis. Tt was not easy to pick up the layer-lines on the

oscillation photographs because there were very few spots in each line

N
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and the layer-—lines were very close btogether. After several attempts

a Welssenberg photograph about this axis was teken, but attempts to
check the determination of the space group with its help proved in-
conclusive because of the presence of a few reflexions which were not
satisfying the required condition (k + £ = 4n). It was then thought
that these might be either occurring from the next higher layer or
Renninger (1937) reflexions, In order to eliminate the first suspicion,
the crystal setting was checked by taking a zero-leyer oscillation
photograph for two positions of the crystal 180° gpart on the same film,
This confirmed that the crystal was correctly set and the «0ké—-

of the okt q~em}broccu’, Lo tee [wzqv
Weissenberg photOgraphfwas therefore taken. All doubtful extra

N\
reflexions were found to be present in this Welssenberg photograph also.
The next attemplt was to take a rotation photograph about th;Ls axis with
the layer-line screen still in position and a weak reflexion was
observed & small distance away from the zero-layer line. From +the shape
of the spot it appeared that the reflexion had been pawrtially cut off by
the screen which suggested that it must belong to the first layer.
The zero-layer line photograph was repeated after adjusting the screen
and it was found that the spurious reflexion had been eliminated. In
the final Weissenberg photograph the doubtful reflexions were absent,
i.e. Oké reflexions for k + & = 4n and (k, & = 2n) were present, and

the space group was unambiguously decided as Fdd2.

The special projections possess symmetry as follows:i-

(001)pge; a' = &/2, b' =Db/2
(100)eml; B! = b/2, c' = ¢/2
(01 clm; ¢! = c/2, a' = a/2,
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1e3s MNeasurement and correction of intensities. Multiple-film,

zero-layer (normal beam) Weissenberg photographs sbout the two
short axes were used to record the intensities. The X-radistion
was filtered by means of nickel foil when it was desired to remove
the CuK wradiation. For each projection three packets of five
films wgre used, with exposure time of 130 hours for 1 to 5 films,
1% hours for films 6 to 10 and 2 minutes for films 11 %o 15. In
order to determine the intensities of the veflexions, it was
necessary to have a series of standards of known relative intensities,
with which the observed reflexions could be compared visually. The
film ratios between successive films were determined from the ratios
of the relative intengities of corresponding reflexions on the two
filnms,

The intensities, thus measured, were corrected for combined L-P

factors. The correction was given by,

F2 . s8in?o
(hkﬂ) 1+ cos229

No correction was made for any possible errors due to absorption.

z(hk1)°

The value of the linesr absorption coefficient is B H-7 em?!
end since the crystal specimens were small, absorption was kept to a
minimam. The crystals of gqfss«seotion at right-angles to the
oscillation axis having dimensions 0.10 x .40 mm. and 0,10 x 0.35 mm.,
were used in recording hkO and hOL reflexions respectively.

No correction for extinction was applied because only a2 few of
the structure factas were at all large. The good agreement obtained in
Tables 9.3 and 10.4 for both strong snd weak reflexions further

indicated that no apnreciable correction was required.
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Chaptex 2

Some earlier attempts to determine

and refine the hkO projection

2,1 The intensities of the reflexions having been accurately
determined, the preliminary investigations of the structure of

016H16N2 were carried out by Patlerson and Fourier methods. IFrom

the dimensions of the unit cell it was obvious that either of the
projections down the short axes was going to be of immediate intereste.
The plane group symmetry of the [001] projection is pgg, and that of
the [010] projection is cIm,  Owing to the centro-symmetry, the [001]
projection was taken up first for investigation. The molecule contains

18 atoms in the asymmetric unit, excluding hydrogen atoms.

2e1e10 Calcoulation of the hkO Patterson map

Because the axial lengths along b and ¢ are equel, it was not
possible to guess in which projection the atoms of the naphtho [2,1-c]
cinnoline molecule would be well resolved. It was hoped that the
exemination of the Patterson maps would reveal the orientation of the
molecules

The space group being Fad2, the plane group symmetry of the [001]w=
projection is pgge The unique area of the c¢ell in projection
corresponds to quarter of the new cell. The symmetry of the
corresponding Patterson map is pmm, it is sufficient to calculate the

al

t
Patterson function for the aree of the new cell defined by 5 and. %r .

The unigue area of the Patterson map of[QD1Jprojection is shown in
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fige 241 which must contain the peaks corresponding to all the
relevant vectors. The magnitudes of the peak heights in Patterson
map are proportional to the electron products (& 1 212). Two

Patterson functionsP and Ps defined by

o

P(x,y) = %ZZ Fi(hKO) cos 27 (hx+ky) . . . . (1)
0 o
© o«

Psix3y) = %Z ! sl“i(hk()) cos 2m{hx+ky) - - - (2)
b b

were calculated for the [001] projection, where s is a sharpening
functione In figures 2+1 (a & b) are shown the Patterson maps for

the hkO projection, which are calculated using a pmm Fourier

summation programme written by Dr. L. G. Edmunds for the Mercury
computer. The contours have been drawn at arbitrary intervals. The
sherpening function s was obtained by drawing a smooth curve through a
plot of (1/ i‘oz) against sin @, where §§ is the average value of IE‘2°
taken in zones of sin € going from 0 to 4.0 in steps of Oele The main
effect of sharpening was thus to compensate for the falling off with
sin @ of the Fi values due to the finite size of the atoms and their
thermel vibration, and therefore to give much sharper interatomic
peaks, with correspondingly greater resolution. However, by relatively
increasing the outer Fi values, series termination errors might become

more serious, giving larger diffraction ripples arcund the sharper

peaks giving rise to spurious detail.
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The peaks in the unsharpened map are broad, with little details,
whereas in the sharpened map they are more resolved, with several
smaller ones appearing. The heights of corresponding peaks in the

two maps are comparable,

261 02 Interpretation of the Patterson map

A large area of the sharpened Patterson map about the origin pesak
(marked A) is shown in figure 2.2 with contours at twice the interval
used in fig. 2e1(b). The positions of atoms in one molecule is showm

in figo 2e3e

fig. 2‘3 a

In order to interpr%féjthe Patterson map, it is important to s
realise that the peaks due to the individual C«l, C«N and N-N vectors
might not show up prominently but the peaks due to a large number of
approximately equal and parallel vectors between the atoms of the
benzene rings which might be in parallel orientation should show up
in the mape. If, however, some of the benzene rings are buckled and
twisted in different directions, the assumed group of parallel vectoré

will not be exactly parallel, and consequently the positions of the
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vectors in the Patterson map will be somewhat displaced towards the
corresponding direction of the twiste. However, at this stage attempts
were made to determine the approximate shape and orientation, instead
of the exact shape of the different rings, of the molecule.

The Patterson peaks due to the vectors parallel to C C

13~ 74°
-G, and C, .=

c - - L] _', L3 -
07 013 C3’ 015 i 13 014 are first identified in the

C13”
map and from these the approximate shepe and orientation of a single
benzene ring is determined. The molecule is then completed by the
addition of further benzene rings in parallel orientation.

The peaks due to a large number of approximately equal and
parallel (C~C) vectors in the molecule are distributed near the origin
of the sharpened Patterson map (fige 2+2). There are a few large
vectors of the type B, C, D, E and F which represent a hexagonal
symmetry. These peaks would have defined a regular hexagon if the
molecules were perpendicular to the C-axise. The vectors representing
the hexagonal symmetry as shown in the map indicate that the rings in
the molecule are tilted about the a-axis. However, the configuration
of the molecule is not mwniquely determined by the orientation of the
rings alone, since there are three crystallographically nonesquivalent

ways of completing the molecule as shown in fige 244 (a, b, c).

D

flgo2o£{-(a) fig.Z.l;.(b)
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fig. 2.4(c)

The packing considerations suggest that the most probable
configuration of the molecule is as shown in 2.4.(a) and the length
of the molecule shouid be aligned nearly parallel to the a-axis,

The vector set corresponding to the postulated structure is
marked in the sharpened Patterson map (fig. 2.2) by crosses and it
is seen that a reasonable it of the vector set of one molecule is
obtained.

The results of the examination of [001] projection by optical
tfansform methods and subsequent calculations of structure factors
confirmmed the correctness of the configuration of the molecule as

shown in fig. 2«4(a).

2.2.‘thicaé Transfom methods

~

it has been shovn that there is a direct relationship between s
two dimensional section of an x-ray diffraction pattern of a cxystal,
and the Fraunhofer diffraction pattern of a mask representing the
projection of the crystal structure on the appropriate plane. Taylor
(1952) has shown mathematically that:~

(a) The Fraunhofer diffraction pattern of a two-dimensional
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object is the IFourier transform of its transparency distribution;

(b) there is a complete formal analogy between the two-
dimensional optical diffraction patterns and the two-dimensional
sections of x=-ray diffraction patterns;

(¢) a two-dimensiomal section of the x-ray diffraction pattern
of a three-dimensional object is the Fourier transfoirm of the electron
density distribution projected on to a plane reciprocal to that of the
section,

This relationship formed the basis for the application of physical
optics to crystal structure determination. The two dimensional
optical diffraction pattern is generally known as the "optical
transfom" ~ it expresses the square of the gmplitude alone, in
contrast with the Fourier trensform which has both amplitude and
phase., JThe direct application of this method involves a preparation
of the Fraunhofer diffraction pattern by an optical diffractometer
(Taylor, Hinde & Lipson, 1951) relating to a proposed crystel structure
projection, and its comparison with a suitable representation of the
x~ray inbtensity distrivution in the corresponding reciprocal lattice
section (Lipson & Taylor, 1951).

The two-dimensional section of the x-ray diffraction data (from
the Weissenburg photographs) is represented in the form of a "weighted
reciprocal lattice", which is merely a representation of the relative
intensities of the reflexions shown in reciprocal labttice points.

The unitary structure factors, U's, are usually plotted rather than

the intensities, the relative magnitudes of which are represented by
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black spots whose areas are proportional to the magnitudes of the U's.
The reciprocal lattice section is drewn to a scale 5 om = 4 K’d, the
reflexions are arranged into five different groups according to the
magnitude of U and each group is represented by spot of appropriate
sizee

Iwo factors influence the intensity fall-off in the reciprocal
lattice section = temperature effect and the variation of atomic
scattering factor with angle. In the optical diffraction patterm,
however, there is only one corresponding factor within the mask to
effect a diffraction fall-=off - the finite size of the holes. To
obtain a better comp;rison between the optical diffraction pattern
and the x~ray diffraction section, it is necessary to reduce the
intensity fall=off in the latter. In practice it is more convenient
to eliminate the variation of the scattering factor with angle, thereby
increasing the weight of the high angle reflexions. Consequently
the reciprocal lattice section is generally weighted according to the
wiitary structure amplitudes. Use has been made of the structure
amplitudes themselves, but the diameter of the holes in the diffraction
mask must then be arranged to simulate the variation of scattering
factor with angle (Lipson & Cochran , 1957).

The proposed crystal structure is drawn, in projection, to a scale
of 2 cms = 4 A, The diffraction mask is then prepared.; the holes
are punched in opaque film using a pantograph device with a reduction
ratio of 12:1 (Hughes & Taylor, 1953). An "optical diffractometer" is

then used to record the Frawhofer diffraction pattern. The




diffraction image, as photographed, is but 1= 2 mms in size and
necessitates enlargement. At this stage the real space and reciprocal

space scales are correlated ~ the magnification being related to the

0wy
scale S oems =1 A 7,

2.3+ Detemination of the shape of the molecule by Optical Trangorm

methods.,

Optical transfom methods have proved to be of particular value in
the study of compounds containing benzene rings. The optical
transform of an uwntilted benzene ring has six prominent peaks at a
distance of 0.8 K"ﬂ from the origin. A circle of radius 0.8.1%'1
units, drawn with its centre at the origin of the weighted reciprocal
lattice, is known as the "benzene circle". If the benzene ring is
tilted about a given line, its projection contracts in a direction
perpendicular to this line; the transform therefore expands in this
direction, the factor of expansion being equal to the secant of the
angle of tilts TFrom such considerations, quite often it is possible
to determine the shepe of the projesction of the benzene ring from the
positions of the benzene peaks. In this way the orientation of the
ring in projection is detemmined (Hanson, Lipson & Taylor, 1953). Such
information hes, in fact, been made use of in the present study which
is described in the subsequent sections.

In order to compare the optical transfom of the naphtho [2,1-C]
cinnoline molecule, the hk0 weighted reciprocal lattice was prepared

using & scale of 5 cm = 13'4 (shown in fig. 2.5)s The information
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Figure 2.5.

Constructing a benzene ring from the evidence

of the benzene pesks in the hko reciprocal lattice
section.
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neaxr the centre of the lattice indiecates the general shape of the
molecule, whilst the outer regions reveal finer details of the

structure. 7

Leee vy

Tt will be seen that a number of peaks lying outside the "benzene
circle" which obviously ggvolved steeply tilted benzene rings. A
series of heavy peaks on the b* - axis also suggest that they are
produced by different orientations of benzene rings. However, the
six largest and most intense peaks (A, B, C, «see ) on the weighted
reciprocal lattice were located, and the shape and orientation of one
benzene ring were found oub as shownlin fige 245, From this was
constructed the molecule as seen in projection and a diffracting mask
corresponding to this was puncheds The aperture used for carbon was
the same as that used for nitrogen. The optical transform
corresponding to this orientation of the molecule was compared with the

) (Feg.2.56)
weighted reciprocal lattic%é the "agreement was poor. The
orientation and tilts of the benzene rings were varied, but all efforts
to make the optical transform agree with the weighted reciprocal
lattice were unsuccessfule The other itwo possibilities (fige 2.4
(b & c)) of the configuration of the molecule were also tried out, but
showed some serious discrepancies, so it seemed almost certain that
these two configurations (fige. 2.4 (b & ¢)) were not correct.

It was possible that some of the strong peaks lying near the

"benzene circle", which were interpreted as benzene peaks, were due to

a particular orientation of only some of the benzene rings. A group




Figure 2*5I0)-

Optical transform of a molecule with
the hko weighted reciprocal lattice
section superimposed*
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of peaks (P, Q, R, sese) which could not be interpreted by the same
orientation of the benzene rings, were selected as being possibly due
to a different orientation of some of the benzene rings in the molecule.
Thus two possible orientations of the benzene rings were selected from
the lattice. The first set of peaks (A, B, C, eeve) ensbled the™ =

)
benzene ring to be constructed which agree;closely with the one

previously obtained from the Patterson synthesiss A new molecule was
completed by the combination of the benzene rings of two different
orientations and an optical transform was prepared and compared with the
weighted reciprocal lattice. The agreement was improved but some
discrepancies still remained. Tven after detailed examination of the
optical transform it was not clear how the molecule could be altered

to obtain a better fit with the weighted reciprocal lattice and all
attempts to improve the agreement further failed. However, it seemed

worthwhile to pass on to the next stage of the determination of the

structure using this trial molecule.

2+4e The Determination of the relative position of the molecule using

Optical Transform Principles.

After an approximation to the shape and orientetion of the molecule
is obtained, the next step in the methods of structure determination is
to £ind out the molecular position in the unit cell. Optical transform
methods have been found to be of great help in such determinations. In
general, the principal feabtures of the optical transform are governed

by the orientation of a single molecule, but the introduction of the
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remaining other symmetry related molecules impresses upon the
transform a fringe system which can be used to estimate the positions
of the molecules.

In using the optical transform approach, the shape and
orientation of the molecule is ascertained by examining the disposition
of stronger reflexions; congiderations of the weaker and absent
reflexions may then give information about the position of the molecule
relative to others in the unit cell (Hanson, Lipson & Taylor, 1953).

If the shape and orientation of a single molecule is adjusted until
agireement between the strongest x-ray intensities and the intensities
at the corresponding points of its transform is satisfactory, then the
weak intensities occur either because the intensity in the transform
of the single molecule is low, or because of the operation of a fringe
function. Points of low intensity in the weighted reciprocal lattice
which correspond to points of high intensity in the optical transform
are selected, and the relative position of the molecules are adjusted
until the fringe function has the required effect at these points,.

Thus the relative molecular positions can be obtained.

2ol Principles of the method

Structure factor graphs (section 4.3)(Bragg & Lipson, 1936) are
contour maps which represent the veriation with position in the unit
cell of the contribution to a certain reflexion by one atom and its
plane group related counterpartse. If instead of an atom, the projected

shape of the molecule or part of a molecule, was known, then a similar
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structure factor graph could be prepared, This would show the
variation with position in the unit cell of the contribution of that
molecule, or part of that molecule, plus its plane group related
counterparts, G(h,k), to a particular reflexion. If the reflexion
chosen was observed as zero, then the zero contour of the molecular
structure factor graph would represent the locus of possible positions
in the unit cell of the arbitrary chosen origin of the molecule or
part of the molecule. If the reflexion chosen was not zero, then the
zero contour of ||G(h,k)| - | (& (h,k) || , where G(h,k) is the combined
contribution of all the molecules to a reflexion (h,k), would give the
locus of possible positions. In practice a few reflexions are chosen
and the minimum point of the combined graph specifies the molecular

position,

2elpe2 Theory of the Method

The theory is developed for the plane group Pgg, but the
development of other plane groups follow the same general principle.
If X.5 ¥y ove the coordinates of the ith atom of a molecule, with
respect to an arbitrary chosen origin, and X, Y are the coordinates
of this origin, with respect to the true unit cell, (see fig. 2.6),
then the combined contribution of all the molecules to a reflexion

h, k may be written,




"

igure 2.6.

Showing the coordinates X9 V3 of the ith atom

with respect to the arbitrary origin ©'. The
coordinates of O!' with respect to the:true origin
0 are X, Y.
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G(h,k) = & ;fi cos(2arh(X + xi)) cos (27k(Y + yi))

if (h+ k) is even,

and N

G(h,k) == Z £, sin(2rh(X+ x;))sin(27 k(Y +y,))
i=1

if (h+Xk) is odd. u

These may be rewritten as
¢(h,k) = & cos 27kY{ A(h,k)cos 2rhX = C(h,k)sin 27hX ]
+ b sin 277%Y [~ B(h,k)sin 27hX + D(h,k)cos 2#hX] ,
if (h+ k) is even, and
G(h,k) = L4 cos 27 KY[B(h,k)cos 27hX + D(h,k)sin 2% hX]

= L sin 27 KY[A(h,k)sin 27 hX + C(h,k)cos 24 hX]

if (h+ k) is odd 3 -

N
where A(h,k) = Zf. cos 2 hx., cos 2w ky, ,

P i i
N .

B(h,k)':-Zf. sin 27 hx, sin 2w ky. ,
i i i
N

C{h,k) = Z'f. sin 27 hx, cos 2w ky. ,
et i i
N

D(h,k) = —-Zf‘i cos 27 hx, sin 2mky, .

1=1

(1)

(2)

28
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The quantities A(h,k), B(h,k), C(h,k) and D(h,k) depend only on
the molecular shape and orientation, and are constant throughout the
calculations The required molecular étruoture factor graph for a
given reflexion is then obtained by computing the values of G(h,k)
given by the equation (2) for all possible values of X and Y within

the unit cell.

2elie 3 Application of the method

The first step in the molecular location was to compare the
transform of the molecule with the weighted reciprocal lattice. There
was a good agreement for most, though not all, of the strong parts in
the x-ray diffraction pattern. 'Six reflexions of very weak or zero
intensity were selected (see table 2.1) which lie upon strong regions
of the transform of one molecule. The six reflexions were of medium
Bragg angles The computation was carried out by usingfﬁomputer
programme for findiﬁg the position of a melecule written by Dr. R.A.L.
Sullivans The quantity G(h,k) was then plotted as a Punction of the
position of the molecule in the unit cell. The map obtained from
these contained one or two low minima. Another set of six reflexions,
of low and medium Bragg angle, were then chosen and the computation
was repeateds The map resulting from these had many reasonable
sharp minima. TFrom a study of both of these maps, it was possible to
deduce a probable position of the molecule. The coordinates of the

minimum position were x = 0.267, y = 0.167 with respect to a centre of

symmetry of +the projection.




TABLE 241

Indices F Indices iy

h k (obsex‘ved ) h k (ob sez‘ve&)
8 k. 303 1 1 5.3

9 5 2.5 13 1 33

1 1 5.0 9 1 541

0 N 2.0 6 3 le 9

9 1 5.0 9 5 2.5

8 3 2.0 6 6 0

T corrected for scale and temperature factors.

obs.
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The molecule was then placed in this position and the structure

factor calculations with the trial structure showed reasonable
agreement between the individual Fo's and Fc's with a residual of

0.56. This suggested that the structure should be refined.

The structure

Fc(hkO)

Fc(hke)

factors were calculated from
N

L z fjcos 2qrhx cos 2irky
J=1

if h+k is even,
N

~l). ij gin 27 hx sin 27ky
J=1

if h+k is odd,
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ubilizing an atomic scattering factor equation suggested by Forsyth
and Wells (1959). In order to estimate the overall agreement in

terms of the mean discrepancy the so-called "residual" was calculated

from
R = )l |-z 11/) |z |

where IFOI and chl are the moduli of the observed and calculated

structure factors respectively.

2.5+ Refinement by Fo synthes®s

Barlier refinement of the [001] projection was begun hy Fourder
methods. To each of the observed structure factors was given the
signs of the corresponding calculated structure factors and the electron

density map of the projection was computed from the relation
@ h=2n @ k=2n

Ef’(x,y) = %[F(OO)-I- Z{Z F(hO)cosZ’lThx-z»Z F(Ok)cos 27ky
2 ' 2
o o htk=2n

+ A{Z Z F(hk)cos2whx cos27ky -
1 1

ci: ® h+k=2n+1

_Z‘Zf F(hk)sin27hx sinzquy} ],

where P(x,y) is the electron density at any point (%,y) and A is the
area of crosse—section. The pesks in the map indicatbed several large
shifts to be applied to the atomic coordinates. From the position
of the peaks a new set of atomic coordinates was determined and the

set of structure factors caleulated.s The residual dropped down to 0448
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and the process was continued till there were no major changes in the
signs of the structure factors. In three cyocles of refinement the
residual was brought down to 0«45 only. Further improvement of the
atomic positions by this method seemed unlikely because of considerable
overlpp in this projection both in the atoms of one molecule, and the
symoaetry related atoms of a different molecule. The possibilities of
the other two configurations of the molecule (fige 2+4 b & ¢) were
also tried with the help of the prominent peaks of the Fourier map and
the sets of structure factors were calculated for esach of thems Both
sets of Fc's showed gross disagreement with the observed F's with verxy
bigh R-values. It was then felt that these two configurations were
most wnlikely for this structure and no further attempt. to improve
them was undertaken., It was, at this stage, decided to pursue the

refinement of the structure (fig. 2e4a) by difference Fourier methods.

246+ Refinement by difference Fourier synthesss

The atomic positions determined from the positions of the peaks
in the electron density map are not completely correct as a result of
the finite termination of the Fourier series in the FQ synthesis and
also partly because of overlapping of several atoms. Corrections to
the atomic coordinates can be made by means of diff'erence synthesis
which involves a Fourier series whose coefficients are the values
(Fo-ch) and as & result contains no series termination errors (Booth,
1948; Cochran, 1951)e In the difference synthesis the terms for which

Fo is large and Fc is small should be excluded since errors would
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result from an incorrect phase. The synthesis results in a map of
the function D = @ﬁ%-j%) which can be used to correct the atomic

coordinates. Refinement is based on the reduction of the slope of
D at the atomic centres and the shift of an individual atom "i" was

calculated as described by Lipson and Cochran (1957), by the expression
D 4
Axr, = (g3 0/ 2(F)

where {% is the elsctron density at the centre of the atom and r

denotes a distance from the atomic centre in the direction in which D
increases most rapidly, 29(4%)1 gives the central curvature of the ith
atom in projection assuwing fhe electron density near the centre of the

projection of the atom is closely approximated by the equation

3
"P = Z(p/'i?')/z exp(-px®) ,

where f is the density at a distance r from the centre of the atom.

Z is the atomic number (Booth, 19468). The constant p was taken as
560 for all atoms =~ a2 value obtained from tbe preceseding FO synthesis. '
During the process of refinement by (FQ-FO) synthesis, it was

observed that most of the atoms were lying on gradients indicating o
major shift in the coordinates. Unfortunately, owing to the tilt of

the molecule in this projection, the atoms were never well resolved
on the map for calculating proper shifts, and consequently difficulty
in refinement was experienced. Moreover;, the direction of the
movements of the atoms were not always made clear in the difference

map because of the large amount of overlap of the two molecules
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symnetrically related by glide planes., However, the refinement was
continued and after three cycles the residual fell to 0e37. Any
attempt to refine it further was unsuccessful. A comparison between
the observed and calculated structure amplitudes showed that the
individual agreement was falrxly satisfactory. This suggested that
the structure could possibly refine further. In view of this
situvation it was decided to refine the structure by the method of

loast squarese.

2¢7¢ Refinement by L.S. method

The wmethod of least-squares used in crystal structure refinement
consists basically of a systematic adjustwment of structure parameters
in order to minimize some function of the observed and calculated
structure amplitudes, According to the theory of errors, if the errors
in the observed Fo's follow: the normel or Gaussian law, then the best

atomic parameters are those which minimise the fumection

D CARE A (1)
hk

where w is the weight factor for a particular term (Lipson & Cochran,
1957)
In view of the fact that the refinement of the structure was
sought, the observational equations chosen, were of the form
aF BEG )

N
AF=F -F = :Z:@S:c E?zi + Ay — A g
0 Cawe AN U axh n,ayh n an

(2)




a5
where Koo ooe etc. are the corrections being sought in the
positional parameters., The summation is taken over the N atoms of
the structure. Tor each observed reflexion there exists an
observational equation like (2).
The criterion that Z w( AF)2 "be a minimum" led to the normal

hi
equations for each of the parameters in the form

{k ) EFG BFG aFc HFC
w = z’lx g o, mem Ay oemem =D Ay
2; axn &yn n an an n
BFQ 813‘0 BFO Z 833
+ ) -é-:-c—l;- ( -é-gc-;llxm + -és;zzéym b Az )} w(F -Fc) (3)

where :[:&enotes a sum over all atoms except the nth.

The number of eqguations was equal to the number of independent
parameters to be refined,

A two~dimensional least-gquares programme has been written for a
Mercuxy Computer by Curtis 61959) and uses the full matrix for solving
the least squares equations. The present calculations were performed
using this‘prcgramme.

Refinement was continued using all observed reflexions, the residusl
was brought down to 0,34 and 0.33 in the first and second cycles
respectively. The corrections to the positional parameters were quite
significent at this stage, but during the third cycle the shif'ts of the
atoms were negligible with no change in the R~value; and it seemed that
the structure could be refined no further. A difference map (fig.2.7) was
calculated at this stage with the hope that its prominent features should
reveal the nature of the deviation from the actual structure and is

discussed in the sections 2.8 and 2.9.




Meoure 2.

hko difference map calculsted using the coordinstes

as ohtained figm least-gsquaresrefinemént. Contours were
dravm st le/L”, zero contour are dotted, negative
contour broken and positive contours full line.
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2.8, Effects of Dverlap

Assuning the planar configuration of the molecule, the centre~to-
centre distance (2.#.3) between the overcrowded atoms 1 and 12 is much
smaller (as regards the minimum approach distance (30 3) between none
bonded carbon atoms) than would be expected to accommmodate two
hydrogens (radius 1.2 K). In order to achieve the required separation,
the molecules are distorted by buckling end twisting the rings A and D
(fige 243) in opposite directions. Furthermore, the mean plane of the
molecules is inclined at about .60° %o ab plane. Consequently there
was a great deal of overlap due to the atoms of the ssme molecule and
also symmetry related atoms of & different molecule. The refinement
was indeed a difficult task in the regions marked A, B; C &D in fige
2,7 where atoms, numbers (1 & 2), (6 & 18), (8 & 9) and (11 & 12) and
the symmetry related ones overlap. It was difficult to meke any
shif't that would improve the prominent features which were associated
with 1, 2, 6 & 8 atoms and also with the region marked P. A few small
shifts were, however, tried but none decreased the residual nor

improved. the striking feature associated with the region Pe.

249¢ Goneral observations

At this stage of investigation, it seems advissble to make scme
general observations on the structure which has so far defied all
attempts towards solution.

The residual was reduced to 0433, for the observed reflexions, by

Fourier, difference Fourier and least-squares methods, but it could be
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reduced no further. The residual for this projection, 0.33, was
considered to be unsatisfactory. It was also difficult to see
whether any chenge in the strategy of the refinement ﬁould be useful.
The scaling of Fo's with Fc's over different ranges of sin 6,
corrections to the scaling and temperature factors (many atoms were
ying in the negative regions of the difference map) might be useful
But at such a high R-~value re~scaling did not seem to be appropriate.

Again; the background levels of the difference map in fige 2.7 arve
rather high, and the most striking features are the strong negative
regions round the positions of the atoms 1, 2, 6 and 8, and a very
large peak (marked P) at x = 0.0166, y = 0.25 (which suggésta that
some atoms must lie near P). The details suggest that the difficulty
in solving the structure may be more fundamental than could be
attributed to the errors in scaling and temperature factors.

The positional paremeters of atoms 1, 2, 6 and 8 were difficult
to refine because they almost completely overlapped their symmetry
related counterpartse.

The molecule in this projection was very distorted and an attempt
wag made to reduce this distortion. However, this resulted in an
immediate rise in the Re~value and subseéuent difference maps indicated
shifts in the atomic coordinates that would bring the structure back
to its very distorted form,

In view of this consistent failure to refine the [001] projection,
further woxlc on it was postponed for the time being; the [010] projection

was then attempted and is discussed in the next chapter.
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Chapter 3

Sone earlier attempt to determine

and refine the hOt projection

5e1. Introduction, The information derived from the investigation

of the [001] projection, as described during the last Chepter, was of
no help in interpreting the [010] projection. Although it was felt
that the atoms of the same molecule overlepped very closely in the
[001] projection, they might be well resolved in the [010] projection.
The .détermination of the moleculer structure oﬁfﬁ@phthq:cinnoline in
the f610] projection was, therefore, underteken with the hope that this
would give considerable aid in interpreting the [001] projection.

The intensities of the reflexions in the [010] projection having
been determined ané corrected for the combined L-P factors (as
described in Section 1.4), the preliminery structure was investigated
by the Patterson method. The examination of the Patterson maps, it
wes hoped, would reveal the orientation of the benzene rings of the

molecules in projection.

3,2 Calculation of the hOl Patterson map. The plane group

symmetry of the corresponding Patterson map is cmme It is sufficient
 §
to calculate the Patterson function for the area of the cell %? and
¢
%y + The unique area of the Patterson mep is shown in fige 3.1 which

must contain the peaks corresponding to all revelant vectors. The

magnitude of the peskleights in Patterson map is proportional to the




Figure 3,1

Tnigue area of the hol Patterson functiomn.
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electron products (Z1 22). Two Patterson functions P and P, were
calculated, where s is a sharpening function, using cmm Fourier
summation programme written by Dre. I. G. Edmunds for the Mercury
computere The contours have been drawn at arbitrary intervalse
The sharpening function was obtained by drawing a smooth curve
through a plot of (1/ ﬁz ) against sin 6, where ii'.g is the average
value of Fi taken in zones of sin &, going from 0 to 1.0 in steps

of Qetes

3¢5+ Interpretation of the Patterson map

Since the information about the initrsmolecular vectors is almost
invariably contained in the near origin peaks, attention was first
given to peeks lying within a distance of 1.5 3 from the origin. It
can be seen that there were two prominent peaks A and B lyiné at a
distance of about 1.2 K and 1.4.3 with their peak heights in the ratio
1e42 1« This could reesonably be interpreted by assuming a benzene
ring to lie at the origin in such a fashion that the view along the
b-axis resulted in these positions of atoms in projection. Thus the
shape and orientation of a single benzene ring having been obtained, a
complete molecule was constructed by the addition of further benzene
rings in parallel. orientation.

The vector set corresponding to the postulated structure is
marked in the sharpened Patterson map (fig. 3.2) by orosses and it is
seen that a reasonable £fit of the vector set of the molecule to the
Patterson peaks is obtained. In view of the peak heights and inter-

molecular vector distances, it seemed justifiable to assume that the




Unigue area of the hol sharpened Patterson function, with
interatonic vectors of one molecule marked in with cyo'sses.




—

N

P

Ol



40

map gave a fair estimate of the orientation of the molecules.

3ehre Determination of the molecular shape by optical transform method.

With a view to checking the interpretation of the Patterson map
and, at the same time, improving the molecular shgpe and orientation,
the optical transform method was employed. The theory and
application of the method have heen described in Chapter 2 sections
(2 & 3)e

The x-ray data was represented in the form of a "weighted
reciprocel-lattice section" (as described in section 2.3) using a
scale 5 cms = 1.3'4 and shown in figure 3.3 A bengene circle of
redius 0.8 47 wnits, drawn within its centre at the origin of the
weighted reciprocal-lattice section.

The "benzene peaks" (4, B, C, eees ) on the weighted reciprocal
lattice were located, and the shape and orientation of one benzene
ring were determined as shown in figure 3%.3. This orientation of a
benzene ring agreed closely with the one previously determined from
Patterson gynthesis. From this was constiucted the molecule in
projection, to a scale of 2 cms = 1 X. The diffrascting mask
corresponding to this was punched and the Fraunhofer diffraction
pattern was then obtained.

The opticel transform corresponding to this orientation of the
molecule was compared with the weighted reciprocal lattice;  the
agreement was fairly good. The orientation and tilt of the benzene

rings were varied till the agreement between the optical transform




Figure 3.7

Constructing a benzene ring from the evidence of the benzene
peaks.






Fig.3.3.
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and the weighted reciprocal lattice was quite satisfactory (fige 3eli)e

As a further check, the other two probable configurations of the

molecule (fig. 2.4 b & ¢) were tried, bubt these seemed very unsatisfactory.
No attempt was made to improve them - further. At this stage it

seemed almost certain that the configuration of the molecule as

derived by this method in this projection was nearly correct, and it

was therefore considered desirable to pursue the structure

detexmination using this trial molecule.

3456 Detemination of the relative positions of the molecules in

the celle. When the general shape and orientation of the
molecule is known the next step should be to determine the molecular
position the celle For this it is necessary to postulate a likely
position of the molecule, and calculate the structure amplitudes which
the position would give, and to compare these caloulated structure
amplitudes with those observed. The prospects of success depend on
whether the postulated positions of the atoms ars anywhere near the
correct positions, giving some measure of agreement with the observed
structure amplitudes. If the agreement is good the correct positions
can be found by judicious small displacements of some of the atoms
from the positions first chosens. If, however, a structure is based
on only one variable parameter, all the structure amplitudes can be
calculated as a function of this parameter, and it is quite possible
to find the value that gives the best agreecment with the obssrxved

structure amplitudes. The plane group symmetry of the hOf projection




Figure 5»4»

Optical Transform of the molecule in the &I10J projection
compared against its corresponding weighted reciprocal
lattice section.
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was cm. Since the origin can lie anywhere along the mirror plane,
the structure amplitudes are sensitive only to the changes in the
parameter x, and the structure in this projection is based on only
one variable parameter.

There were two lines of approach to the probleme In the first
place, the optical transform method, which generally gives a
convenient way of finding the molecular position in the cell, was
considered. The method consists of seeking the region of the
(projected) unit cell in which the molecule can lie, giving good
agreement between the optical transfomm of the contents of the unit
cell and the reciprocal-lattice section, If the optical transfoxm
of one molecule is found to give a reasonably good fit when super-
imposed upon the welghted reciprocal-lattice section, then the way
to produce a perfect £fit is to separate the molecules by a distance
such that the interference fringes caused by separation improves the
agreement. For example, if g;e low intensity reflexion is found to
lie on a very heavy peak in the transform of one molecule then a
fringe must be made to run through this peak.

The crystal structure has four symmetry related molecule per
unit cells The configuration of the molecule as detemined by
Patterson and optical methods (as described in sections 3.3 & 3¢4) was
used and the optical transform of a single molecule showed a
reasonably good agreement when superimposed upon the weighted

reciprocal-lattice section. Six reflexions (101, 602, 905, (11,01),

(12,02) & 21,01) of low intensity, which lie on the heavy peaks in

}Sf




the optical transform of a single molecule, were selected for this
purpose. The symmebry related molecules were drawn to a scale of

2 cms to 1 2 (placing the centre of the molecule at a distance of

% = > 0,15 from the origin), and the diffracting mask corresponding 4o
this was punched. The optical transform of this mask showed, when
compared with the weighted reciprocale-lattice, that there was no
agreement at the regions where the six peaks were lying, and that it
was not the correct position of the molecule., The relative
separations of the molecules were then increased by a fractional
distance 001 along x, and the procedure was repested for ten relative
separations of the molecules. A position of the molecule was then
found which gave some measure of agreement {(Liss=3+5) and attempts

to improve it further failed. The coordinate of the centre of gravity

of the molecule thus found was: x= 0.22, whieh—Ted—bo—the—distribution

The molecule was placed at
this position and the calculation of structure factors for all the
reflexions showed thalt the general agreement between the individual
Fo‘s and Fc's was not satisfactory. It was then thought desirable
to check the position of the molecule by a different approach which
is described in the next paragraph.

The second line of approach to the problem was by the use of a
graphical method which provided a possible way of finding tﬁe correct
solutions The configuration of the molecule, as obtained from the

Patterson map and subsequently checked by optical methods, was used,

and the position of the—eenbre—of—pgraviiy—of the molecule was
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determined by calculating the structure amplitudes of a number of

reflexions for a range of paremeters.

The work of calcwlating the structure amplitudes for postulated
atomic positions was shoritened by selecting only several h0O
reflexions., The structure factors of various reflexions (e.g. 200,
%00, 600, 800, 10,00 & 12,00) which depended only on values of X,
were caloulated for a range of values of this parameter (up to 0.5)

the —~
for, naphtho_cinnoline from the expression

h .

E(XOO) = Uk %zﬁfj cos 2ﬂ-h$x + xj)

when k = 0,

where xj is t@e coordinate of the jth atom of a moleculs with respect
to an arbitraéy chosen origin, and X is the coordinate of this origin
with respect to the true unit cell, and the results were presented in
the form of curves as shown in fige 3.7 The curves were showm only
for values of x up to 0.5; since they are symmetrical about x = OH.
The curves also show how the calculated structure amplitudes vary with
%, It can be seen that the position (x= 04265) as shown by =% in
fige 347, was accepted as the probable position of the arbiitrarily chosen
Origin. of the molecule and used for the calculation of the structure
amplitudes which agree reasonably with those actually observed (Table
3e1)e

The structure factor calculations for all the reflexions with

this trial structure showed reasonable agreement between the individual




Figure 3.7.

One~dimengional structure factor graphs showing
the position of the arbitrarily chosen origin of
the molecule,







Table §o1

indices | T (cbserved) | F(caloulated)

200 2840 2540

400 2048 210

600 52 367

800 10.0 70
10,00 840 L5
12,00 8.0 540
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Fo's and Fb's with a residual of OJ4l, which suggested that the trial

structure should be refined.

346+ Barlier refinement by F_ synthesfs.

As has been mentioned in section 3.5, a position of the molecule
within the unit cell had been found by graphical method and the
calculations of structure amplitudes showed a reasonable measure of
agreement when compared with the observed structure amplitudes with
the R-value of Oekls The dinitial refinement was carried out using
fourier methods; +the Fo synthesis was completed, using the phases

@ﬁ‘55 out of 75 reflexions) caloulated from the trial structure

parameters, from the relation




6
Oo‘ h=2n o k=2n 1

f(x,z) =—§[F(00)+2@ [I“(ho)lc"-)S 29r-hx "'% |F(Ok)[eos Equky—oc(Ok)]}
® o
+ AZE lF(h k)lcos 27hx cos[27ky~ a(h,k)]]
T 71 ’

where 1?(x,z) is the electron density at any point (x, z) and A is

the area of oross—section. The first Fourier aynt?esis is shown in
figs. 348, the contours were drawn atéﬁggggggg;iigggig. The trial
coordinates of the atoms are shown by circles, while the same for the
symmetry related atoms by crosses. As has been expected this was
also not a vexry enlightening synthesise Although the tilt of the
molecule was not very much in this projection, the atoms of one
molecule compietely overlapped the atoms of a different molecule
symmetrically related by glide planes, and difficulty was encountered
in locating the correct positions of the atoms in the composite peaks
of the electron density map - a fundamental limitation of the
refinement by Fo synthesis. Only three atoms 9, 10 & 11 out of
eighteen were resolved, and the peak heights of the unresolved and
well resolved atoms were in the ratio of nearly 2:1 excepting the atom
number 17 (in which the ratio was 1.5:1) though it overlapped closely
with its symmetry related counterpart. Tew atomic shifts were
Justified, and using the new coordinates the structure factors for all
the reflexions were calculated, the residual dropping down to OJi.
Refinement was continued till there were no changes in the signs of
structure factors, the residual was brought down to 0.37 only. The

peak height of the atom number 417 was improved. At this stage it was
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perceived that the normel fourier refinement process would not be
effective with this projection and other methods would have to be

tried,

347¢ Refinement by the (ﬁou-Fc) synthesés

It has become evident that the usual process of refinement by
the continued use of the normal fourier synthesis would not work with
this projection because of the non-resolution of the atoms in each
synthesis. It was decided to use a (FO-FG) or difference synthesis
(Cochran, 1953) to find the movements, if any, of the atoms which
would improve the agreement. The synthesis has been discussed at
fairly great length in section 2.6. The first (FO - Fc) synthesis,
as shown in fige 349, was calculated using the structure factors which

had just been determined a=

It was found that on plotting it nine atoms 1, 2, 4, 9, 10, 12, 13, 14
& 15 were lying on fairly steep gradients, three atoms 6, 17 & 18 were
in positive areas and six atoms 3, 5, 7, 8, 11 & 16 out of eighteen
were situated in negative regions. The atoms situated on the steep
gradients in the mep indicated substantial shifts in their

coordinates. The fact that so many atoms were situated in negative
regions seems to suggest that something was wrong with the scale of

the observed amplitudes and that a further correction was needed. Bub
the re-adjustment of scale seems to be inappropriate at such high R-
value. Again, the background level of this map was rather high, and

Fuo
the most importent features were feur large peaks (marked P1&;P2, P

h 7
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~§z) which also seemed to suggest that some of the atoms needed large
movements. Keeping all these facts in view, the refinement was
continued. The new coordinates were used to calculate a further set
of the structure factors, which showed a better agreement between the
individual Fo's and Fc's with the R~value of 04354
A difference synthesis was carried out using the new set of

observed structure amplitudes and the general features of the map were
found to improve reasonably. This synthesis was used te determine the
shifts of the atoms; ‘the new set of coordinates were again used to
re~caleculate the structure factors which this time gave the R—value of
0e33e Another cycle of refinement was carried out using the new set
of observed structure emplitudes, but there was no improvement in the
agreement between Fo's and. Fc{s or in the R~-value, During this cycle,
most of the atoms showed shifts which were very smalle. At this stage,
as further refinement by this process seemed unlikely a fourier
synthesis was computed using the most recent set of signs with the
observed structure amplitudes. The general features of this Fourier
map seemed somewhat beﬁter in the sense that the shape of the peaks
ciearly indicated some shifts to be applied to the atomic coordinates.
From the shape and position of the pesks a new set of abomic
coordinates were detexmined and the corresponding set of structure
factors caleculated. ‘The residual dropped dovm to Ce31. The
refirement was then continued using both fourier and difference Pourier
synthests. The progress of refinement was indeed very slow but it was

encouraging, and the general features of the map were ilmproving
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gradually. The lowest R-value, as cbtained by this process; was 0427
The (FQ - Fc) synthesis corresponding to this R-value is shown in fig.
3410 The structure factors calculsted using the most recent
coordinates showed that the individual agreement between Fo‘s and Fc's
was quite satisfactory. This suggested that the structure may be
correct and if so, it ought to refine further. In view of the
situation it was decided to refine the structure by the method of

least squares.

3.8 Refinement by the method of least squares.

Attenpts were then made to continue the refinements by the method
of least squares. The method of least squares has been described in
section 247. As most of the atoms overlapped in this projection, it
was decided to refine seperately and progressively,

(1) atoms with least overlap,

(2) atoms with considersble overlap,

(3) atoms with almost completq%i}overiap. !

It was considered unwise to refine the temperature parameters at
this stage an overall constant temperature factor B = 3.0 Xz'was taken
for the méiécule.

Refinement of the coordinate parameters of the first group of
atoms was carried out and continued till indicated shif'ts were
negligible. The refinement of the second group of atoms along with

the first was then started and continued till, again, the indicated

shifts were insighnificant . Similarly, the refinement of all the
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Projections of (P - ) =long [01{], showing the extent of
atomic overlap and Bac ground levels. Contours are at
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atoms together was carried out. In two cycles the residual was
reduced from 0,27 to 0.23, at this stage the shifts in the coordinates
were negligibles. The temperature parameters were then refined and
the residual was further reduced to 0e21e The Coordinate and
temperature parameters were then refined separately till no further
refinement took place and the R-value was brought down to 0.18. A%
this stage it was decided to refine both the positional and témperature
peraneters together, and in three cycles the residual was further
reduced to Os15e« The final atomic coordinates and temperature
factors were shown in teble 3.2, and the final bes and Fcal. values,
for all the observed reflexions used in the refinement are shown in
table 3¢3. The final difference synthesis (fig. 3.11) was calculated,
using the CFO - FG) values recorded in table 3.3. The final atomic
positions are plotted on the difference Fourier synthesis and some
congiderable distortion, from the idealised picture of the molecule,
may he seen.

The—dndbiadand-final-soordinates-of—the-main-—oboms;—with
tempersture-Lactorsy-are-recorded-in-taeble~3elsy-the-coordinatesof—the
na$ams~haviag—the—l&¥gest~sh¢£ty—inwaneméipe@tion«£o£«Qmm*~——ii}y~ape

wmarked. + .

%e9. Bffects of overlap

As can be seen from the map (fig. 3.11) that the atoms 6, 7, 13, 14

& 15 overlapped considerably and the atoms 1, 2, 3, 4, 5, 8, 12, 16, 17




Meoure 3,11 .

Final difference synthesis in the J01Q] projections
showing the distortion produced in the molecule during
the leastzsquare refinement. Contour are at intervals
of OQSe/A‘, zero contours are dotted, negative contours
broken and positive contours full line,
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& 18 overlapped very closely with their symmetry related counterparts,
During the refinement by Fourier and difference Fourier syntheses,

the directions of the atomic shif'ts were very difficult to ascertain
on account of the overlap of the peakse. Consequently the

refinement was slow and involved a great deal of labour.  However,
with suitable movements of the atoms it was possible to improve some
of the features of the map, but not to eliminate them. The
refinement serves to emphasize the fact that there may be errors in
the coordinates of some atoms which remain undetected because of

overlap.

3.10s General observations.

It seems of interest to review the details of the analysis of the
structure now that the refinement has been completed. Considerable
difficulties were mét with both Fourier and least-squares methods of
refinement.

Refinement by the Fourier synthesis was discontinued at the R-value
of 0.37 only. At this stage, from the shape and position of the peaks,
it was very difficult to ascertain any shifts that would improve the
agreements

The first difference map is shown in fige 3¢9, The background

level of this map was very high, aend the most outstanding features of

faro

the map wevre four large peaks (P1&’P2"93”&4EE) and the strong

negative regions round the positions of the atoms 3, 7, 8, 11 & 16.




52

The deteils suggested that something was wrong with the structure,
and the difficulty in refining it was obvious. However, ths
refinement by the (Fo - Fc) synthesis was undertaken and in two
cycles the residual was reduced from 0,37 to 0.33, but during the
third cycle of refinement the shif'ts which were estimated from this
map failed to improve the overall agreement further. At this stege
the agreement between the individual Fo's and Fc's was quite
satislactory excepting two reflexions; the intensity of a low angle
reflexion (200) was suspected to be effected by extinction, and the
(701) reflexion calculated too highﬁ-Fe = 60, Fo = L2, Tew changes
in the signs of the structure factors of low intensities were
observed, sd it was thought that computing a further Fo synthesis
using all the reflexions might be of some help at this stage. This
T synthesis was found to be of great help in determining the shif'ts
ofithe atoms, and the structure refined further which was evident from
a further decrease in the R=value from 0,33 to 0314 in the next cycle.
One of the difficulties that was experienced in the difference
Fourier refinement has been attributed to the incorrect signs of sone
of the reflexions of small structure amplitudes. It is known that
one of the inherent disadvantages of diff'erence Fourier refinement is
that there is no obvious way in which one could decrease the influence
of inaccurate reflexions (Lipson & Cochran, 1957)s Thus the
reflexions of small amplitudes, whose signs may change very easily

between successive cycles of refinement, may produce some quite

disturbing feafures on the difference map. It is therefore advisable



%3

to make a careful judgment ebout their signs before they are included
in the calculations. However, refinement was continued using both
Fourier and difference Fourier meps, and in a further three cycles the
residual was decreased by 0.045 (i.e. from 0.315 to 0.27), The sixth
difference map (at R-value of 0.27) is shown in fig. 3.10. The
temperature factor 3.0 Kﬂawas calculated for the moleculs, but the
difference maps indicated that different temperature factors for
various atoms should be employed. However, this was not done until
the coordinates refinement by the method of least squares was
completed.

It may be recalled that, by refining the coordinate and thermal
parameters simultaneously using least-squares methods, the refinement
proceeded on a different course. The reason for this is two=fold -
(1) because of the greater number of psrameters the least-squares
equations are more easily satisfied and a lower residual will result
and (2) refining only one set of parameters at a time (i.e. positional or
thermal parameters) ignores their interactions on the other set.

In a few cycles of least squares refinement the residual was
reduced to Os15. The final difference mep along with the molecules
superimposed on it is shown in fig. 3.11., Although the structure
refined to such a low R=value, considerable distortion of the molecule
from its idealised picture, may be seen (fige 3+11). The bond length
and C C

between atoms C, - 03, 013 - C1A’ 811 - C are longer

12 15 = *17
and the length between 013 - 017 shorter than expected. The

temperature factors of the atoms 2 (suffering from considerable overlap)
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0
and 12 (suffering from complete overlap) were reduced to G.QOA2 and

l‘ﬁvé—}ﬂgrezgpectively; and the temperature factor of atom 7 (resolved)

o
was increased to 6.52&23 ~ the values which have no apparent physical

bustification.

Having remembered these facts, attempts were made to reduce the
distortion, but this resulted in an immediate rise in the R~value and
subsequent refinement brought the structure back to its very distorted
form.

In a further attempt to find out the correct positions of the
atoms 2, 5 & 18, which overlapped very closely, and distorted the
molecule greatly, a partial difference synthesis (Po - ?c) was
computed, where p is the electron density computed using |7, | end
phases from Fc calculations for the 18 atoms, and.?c is the electron
density computed using Fc values and phases calculated for the 15
atoms, and the resulting mep is shown in fig. 3.12. The positions
of these atoms indicated by the partial difference map were exactly
the same as was obtained by least-squares refinement,

It also needed to be mentioned that hydrogen atoms were not
included in the refinement, beceuse their positions were not apparent
in the map, and the theoretical positions for all the hydrogens
assuming C~H bond length 1.08 X did not seem to be justified. The
average hydrogen contribution to the average intensity of the
reflexions may be about 8%, and it is quite possible that the

hydrogens meke a substantial contribution to the individual Fc‘s. This

is important particularly in the case of least-squares refinement where




TMigure 3,12

Partial difference Fourier synthesis showing the positions
of overlapping atoms which vwere not includeg in the calculation
Of'Fc' Contours are at intervals of 0.2e/R%,
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the difference A T (in Fo and.Fc) is minimised it would certainly
be inadvisable to treat AI''s as entirely due to errors in the
parameters. This argument, of course, would not apply to difference
Fourier refinement in general, but in the case of overlapped atoms
their positional parameters may be effected by ignoring the presence
of hydrogen.

With a molecule as complicated a§2§aphtho:cinnoline, however,
the details could not be established from one projection alone, and
another projection had to be considered, and is discussed in next

chepters.




Table 3,2

5.

Atomic coordinates and temmerature factors as obtained Tfrom the

refinement of the \;01@\ nrojection by the method of least souares.

eSS

2

Atoms

C16
17
18

/s

0.2658
0.3027
0.3718
0.27T1
0.3558
0.2997
0.1847
0.1223
0.0568
0.0172
0.0625
0.1429
0.2595
0.3364
0.1440
0.1054
0.2176

0.2370

7/

0. 2767
004659
03364
0.1105
~0.1889
~0.3424
~0.3196
~0,3106
-0.0259
0.23%1,
0.%828
0. 2408
0,0631
~0.0155
0.022%
~0.103%
0.0181

-0,1953%

B in .?312.

4,01

4,20
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Observed and calculated structure factors for the hol reflexions

k

[ R ¢ R

\J1 N

‘FObSa

16.0
17.3
16,0
22.2
20.7
44
155
26,4
15.8
9.4
374
9.0
¢ 5.9
54.0
24.7

10,0

cal.
-16,7
16,0
14.4
20.4
24,0
5.9
~109.9
=22.0
=14.0
-12.7
=32, 4
- 8.5
4.6
-44.2
.12.3
11.2
- 8.3
38,4
~11.4
15.9

93
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k
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obs.
16.5
17,1
4o2
61.1
17.6
20,2
3863
39.1
27.6
Te5
47.0
13,0
6.6
25.1
25,1
25,0
$ 1.3
9.8
'8¢5
10,8

27.1

|

20.1
-27.1

2.1
- 8.6
- T4
- 9.1

~29,2
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Table 3.3 (continued)

hooko [Fobso' Fcal° bk |Fobs° Fcal°
12, 0 2 12,0 8.5 la 0 3 4,7 %09
12, 0 4 12.0 11.6 20, 0 0 4.4 7ol
12, 0 6 4.4 = 8,2 20,0 2 6.5 8.0
13, 0 1 18,6  =18.5 20, 0 4 3.7 448
{3, 0 3 8.6 - 8.5 21,0 1 6.5 9.6
3, 0 5 56 50 21, 0 3 4.0 4.8
14, 0 0 19,9 16.9 22,0 0 6.2 = 5,0
4, 0 2 10,0 = 5.4 22,0 2 8.3 = 8.0
4, 0 5 4.4 8.4 23,0 1 6.1 - T.6
15, 0 1 2%.5% 23,6 23,0 3 2.4 = 3.8
(5, 0 3% 14.8 16,5 24,0 O 3e4 - 5.1
5, 0 5 4o? 4.5 24,0 2 6.1 7.7
16, 0 0 20.7 20. 4
6, 0 2 9.2 - 663
b 0 4 10.0 = 9.5
17, 0 1 25,2  -37.0
7, 0 3% 14.7  =10.0
17, 0 5 4.6 3.6

18, 0 0 12.4 =11.7
2, 0o 2 11.1 10.9
[€, 0 4 4ol - 2.3

19, 0 1 14.2 15.1
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Chaptexr 4

Further attempts to solve the hko projection

4.1. Introduction. As was stated in Chapter 2, earlier attempts to

determine the structure of the naphthocinnoline in the [boi] projec-
tion were unsuccessful, and the reagon for this failure was also given.
Attempts were then made (as described in Chapter 3) to solve the
gtructure in the [bld] projection; and the structure was refined to the
R - value of 0.15. In this Chapter some further attempts (by different
lines of approach) to solve the structure in the [bo{] projection are
described.

From the evidence of the shape and orientation of the molecule
in the [bld] projection, it was possible to deduce a shape and orienw-
tation of the molecule in the [001] projection. This was done by
orienting a wire model of the molecule so that it satisfied the atomic
coordinates of the [bl@] projection and projecting this model on the
(001) plane.

The shape and orientation of the molecule having thus been
obtained, it was decided to calculate the structure factors for all the
reflexions. The calculated values did not agree very well with the
observed values, and the initial value of the residual was 0.58. A
cycle of Fourier refinement broughﬁ the residual down to 0.51, which
seemed satisfactory congidering the degree of overlap in this projec-
tion. The refinement was then continued by Fourier methods and in a

further two cycleg the residual was brought down to 0.48 and attempts
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to refine it further by this method failed. Refinement by the
(Fo-Fc) synthesis was then undertaken and in a few successive cycles
the residual was reduced to 0.41 only. Structure factor caleulations
(using the latest set of coordinates) showed gross disagreement
between the Fo's and Fc's of some strong reflexions. Once again a
Fourier and s difference Fourier synthesis were computed, but attempts
to refine further proved unsuccessful. At this stage refinement of the
structure by these methods seemed unlikely to succeed so it was decided
to work independently of the known hol projection and determine the
shape and position of the molecule in this projection by other approaches.

Buerger!s minimum function approach

4.2.1., Introduction. In view of the above situation, attempts were

made to solve the structure using‘the minimum function approach
(Buerger, 1950 e). It was hoped that this would reveal an approximate
electron density in this projection. The theory and the principles of
the method have been described in sufficient detail in literature
(see, for example, Buerger, 1959; Lipson & Cochran, 1957).

An early attempt had been maede by Wrinch (1939) to relate the Pattersgv
map to the electron density. The problem was simplified by considering |
a set of discrete points and its Patterson representation, which may
be called the vector set. It was shown that there exists a method by
which a fundamental set of points may be recovered from its vector

set.

Building on Wrinch's fundemental work, Buerger (1951) developed
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several general methods for completely analyzing a vector set.

These general methods were then extended so that they could be

applied to the transformation of a Patterson gynthegis to the electron-
dengity map.

A Patterson synthesis is not a set of discrete points, rather it
is a continuously varisble function. Although such a synthesis can
be transformed into a sharpened Patterson and so treated as a set of
discrete points, there is an entirely different way of solving the
Patterson synthesis i.e., to set up a function (of Patterson values)
which will transform the Patterson function into an approximation to
the electron density. Such a function is called an image-seeking
function. Three such functions have been proposed, a product function,
a sum function and a minimum function.

The product and the sum functions are not very suitable for
practical purposes because some unfortunate features of these functions
are caused by the continuous background of the Patterson synthesis.

The minimum function, which is the best of the three is defined as
the minimum valué:of the several Patterson values (weighted, if
necessary) which occur at the vertices of the polygon used to search
for images of itself.

4+42.2. Principles of the method. A Patterson synthesis can con-

veniently be transformed to an approximate electron density using this
method by first selecting a Patterson pesk of single weight (peak due

to centrosymmetric "interactions") whose coordinates are uv (say).
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Two Patterson synthes€s, contoured in different colours, are then
placed one over the othexr so that Xy on one sheet coincides with the
U+ X, Vv + y on the other. Now the minimum function “sz(xy) can be
contoured by tracing on a third sheet those contours from the two under-
lying Patterson maps which represent the smaller values at all points.
The origin of theHSMé(xy) map will lie exactly half way between the
origins of the two Patterson meps i.e., at $u, $v. In principle, the
minimim function reduces the n2 peaks of the Patterson function to the
n peaks of the electron density, but in practice a number of other peaks
will be present which arise from chance superposition of vectors. However,
these extra peaks can be reduced in size and number if two Mé(xy) maps
are combined to form a minimum function of higher rank, Mﬁ(xy). This
increased rank of minimum function, so found, provides a new map which is
closer to the electron density than either of the original Mé(xy) maps.

4.2.3. Application of the method in this case. In solving a Patterson

synthesis by the minimum function method, it was necessary to locate peaks
of single weight in the Patterson map, but it was not easy to find such

a8 peak. This was so because many Patterson peaks are ordinaxily

swamped by background snd hence are not distinguishable. Again, the
regions in the Patterson function of high value are frequently collec-
tions of unresolved pesks. However, a few pessible positions ofprobable
rotation peaks were determined and marked by crosses (a, b & ¢ shown

in fig. 4.1) in the Patterson map. The best position seemed to be the

one merked "a'. Two Patterson maps each comprising an ares of a

complete unit cell were drawn on transparent paper,; and accepting the




‘{.hko Patterson :E‘unc’c:.on shom.ng the pos::.t:.ons of :
"~ probable rotation peaks selected for tracing: the"
-minimum funo*tlons. For each: rotatlon peak at.

: (:c,y) there must be othér peaks at (E-xz,%) and
' i~(2,2-y as shown by "x" for a,Afor b ‘and O for ,,f-f S
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position a as the location of a rotation peak the aMQ(Xy) minimumn
function map was traced as described above. The large aMé(xy) nap
(comprising an area, a/2 x b) thus derived is shown in fig.h.2.

Now in the half cell, each quarter cell (a/2 x b/2) is a glide
equivalent of the other. The &Mé(xy) map can therefore be divided
into two, each half of aree a/2 x b/2, and one half placed directly
over the other so that the upper quarter cell was in the reverse position
(the glide operation). A further minimum function, aMk(xy) was then
traced on a separate sheet and this map is shown in fig.l.3.

The most important feature of the aMZ(xy) and aM4(Xy) maps is
that the distribution of atoms in the cell is not very ciear from
the peaks, although a large number of heavy peaks appear on the maps
and the interpretation of the maps proved to be extremely diffiecult.
To facilitate this, & scale model of the molecule was constructed
and shadows from a parallel beam of light were used to judge the
plausible "fits". Several sets of structure factors were calculated
corresponding to different fits but the agreement with the observed
structure amplitudes was generally poor. In view of the above
results, it was decided to repeat the whole procedure using another
peak (marked-b). This resulted in the bM4(xy) map as shown in
figelelrs This also did not seem at all encouraging and attempts
to find a reasonable fit of the molecule in the bmzﬂxy) map were

unsuccessful. The next alternative was to use the third peak
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(marked c¢). This formed the CM4(xy) map as shown in fig. 4.5. The

important feature of this map was that the distribution of atoms in the
cell;ﬂés ﬁotrcleanfat all: , . a few possible "fits" were tried but the

structure factor agreement was never encouraging.

4.3. Sitructure factor graph approach. When it was felt that there

was little to be gained by the use of the minimum function method, it

was decided to take recourse to the usual structure factor graph approach

(Bragg & Lipson, 1936)., It is well known that this method is, in
genersal, only used when the postulated atomic coordinates are approii-
mately correct, but still need adjustments. From the structure factor
graph it can be seen that some atoms lie in regions where their contri-
bution to the structure factor changes slowly with position, whereas
other atoms lie on quite steep gradients where their contribution +to
the structure factor is very sensitive to changes of position. The
graphs can therefore clearly indicate what adjustments of atomic
parameters will increase or decrease the structure amplitudes.

As was mentioned in the firsgt section of this chapter, the
structure in the hko projection was refined to the R - value of .41 but
there were serious discrepancies between the Fo's and Fe's of some
reflexions, the most serious of which were the fe's of 310 and 15,10
being too small and that of 420 being too large. The structure factor
graphs were employed in an endeavour to obtain atomic movements which
would improve the intensity agreement of these reflexions.

Structure factor graphs were drawn for about ten low-azngle and

one high angle reflexions. The atomic shifts were determined by plotting

- the coordinates on tracing paper and placing them successively over
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different graphs, and structure factor calculations showed considerable
improvement in the overall intensity agreement with slight decrease in
the R - value. 1In order to improve the intensity agreement of these.
reflexioni?;dggving - Some . .. gtoms, it was found that the inten-
sities of some other reflexions were adversely effected; in particular,
T10 becomes too strong. However, the graphs were used again and again
to determine the atomic shifts and the agreement in the Fo's and Fe's
of the above mentioned reflexions was improved considerably, and the
final residual was reduced to .38. Although structure factor graphs
were used with some success, considerable distortion of the projection
of the molecule was produced.

Attempts were then made to derive a better configuration and
pogition of thé molecule using structure factor graphs and judging the
struecture factor agreement of several strong reflexions; a molecule thus
obtained is shown in fig. 4.6. Structure factor calculations for all the
reflexions with the initial trial coordinates showed Teasonable agreement
between the Fo's and Fe's with the R - value of .44, which was very
encouraging at this stage. There were, of course, discrepancies between
the Fo's and Fe's of many reflexions, and it was again hoped that by
a further use of the graphs it would be possible to determine the
movements of atoms which would rectify the discrepancies. Graphs were
then used to improve the structure factor agreement of several
reflexions ags far as poésible. It was found agein, at this stage, that

the atomic movements indicated by graphs in successgive stages brought

the molecule back to its distorted form, but the structure factor
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agreement was imgroved. This was a very hopeful sign, and so refine-
ment was undertaken by the Fourier and difference Fourier methods. In
three cycles, the residuasl was brought down to 0.34, end attempts Ho
refine it further proved unsuccessful. The final Feurier—and difference
Fourier mapflafe-presented, showing the molecule by thick lines and
the symmetry related one by;ée%éé&-llnes, in fige 4.7 (a-&D).

A Review of the work done so far

Figure 4.8(a) shows the deduction of the moleculsr appearance in
the hlko projection, from that in the hol projection. TFourier aend
difference Fourier synthesis were employed for refinement which was
terminated at the R = value of .41l.

An independent approach to determine the structure in the hko
projection, using minimum function method, was attempted. But this
failed to yield any fruitful result, because it was difficult to select
the appropriate peak for the decomposition.

The next approach was by the use of structure factor graphs. Of
all the structures that have been tried so far in this projection, the
one shown in fig. 4.8(b) gave the best result. The final refinement
was undertaken by Fourier and difference Fourier methods, and the
residual was reduced to .34 for the observed reflexions. But it could
be reduced no further. The significant features of the difference map
were (i) that there were strong positive and negative regions in the
map that were difficult to explain, (ii) that some atoms were lying in
the deep negative regions as if there were some error in the scaling or

temperatures factors. The difference map (fig. 4.7.#) shows the atoms
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(2, 3, 5, 8, 10, 13, 17 & 18) were lying on gradients, but practically
no improvement was obtained in the R -~ value when corrections for these
gradients were mede. It was noted that the background pesks (in fig. 4.7,%)
were as high as 1.9%/£2 (negative peaksian& almost equally high, were
obtained).

In view of the low residual (.15) for the hol projection, .34 was
considered to be unsatisfactory. Again, the difference in the values of
the common coordinate (x) of some atoms (9, 10, 11 & 12), obtained from
two projections, is as large as O.QBAP, which is many times the expected
standard deviation%. Turthermore, the bond length between atoms N5 = Ne»

10 12

able from a chemical point of view.

89 - ¢, and Cy; - C., are very long (more than 2A°), which is unaccept-

Despite the fact that the value of the residual for the hko projec-
tion was considerably less than that expected for a randomly incorrect
structure (see Wilson, 1950), the poorness of the agreement due to some
large discrepancies, the sbnormal bond length between some atoms, and
the extent of distortion produced in the molecule from its idealised
picture are sufficient to cast doubt upon the structure.

In view of these observations it seemed advisable to attempt again
the solution of the hko projection, entirely independently of the known
hol projection, by optical-transform methods.

4.5, Redetermination of the molecular shape by the optical transform

method. As was described in the previous section, it was more than a
coincidence that all attempts based on different approaches falled %o

yield any fruitful result in the [@0{] projection. It was then decided

to work independently of the knowledge of the molecular shape gained
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from the previous work and to use once more the evidence available
from the weighted reciprocal-lattice section. It was mentioned
in section 2.3 that the possible "benzene peaks" on the weighted
reciprocal lattice were located and the shape and orientations of the
corresponding benzene rings were found as shown in fig. 2.5. Fronm
this was congtructed the molecule as geen in projection. But the
optical transform of this molecule did not show & very nice fit with
the weighted reciprocal lattice, and the structure had ceased to
refine at the R - value of 0.35.

Detailed examination of the hko weighted reciprocel-lattice
section was then undertaken in which some more benzene peaks just
outside, the benzene circle, as shown in fig. 4.9 by dotted circles,
were considered. A systematic application of the reciprocal-lattice
construction (due to Hanson, Lipsen & Taylor, 1953 and described in
section 2.3) o the full set of peaks resulted in meny different
setg of orientations of benzene rings for the molecule. These
solutions were examined by comparing the weighted reciprocal-lattice
section with optical transform of the molecule but no satisfactory
fit could be obtained.

As mentioned in section 2.3, every benzene ring gives rise %o
gix principal peaks in its optical transform if the ring is flat
or hag a reasonable tilt (which for copper radiation is an angle

up to 40°). If the ring is tilted through a large angle




Figure 4*9%*

The peaks marked by dotted circles on the
hko weighted reciprocal lattice section were
considered for the determination of the
orientation of more benzene rings.



FIG-4-9-
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A <
D

(more than 40° about the exis, say, ab in fig. 4.10) then two of
the benzene peasks will be loséngféﬁiy will correspond to reflexions
which have & )>Tpé » However, other features of the benzene transform
should still be visible, the chief of which are six peaks of smaller
amplitude than the principal pesks slready mentioned, in the positions
shown in fig. 4.11{), These will be referred to as the "subsidiary peaks".
With these considerations in mind the weighted reciprocal-lattice
section was critically examined and the orientations of two other
benzene rings were deduced (as shown in fig., 4.12) from the two

principal and six subsidiary benzene peaks. These subsidiary peaks were

at first difficult to locate and their i%dentification was mainly R
A

kS {

achieved by trial and errox. va_The"’iilolecule was then built up of thé'rings

{

~ 1l
N S

as weréheens$iucted above,and;;hown in fig. 4.13. The final agreement '
S I

obtained between the optical transform of the molecule and the super-

imposed weighted reciprocal-lsttice section (shown in fig. 4.14)

suggested that the postulated "naphthocinnoline" orientation was







FIG.4.1Ka).



Fimire 4.11 (b)

Showing the optical transform of a tilted
benzene ring in which some of the principal
peaks lie outside the reflecting sphere.
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Figure 4»12»

Constructing benzene rings from the evidence
of subsidiary peaks in the hko reciprocal
lattice section.
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essentially correct and the atoms would refine, by Fourier methods, to
their exact positionse.

4.6. Attempts to determine the molecular position by Fourier-transform

methods and the refinement of the structure. The molecular shape having

been established, a molecular location was carried out by the Fourier-
transform method described in section 2.4, using a programme written by
Dr. R. A. L. Sullivan forla mercury computer. For this, two sets of six
weak reflexions of low Bragg angle were selected. The map obtained from
these, contained a few minima, the coordinates of the lowest of which
were X = 0.23%33%, y = 0.15 (there wag another subsidiary minimum at the
positions x = 0.300 & y = 0.217).

The molecule was then placed in this position, and the structure
factors for all the reflexions were computed for this trial structure.
This showed a reasonable measure of agreement between the Fo's and the
Fets with the R - value of 0.52. The initial refinement was then
carried out by Fourier methods using phases calculated from the trial
structural parameters. Considerable difficulties were experienced in
refining this projection due to a large number of atoms overlapping.
However, in three cycles, the R ~ value was reduced to 0.39. The set
of structure factors caluulated corresponding to the latest set of
atomic coordinates showed a very good measure of agreement with the
observed structure factors. This was very encouraging. The fourth
Fourier synthesis was computed using the phases calculated from the

latest set of coordinates, end—is—shown—in—Figr=dvld. The new

coordinates derived from the suggested shifts were next used to




Figure 4.14.

Optical Transform of a molecule in the
[cCl] projection with the corresponding
weighted reciprocal lattice section
superimposed.






FIG.4.14.
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re=-calculate the structure factors, but these showed no further
improvement. Clearly the Fourier refinement had not proceeded as
expected, Refinement was then undertaken by the (FO—FC) synthesis.

In two cycles the R - value reduced to 0.37 after which the structure
again ceased to refine. The (FQ-FC) synthesis calculated at thie

gtage is shown in fig. 4.15. The method of least squares (as described
in section 2.7) was then employed, but this produced some shifts
(meximum of .15A°) in one or two atoms, particularly in the y -~ coordinate
of atomfvé, which tended to make one of the benzene ringiéconcave and so
were not considered sensibie. After two cycles the R - value was 0.33,
and it seemed that the refinement had been completed at this stage.

But the final molecular shape was unsatisfactory from chemical considera-
tions and, in addition, the R - value was rather high. The structure
had not refined properly for this molecular position and it seemed that
perhaps this position in the molecular location map did not correspond

to the coriect-position of the molecule in the uwnit cell. It was,
therefore, decided to undertake further refinement by placing the
molecule at the second minimum position. In order to do this, a set

of structure factors was computed corresponding to the set of trial
coordinates, and this gave the R = value of 0.55. The structure factor
agreement was, in general, good; as such Fourier synthesis were computed
in an effort to refine the structure. After three successive stages of
Fourier refinement the R = value fell to 0.45. This method seemed to be

ineffective to refine the coordinates further, however, so (FO—FG)

synthesis were then computed in order to continune the structursl
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refinement. After three successive stages of difference Fourier
refinement the R - value fell to 0.40, but attempts to refine the
structure further proved unsuccessful.

4.7. A genersl survey:~ (L new approsch envisaged. As pointed out in

section 4.5. the shape of the molecule in the [ooi] projection had bheen
determined quite satigfactorily by an optical transform method, and

two molecular location calculations were carried out using two sets of
reflexions which gave a few possible positions for the molecule. Refine-
ment by the continued use of the PFourier, difference Fourier and least-
squares (for one position) methods was stopped at a rather high R - value
for each position. The most outstanding features of a typical difference
map produced during this refinement (fig. 4.15) were two positive peaks
at the positions x = 0,029, y*=o0'llé and x = 00616, y =0'3960f peak
heights 2.4A2/£2and 1.4J%ﬁ;2 respectively, which were more than | K

away from the nearest atom and therefore difficult to remove. Further-
more, some atomic shifts indicated by difference Fourier and least=-
squares methods were not sensible at all.

These were the points which aroused suspicions as to the correct-
ness of the structure. The situation seemed to show some signs similar
to the structure of triphenylene published by Klug (1950) where, as has
been shown by Pimnock et al.(1956), the molecular orientation was correct
but the molecular placings were wrong and s small displacement of the
molecule from the correct position resulted in the R - value remaining
at a high level. An error of this type showed itselfg in abnormally
short non-bonding distances between some of the atoms of different

molecules.
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In view of these observations it seemed advisable to explore
other possibilities towards the solution of the structure, particularly,
in an endeavour to redetermine the molecular position, & new approach -
molecular location by minimum residual calculgations'" had been envisaged,
which seemed to offer a promising alternative. The theory and the

principles of such a method is described in the next chapter.




Chapter H

Introduction to the minimum residual

molecular location methods

51 entroduction

In any structure determination where the asymmetric wnit is a
rigid molecile, as 1is generally The case in an organic structure,
there are two distinct steps in which one can take in its solution.
The first consists of an approximate determination of the oxdientation
of' the molecule, and the second the location of its position in the
unit cells The first step can be carried out satisfactorily either
by optical transform methods or rrom a study of the Patterson pesks
near the origin of the map, and the second step can be achieved using
a very useful method Lor molecular location due to Taylor and Morley
(1958), described in section 2s4s The method has been found to be
useful..in quite a few practical cases, but its application in the
case of symmetrical molecules may not give unambiguous resulitse. It
is quite likely that in such cases one would get a large number of
subsidiary minima, which Ygylor calls “pseudo-homometric" structures.
Of‘ten the position of the minimum is not uniquely determined, and one
gets a rather spread-out region instead of a sharp minimum. This is
what may be expected if the orientation of the molecule is somewhat
incorrect. Morsover, just a small number of weak reflexions (~ 6)
which are used to determine the molecular location may not be a

sufficiently strong test criterion for distinguishing the correct
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position of the molecule unambiguouslye

This fact, in particular, makes it imporbtant to use as many
reflexions as possible to determine the molecular position. With
the avallability of high speed compubing facilities it is quite
convenient to calculate the R~values, for a large group of reflexions,
for all the positions of the molecule in the unit cell once its
orientation and configuration have been detexmihed. The advantages
of this method are that (i) it produces a more severe test criterion
for obtaining the proper position of the molecule, and (ii) the
general features of such calculations may even suggest whether, in
the first case, the orientation has been correctly determined. The
second advantage, in particular, is quite importants

It is known (Wilson, 1950) that for a random centro-symmetric
structure the residual has the probable value of 083, Thus if the
orientation of the molecule is reasonably well determined the
calculation of the residual with the molecule at different points in
the cell should give a sharp minimum value (very much less than 0.83)
indicative of the correct position of the molecule, and the other
minima would be relatively shalloﬁ. If the configuration of the
molecule has been incorrectly determined, all the positions in the
unit cell corresponding to this configuration would represent random
structure and so the R-value over the entire area of the cell would

be quite large.

He2eBasic principles of the method.

For a particular orientation of the molecule the best molecular
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position in the unit cell will be where the collection of calculated
F's are in good agreement with the collection of observed F's. The
minimum value of the vesiduel, Ri, _y = PR IR VAN
is the familiar criterion which is used to detemine the position of
the molecule. The position of the molecule in the wnit cell is
varied systematically and the velue of R computed each time. This
is an exceedingly time consuming process, and compubter techniques
have been adopteds The computation has been simplified by
caloulating the residual relating to an origin fixed in the molecule
initially, and then moving the molecule about the unit celle. The
quantity R(x,y) is plotted as a function of the position of the
molecule in the wnit cell and the true molecular position is then
given by the minimum of this function. A computer programme has
been written to perform the calculations and is described in detail
later in section 13.2.

Lo be strictly correct the Fo's should be rescaled to the Fe's
for each molecular position in order to obtain a true value of R.
Although this operation can be carried out in a matter of seconds
on the computer it takes much longer than the calculations of the
Fo's, and so increases the bGotal calculation time by a considerable
amount. However, since the calculated scaling factors are not likely
t0 vary a tremendous amount, the Fo's can be scaled using Wilson's
statistics and thereafter remain constant. The values of R obtained
using these Fo's will be approximate, but as the molecule is also
approximate this is not serious.

Usually the molecular model which is used will be inaccurate one,
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so the low order reflexions will be most suitablq&br the calculation,

i

because these are the reflexions which are comparatively insensitive

to the errors in the coordinates. Generally in the early stages of a
structure determmingtion one tries to get agreement for the strong
reflexions, a qualitative sort of agreement is sought and it is
considered satisfactory if the strong reflexions celculate strong and
weak ones weake This means that in the early stages the conventional
R-value is largely indicative of the agreement for strong reiflexionse
Thus it is appropriate to make exclusive use of the strong reflexions.
However, the experience of some workers (Taylor, 1954; Cochran and
Douglas, 1957) in structure determination has been that the weak reflexions
provide a better test criterion for determmining the correct structure.
This suggests that the calculations might be repeated using weak
reflexions only, and when the results of the[ltwo calculations agree one
ngy feel confident about the correctness oflboth the model and its
position in the celle This kind of approach in fthe use of this method
seems much more valuable than the indiscriminate use of strong and weak
reflexions. One particular advantage in using the strong reflexions
exclusively in the first calculation is thet the Revalues for these
reflexions would show the kind of variation which might help to
distinguish a reasonable structure from a random one. This certainly
would not be the case if only the weak reflexions were used, for in this
case the Revalues would be higher even for the correct structure. The
use of all the strong and weak reflexions in the early calculations will

give the result in a form which would lose its discriminating feature

that recognises a random structure from the correct one. However, if
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one is confident of the orientation and configuration of the molecule
to start with, there is no harm in using both strong and weak
reflexions simultaeneously for calculating the position of the molecule

in the cell.

He3e Applications of the method to known structures

The method has been applied guite successfully to a number of
problems, involving both known and unknown structurese. In the following
are given some examples which provided rigorous tests for the

correctness and also the usefulness of this method.

Hesele The Structure of triphenylene

This technique was first used in the reinvestigation of the molecular
position of triphenylenes The structure was initially investigated
by Klug (1950), and was later redetermined by Pinnock, Taylor & Lipson
(1956) who found a completely different position for the molecules. The
published structures have molecules of the same shape and orientation,
using bthe relative coordinates of the Klug's structuré the computation
has been carried out by using 40 Low order strong reflexionse <The
result of this calculation is presented in the form of a contoured map
(Fige 5e1) where the lowest minimum is shown by the small black region
(x = 04525, y = 0.,08083) indicating the position of the molecule.
The position of this minimum is exactly the same as that found by
Pinnock, Taylor & Lipson (1956). Theré is also a minor minimum at the

position (x = 0425, ¥y =0:{3083) found by Klug.
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Hele2e The Structure of D-xvlose

A structure which has recently been solved in this department is
D-xylose, which has the space group .’9212,12,1 with four molecules in the
unit cell.s Data for this structure was therefore readily available
and the author is grateful to Miss J.V. Ballard for making it so. This
presented a good opportunity to try out the minimum residual molecular
location techmique to see how well the molecuwlar position so obtained
agreed with the position found by Miss Ballard. The calculations were
carried out using 40 low order strong reflexions and the original trial
molecule (not the refined molecule). The position of the single sharp
minimum (y = 0416, z

= 0e315) om the resultant R(y z) map agreed within
’

0
0405 A of the final molecular position in the refined structure.

Hels Discussion

Off the two applications of the minimum residual molecular location
method the first was published with correctly oriented molecules in
incorrect positionse One may assume, therefore, that the relative
positions of the molecules in this structure were difficult to find
using convenitonal methods. In the second, the trial coordinates were
used to fingughe position of the molecule. During these applications it
was observed that in both the cases the method offered a more emact way
of fixing the positions of the molecules than the conventional methods.
In the first map the values of R were generally less than 0.83; whilk
in the second, although some of the R~values were much higher than 0.83,

a single sharp minimum was apparent indicating the position of the

molecule. In view of the above observations it was felt that this method
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was a very useful one,; especially at an early stage in the structure
determination when there was still considerable doubt about the shape
of the molecule. It was therefore considered desirable to apply this
method to the structure of the naphthocinnoline which had so far

presented an insuperable difficulty.
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Chapter 6

Application of the minimum residual molecular location

method to the [001] projection of the naphthocinnoline

6e1e Determination of the molecular position by this method.

As was described in section 4.6, the orientation of the molecule
in the [001] projection was determined by the optical transform method
and Taylor's technigue was then applied to find the position of the
molecule in the unit cell. The maps G(x,y) showed two possible
positions but the refinement of both structures stopped at the values of
R 04358

In order to determine the position of the molecule the minimum
residual technique as described in chapter 5 was used. It was of
interest to see how effective the method would be. 40 low order
strong reflexions were used for the computation and the resulting R(x,y)
map is presenbed in fige 6+1e The lowest value of R is at x = 0.2333,
y = 0.5 as shown by the small black region which is different from
either of the two positions obtained using Taylor's method (described
in section 446)s The R-value at this position is 0.3k, whereas its
velues at all other points are much higher (but generally less than
0.83, the probable value of the residual for a random structure, Wilson
1950)« The calculation was then repeated using 40 low order weak
reflexions, and the contoured R(X,y) map is shown in fig. 6e.2. The
position of one minimum at x = 0.2333, y = 0. . : (shown by the small

black region) is ezactly the same as that obtained using strong
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reflexions although there are other minima as well, and the R-~values

are generally much higher than 0,83, A further R(x,y) map computed
using 40 low order reflexions irrespective of magnitude is given in fig.
6e3e The main minimum is the same as the common minimum of the other
two maps, but there were other subsidiary minima#w well. In this case,
instead of a sharp minimum, an extended region is obtained, which makes
the position of the molecule less definite.

The results of the R(x,y) maps, mentioned above, confirmed the
theoretical predictions. It seems that the best procedure is to
calculate the R(x,y) maps using the low order strong reflexions then,
if the map shows only one prominent minimum and the R-values are
generally small, to calculate the R(x,y) map using the low order weak
reflexions. One of the minima should agree with the principal

minimum on the other map if the orientation is correct.

6.2+ A subiective application of this method for selecting a ressonable

structure,

R(x,y) maps have been computed using difierent criteria as
described in the previous section. It is clear that the chances of
interpretation of the map are greatest when strong reflexions asre used,
in particular, if the oriertation of the molecule is wrong then this
map tends to have residuals greater than 0.83 and shows several minima.,
This in itself is a very useful guide to the correctness of the
orientation of the molecule.

The coincidence of three main minima at a particular point also

indicated the correctness of the molecular shape. Although these gave
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clear evidence of the approximale position of the molecule, no claim
could be made at this stage that it would lead to the correct structure
of the naphthocinnoline. However, it is considered justifiable to
attach some significance to these results and then use them as a fuwther

step in the determination of the structure.




83
Chapter T

Refinement of the hko projection
by Pourier and least-squares methods

T.ls Refinement by Fourier and difference Fourier methods. As has been

mentioned in the previous chapter, that a new position of the molecule
in the unit cell had been found by minimum residusl technique, and it
was considered worthwhile to attempt to refine the structure. The
molecule was then placed in this position and the calculation of
structure factors for the trial structure showed a reasonable measure
of agreemené when compared with the observed structure factors with the
regsidual of 0.50. The initial refinement was then carried out using
Fourier methods; the Fo synthesés were computed using the phases
calculated from the trial structural parsmeters. In three successive
cycles of Fourier refinement the R - value was reduced to 0.40.

It had become evident that the usuval process of refinement by the
continued use of the Fourier synthesis would not work with this projec-
tion because of the non-resolution of the atoms in each synthesis. It
was then decided to use a (Fo - Fe) synthesis (Cochran, 1951) to find
the shifts, if any, of the atoms which wounld improve the agreement.

The (Fo - Fc) synthesis was carried out using the structure factors
which had just been determined and it was found that seven atoms (5, 8,
11, 12, 15, 16 & 17) were lying well inside the negative regions, four
atoms (2, 6, 14 & 18) were lying on feirly steep gradients and seven
atoms (1, 3, 4, 7, 9, 10 & 13) out of eighteen were situated on positive

areas. However, the indicated shifts were determined and the process
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of refinement was continued. After three successive cycles the value of
the residual was 0.37. Calculation of structure factors using the
coordinates derived from the latest s;mthesis (fig. T.1)did not show
any further improvement, and'the most striking feature of the map was
a positive peak at the position x = 0,04, y = 0.633 of peak heights
about 2°6e/32, which was more than 1% away from the nearest atom and
therefore difficult to remove. Although the map indicated some adjust-
ments in the temperature parameters, no attempt was made to do so at
this stage, instead, it was decided to continue the refinement by the
method of least equares.

T2, Refinement by the method of least squares. The refinement of

the coordinate parameters was then uhderitaken by the method of least
squares (using the full matrix), an overall constant temperature factor
B = 3.032 being taken for the molecule., After two successive cycles

of refinement the residual came down to 0,34, at which stage the
coordinate shifts were insignificant. The average shift indicated in
the x - coordinates at the end of the second cycle was of the order of
OQOO2R and the maximum shift was <3d003K° For the y - coordinates, the
average shift was O-OO}K and the maximum 0‘;000453. The refinement was
proceeding very slowly so at this stage it was decided to refine both
the positional and temperature parameters together. This reduced the
residual to 0.326 after which this method failed to refine the structure
further.

T-3. Effectsof overlap and the need for a different approach to refine

the structure. From the above it can be seen that the refinement by

Fourier, difference Fourier and least-squares methods proceeded in the
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same manner as described before in sections 2.9 & 4.7. The residual
had been reduced from 0,50 to 0.326 which is still rather high. Major
difficulties experienced in the process of refinement by these methods
were due to a great deal of overlap in projection. Attempts to refine
further by these conventional methods failed to yeild any fruitful resultb.

Since the conventional methods of refining the structure would

appear to be impracticable, other types of approach have to be resorted
t0, and the following chapters contain what is hoped is a reasonably

useful summary of these approaches.
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Chapter 8

The refinement of atomlc parameters by direct
celculation of the minimum residual.

8.1. Introduction. After an approximation to the correct structure

is obtained, the next important step in the methods of structure
determination is the refinement of the structural parameters. As a
rule, this is done by IFourier, difference Fourier or least-squares
methods. However, the refinement is not always a straight forward
process, and quite frequently one may come across structures which, for
example, sexriously overlap in projection. The difficulties in such
cases are that the parameters of the overlspping atoms interact With.
each other and so camnot be treated independently. In such a case
refinement by Fourier synthesis soon reaches its limit since the peak
positions no longer correspond to the stomic sites. In principle at
least, these difficulties may be overcome by the use of the modified
difference Fourier method (Cruickshank, 1952), or in the case of least
squares refinement, by including the relevant off-diagonal terms of the
matrix in calculating the corrections to the parameters. Nevertheless,
there may arise cases of great practical difficulty where these methods
may not be very helpful, for instance, the interpretation of difference
ngps may be ambiguous and the least-squares method will refine the
parameters to the correct structure only if small corrections are
required (which is tantamount to saying that the phases of almost the

entire data are reliably known). Although some successes have been

(

reported (Curtis, 1959; Cruickshank, 1961) where the meximum corrections/)

ofhuo.BR to 0,6R to the positional parameters have been made,»bu¢m;?

/
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-as~Cruickshank (1961) points out the success in the particular casge -

he cites was partly because the(Qést of the atoms needed only small :
shifts. However, one feels very sceptical if equally happy results
would be obtained in cases where the majority of the atoms are (say)

0.2 to 0.4A° away from their correct posgitions, with one or two atoms
being even as far as 0.5A9 away. DEven the subjective use of the least-
squares method, i.e. the use of fudge factors, can hardly bring the
atoms to their correct positions. In fact, the calculated corrections

to the parameters of these atoms will not only be insensible themselves
but will also produce undesirable results on the other atoms because

of the strong correlations of the parameters at such an early stage of
structure determination (Geller, 1961). Thus the structure may stop
refining at a comparatively higher R - value having converged to a
secondary minimwm. Whenever this occurs and there are good reasons to
suppose that the structure is essentially correct, it is common to resort
to structure factor graphs (Bragg & Lipson, 1936) in an effort to

improve the agreement between the obsérved and the calculated data.

In view of this it is not difficult to see the desirability of a controlle
and systematic variation of the gtructural parameters to get the better
agreement between the observed and calculated data. If, for example,
the atoms are allowed to systematically scan, or explore, the immediate
neighbourhood (say, within a limited circle of radius 0.18 with its
trial position as centre) in order to get a better overall agreement
between the observed and calculated data, one may hope to bring even the

badly placed atom to its correct position in successive cycles.
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Furthermore, the advantage of this approach would be that this would

not only stop the atom from moving widely, but that, in general, this
would also mean that the chances of getting the atom to its correct
position in successive cycles are much brighter. Based essentially on
this consideration a refinement method has been worked out which might
be called "the refinement of atomic parameters by direct calculation of
the minimum residual", A summary of this method has been written and
communicated with a view to its publication in Acta Crystallographica.

8.2, Principles of the new methods. In this method the criterion most

familiar to the crystallographers, the disagreement residual, R =

jﬂ%k{ﬁJVﬂgﬁs used as a test of the correctness of the structure and it

wag decided to minimise R in this work.
Booth (1949) investigated the theoretical possibility of a relexation
method of refinement in which the corrections to the parsmeters are

calculated from the incremental relationsghip,

D .
ag= 3 o

where 4L, is any structural parameter and 9b ig some measure of
agreement between the observed and calculated structure factors.

Bquations such as this are correct only if AS({] is very small. However,

if
R= V(4 ,ap,~ - - - uy)
then the expression, AR =V (4, ¥ -~ uj---)m\//(a, g4a,- - U+ AU g )

is always correct whatever mey be the magnitude of AWM, . ZX(AJ

is calculated by trial and error to make AR minimum negative.
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If it is assumed that all parameters are independent, we may vary
each parameter systematically from #4y — MAUWS to ay, + . n Ay
in 2 steps of A u, . The value of R is calculated each time. The
value of the parameter, say Ug s which corresponds to the lowest of
the 2n+! values of R is taken as a better value for this parameter
and is used in all subsequent calculations. The same process is repeated
for the next parameter U +| and so on. In this way the value of R
can be systematically reduced. The values of the increment, AU, , can
be adjusted to be appropriate to the circumstances - larger increments

eandy Stages of nafimement ¢mall snertmenk ok the
at theA}ater stages. The limits of variation of the parameter *‘Vlﬁvua
can also be varied by adjusting n so thatnAty corresponds to the maximum
change to be tolerated in any parameter at any stage of refinement.

The individual temperature factors, 3, , can be refined by the
same type of process. The value of Bl’ the temperature factor of the
first atom, is varied from.Bl - MAR; in 2n steps of B.. The residuals

The 1adue of B CoFrespondung 0
are calculated and compared as before andlthe lowest value of R is taken
to define the best value of the temperature factor and is used in all
subsequent calculations.

With successive refinement of this kind, the uncertasinties due to
the parameter interactions will be much reduced, assuming that as atoms
approach their correct positions, the interaction between the different
parameters hecomes less significant. This is true when the structure is
completely refined, for then a small change in any of the parameters will

not affect the value of R. Such an approach has been found to be helpful

in a number of structures that have been tried out in this department.
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The process is very time consuming and two computér programmes have been
written for the calculations to be performed on the Manchester University

Mercury Computer and are described later in section 13.3 & 4.

8+.3. Applications of the methods. These methods have been applied

successfully to four structures of different crystal classes and also
various degrees of complexity, the most complex problem having 25 atoms
in the asymmetric unit projected along a 12.4A° axis, and the simplest
having only 8 atoms in the asymmetric wnit and projected along ﬁpﬂﬂf;
axis. The largest initial R - value was 0,35 which was refined to 0.12
and the smallest initial R - value was 0.1l which refined to 0.078.

Its application to the [ooi] and the [Qld] projections of the naphtho-

cinnoline will be described in next chapters.

8.3.1, Application to Triphenyl Phosphate. This structure has been

refined by Davies and Stanley (1962) using difference Fourier methods.
The space group isszbﬁx and there are 2% atoms of three different

types in each of the four agymmetric units. The [io@] projection, along
a 17A0 axis shows a great deal of overlap and the difference Fourier
method of refining had reduced the residuwal to 0.19. TUsing the
coordinates obtained by Davies & Stanf§ further refinement of the X
structure has been carried out by the new method. Four stages of
coordinate and two stages of temperature coefficient refinement reduced
the residual to 0.10. During this refinement the maximum change in a
coordinate was 0.17A0 and the average change was 0.05A°.

B8s3.2, Application to methyl ammonium alum. The structure of a low-~

temperature form of this salt has been determined by Pletcher & Steeple

(to be published). The space group is Pca?2, and there are 25 atoms
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in the asymmetric unit, of five different types. The [pOi] projection

has plane-group symmetry pmg and the length of the axis of projection
is 12.4A0. There is a great deal of overlap in this projection. The
structure - an orthorhombic modification of the cubic, room tempersature,
form (Fletcher & Steeple, 1960, 1962) - was known to be substantially
correct although refinement by difference Fourier and by the full
matrix least-squares methods had failed to reduce the residual below
0.24. The present methods of coordinate refinement reduced the
residual to 0.13 in three cycles. During refinement the maximum change
in any coordinate was 0.24Ao and the mean change was 0.06A?.

B8.3¢%. Application to Di potassium ethylene tetracarboxylic acid. This

structure has been determined in detail by Kumra & Darlow (to be
published). The space group is Phbeawith 8 atoms of 3 different types
in the asymmetric vnit. At the stage when Fourier and difference
Pourier methods had reduced the residuals of the [}GQ] and the‘LOlG]
projections to 0.13% and 0,11 respectively the new methods were tried.
Both projections were further refined by two cycles of coordinate and
temperatureffactor refinement; the residual of the [106]projection, axis
of projection 9.75A°, fell to 0,083 and that of the [010]| projection,
axig of projection 6.42A9, fell to 0.078. During the course of
refinement the maximum coordinate change was 0.044A° and. the mean change

was 0.011A°,
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Chapter 9

Refinement of the [boi] projeétion by direct

caleculation of “minimum residual
A

9.1, Introduction. Since the new methods had been succesgfully used

so far, it was considered worthwhile to attempt to refine the structure
of the naphthocinnoline in the [boi] projection. The necessary
calculations were performed using the computer programmes outlined in
chapter 13 sections 3 & 4. |

9.2. The strategy of the refinement and experience. The trial struc-

ture of the [001] pfojection, plane group pgg, was obtained by the new
molecular location method (described in chapter 5 & 6) and refined
uging Fourier and difference Fourier methods as described in section 7
to an R - value of 0.37. The projection axis was 10.751’ and there was
considerable overlap. Further refinement by full matrix least-squares
method only reduced the residual to 0.33 in two cycles after which it
would not further refine. Starting from the same initial residual of
037 the new method of coordinate refinement described in chapter 8,
with a range of scan Oelﬁ' in steps of Oo02K s reduced the residual

to 0.29 in the first cycle, an initial rate of refinement much greater
than that of least-squares. Most of the atoms were shifted signifi-
cantly, the largest coordinate shift being 0.1 " (which was the maximum
shift allowed). The new atomic coordinates were plotted and found to
be sensible. When the next cycle was contimuied the R - value fell by
0.02 and only a few atomic positions were chaﬁged during the second

cycle, It was then considered desirable to adjust the scaling (A’)

|
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and overall temperature (B) factors, which were done using a separate
computer programme available in the department. TIn this, two scaling
constants A/ and B are fitted by least-squares so that there is an
optimum fit between (AZFO) end [T | exp (-Bs®) over the whole range
of s. It was noticed that the original scaling factors were in error
by about 5% and the overall temperature factor by 0.5. (the initial
overall temperature factor was increased from 2.5 to 5003)0 Two
further cycles of refinement reduced the residual to 0.24. The
refinement, indeed, proceeded quite satisfactorily. A difference
synthesis was computed at this stage of refinement in order to
confirm that the corrections made to the atomic parameters were
Physically significant. The general features of this map were
obviously improving and the background levels were also reasonsble
(the highest peak height being 1°4e/ﬁg), The observed structure
factors were rescaled agsinst the calculated structure factors and in
a further two cycles the residual wes reduced to 0.18. (The unobserved
reflexions were included in the calculations assuming their values to

be half that of Fmi ,where Fmin is the local minimum value of the

observed structure factor.) A difference synthesis computed at this
stage Ie—ekow—dn—fie—Oviywiaieh suggested that a different temperature
factor for the various atoms should be employed; as such the individual
temperature factor refinement was undertsken separately by the new
temperature parameter refinement method using the computer programme
described in section 13%3.4. During the first cycle of temperature

factor refinement considerable changes in the B = values were ohserved,

the largest being 0.5 (which was the maximum change allowed) and the

residual also fell to 0.17. When a further cycle was performed no
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appreciable change either in the temperature factors or in the R - value
was observed. Using the latest values of the temperature factors one
more stage of coordinate parameter refinement reduced the residusal to
0.16 after which it would not refine further. At this stage the
increment Cﬂbﬁ value) was reduced to 0.0lﬁ', i.e. half the previous
value. The shifts in the positional parameters were barely significant,
the average shift in a coordinate being about 000132 and. the maximum
shift 0.02A . A Pourier and a difference Fourier synthesis celculated
at this stage are presented in fig. 9.2 (a & b) showing the molecule

in thick lines and the symmetry related one in broken lines. There was
a striking improvement in the difference map. Most of the peaks outside
the molecule had dissppeared. The background variations were also
reasonable. The initial and the final coordinates of the naphthocinnoline
in the [001] projection are given in table 9.1 which also shows the
total shifts made to the atomic coordinstes to bring them to their
correct positions. Three atoms, 9, 10 & 16 (marked by crcsses) needed
shifts >> 0053“ and the majority of the remaining atoms needed shifts
of about 0.2 to O.BEH. The positions of hydrogen atoms were not
apparent in these maps. The theoretical positions of all hydrogens
were calculated, assuming a C - H bond length of 1.0821, and it was
observed that the positions of six hydrogens along the extension of the
diagonals of the ring were lying on the negative regions of the
difference map. Strueture factors were calculated using the theoretical
coordinates of hydrogens, but these did not show any further improvement

in the overall agreement. A few other positions (i.e. shorter distances)
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of the hydrogen atoms were tried but the improvement was not so great.

However, it would be surprising if hydrogen atoms could be located
from the difference map considering the amount of overlap and the
accuracy of the X-ray data available.

9.%. The final coordinates and the structure factor calculations. The

fractional coordinates and temperature factors of the carbon and nitrogen
atoms as obtained finally by the use of the new methods in the refinement
are given in table 9.2. The final structure factors were calculated
corregponding to the final coordinates. Table 9.3 shows the final
sgreement between the observed and calculated structure factors and the
agreement is uniformly good. The final residual was 0.16 for the hko
reflexions, the unobserved reflexions which calculated less than E&in;
were omitted from the caleulations.
9.4. Discussion. The new methods have provided a means of refining
structures at all stages from the relatively rough model of the naphtho-
cinnoline at a residual of » 0.35 to the highly refined dipotassium
ethylene tetracarboxylic acid at s residual of 0.ll. In all cases
further refinement was achieved. The disadvantege that Booth (1949)
agsociated with his relaxation method, of always descending parallel to
a unit-cell edge instead of along an axis of the contour ellipse as in
the case of steepest-descents or least-squares methods, appears 1o be
much less serious than he suspected.

Athough the methods were originally devised to deal with overlapped

atoms in projection it is, in fact, a quite general method wf refining

any structure. The methods have been shown to work even when very large

(o]
coordinste changes ()>0.5Aﬁ) aTe necessary, as in the case of the
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ngphthocinnoline, and have been shown to work when other methods have
failed, as in the case of methyl ammonium alum. It is considered
that these methods will be of most use in getting the rough structure
into the correct 'hole' for refinement by conventional methods. The
final refinement will be most efficiently completed using the full
matrix least-squares method.

Intuitively it might be supposed that the order in which the atoms
are dealt with is important. In practice it has been found that the
method is insensitive to changes in the order even in a single cycle.
The agsumption that the parameters are all independent is not, of
course, true in that more than one cycle is required even when the
changes in coordinates are within their permitted range of exploration.
The method does; however, converge rapidly with both centro-symmetric
and non-centrosymmetric projections (described in chapter 10). In
non-orthogonal projections there will be some interaction between the
two positional parameters. This should not be serious provided the
interaxial angle is not too different from 90°. The method hes not yet
been applied to such a projection so that the actual effect can be
assessed.

The structures so far refined have not involved large variations
in the individual temperature factors but in all the cases where the
new method has been used the grester part of the refinement of the
temperature factor refinement has been completed in a single cycle,
provided the overall temperature factor and the scaling factor were

correct. It might be expected that the new method would deal more
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easily with large variations than the existing least-squares method
which tend to overestimate the reductions and underestimate the

increase in temperature factors and necessarily need more than one
cycle. Provided the coordinate refinement is well advanced there should
be no problem in finding the correct 'hole',

There is no reason why the methods could not be extended to deal
with three-dimensional data and anisotropic temperature coefficients
except that the existing methods may well be adequate.

It is congidered that the methods will be most useful in two-
dimensional wéfk where there is a great deal of overlap (which makes
it very difficult to get the structure into the right 'hole! to start
with) and a danger of refining the structure into a secondary minimum

uging conventional methods.
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Table 9.1

Initial and final coordinetes of the atoms and the total shifts made
to the coordinates in the [001.] projection.

Atoms  Initial xl/a Final x /a Total shift Initial Final Total shlft

(in 8 ) y/b y/o (in &)

Cy 0. 3044 0.2955 0.18 0.4628 0.4592 0,02
C, 0.3742 0. 3566 Q.37 0.4070 0.3681 0.21
03 0.4298 0.4241 0.12 0.4712 0.3916 0.42
04 0.4244 0.4280 0.08 0.5763 0.5070 0,37
N5 0.3558 0.3610 0,13 07791 0,7000 0.43
Ne 0.2933 0.2985 0.11 0.8237 0.7663 0.31
07 0.1598 0.1790 0,41 0.8256 0.8482 0.12
Cy 0.0936 0.1106 0.35 0.7326 0.8056 0.39
09 0.0397 0.0308 0.18 0.4554 0.6400 0.99
Cip 0,0403 0.0287 0,24 0.2628 0.4259 0.88
Ciq 0,1083 0.0874 0.43 0.2209 0.3222 0.54
Cis 0,1691 0.1.601 0,18 0.3140 0.3%867 0.39
013 0.2946 0.2908 0.08 0.5742 0.5376 0.20
014 0,3644 03577 0.14 0.6191 0.5759 0.23
015 0,1818 | 0.1703 0.23% 0.4860 0.5506 0.35
Cig 0,1059 0.10%8 0.04 0.5484 0.6702 0,65
017 0.2345 0.2288 0.13 0.5837 0.6107 0.14
Cig 0.2235 0.2285 0,10 0.7605 0.7593 0.01
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Table 9.2

Atomic coordinates and temperature factors for the hko projection

Atoms x/& y/% Blﬁz
Cq 0.2955 0.4592 3+5
Cs 0. 3566 0. 3681 3.8
C3 0.4241 0.3916 5.8
04 0.4280 0.5070 3.8
N5 0.3610 0.7000 3.4
Neg 0.2985  0.7663 3.3
G7 0.1790 0.8482 3.4
Cq 0,1106 0.8055 3.7
09 0.0308 0.6400 5.8
010 0.0287 0.4259 3.6
C1q 0.0874 043222 3.7
012 0.1601 0.3867 563
013 0. 2908 0.5376 3.4
C1a 0.3571 0.5759 503
015 0.1703 0.5506 3.4
Cig 0.1038 0.6702 3.7
017 00,2288 0.6107 3.1
¢ 0.2285 0.7593 3.2

)
(e}
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Table 9.3
Observed and calculsted structure factors for the hko reflexions.
h k1 |1o Fobscl 10F o h k 1JOF. t 10F .
0 2 0 73 — 70 7 2 0 169 135
0 4 O 75 — 80 7 3 0 300 — 321
0 6 0 K26 - 13 T 4 0 £ 37 16
1 1 o 105 117 7 5 0 £ 26 12
1 2 0 96 107 7 6 0 < 19 — 38
1 3 0 < 69 80 8 0 0 205 — 185
1 4 0 129 —124 8 1 0 227 — 210
1 5 0 41 55 8 2 0 227 — 240
1 6 0 58 — 44 8 3 0 75 — 82
2 0 0 600 — 660 8 4 0 64 — 68
2 1 0 178 154 8 5 0 < 26 — 29
2 2 0 66 82 8 6 O 30 -— 12
2 3 0 90 109 9 1 O© A7 48
2 4 0 96 — 106 9 2 0 195 — 221
2 5 0 94 — 98 9 3 O 131 117
2 6 0 67 60 9 4 0 99 105
3 1 0 465 — 477 9 5 0 43 21
3 2 0 177 192 9 6 O 26 — 23
3 3 0 124 131 10 0 0 134 103
3 4 0 66 66 10 1 0 84 91
3 5 0 { 26 — 30 10 2 0 97 — 100
3 6 0 41 — 45 10 3 0 29 — 105
4 0 O 465 —526 10 4 O 112 125
4 1 0 95 125 10 5 0 60 — 69
4 2 0 150 176 10 6 0 37 40
4 3 0 84 — 106 11 1 0 75 — 17
4 4 0 96 93 11 2 0 99 — 88
4 5 0 < 26 - 13 11 3 0 37 36
4 6 0 64 - 69 11 4 © 75 53
5 1 0 197 - 168 11 5 0 79 — 8
5 2 0 77 - Tl 11 6 0 < 19 T4
5 3 0 51 48 122 0 0 116 —101
5 4 0 60 56 12 1 0 86 75
5 5 0 K 26 60 12 2 0 81 60
5 6 0 112 119 12 3 0 54 15
6 0 0 69 95 12 4 © 90 — 94
6 1 0 88 93 12 5 0 28 — 41
6 2 0 112 129 12 6 0 < 19 23
6 3 0 92 102 13 1 0 64 61
6 4 O 77 — 81 13 2 0 T7 86
6 5 0 < 26 — 29 13 3 0 39 20
6 6 0 47 — 43 13 4 0 31 — 20
7 1 © 225 — 236 13 5 0 < 22 10
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1 10F, 10 oo, h k 1 10 Fops. 10 Fool
0 < 19 15 23 2 0 62 - 59
0 154 165 23 3 0 24 — 31
0 112 119 24 O 0 < 26 — 33
0 < 60 81 24 1 0 19 —_ 7
0 66 — 68 24 2 0 32 52
0 < 75 T4 25 1 0 19 - 19
0 22 AL 25 2 0 < 19 0
0 361 401 : o '
0 < 45 16

0 £ 32 — 15

0 { 24 13

0 69 — 33

0 187 - 211

0 259 — 274

0 { 37 — 20

0 54 63

0 45 65

0 34 - 50

0 96 — 86

0 79 51

0 112 -~ 110

0 < 26 27

0 28 30

0 107 — 107

0 130 116

0 49 — 14

0 51 28

0 < 26 6

0 < 19 22

0 37 16

0 £ 26 -~ 9

0 62 68

0 30 — 41

0 71 — 48

0 £ 26 30

0 ¢ 26 — 45

0 49 — 40

0 < 19 28

0 24 28

0 36 29

0 43 — 41

0 < 19 11

0 41 — 32

0 22 -— 4

0 71 - 76

0 ¢ 19 — 10

0 21 — 8
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Chapter 10

The determination of the [010) projection and refinement
by direct caleulstion of the minimum residual

10.1. Introduction. As was stated in chapter 4, although the [Qlé]
projecﬁion was refined by conventional methods to an R = value of 0.15,
it was of no help in determining the [ooi] projection. The [poi]
projection was finally determined (as described in chapter 9) by the
minimum residual methods. Since the x - coordinates were common to
two projections, it was expected that there should be good agreement
between them; but it was not at all so as can be seen from the table

2,3& 4 wee more
10.1. The differencesin the x - coordinates of atomsx’weaeas~maeh~ae
Than 1A which @ t0o much for a correct structure. In view of this
and & few other observations mentioned in section 3,10 it was decided
to attempt to redetermine the [Old] projection with the help of the
information available from the known [boi] projection and then apply
the new methods for its refinement.,

From the evidence of the shape and orientation of the molecule in
the [Qoi] projection, it was possible to deduce a shape and orientation
of the molecule in the [Old] projection, This was done by orienting
a wire model of the molecule go that it satisfied the atomic coordinates
of the[boi] projection and projecting this model on the (010) plane,
Structure factor calculations using this (model) trial set of
coordinates showed good agreement between the individual Fo's and Fc‘s

with the initial vslue of the residual of 0.35, This was very

encouraging.
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H\l .
10.2, The strategy of, refinement and experience. As/ﬁas decided to -,
n ~ '\>

test the new method of coordinate refinement (described in section 8) "

using the trisl coordinstes, no conventional refinement was performed
at all and starting from the residual of 0,35 the refinement was
wundertaken in this projection by the new method with a range of scan
of 0.12 in steps of Oo02z. The value of the residusal was reduced to
0.282 in the first cycle. It was encouraging to note that the major
shifts of the atoms were in the y direction (maximum shift O.lZ), since
the x - coordinates had been teken from the previously determined [Qoi]
projection. The new atomic coordinates were plotted and found to be N
sensible. When the next cycle was performed the R - value fell by
0,022 to 0,26 and the difference map computed at this stage indicated
that some adjustments in the scaling and temperature factors were
necessary. After adjusting the scale and the overall tempersature
factors (the overall temperature factor B was increased from 2.5 to
3;03 ), a further three cycles of refinement reduced the R - value to
0.19. A difference gynthesis compubed at this stage indicated that
the new coordingtes were sensible and the general features of the map
were also improving. It was considered desirable to refine individusl
temperature factors at this stage. Subsequent refinement of the
individual tempersture factors by the new method and further cycles
of coordinate refinement reduced the residual to 0.12. The initial
and the final coordinates of the naphthocinnoline in the[:plQ]

projection are given in table 10.2 which also shows the total shifts

made to the atomic coordinates in bringing them to the correct positions.
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During the refinement the maximum change in a coordinate was 0,25A
and the average was 0,10 z, The final Fourier and difference Fourier
synthesis are given in fig. 10.1 (a & b) showing the molecule in thick
lines and the symmetry related one in broken lines. The distribution
of atoms is much better than in previous difference maps, almost all the
atoms lying near the zero contour; the background variation is also
reasonable.

Bven at this stage of refinement, the positions of the hydrogen
atoms were not apparent in the difference map. The theoretical positions
of hydrogen atoms were calculated and found that the agreement between

Fg's and Fc's was not mach improved.

10.3. The final coordinates and the structure factor calculations. The

fractional coordinates and the individual temperature factors of the
carbon and nitrogen atoms as obtained finally by the use of the new
methods in the refinement are given in table 10.3. The calculated
structure factors; compared with the observed structure factors are given
in tahle 10.4. the final residual being 0.12. There were onlyizg;funw
observed reflexions in this projection, and these had been included in
the calculations assuming their values to be half that of the Fo.i..

The atomic scattering factors of Berghuis et al. (1955) for carbon and

nitrogen and McWeeny (1951) for hydrogen, evaluated by the method of

Forsyth and Wells (1959), were used.




gure

L

)

en

f 2e/
brok

1

-oﬁWti
ive

S0

L
at

N

P
erva
at

nei

ma)
ines

t

g
ﬂin

%

ensi
- "9

.

g full 1

4
tours.at
e dotted

Ton
Con

e
=4
b

inal elect
tour

b

posi

The T

con

.

ar
our

con

»

ive

.







Rk S

I gdififer

3

LPina

e}
ours

full

e

onrs

¢ dott
cont

g are:

ve

-are

? L
44

tou
osi

D

nt

0

G
L8T0. COIL

en " anl

I

SERe)

1

tive -

ga.

e




Y




105
Table 10.1
The x = coordinates and their differences as obtained from the refinement

of the LOOL] and the LO10J projections by the methods of minimum residual
and least sgquares respectively

Atoms x/a for the x/a for the gﬁxx in 8 \*i
EbOﬂ projection [01@ projection
Cl 0.2955 0.2658 0,61
02 0.3566 0.3027 1.10
03 0.4241 0.3718 1.07
04 0.4280 0.3771 1.04
N5 0.3610 0.3558 0.11
N 0.2985 0.2997 0.02
Co 0.1790 0.1845 0,10
Cq 0.1106 0.1223 0.24
09 0.0308 0.0568 - 0.53%
010 0.0287 0.0172 0.24
Cll 0.0874 0.0625 0.51
012 0.1601 0,1429 0.35
013 0.2908 0+2595 0.64
014 03577 0.3364 0.43
015 0.1703 0,1440 0.54
016 0,1038 0.1054 0.03
C17 0.2288 0.2176 0.23
C’ 0.2285 00,2370 0.7
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Table 10,2

Initial and finsl coordinates of the atoms and the total shifts made to
the coordinates in the [010] projection.

Atomg  TInitial Tinal Total Initial  Final Total
X,/ %x,/a %?ift) z/c z/c %?if§)

¢y 0.3044 0.2957 0.180 0.7300  0,7767 0.251
c, 0.3742 0,3560 0,365 0.8367 0.8166 0.108
Oy 0.4298 0.42%9 0,118 0,7300  0.6967 0,180
Cy 0.4244 0.4286 0.080 0.4983  0.48%5  0.080
My 0.3558 0.3612 0,110 0.128%  0.1467  0.100
N¢ 0.2933  0.2987 0,110 0.0200 0.0100 0.054
Co 0,1598 0.1804 0,405 0.0067  0.0037 0.016
Cq 0.0936 0.1108 0.349 0.1233  0,1167 0,035
Cq 0.,0397 0.0312 0,178 0.4700  0.4525  0.094
Cig  0-0403 0.0281 0.243 0.6733  0.6480  0.136
C;;  0.1083 0.0870 0,428 0.7967 0.7593 0,201
€0 0.1691 0.1590 0,184 0.7133  0.6911 0,120
Cy3 0.2946 0.2902 0.082 0.4667 0.5100 0,125
Cyy 0.3644 0.3573 00141 0.3934  0.3896 0,020
015 0.1818 0,1704 0,234 0,4567  0.4609 0,223
C,g 01059 0.1038 0,043 0.3767  0.3730 0,020
Cp 02345 0.2282 0.126 0.3567 0.3546 0,011
0.2235 0.2281 0,098 0.0967 0.1300 0,180
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Table 10.3

Atomic coordinates and temperature factors as obtained from the
[01¢Q] projection.

Atoms x2/a z/c B2,in ﬂz'
Cl 00,2957 0. 7767 3.6
02 0. 3560 0.8166 3.6
05 0.4239 0,6967 4.0
04 0.4286 0.483%5 3.4
N5 0.3612 0.,1467 4.0
Né 0.2987 0.0100 3.7
C7 0.1804 0.0037 505
08 0.,1108 0.1167 3.5
09 0.03%12 0.4525 3.5
ClO 0.0281 0.6480 3.5
Cll 0.0870 0.7593 3.2
012 0.1590 0.6911 3.2
013 0.2902 0.5100 3.5
C1q 0.3573 0.3896 3,0
Ci 0,1704 0,4609 3¢5
Ci6 0.1038 0.3730 3.5
017 0,2282 0.3546 3.9
C 0.2281 0.1300 3.6
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Chapter 11

Atomic coordinates and their errors.

11.1. Atomiec coordinates and their errors. The final fractional

coordinates of the carbon and nitrogen atoms are given in table 1ll.1.
These are the values as obtained from the refinement and given in
figs. 9.2 and 10.1l. The x=ccordinates are common to two projections,

so the weighted mean values of Xy and x, corresponding to the [@Oi]

2
and [pld] projections respectively are given, the weights given to
Xy and X, being inversely proportional to their variances. The
individual isotropic temperature factors Bl and B2 obtained for the
hko and hol veflexions are dso given, As the hydrogen atoms could
not be accurately located their coordinates are not given.

In order to estimate the standard devistions of the atomic
coordinates, the form?%a

o (%) = {@2}2/ G, - - - - 11a),

wag used (Lipson and Cochran 1957), where D =~fz - fl, and the
gverages are taken over the whole of the projected area of the unit
cell, Cn, the curvature of the nth atom, is equal to ¥§ﬁ§§ which can
be replaced by %?ﬁ%-and determined from the shape of 2h§ nth atom
in the correspondinz FO synthesis. There are two alternative
procedures for calculcting the nmumerator of the expression ll(a)c In
the first procedure the average is taken over all the points in the
uniti%%r its projection in two-dimensional cases) for which the

difference map has been evaluated, whereas in the second procedure

the average is taken over only those points in the mep for which the




110

expected value of f; - f% is zero. The results obtained using the
first procedure give a slight overestimate of the error, while the
second procedure gives an underestimate.

Using the equation 11(a), the standard deviations in the atomic

coordinates @ (x), d(y) and d~(z) have been oalﬁciated from the [bOﬂ Y

S i
and LOlO_] projections respectively. For evaluating {( 0D )2}2 s etc.
0 x
The first procedure was adopted and the average was trmken over all

the points in the cell. 3D was evaluated from the expression

0 x
% ;"‘*”7]?' gﬂz Z h F(hk> Sen 27 (hx + ky).

& h k
Since the r.m.s. value ofdD was required the computer programme was
dx

modified to calculate and output this as a single number instead of
the value of Q0D at each point in the unit cell. The curvature Cp wasg

X
calculated using the expression

P 1 4.11222 S n® (R, ) cos 21 (hx + ky) - - - 11(b).
P x2 A a T %

This expression after being appropriastely modified to take account

of the pgg and cm symmetry, was evaluated by doing a Fourier swmmation
over the whole cell in which hz(Fhk) were used as Fourier coefficients.
The values of Cn could then bhe determined at the atomic sites. Both

the calculations were done using two separate computer programmes

- 1 .
written by Mr. P. Main. The factor [: u ] 5 1 where w is the
u-~v
number of independent P values and v is the number of unknown
parameters being refined, was not congidered since u>>'v for all

projections used. Corresponding procedures were used for determining

o (y) and d(z). All values of standard deviations are given in
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table 11.2. together with the standard deviation,cf(x), in the

weighted mean of the x-coovdinates. This is given by

L. — 1 - 1
;EQX‘ sz'+' SPX
1 2

The formula, 11(a), employed to caleulate the standard
deviations assumes that the atoms are resolved, which is not the
case in this structure. However, because of the method used to
calculate them, the values obtained for the atomic curvature will be
effected by overlap in such a way that the coordinates of an overlapped
atom will have a larger standard deviation. Thus, overlap is taken

into account to a certain extent, although the standard deviations

celculated in such a way may not be gstrictly correct.




Atoms

Final coordinates and temperature factors of the atoms

Table 11.1

wovein:trarar s

xl/a

0,2955
0. 3566
0.4241
0.4280
0.3610
0.2985
0.1790
0.1106
0.03%08
0.0287
0.0874
0.1601
02908
03577
0. 1703
0,1038
0,2288

0.2285

xz/a

02957
0.3560
0.4239
0.4286
0.3612
0.2987
0.180/
0.1108
0.0%12
0.0281
0.0870
0,1590
0.2902
03573
0.1704
0.1038
0,2282

0.2281

(weiéﬁted

mean
estimate)
0.2956
0.3565
0.4239
0.4283
0. 35612
0.2987
0.1800
Of1106
0.0310
0.0285
0.0872
0.1592
0,2903
0.3576
0.1704
0,103%8
0,2283

0.2282

/o

0.4592
0.3681
0.3916
0.5070
0,7000
0.7663
0.8482
0.8055
0.6400
0.4259
0.3222
0.3867
0.5%76

0.5759
0.5506

0.6702
0.6107

0.7593

z/c

0. 7767
0.8166
0.6967
004835
0.1467
0.0100
~0.0037
0,1167
0.4525
0.6480
0.7593
0.6911
0.5100
0.3896
0.4609
0.3730

0.3546
0,1300

112

Bl(ﬁz) BQ(EZ)

3¢5
3.8
3.8
3.8
54
503

304

5.8
3.6
307
5.3
3.4
363
3e4

56l

502




Standard deviations in the a

Table 11.2,

e b e

ot B e o A i oA W 4 P S i e s vy i (o S Yok P oo

O\z\ﬂ

11
12
13
14
15
16
17
18

o (=)

0,018
0,05

0,02

0,026
0.017
0,025
0,042
0.054,
0.0%1
0,028
0.035
0,02

0,015
0.026
0.025
0.030
0,022

0.023

e e i it o S i i Foro P S v e fren Yt e s Seok K
» ek #o e

o (3)
0.014
0.022
0,019
0.019
0.016
0.021
0.036
0.024
0.023
0,017
0,026
0,018
0.014
0.015
0.023
0.022
0,019

0.021

tomit coordinates { in i )
L1 .

0.072
0,021
0.072
0.070
0.028
0.024
0.035
0,070
0.040
0.031
0.033
0.032
0.040
0,056
0.0%4
0.040
0.032

0,043
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11.2. Bond lengths and angles. When the final coordinates of

the atoms had been obtained (table 11.1) the bond lengths and angles
within the molecule, with their corresponding estimated standard
deviations (e.s.d.), were calculated. This was done using &
computer programme written by Dr. R.AL, Sullivan. The standard
errors in bond lengths between two atoms, in terms of the errors

in coordinates, were calculated from the formula.
2 2 2 ' 2 2 2 . 2
L = 3 + s o+ T\ cos
2 2 2
o+ V4 + 7z cos R
() + I (yf oo
where d—(xj) , cr-(yl) and crizl) are the stendard deviations of
the coordinates of the first atom and cos X , cos B and cos Y
are the direction cosines of the line joining the atoms (Ahmed and
Cruickshank, 1953).
Let the bond between atom 2 and atom 1 have 1@ngth£l, and

direction cosines'cos d’l 5 COS Bl’ cos ¥ and the bond between atom

19

2 and atom 3 have 1engtth5 and direction cosines cosdo_, cog 8B_,

3 5
0056)3- Then the angle, O, between the bonds is given by

Cos @ = cosK. eos & + cos B) cos B

1 3
where cosol, = (X2 - X1>//£

3 + cos g, cos {5,

1’ COSd5 = (Xz

expressions for the other direction cosines, and the error in the

- xs)/ [5, with similar

angle is given by Darlow (1961) as,

-
G @)= —
Ly Ly sing

2 2 2.2 2 2
A O (xy) + (&) + A3) d (XZ) + A 05 (x

+ gimilar terms in y and =z=.

L
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where A, = [1 (coscil - cos O cosdﬁ),
A3 = f_3 (ooso(3 - cos 0 00550(1)s
with similar terms for ﬁ and yi
The important hond lengths and angles are recorded in table 11.3,

and a schematic diagram of the molecule and its environment appears in

fig. 11l.1.
1.3, The
AMolecular Symmetry. The molecule as a whole ig non-planar. The

best planes passing through the various groups of atoms in the molecule
and hence the digplacements of the individual atoms from these planes
were calculated using a computer programme 'Moleculaxr Axes/R. Sparks!
by Dr. R. A. Sparks and given in tables 11.4 (a, b, ¢, d; e.co i)

The equations for the best planes are as follows:-

(a) for the planemssing throush Ci» Cos Cpy C , and C._ in ring A,

37 747 V14 13
0.12877 x” - + 29039 y' + 0.40789 2’ = I‘05@

(b) for the plane passing through N5g Né, 018’ 017, 013 and ClA in the

¥

ring B,

~0.06249 x" ~0,89246 yl 0644677 zi = —o0 550
(¢) for the plane passing through 07, 08’ 016’ 015, 017 and 018 in the
ring C,

0,10321 x ' +0.8416 3 40.53014 2/ = o' 552

(4) for the plane passing through 69, Clo7 Cyqr Cpoo 015, Cig» in the
ring D,

0.06056 x +0. 73886 3,r".f +0,67113 z!

0.38

(e) for the plane pagsing through Cl’ 02, 03 and 015,

o' 17005 <! +0'926/5 y! +0°'33664 z' = [+ 244
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- g9-C C o grtbrzoamid-G
VARG L | S

}C' , y" . iz 1 -

(ii)-wéhasym4t4%esaaggsazaéasegua&ss;i11§;*;tlaxa@1;gﬁg«JSE?,mw(}

(g) for the plane passing through 05, Cgs ©C

77 Cgr Cpp @nd Cygo
0'09217 x4 0' 86 Llo y!' 4 0 L4g48e ' = 0'599
(h) for the plane passing through Cqs Cigo 09, e 015 and 017,
—0' 07741 x! — o' 78975 yt — 0'608 52 z' = —0'350
and (i) for the plane passing through 010’ Cyqs Cyp and 015,
—o0'0l549 X' — 0 79272 y' — 0’60939, 3z' = —o'158 i
ot ¥

where x', y', z' define a set of orthogonal a@igjrelated to the crystsal
axes abe in such a way that

xt {la, . ){'
yt L a in the ab plane, « ¢< h

and z!' |}e,
P is evaluated in K, and the coefficients of x', y' and z' are the
direction cosines of the normal to the plane.

. @)
In the groué, the atom C, having the greatest departure from

1

the best plane, by a distance of 001273. The angles between the

/ , /
planes of the rings A and B, Band C, C and D are 4°2¢6 , £°1

/
and 10°19 regpectively,
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Table 11.%
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The bond lengths, angles and their corresponding errors

Bond.

Bond Lengths (X)

1.35
1.53
1.31
1.57
1.52
1.50
1.47
1,51

1.55
1.56
1.45
1.56
1.5%

Standard deviations (ﬁ)

0,04
0.0
0.08
0.03
0,03
0,06
04,05 '
0.03
0,04
0.07
0.03
0,05
0.05
0.07
0.0l
0.04
0.03
0.05
0.0k
0.03

0.0k




Angles
137° 61
118° ¢t
109° 18!
130°  sav
112° 301
108° 301
118° sa!
119° 4ot
124° 18!
110° 48!
125° 301
117° 42t
113° 321
120° 481
112° 121
121° sa!
118° s5as
131°
107° 6!
122° 12t
127°
116° 241
1119 g
1347 18"

Table 11,3 (continued)

Standard deviations

30
30

|18

58!
6t
12t

48"

30!

21,1
21!
54!
12!
58!
21
50!
18

g
10!

12t

Lt




groups

(a)

Displacements of the atoms from the mean vlanes.

Table 11,

Q

Q a a a

displacements in R

0.1267
-0, 0688
~0,0%98

0.064T

0.0076
~0.0904

=0,0211
0,0688
=0.0959
0.0772
=0,0245
=0, 0044

=0,0337
-0,0286
0,074
«0. 0757
0.0157

0.0475

0.0749
-0.0732
~0.0108

0,089
-0,0778
~0.0021
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group

(e)

(e)

(n)

(1)

a

Fable 11.4

toms

Q@ Q Q O

(continued)

displacements in )

070790
-0,0915

0.04323

0.03075

00,0696
~0,1036
0.0506
0.016.
0,0090
-0.0419

0.1323
~0.1206
-0.1375

0.1358
~0.0054.
-0.0047

-0.020

0.0387

~0.0355

0.0169

120
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Chapter 12

Concluding disuussion of the structure

As was stated in the previous chapters the minimum residual
techniques were used for determining the molecular distribution and
the refinement of the structure of the naphthocinnoline in both
projections., The reasonably low R-value for the two principal projeotiog
and the absence of substantial peaks in the final (Fo ~ Fc) gynthesés |
(figs. 9.2 (b) and 10,1 (b)) show that the correct structure has been
determined. The only aspect of the structure which does not seem
satisfactory is the wide variation in the bond lengths (fig. 1l.l0 ),
the distances between atoms varying from 10313 to 1,57_3° The errors
in the atomic coordinates reflect the poor quality of the data rather
than any mistake in the structure. The atomic arrangement in the [OO@] |
and [910]-projections (figs. 9.2(b) and 10.1(b)) is not all regular
and is essentially due to distortion in the molecule. Although the
accuracy of the structure is poor, nevertheless, it has bheen possible
to ascertain most of the important features of the configuration
of the naphthocinnoline molecule.

Unfortunately the residual (0.16) for the [Obi] projection is
a little high. Successive refinements did not lead to further
improvement in the agreement residual and ended at the stage where the
molecule had become greatly distorted but the residual was at its
lowest. The intensity values obtained for.the hko reflexions are

not as reliable as those for the hol reflexions. The high R-value was

due to the poor quality of the data and also the serious overlap in
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projections the fact that this projection is centrosymmetric would
algso make the Rwvalue a little hisher than s non-centrosymmetric
projection of similar complexity and accuracy of data.

It is quite clear that the molecule of;ﬁhé'éaphthooinnoline is
non=-planar. The molecules are arranged in stacks along the short
b-axis of the unit cell. Within each stack the molecules are parallel
end inclined to this axis at about 60°,

The centre-to~centre distance between C. and C is 2°83ﬁ which

1 12
is less than the value 3023 which is generally supposed to be the
normal van der waal separation between two non-bonded carbon atoms
(Coulson & Skancke, 1962)., The mamner in which the molecule is
distorted from—planarity so as to achieve this separation between Cl

U]

and C., may be seen in fig. .qJQT Jad-alod
A

ananantitra griow Afl o
¥ LLIEO o L

T

12

It is seen that rings A and
D are bent in opposite directions out of the mean plane of rings B
and C, consequently the distortion of rings A and D is greater than B
and C.

Most of the bond lengths between ¢ - ¢ atoms in the melecule are
much greater than the usually gquoted single bond length l.4773 (Dew&r

and Schmeising, 19593 Cruickshank and Sparks, 1960)° The distances
Ce—Cas

between 04 - Cl4-’ 07 08" Cq = 016’[ G9 - 03_09 €11 - 03,2’ Cio - C15

and ) are 1.57, 1.56, 1.56, 1.55, 1.56, 1.56, 1.55 and 1.578

- Ol
3 17
respectively, with estimated standard deviations *03,'05,/0%,'03,°05,03,04% 03

as shown in table,|l-3 . These exceed the accepted value of 194773




123

by ~ 0.08% which is equal to 24 and so it is 'possibly significant!
(Cruickshank, 1945), Some abnormally long ¢ -~ ¢ bonds may be expected
due to steric interactions between Cl’ 012, Hi and H12

the separation bhetween Gl and 012 beyond the value it would have in

which increases

an unstrained molecule. Coulson and Skancke (1962) suggested, on
some theoretical consi@erationsg that some abnormally long ¢ - ¢
bonds may be possible and in their calculations they have assumed the
length of the (spz) single bond to be equal to 1.5173. The present
values are even significantly larger than this, but the bonds are not
as long as the ¢ - ¢ (single) bond length of 1.78 reported by Grant
(1957) in the structure of hydroxydihydroeremophilone, the—p=
2

< v TEE o

The significant differences in the bond lengths between atoms
within the benzene ring B (fig.l.I}) are ohserved, particulerly the
bond 018 - N (1.57R) is much larger than the normal value. Some
examples given in the literatures show a wide veriation in the C - N
bond lengths. The values may vary from 1,32 to 1.453 (Pauling, 1950)°
In some examples, such as, 2-2' dichlorobenzidine (Smare, 1948) and
m - tolidine (Fowweather, 1952), the values lie between 1.40 and 1.453._
The N5 - N6 distance is also significantly longer than the normel
value, with estimated standard deviation 0,03 &, There seems to be
little point in comparing the bond lengths obtained with the theoretical
values except to say that apart from the nine extreme discrevancies

the other nine are of correct order.

The most significant feature of this structure is the nonnplanarify
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of the benzene rings. The calculations of the displacements, p, of the
individual atoms from the best plane passing through the various groups
of atoms as given in tables 11.4 (a, b, ¢; .»..) seemed to indicate that
the atoms 1, 2, 3, 4, 14 and 13, constituting ring A, deviate from the
best plane passing through these atoms by a root-mean-square of over
0.0768, and a maximum (C1 atom) of 0.1278. The: deformation of the ring
B is less than A, the root-mean-squares deviation being 0.063 and. 018
having the maximum departure from the best plane by a distance of 000963
@able 11,@; The distortion of benzene ring C is more or less the same

as B, its atoms deviate from the best plane by a root-mean-square

distance of 0,05 X, and a maximum (C,5atom) of 0.08 R. Agein the deforma~-

T n&C
tion of ring D is much greater than theL +, the C,, atom departing

12

most from the best plane, a distance of about 0.0893, and the root-mean-
square deviation is 0.0658. It is now clear that the displacements of
the atoms of the ring A of one side of the molecule upwards and the ring
D on the other side downwards lead to the deformation of the molecule
by which the overcrowding associated with Clg 012, H1 and le is relieved
almost entirely.

The non=planarity of a few other groups of =toms has been tested
and found that the displacements of the atoms 1, 2, 3 and 13 from the

best plane passing through them to be ' gignificant, the maximum value

of pis 0,09 R and the root-mean-square value Q.07 .

L e e L

sud-was-Lfound fo.he.planse fo.within o rost-nesn-sgnare-dewiation of
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B Ru Aacin, The departures of the individval atoms 5, 6, 18, T,

8 and 17 from the best plane by 0.04 % is not very significant.
Tarthermore, the atoms 10, 11, 12 and 15 also are co-planar to within
a root-mesn-square deviation of 0.03 R,

The bending of the rings is reflected in the abnormal bond angles
at diffefent atoms, The bond angles at the atoms 1, 4 and 13 in the
ring A are 10905 1090 and. 1120, while the angles at the atoms 9 and 15
in the ring D are 107‘o and 111°, It is significant that they all
deviate from the expected bond angle of 120°,

Therefore to summg%ise this work, it has been shown that the
structure of the naphthocinnoline as described here is correct. However,
the standard deviations in the positional parameters of the atoms are
still quite high and it is felt that the only way to improve these is

to refine the sgtructure wsing three-dimensional data.




Part IT Programming for the Ferranti Mercury Computer.

Chapter 13

The Mercury Computer and some programming in the
Autocode system for crystallographic computationg.

13.1. Introduction. With the development and use of electronic

digital computers in the past decade has altered many aspects of

crystallography. Due to their availability, numerous and often intricate

calculations are no longer the prime bottleneck in the solution of
crystal structures, as was the case until the late forties.

Several papers have been published, e.g., Bennett & Kendrew (1952)F
Mayer & Trueblood (1953), and Ahmed & Cruickshank (1953-b) outlining
the application of the computer to crystallographic calculations and
also dealing with various sbtandard computations necessary in X-ray
structure analysis such as the computation of Fourier synthes€g and
structure factors.

The availability of digital computers has led orystallographers
to attempt computations considered out of the question a decade 8g0;
three~dimensional least-squares refinements (Sparkset al., 1956), for
example. Altogether, computers have taken much of the tedium from
routine crystallographic work, and have provided e means of dealing

relatively easily with computations hitherto considered far too

formidable. No account of the computer is given here, a full description

of this machine has been given by Kilburn and his co-workers (1956).
This chapter deals with three of the programmes written to aid
crystallographic computations. They were all written in the Manchester

Mercury Autocode System.




127

13.2, A programme for finding the molecular position by direct

calculation of the minimum residual. The principle of the minimum

residual molecular location method has been discussed in chapter 5.
This programme ig designed to calculate the structure factors and
residual for the molecule in the plane group pgg, a¢ its position is
varied systematically in the unit cell. The flow diagram of the
programme is shown in fig. 13.2. For the purposes of the structure
factor calculations the formuwla given in the international tables for
X-ray crystallography, Vol. 1, 1952, is rearranged as follows.

It Xg and y; are the coordinates of the ith atom of the molecule,
with respect to some arbitrary origin 01, and X and Y are the coordinates
of this origin with respect to the true unit cell origin (fig. 13.1),

then the structure factor expression may be written
2
N ~Bs 7]

F(h, ) = 4—§zfi e cos 2rh (X + xi) cos 21k (Y + yi)
i = 1
when h + k = 2n, and
2 ’ ooocco(l) ,
N -Bs
Py, 1) = -4 Zfi e sin 2rh (X + x,;) sin 22k (Y + y,)
i=1
when h + k = 2n + 1 ]

where fi is the atomic scattering factor of the ith atom, B is the
temperature factor obtained by the method of Wilson (1944) and s is

equal to sin@%%_ Equation (1) may be rewritten as -




F(h k) = 4 |cos 2rhX cos
b 4
- cos 2mhX sin
- gin 2thX cos

+- sin 2vhX sin

when h
Pln, i) = =4 E_m 21X sin
+ gin 2mhX cos

+ cos 2rh¥ sin
+ cos 2ThX cos

when h

Again let -Bs2

£, e (cos
Qe

-Bs

:E%i e 2(008

-Bs

f. e (sin
§:1 2

~Bs"
Z{%. e (gin
i,
cos
cos
sin

sin

2rhx; cos 2ﬂkyi)

2rhx, sin 2nkyi)

1

2whxi cos 2nkyi)

orhx, sin 2nkyi)

i

2thX cos 2rkY
2rh¥ sin 2rkY
2rhX cos 2ikY

2rhX sin 2rkY

onkyY :i%. e
i
kY Z‘.‘i
2rkY j{%.
i
2nkyY Zfi

+k32n’
2ukY :Z?.

i
2rkY :Z%i

2nkyY ZZ?.
A
ok Zi‘i

+k=2n + 1

i

i

it

1

i

=

2 =g

H

(cos 2ibhx, cos 2Hkyi)
(cos erhx, sin 2ﬁkyi)

(sin 2nhx, cos 2nkyi)

(sin 2vhx; sin 2nky£ﬂ

(cos 2whx, cos 2ﬂkyi)
(cos 2rhx; sin 2wkyi)

2(sin 2rhx, cos 2kai)

A
(sin 2nhx, sinZkyij]

(2.8

voods(2)

L

1

- - (3

_ o (4)

where A, B, C & D in Hquations (3) are constants for a particular

molecular model and the temperature factors are also constant for any

particular model.
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The calculation proceeds as follows:= (1) The values of
fi exp (-B sin 26;@) are calculated for each reflexion and each type
of atom using the analytical f values calculated using the constants
given by Forsyth and Wells (1959) and the value of B found by the
method of Wilson (1942) and are stored temporarily. (2) The values of
A, B, C & D are calculated for each reflexion and stored permanently and
the value of ;ﬂﬁbl is also calculated end stored permanently. (3) The
values of Fh, I (X, ¥) are calculated for each reflexion for a particular
value of X & Y and the corresponding value of R (X, Y) is calculated
and printed. The values of X & Y are varied systematically in increments
so chosen to be fine enough to make interpolation of the minimum value
reasonable and coarse @nough to keep the calculation as short as
possible. It is only necessary to compute one quarter of the unit cell
for the p;ane group pgg. Using the 'Wercury! computer and only the
fagt access store it is possible to accommodate a group of 40 reflexions
which can be chosen in any way. The time taken to calculate and punch
each R = value is about 2% seconds and the total time for a 900 point
calculation including input time is 40 minutes.

The input to the programme consists of the cell sides, temperature
factors, total number and types of atoms in the asymmetric unit.
These are followed by the Forsyth and Wells! parameters, the number of
atoms of each type, the coordinates of the atoms relative to the
arbitrary origin 019 total number of reflexions, the indices of the
reflexions (whose structurve factors are required) with their correspond-

ing Fo's, and, concluding the data, the increments along both the x & y

axes are required.
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Ilow diagram of the minimum residual molecular location programme.,

Input of
data.

N

Calculate
£i exp (-Bs")
for all reflexions

and for all types of

atons and store.

Y

Calculatie the
functions =

A, B, C & D for
all reflexions
and store.

End.

A Yes

\ra

Hag last row
been calculated?

Y

X=X+1
(i.e. the next
I'OW) 0

AYes

vé;

Has last coluun
of this row been
calculated?

Calculate the
functiong -

E, Py G & H3
structure factors
for all the
reflexions, and
the residual, then
print R - value.

fig. 13.1.

Y=Y+ 1
(i.e. Y changes
by one unit).
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13.%. A programme for the refinement of atomic coordinates by direct

calculation of the minimum resgidual. This programme was designed to

refine the coordinates in the plane groups pgg & cm. The flow diagram
of the programme is shown in fig. 13.2, and the principle of the method
has been discussed in chapter 8.

The programme initially computes and sums the contributions to
all the structure factors of all the atoms except the one being refined,
and stores these quantities, Suppose X is one coordinate of the
first atom to be refined. The coordinate is initially set at Xy = nAxl
and the contribution to all the structure factors calculated and added
to the stored contributions for the remainder of the atoms to give the
calculated structure factors of all the reflexions. The corresponding
value of R is calculated and stored. The coordinate is then increased
to X - (n—l)l&xi and the new R - value calculated in the same way.

The latest R = value is compared with the previously stored R - value
and the lower of the two values is preserved, together with the corres-
ponding coordinate. The coordinate is then increased to x, - (n—Z)Zle
and the process continued. In this way the smallest value of R within
the range of varistion of the coordinate is preserved together with

the corresponding value of the coordinate.

When the scan in the x-direction is complete the y-coordinate is
similarly treated. When both the x- and y-coordinates of the first
atom have been dealt with, the new values of x, y and R are printed.

The next atom is then dealt with in the same way, and so on until all

the atoms have been included. The corrected parameters of the atoms are
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always used in subsequent calculations. After the last atom has been
dealt with a second cycle can be started if desired, without any further
input of data. The analytical atomic scattering factors of Forsyth

and Wells (1959) were used in calculating the structure factors, and
individual isotropic temperature coefficients can be included if
required. The scaling factor and the overall tempevrature factor can

be adjusted at the end of each cycle using existing programmes. At
present, the programme will accommodate up to 180 reflexions and up to

30 atoms of 5 different types. If the number of increments, n, is 5,

ie. the value of R is calculated at 11 points for each positional
parameter, the calculation takes %2 minutes for one cycle of refine-
ment involving 25 atoms including 7 minutes for the initial input of

the data and for the preliminary calculation and storage of the structure
factors. Two cycles can be computed in one hour. A comparable problem
using the full matrix least-squares method on the same computer would
take about 25 minutes per cycle. The refinement can be terminated at

any point within the cycle since the refined coordinates of each atom

W 9 , ‘,‘:‘

are printed as they are obtained and are notyef}eoted by the refinementw
of the remaining atoms. The programme has also been modified to perform
the necessary calculations for several other plane groups.

The input consists of cell parameters, maximum values of the
indices h, k and sin@%&, the increment of change of the x and y
coordinates, the number of different types of atoms, Forsyth and Wells'
congtants and the number of atoms of each type, the initial atomic

coordinates with individual isotropic temperature factors, and finally,
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the Fo'bs of all the reflexions. The accidentally absent reflexions

are also required and these may be included either ag O or %Fmi

L]



Mow diagram of the programme for the refinement of atomic coordinates

34

by direct calculation of the minimum resgidual

Transfer f£.'s for each atom in

Input of | Calculage
data f o=Bs
5 for all atoms
and store

turn from %acking store and

¥

calculaste ¥ 's for all atoms

except the ®first and store Fc‘s.

Y

x = x=nix for atom

Y

Transfer f.'s of next
atom from backing
store and calculate

to be refined.

Y

Transfer from backing store
fi's of atom to be refined.
Calculate structure factors

F's of this atonm.
Subtract from Fc's
of complete structure.

v

for this atom, add to F 's
of (n-1) atoms and calcBlate
R,

A )

Is this lst atomic position?

g=g+Ad ¥ No
@ stands
Transfer f,'s of atom for x ox Is R less than Y Yes
just refindd from backing y, which- previous value?
store and calculate F's ever is
for this atom using new being re- _ Y Yes
coordinates and add to fined in N
F 's of (n-1) atoms. the cycle. Y No Preserve R and
¢ coordinates.
A Y
. M L‘f_" Has last atomic position
END A No been calculated?
' No .
A Yes = y-nly < Y Y&S
Hag last atom | _ | Print YES Has y=coordinate been
been refined?| ~ | X, y &R - refined?

Table 15%.2
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13.4. A programme for the refinement of isotropic thermal parameters

by direct calculation of the minimum residual. This programme was

designed to refine the isotropic temperature factors in the plane
groups pgg and cm. The principle of the method has been described in
chapter 8. The flow diagram of this programme is given in fig. 13.3.
In refining the temperature parameters, this programme initially
computes the contribution of each satom without a teyﬁperature factor
to all structure factors and stores these quantities separately. These
quantities are then corrected for individual temperature factors and
added to all structure factors of all the atoms except the one being

refined. Suppose B, is the temperature factor of the first atom to be

1
refined. The value of B, is initially set at BlwnABl, then the

]
contribution of the first atom to all structure factors is corrected
for this value of the temperature factor and added Ho the contribution
of the remainder of the atoms to give the calculated structure factors
of all the reflections. The corresponding value of R is calculated and
stored. The tempereture factor B, is then increased to Bl=(nw1)ABl,
the new value of R calculated in the same way, is compared with the
previous value and the lower of the two is preserved. The value of
B, is then incressed to Blm(n-E)ABl and the process continued. In
the value of B, corresvonding to
thisg manneq*théilowest value of R within this range of variation of
Bl is taken as the best value of the temperature factor. The lowest
value of R together with the corresponding value of Bl are preserved

and also printed. As each atom is dealt with in turn the new values

of Bi and R are printed. The corrected parameters of the atoms are




136
glways used in subsequent calculations. After the temperature
parameter of the last atom is adjusted in this way, a further cycle
can be continued, if desired, without any further input of data.

The approximate time required per cycle of 18 atoms with 180 reflexions
is about 7 minutes for isotropic refinement. The programme has also
been modified to refine temperature parameters for several other
plane groupse.

The operation of the programme requires the following datas-
(i) the unit cell dimensions, (ii) the maximum values of the indices
h, k and also sinQ/& y (1i1) the increment of change of temperature
parameter, (iv) the number of different types of atoms, (v) Forsyth
and Wells' parameters and the number of atoms of each type, (vi) the
refined atomic coordinates and individual isotropic vibration para-
meters, and finally, (vii) the observed structure factors must be
included. The accidental absences must also be included either as

zero or +F .
min.




Flow diagram of the programme foxr the refinement of isotropic thermal
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Appendix 1

Preliminary X-ray investigation of Strontium Cavroate

Preparation and properties of crystals. Strontium Caproate

crystallises from ethyl alcohol and water in the form of large, very
thin, colourless plates. The very platy crystals effloresce

rapidly when exvosed to the atmosphere; even during a hrief exposure
to air they turned to powder. Because of this defect, a special
technique had to be used for handling the crystals.

Initial attempts to preserve and phiograph the crystals were
made by covering them with a thin layer of 'vaseline! grease. The
crystal was mounted on top of a glass fibre and a few drops of
molten vaseline were allowed to run slowly over the crystal. From
each drop some grease adhered to the crystal, and a fairly uvniform
covering was obtained. This method of preserving and photographing
the crystals proved to he mmsuccessful. The next attempt at
preserving the crystals was made by gsealing them in Lindemann glass
cepillary tubes, but even then, they appeared to be gquite unstable.
They seemed to be stable only in the presence of the mother liquor
in the sealed capillary tube, but the placing of the crystals
permanently in the tube and the taking of the photographs presented
a difficult task. However, after several attempts, using different
techniques it was possible to fix the crystal with 'Gloy' (in which
the crystal was insoluble) in the presence of the mother liquor in
the Lindemann capillary tube. There were practical difficulties

in mounting and setting the crystals to any axis, because the long
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capillary tubes could not be orientated into the required position.

Crystal data. The crystals are soft and can be cut in any direction

in the plate face. When viewed in polarised light the crystals
exhibit straight extinction parallel to two directions at right
engles to each other in the plate face.

Density of the crystals was reported to be approximately 1.00 gms/ce
This value was used for calculating the number of molecules per unit
cell.

Collection of X-ray data. X-ray rotation and oscillation photographs

taken about the a, b and ¢ axes using cu K& radiation, and Weissenberg
photographs taken with crystals osecillating about the short axis,
showed that the crystals of strontium caproate are monoclinic with
unit cell dimensions:-

e = 23.0, b = 8.39 and ¢ = 22.20 %.
These gave the numbher of molecules in the unit cell as .8, The
nhotography was then revested using a precession camers which was
available in the department. The new cell dimensions thus obtained

arel=

a = 235,07, b=8.42, andoc = 22,833
afﬂd B = 9700

Exemination of the reflexions recorded on the oscillation and
Weiseenberg photographs showed that the systematic absences were hol
for [ odd, and oko for k odd. This defined the space group uniguely

as P21/<3° The special projections possess symmetry as followss-

(001) pem; a' = a, bt = h,
(100) pges b' = b, ¢’ = c,
(010) D23 ct = C/2’ a! = a,
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At this stage the work on the naphthocinnoline was progressing

more rapidly, so this work was postponed for the time being.
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