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(ii)

SUMNMARY

The crystal structure determination, using single
crystal X-ray diffraction methods, of three polycyclic
aromatic hydrocarbons is described. The thesis is divided
into three parts, each part corresponding to one compound.
An appendix 1s added in which the history and uses of

aéa‘\ca"ion
"generalized projections" is reviewed. An edeption of

this technique was used extensively in the analysis of

1:9 - 5:10 diperinaphthylene anthracene.

Part I of this thesis deals with the structure of
2:3-8:9 dibenzperylene. The short b axis of the monoclinic
unit cell, and the regular nature of the rings in this
aromatic compound, made the structure analysis easy. The
good resolution of the atoms in the projection on the (010)
plane made it possible for refinement, by means of two
dimensional fourier series, to proceed to a goed degree of
accuracy. It was, therefore, surprising that refinement
by successive difference maps did not yield the same answer
as a back shift correction calculated from a comparison of

electron density maps for whiéh F

obs and Fcalc values had

been used as coefficients in the Fcurier series. However,
both methods of refinement show clearly an intermolecular’
approach distance of less than 3.2 A. Bond lengths appear

to indicate that this is avpparently due to a lack of complete



(iii)
planarity of the molecule, although another explanation is

possible.

The overcrowded aromatic hydrocarbon 1:9-5:10 diperi-
naphthylene anthracene is described in Part II,. The work
coneerns itself mainly in the solution of the phase problem,
for which a number of unusual methods had to be employed.
Two co-ordinates of the atoms in the molecule were found
by projections on the (010) plane and the third by means
of generalized projections of the (hlf) planes. No great
accuracy could be achieved, but it was possible to
distinguish which of the two possible methods the molecule

adopted to relieve the overcrowding.

In the third part of the thesis a description is given
of the analysis and refinement of anthrovalene, the third
member of the coronene, ovalene series. This analysis is
of very great interest because of the extraqrdinary nature
of the chemical reaction in which anthrovalene was formed.
It is possible that this process may give an understanding
of graphitization. When the work was started not even the
empirical formula was known. The cell dimensipns showeg

1soslevcCural
clearly that the unknown compound was loosely ("isomorphous'
with coronene and ovalene. The molecular weight determina-
tion left little doubt about this, and a study of the
intensities gave a final confirmation. Certain impurities

were, however, found in the available crystals.
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X-RAY DIFFRACTION BY A SINGLE CRYSTAT

The theory of the interpretation of the diffraction
spectra of X~rays by single crystals is now well established.
It has been discussed in original papers, text books, and
Ph.d. theses. It‘was therefore thought superfluous to give
yet another account/exéept for a very short outline as a

basis for the work which follows.

A crystal may be regarded as a three dimensional
repetition of a certain electron density distribution, as
far as X-ray diffraction phenomena are concerned. Hence a
crystal may be represented by a three dimensional Fourier

summation
+oﬂ

222 P(uke) cos 2T [0x + ky + €5 - a(nke)]

<u4

Q (x,y, z) =

- 0O

where 0 (x,y,z) is the electron density atax,éy,cz,
F(hke) is the "structure factor" of the (hke) plane.

and a(hke) is the phase angle of the structure factor.

The gquantity "structure factor" is complex. It
represents the amplitude and phase of the wave "reflected"
by a particular plane in the crystal as compared with the
same wave "reflected" from the same plahe when the cell
cqntents are replaced by just one electron. Thus we may

write
F(hk¢) = A(hke) + i B(hke)



(v)

If the n atoms in the cell are assumed to be centred
at specific points

r=n

A(hke) =7r§1 £, cos 21?(hxr+ kv, +£zr)
4 r=n
B(hke) = ril £, sin 27 (hx, +ky, +0z )

It then follows that ten a(nke) = SHEEE

ff is known as the "scattering factor" of an atom and
accounts for the fact that the electron density of an atom is
not canfined to a point, but is spread out over a volume

stretching to infinity.

The magnitude of the amplitude of a diffracted wave, as
compared to what would be diffracted by a single electron in

the cell, is thus the modulus of the structure factor
[F(uxe)) = & a2 + B2

The intensity of any reflected ray will be a function of the
sguare of the amplitude. Hence the modulw of structure

factors can be measured expérimentally, but not their phases.

A rough knowledge of the phase angles can, therefore,
only be obtained by indirect methods. Once a trial structure
has been found various iteration processes are available to
approximate more and more closely to the correct phase
angles. Consequéntly the electron density in a cell can be
calculated with a precision only 1imited, in the end, by the

errors involved in the measurements of intensity.
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2:83 - 8:9 DIBENZPERYLENE
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Introduction

The~experimenta1 determination of bond lengths, bond
angles and bond energies has for some time been the topic
of many investigations (Evans & others, 1951). These
experiments have been proceeding hand—iﬁ—hand with
theoretical investigations aimed at calculating the bond
properties, based on assumptions and approximations about
the nature of the electronic configuration in atoms and
molecules. It 1s hoped that these studies will lead to
a more fundamental and exact understanding of the properties
of compounds. X-ray crystallographic investigations are
particularly suitable for this work as it is possible to
discover the total electron distribution as well as the
inter-atomic distances and angles. Aromatie hydrocarbons
have had particular attention in this work because the C - C
bond "orders" can be calculated fairly easily, and variations
in the corresponding bond 1éngths are sufficiently large to
be detected and measured by means of single crystal X-ray

analyses.

This X-ray crystallographic study of 2:3 - 8:9 dibenz-
perylene is meant as a further contribution towards the
experimental determination of bond lengths and angles in
aromatic hydrocarbons. Recently, theoretical calculations

on this compound (Watson, 1956), based on molecular orbital



ideas, have been started in the University of Glasgow.

Preliminary Studies

The crystals were prepared by Clar (1932), and
crystallized by sublimation into long, thin, yellow needles.
On some specimens the (1,0,0) and on nearly all the (0,0,1)
faces could be recognized. The needle axis was found to
be parallel to the unigue axes of the monoclinic unit cells.
Good extinction of polarized light was observed under the
polarizing microscope when the needle was parallel and

perpendicular to the plane of polarization.

Attempts at cutting the crystals were unsuccessful,
because the needles tended to split along the needle axis
to form large numbers of very small crystals. Even if this
did not occur visually, cracks, invisible under the micro-
scope, must have been formed. If any crystal which had
been cut was examined with X-rays, partial powder rings

were observed.

Crystal Data

2:3 - 8:9 Dibenzperylene, Cog Higs M = 352.1;
m.p. 343°C; d, cale 1.375, found 1.348 gm./c.c.; monoclinic
system, a = 16.59 £ .04, b = 5.23 £ ,01, ¢ = 20.6 ¥ 0.1,
A., B =107.8° £ 0.8° Aabsent spectra, (hkl) when k +£ is

0odd, (hOeg) when h is odd and when € is odd, (oko) when k is



odd; Space group Cgh (A2/2), although Cg (Aa) is permissible
according to the absent spectra; four molecules per unit
cell; Volume of unit cell 1702 Ag; Absorption coefficient
for X-rays, M= 1.542 A, u = 6.84 cmi Total number of

electrons per unit cell = F(000) = 736.

Analysis of the structure

The outstanding feature of the particular habit of
dibenzperylene is the short b axis of 5.23 A. Other
aromatic polycyclic hydrocarbons such as Coronene (Robertson
and White, 1945) and Ovalene (Donaldson and Robertson, 1953)
have short unique axes of 4.70 A. In these compounds the
planaf molecule is inclined at roughly 45° to the short axis.
Thus it seemed almost inevitable that the arrangement of the
molecule in the unit cell would be similar in dibenzperylene,
except for the presence of the face centred lattice. There-
fore a study of the (hof) reflections appeared to be the

most rewarding procedure.

Two Space groups were possible Cé (Aa) without a centre
of symmetry, or Cgh (A2/a) with a centre of symmetry. 1In
the non-centred space group the atoms of the molecule would
have to lie in general fourfold positions, while in the

centred space group there were three possibilities:-

(i) the centre of the molecule co-incident with a

twofold axis at(él



(ii) the centre of the molecule co-incident with the

centre of symmetry at,

(iii) the centre of the molecule co-incident with the

centre of symmetry atC)

The first of these possibilities (centre at (@) can be

ruled out at once from packing considerations.This would require the
mo Leculor ‘:Lmu. lo be (mraLLc.L to (059, but the g axis s not long enough to allow such f“h"%'

Perylene (Donaldson, Robertson & White, 1953) has a
molecular centre of symmetry according to the chemical
formula, but it is not made use of crystallographically,
although two molecules are related to each other across a
centre of symmetry. Perylene 1s known to have a dipole
moment when in solution. It is believed that no measure-
" ment of the dipole moment of 2:3 - 8:9 dibenzperylene has

yet been made. As no two molecules could be related to

ont ove molaculas in the

each other across a centre of symmetry with e—b—axis—of—onl:s
unil cell
B-8%—%*.,, and as the simpler assumption was that the molecular

centre of symmetry was utilized in the space group, it was
assumed that the structure employed the space group A2/a.
Although the projection down the b axis refined well and

quickly when this assumption was made, yet this by itself is



no proof that the space group possesses a centre of symmetry.
The molecule will in any case have, if not an exact centre
of symmetry, something approaching very closely indeed to

a centre of symmetry. Since the origin is not fixed in

the ac plane for space group Aa, we are at liberty to choose
the origin at the centre of the molecule. Thus the
projections down the b axis, if not identical, will be
nearly identical whatever space group is assumed. The
essential  difference between the two space groups is in the
position of the centre of the molecule with respect to the
glide plane a. While for space group A2/a the molecular
centre may only be either on glide planesa(position (@) or
exactly halfway between glide planes g(position@ in space
group Aa the molecular centre may be at any distanee from

a glide planegq.

The position of the centre of the molecule can,
therefore, only be discovered by studying the structure
factors of reflections other than those with k = O. However,
ifAfhe stacks of oppositely inclined molecules were to be
related to each other by a twofold screw axis, as is the
caye in coronene and ovalene, then the centre of symmetry
eﬂ;() would have to be made use of in space group A2/a.

This, indeed, was found to be so from a study of the (0k()

reflections.

A survey of the reflections from planes of the ({010)
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zone, with moving film methods, showed that the following
small spacing planes gave outstandingly strong reflections:
(18,0,2), (18,0,4), (s8,0,6), (6,0,16), (4,0,16), (6,0,20),
(1£,0,12). After several trials it was found possible to
arrange traces, drawn to scale, representing these planes

in projection on the (0l0) plane, in such a way that the
lines joining points where all the traces tended to intersect
formed a lattice of hexagons. Due regard had also been
taken of the centre of symmetry at the origin. These planes
must have had strong X-ray reflections because all atoms are
on or near planes represented in projection by the traces.
Thus atoms must occur, in projection, where all these traces
intersect. The hexagons then represent the benzene rings
and showed clearly the tilt of the molecule. There were,
however, sixvpossible ways of fitting the molecule to this
hexagonal lattice. The molecule has a very definite length
to it, for there are five benzene rings joined in a row.

Now the (202) plane was the most intensely reflected plane.
Thus it was assumed that the lengths of the molecule lay
along this plane. There were now only two possible
structures. Trials indicated clearly which of" these was

the correct structure.

Refinement of the [010] zone

The initial work was done on intensities estimated only

roughly from a moving film exposed for only a relatively



short time. The agreement factor, which was defined in the

usual way as

S (s} = [Fuc)]

T{‘ expressed as a percentage
:Iﬁs‘l D ’

was found to be 43% for the trial structure over thé 59
observed planes on this f£ilm. A Fourier synthesis using
48 of the F observed factors as coefficient was constructed
on which 12 out of the 14 atoms in the asymmetric unit were
resolved. The atbms could, therefore, be placed far more
accurately, so that the agreement factor was reduced to
25.4%. At this stage a multiple £ilm moving film series
Wag available. 85 planes were observed representing 40%
of all the independent observable planes inside the copper
sphere of reflection. The same structure gave an agreement
factor of only 25.6% over all these 85 planes. The extra
terms were included in a second Fourier synthesis. This
not only showed every carbon atom resolved, but gave
considerable evidence of most of the hydrogen atoms as well.
The structure taken from this electron density mafw'gave an
agreement factor of 21.9% when the hydrogens were taken into

account as well as the carbon atoms. The C~-H bonds were

assumed to be 1.0 A. long.

Most of the signs of the structure factors had now been
determined, thus further refinement was continued by means
of (Fobs - Fcalc) difference syntheses. The first difference

synthesis indicated considerable atomic shifts, causing the



agreement factor to fall to 16.7% when both carbon and
hydrogen atoms were taken into account. The second differ-
ence synthesis indicated much smaller atomic shifts as well
as a suggestion of anisotropic motion of the whole molecule.
llost atoms appeared to be vibrating more in a direction
roughly parallel to the length of the molecule, and less in
a direction perpendicular to its length. Correcting for
atomic shifts only, not taking into account the probable
anisotropic motions of the atoms,the agreement factor was

now 15.6%.

An empirical scattering curve due to Robertson (1935)
had been used in the initial stages of refinement.  This
was replaced by theoretical scattering curves for carbon
and hydrogen due to McWeeny (1951) after the second electron
density map had been completed. These curves were corrected
for thermal vibrations in the following mannef. We may
write

IFobs‘ = I(s fp + s' £1)
where s and s' are the geometrical structure factors for
carbon and hydrogen respectively,
and f and 'y are the temperature corrected scattering

factors for carbon and hydrogen respectively.

If f¢ and fL are the uncorrected scattering factors for

these atoms respectively,
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it can be shown that

3 - 1, Q—B(Mm_%?)a and. &r' . f"’ Q—B %%79)1

where 6 is the Bragg angle at wavelength %;.

B and B' are constants, known as temperature or —Dzbfﬂ.
factors. Let us assume that the degree of vibration of
the carbon and hydrogen atoms are the same, as the molecule
is probably fairly rigid. .. B =B

sim a)"

A

[Foosl = (54 = s'8.)[ 2 -3(
Sl T Ghes)

if the sum 2 is taken over structure factors with roughly

equal 6 wvalues.

Thus 2 | ol 1: EN-A
A@"{thmwt } B57)

or Z‘le o ﬂ-l ) |
%{Zl(sws‘wl BT -

where k is the unknown scaling factor of the observed

structure factors (which are known only on a relative scale).

. The expression In Z? FoBS’
2 [ (g =44

was evaluated for angles of sin 6 of 0.0 - 0.05, 0.05 - 0.10,

e
0.10 - 0.15, ...... 0.95 - 1.00, and plotted against (44"'.._,_6 .
A



il

The slope of the resulting straight line then gave the wvalue
of -B, where B is the temperature factor. A first determi-

nation of B gave B & 3.5 A?

As has already been said, it was found from the second
difference map that there was a slight suggestion of aniso-
tropic motion of the molecule as a whole, which was visible
to a greater or lesser extent in 11 out of the 14 carbon
atoms of the asymﬁetric unit. To determine the magnitude
gnd direction of this anisotropic>motion more accurately
the temperature factors for planes lying in roughly the same
direction were calculated. The planes were divided into
groups whose normals made angles of @ = 0 - 200, 20° - 400,
40° - 60°, ...... 160° - 180° with the ¢ axis. The tempera-
ture factors, B, were then plotted against the mean value
of # and the resulting curve fitted very besgutifully to the
theoretical curve B = a + B sin® (g - v ), where o and B
~are constants and ¢ is the angle the direction.of‘maximum.
vibration makes with the ¢ axis (Cochran, 1951, a and b).

Values found were o = 2.5 A2, B = 2.7 A%, v = 160°, which

means that 2.5 AS <B < 5.2 A% to give a mean B = 3.9 A?,

in good agreement with the previous determination of

B = 5.5 AS

The agreement factor was found to be 16.2% £e® neglect-

ing the hydrogen atoms, and 15.1% when they were taken into

usin g Cha
account whes—bthis anisotropic scattering curve wes—used; an



L«

! Variatidn of temperature factor with direction relative to_the a axis.
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improvement of 0.5% over the isotropic curve. A third
difference map was calculated using the anisotropic corrected
structure factors. From this map it appeared that the
anisotropic motion had been correctly accounted for, and

that most of the carbon atoms had been moved to the positions
in best agreement with the experimental data. There was
also a very slight suggestion that there is a denser

electron distribution in the neighbourhood of chemical

bonds. This has also been previously observed by Cochran
(1953) on salicylic acid, but not by Sim, Robertson and
Goodwin (1955) on benzoic acid nor by Cruickshank (private
COmmuniCation) on Anthracene. 5 out of the 14 atoms were
moved slightly, but the agreement factor went up to 16.3%,
probably because these atoms had been overshifted. Thus

the structure indicated by the second difference map was

therefore assumed to be nearest to physical reality.

A final electron density map using 83 out of the 85

observed structure factors was calculated.

Orientation of the molecule in the crystal

The projection of the structure onto the (010)
plane gave two co-ordinates of each atom with a good
degree of accuracy. A projection along another
crystal axis was not worthwhile because of insufficient

resolution and lack of informstion. Thus only
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indirect evidence of the third coordinate could be obtained.
A study of the projection onto the (010) plane makes it clear
that it represents the dibenzperylene molecule built from
approximately regular planar hexagons of carbon atoms, It
was therefore assumed that the molecule was planar. With
this assumption the agreement in the (0Ok&) zone between
dbserved and calculated structure factors was as good as in
the (hO#) zone. It does, however, appear conceivable,

from a study of bond lengths and ai:gles, that there is a
slight divergence from an exactly planar structure. This
can, therefore, only be detected with certainty by methods
such as Booth's bounded projection or a three dimensional
fourier series. A generalized projection may possibly |
detect such a variation, but probably not with any great

certainty.

The usual method for determining the molecular orienta-
tion (cf. Coronene; Robertson & White, 1945) could not be
used because of the irregular nature of the central carbon
ring, and hence the uncertainty of determining A#M' The
relations given in the above paper must and are, however,

be satisfied.

- Orthogonal axes were chosen parallel to the a and b
axes and their perpendicular c¢'. These axes were called
X, Y and Z, respectively. The oblique axes, X, ¥y, & are

then related to the orthogonal axes by the relationships

~r

X =X + 2z cos B ; Y =y ; Z =z sin B
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The molecule had then to lie on the plsne Y = AX + BZ + C,
where X and Z are the known coordinates for each atom. If
the space group is A2/a, then Y = 0 or % } If the space
%(' the molecular cenler,
group is Aa then Y may vary between,0‘<:Y<<:Z an  Whatever
the value of C the orientation of the molecule is given by

A and B, To determine the orientation of the molecule a

method of least squares described bhelow was used.

Let R be the "real" bond length - which is what we are
trying to determine.

Let Y N and YQR‘be,the ""real" coordinates of two atoms

1
at the ends of a chemical bond .

St -1 s B (x - 2P - (2 - 2y)P
or (v, - YzR) - tJRe_ (X = X5)% - (37 - 2)% ... (1)

[the sign of this root can be determined from a rough
knowledge of (YlR - Y2R)]. Hence, using the method of

least squares, we see that we have to minimize the function
R R 2
Fo= 3[(y" - Y,o) - (Y] - Yz)]
Whefe 2 1is taken over all bonds in the molecule.

But Yi = ﬁ? + B21 + C and Y2 =.AX2 + B227+ C

F = 2[(Y1R - Y2R) - A(X; - X5) - B(%, —,22)12

b 3

N

" 5
To minimize F we require %i~= 0 and 5% = 0,

When the resulting two simultaneous equations in A and
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B are solved for A and B we find that

(5 (o). Ttz ~{ 0 ke 2). 5 o]

B ) h 2
{Se-2)] — (T 3 (22 }

P o e A P e B A s AT )
REAUSBACES IS D CEN A

" Thus to determine the values of A and B it 1s necessary

to calculate the quentities 3(v," - v.)(x, - X,),

2yt - 1) (2 - 2.), (X - X%, 5(3) - 35)%,

Z(Xl - X2)(Zl - Zg). To determine the factors (YlR - Y2R)
equation (1) was used, but to use equation (1) it is
necessary to have a knowledge of R, the real bond length!

An estimate of R was obtained by drawing all possible 25
Xekuld structures (Gordon, Davison, 1951) and hence finding
an estimate of the bond order of each bond. From a bond

order - bond length curve, the values of R were read off.

The points selected for drawing this graph were:-

Compound Double bond character Bond length in A,

Diamond 0%

(corrected for sp

hybridization)
Graphite %53% 1.42
Benzene 50% ‘ 1.39
Ethylene 100% 1.34

It must be admitted that there is no theoretical
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foundation for the application of Kekulé structures to

large compounds of this sort; yet it cannot be denied that,
in practice, surprisingly good agreement between bond
lengths estimated by this method and experimental determina-
tions is invariably obtained (e.g. for coronene, ovalene,
perylene and pyrene). A good approximation to the truth
might therefore be expected. Any difference between the
‘assumed value of R and its correct value should cancel out

between the different bonds.

Values of A and B were determined by this method, and
hence values of the fnuﬁ@hhaﬂm*«&scould be calculated for
_each atbm, provided a value of C was assumed. First C was
assumed to be equal to zero, so that the molecule was in
space group A2/a with its centre at (0,0,0)(origin as in
international tables). A study of the reflections in the
[100] zone was carried out. Poor agreement was obtained
for reflections with k odd, and hence £ odd also; bdut
reasonable agreement was found for reflectiohs with k even,
and hence @ even also. The two centres of symmetry,
and.CjL in space group A2/a are removed from each other by
vy = %, Z = %', x = 0. Thus only the magnitude of the
structure factors with even indices would not be affected
by a change in position of theAmolegular centre from.‘D to
C), as the change of angle involved for such planes will

ve 0, 2.%, 4.Z, ..... that is 0,7, 2T, ..... Wo such
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systematic error was found when the molecule was assumed to
be at the centre of symmetry(}vﬂmehydrogeﬂ atoms were
included. The agreement factor came to 15.3% over the

21 observed reflections. A number of slightly different
values of A and B were tried (thus slightly changing the
molecular tilt), but no improvement could be obtained on the
agreement factor. No trials were made in changing the
actual position of the molecular centre slightly, thal is
placing the molecule into space group Aa, rather than A2/a.
Th#$ would have involved the accurate determination of the
three constants in the equation Y = AY + BZ + C for the
molecular plane, when all three were already known to a fair
degree Qf acecuracy. Such determination could only have
proceeded by either trial and error or a least square method
on rather scanty experimental data. This was not théught
worthwhile. The best temperature factor, B, was found to

2

be B = 5.2 A® equal to the maximum damprralure factor in

the (010) projection. The best plane was found to be:-
AL Y = ~1.068X - 0.512Z 4 2-148

The orientation of the

\\//\\ molecule in the crystal is given in

\A ™ Table I WheI‘eth, YL’ wL; 'XM, /\VM’

Wy X N,’W’N, wy, are the angles

which the molecular axes L, M and

their perpendicular N make with the
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orthogonal axes a, b, c¢' chosen above. The figures in
brackets are those obtained by the Booth back shift method
of refinement. This will be discussed in more detail in

the section on accuracy.

K, 121%5' (115° 0°) | cos X  -0.5208 (-0.4225)
VL 969551 ( 9o°’ 8") cos Ay -0.1204 (-0.0047)
o 323" (1 24°56') | cos w. +0.84%6 (+0.9068)
Xy 53°25' ( 53°321) cos Ky  +0.5937 (+0.5944)
o 139°3 (139°12") cos A  -0.7624 (-0.7571)
wy;  75° 5' ( 74°17") cos +<?.2574 (+0.2709)
Ry 46;56' (>46048') cos Ky +0.6870 (+0.6844)
A 49%42t ( 49515') cos Ay +0.6468 (+0.6552)
Wy 70°%39t ( 71° 5') cos wﬁ +0.3314 (+0.3241)
TABLE I.

The results show that the angle between the plane of
the molecule and the (010) plane, which is expressed by Wi
the angle between the normal to the molecular plane dénd the
b axis, 1is 49042'. It is interesting that while in the case

of coronene (43.7°) and ovalene (42.8°) the molecules are
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inclined at less than 45° to the (010) plane, the inclination
is greater than 45° for dibengperylene, as might be expected
from its slightly longer b axis. The results also show

that the L axis of the molecule is very nearly, but hot
exactly, in the (010) plane, as Vi, is very nearly 90°

according to the difference map refinement. This is also

varified because the mean angle between the L and M directions

projected on the (010) plane make an angle of 92°30' with

each other, not 90°.

The perpendicular distance between the molecular planes

. . b
is given by D COSVA(N” or 5 , which is 3.38 A.
: 3A§ + B + 1

(3.42 A.) almost identical -with the inter planar distance in

graphite (3.40 A.)
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Projection of the dibenzperylene structure on (010).Contour

scale,one electrom per A.,the first le/Ag line being dotted.
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Accuracy

When bond bond lengths and inter-molecular distances
had been calculated there were found some rather unusual
distances. It was also noted that the final positions of
a number of atoms had refined fo positions which did not
coincide with the maxima on the final electron density map.
It was therefore regarded as important to obtain a check on
the results obtained by means of successive (Fb - FC)
synthesis. This was done by correcting the apparent
positions bf the maxima on the final electron density map
by means of the back shift method suggested by Booth (1946).
These ‘back shifts' are the difference in position of the
maxima on an 'observed' and 'calculated' electron density
map, and should account for any error due to the finite
termination of the infinite Fourier series employed, and
the effect which the electron cloud of one atom,héS‘on the

apparent position of another neighbouring atom in projection.

The electron density on the ac plane was computed at

1,800 in the asymmetric unit from the series

e (3) - ZZ F( Koz)mnr(k +Q}L>

The a axis was subdivided into 120 parts, the intervals

cmmp

being 0.138 A. The ¢ axis was also subdivided into 120
parts, which gave intervals of 0.173 A. along this axis.

The summations were carried out sometimes by means of three
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figure strips énd masks, or else with Beevers-Lipson strips.
The position of the contour lines was obtained by graphiéal
interpolation from the summation totals, by making sections
of rows. The positions of the maxima were fixed by means
of a numerical method due to Booth (1948), which uses the
electron densitj at points in the vicinity of maxima. These

calculations were carried out for both FO and F

bs calc
synthesis.

The results show that the magnitude of the back shifts
are small, all being smaller than 0.03 A. Thus, in general,

the centres from the F and Fcalc synthesis are ciose

obs
togéther, but considerably removed from the centres obtained
by means of successive difference maps. These results are

" illustrated in Tables II and ITT.



TABLE II: Showing magnitude of back shifts.
m, synthesis | o0t e eeted | efahirt in A
Atom !

X360 %560 X360 %360 | Ax Az
A -21.2 95.5 -21.3 95.1 .005 .01l
B’ -4.8 113.6 -4.6 113.5 .009  .006
¢ 7.0 1o7.8 16.5  107.9 .023  .006
D 33,7 125.6 33.4 125.8 .0l4 .01l
E 52.6 120.3 52.4 119.9 .009  .023
F 57.6 96.6 58.1 o7.1 .023  .029
G -41.7  101.1 -41.5 101.3 .009 .01l
H -45.8 125.6 -46.1 125.4 .0l4d 006
I -66.4 131.4 -66.6 131.4 .009  .000
J |-68.9 155.1 -69.1 154.8 .009  .0L7
K -54.5 171.5 -54.2  171.7 .014 .01l
L -35.6 166.3 -35.5  166.53 .005  .000
M -30.7  143.0 -31.2  142.9 .023  .0086
N ~9.7  136.7 ~9.6  137.0 .005  .017
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TABLE ITII:

Showing divergence between positions of atomic
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centres according to both methods of refinement.

"Booth" corrected | Difference map Magnitude of
centres centres divergence in A
Atom ’

L 360 Z.360 x,360 %.360 Ax Az
A -21.3 96.1 -21.6 95.7 .014 .034
B 4.6  118.5 -4.8 114.0