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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.



PART B

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.

! LI

o
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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



16
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

26



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 .009  .029
C 16.56 107.9 16.2 107.7 .014 .01l
D 33,4 125.8 33.6 126.0 .009 .011
E 52.4 119.9 52.8 119.7 .018 011
B 58.1 o7.1 | 57.6 98.0 .023 .062
G -41.5 101.3 -40.8 101.4 .032 . 006
I -46,.1 125.4 46,2 126.0 .006 .034
I -66.6 131.4 ~-656.4 132.0 .0556 . 034
J ~69.1 154.8 -69.6  156.0 .025  .069
X -54.,2 171.7 -54.6 171.9 .018 011
L ~-35.5 166.3 -34.8 166.2 .032 . 006
M -31l.2 142.9 -31.2 142.8 . 000 .006
N -9.6 137.0 i -10.8 ;57.4 .055 .023




28

The "Booth" corrected x, z, co-ordinates were used to
obtain a new set of y co-ordinates for all atoms, by
precisely the same least square method as was used for the
co-ordinates found originally from the difference map
refinement. The values of A and B thus found for the best
molecular plane Y = AX + BZ + C were assumed to be accurate,
and hence were not varied to reduce the agreement factor any
further as\had been done previously. It was assumed also

that Che !-Ai\‘oLagu(.o\r cenfer was af (0,%", _f;-)

The agreemeﬁt factors were found to be:-

Booth corrected Difference Map
centres centres
~In the (hO¢) projection '
for 85 planes 15.1% 15.1%
In the (OkR) projection ‘
for 21 planes 14.5% 15.3%

Agreement factor for uncorrected centres from.Fo synthesis

was 16.2%.

The plane of the molecule could be represented by the

equation as:~

!

Booth corrected structure Y = -1.0478X = 0.4962% + 27019

Difference map structure Y = «1.0621X -~ 0.5123% ¢.§$@¢9

It is far from clear why both these methods of refine-
ment should give answers which are so different. This is
not a question of significant error, since we are starting

with the same numerical data in both cases, and should
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therefore be interpreted unambiguously. Dr. A. Vos (1955),
however, found it desirable to do two or even three back
shifts corrections, while in this work it has been tacitly
assumed that one back shift correction should completely
account for the incorrect position of the maxima on the
observed electron density map. It is possible, therefore,
that less emphasis should be placed on the Booth method of
correction. Significance tests were carried out to

investigate this more fully.

Significance Tests

Booth (1946) showed that for centrosymmetrical structures

()= o (x) = o)
where f% and X, is the density and'X'co-ordinate of the nth
atom at its centre, respectively, and < represents the

standard deviation.

The difficulty was the exact determination of the
constant of proportionality. This difficulty does not
arise in the formulae given by Cruickshank (1949 and 1954).

He shows that, provided the centre of an atom is at
~
~<)= 2
¥-52-%-0

L ,
) 2§§~ are negative, we have

2

ana do , g
Dt B(a‘
amw

() Flrrreset
and similar expressions for 0‘(%jl) and 0—(%69 )

3
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where A F = Fobs - Fcalc

V is the volume of the unit cells

and m is the multiplicity of the plane.
. 1
Then lea ( = ",-{ m AF-&}‘-
®) = V%%

and o—'(x)v = | i@f) 0_((3) - _g:g') ), o—b ﬁ)

Ve Y,
When applying these results to two dimensional data
it is necessary to observe that the above conditions under
which these formulae hold are valid. Thus all atoms must

be resolved. The above formulae will reduce to

Qp) { gz mA* 4 } and a similar
0%

expression for c(g@) for the [010] zone, where A is the
Y ‘

aree of projection; and

(()) { ZmAF}

All quantities required in the above formulae can be
casal

calculated pexcept é\g_ %@1 y %@2 . In order to estimate
these, it was assumed tha‘r‘? the a‘zboms can be represented by
Costain's formula Q = A e‘rr . ¢ 1s the density at a
distance r from the centre of the atom. p is a constant.

It was found that this represented the shape of the carbon

atoms in dibenzperylene extremely well. The best fit was
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» -3.84 r2
found to be € =T7.24 e ° . Vslues of A and p were

obtained by plotting P.mﬁ against r2 to obtain a straight
line of slope p, making an intercept of A on the A e axis.
-p
2
Now L@. a 2AP (2[\3'—-') P

Irr
S. whenr = 0 (at centre of atom)

y . = 2Ap = -5560
:r@) )

r20

(Y > Ye - -5
» [Le - [28) = -5%¢0
© (%.—ig)ﬂ . (3 13'“).,:0 (ahz’)rm

The results of the significance tests are given in Table IV.

i
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TABLE IV,

Results of significance tests.

tit Booth corrected Difference map
Quantity centres centres
o(F) for (hoL)
reflections 7.1 6.5
«(F) for (ORR) ,
reflections 6.9 7.0
(@) for (010) -2 -2
pgojection 0.285 e.A, 0.263 e.A.
o(x) in (010)
projection 0.0149 A. 0.0154 A.
o (y) from
(0Oke) reflec- 0.0302A. 0.0222 A,
tion
o(z) in (010) o |
projection 0.0156 A, 0.0154 A,
o(r) | 0.0214 A. 0.0180 A.
oc(dist) 0.0303 A. 0.0254 A.

o(r) is the R.M.S. value of o(x), o(y) and o(z).
cP(aist.) = o2(r) + o(r) , i.c. O(dist.) = N2 & (r),
where o (dist.) = standard deviation of interatomic

distances (Cruickshank & Robertson, 1953). As is seen,

32
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Cruickshank's tests were applied to the [100] zone. The
tests are, however, not quite applicable as there is little
resolution of atoms when they are projected onto the (100)
plane. It is hoped that these tests might give a little

indication of the error involved in the y co-ordinate.

Co-ordinates and Dimensions

Two of the co-ordinates of the atoms were measured from
the various projections onto the (010) plane. The third
was calculated from the last equation of the molecular plane
Y = AX + BZ + C, using orthogonal co-ordinates. As the
molecule has an exact centre of symmetry, only half the atoms,
those of the asymmetric crystallographic unit, are listed.
All other atoms in the unit cell may be derived from the
operations.i~—

(xy ¥, 2), (i-, ?4- %’ Z. 2); (x4

5 vyfbyz),(ET%,Yf%,E+£);

N

(x, Y4 by Z+£)9 (E’ §+b953+°)3(x+§_9§+ by,z+ 2)1(51--0 aa79;—'—"‘0)o
2 2 2 2 2 2

Tables V and VI give the co-ordinate of the fourteen
atoms in the asymmetric unit obtained by difference map and
"Booth" correction refinement methods respectively. The
Oblique co-ordinates x, y, z are given along the unit cell
edges a, b, ¢ and the orthogonal co-ordinates, X, Y, Z are
measured parallel to the unit cell edges a and b, and parallel

to the ¢' axis perpendicular to g and b.



TABLE V:

Atomic co-ordinates and dimensions

in A.

- Difference map refinement.

54

Fraclional co-ordinale s

Obligque co-ordinates

Aom X360 X360 2.360 x y z
a b c
A | -21.6 159.0 = 95.7 -0.995 2.31%  5.476
B -4.8  90.7 114.0 -0.221  1.320  6.523
C 16.2  24.1  107.7 0.746  0.352  6.165
D 35.6 -46.4 126.0 1.548 -0.680  7.210
E 52.8 -107.1  119.7 2,433 -1.562  6.849
F 57.6 =107.9  98.0 2.654 -1.574  5.4953
G | -40.8 220.1 101.4 -1.880  5.200  5.802
H | -46.2 222.4 126.0 -2.129 3.234  7.210
I | -65.4 £8%.3 132.0 -3.014  4.118  7.553
J | -69.6 281.8 156.0 -3.207  4.097  8.927
K | -54.6 221.1 171.9 -2.516 3.215  9.836
L | -34.8 158.1 166.2 -1.604  2.299  9.510
M | -31.2 161.1 142.8 ~1.438 2.543  8.171
N | -10.8  95.8 137.4 -0.498 1.594  7.862




Orthogonal co-ordinates

X Y y/

-2.665 . 2.313 5.214 A
-2.211  1.320 6.212 B
~1.184  0.352  5.869 c
-0.652 -0.680 6.866 D

0.344 -1.562 6.522 E

0.978 -1.574 5.231 F

-3.650  3.200 5.525 G

-4.329  3.234 6.866 H

~5.318  4.118  7.192 I

~-5.930  4.097 8.501 5
-5.517  3.215  9.366 K

-4.505  2.299 9.056 L

~-3.931 2.843 7.781 M

-2.896  1.394 7.487 N

34(a)
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TABLE VI: Atomic co-ordinates and dimensions in A,
—~ "Booth" correction to atomic positions.
Fraclional co-aidinales Oblique co-ordinates
Arem | x 360 & 56;) £ 360 x y z
g B e
A -21.3 158.1 95.1 -0.982 2.297 5.442
B -4.6 92.5 113.5 -0.212 1.344 6.494
C 156.5 25.4 107.9 0.760 0.369 6.174
D 33.4 -40.4 125.8 1.539 —6.587 7.198
E 52.4 -100.4 119.9 2.415 -1.459 6.861
¥ 68.1 -106.9 o7.1 2.677 -1.553 5,556
G -41.5 22l.7 101.3 -1.912 3.221 5.796
H -46,1 224.0 126.4 -2.124 3.255 7.175
I -66.6  288.9 131.4 -3.069 4.198 7.519
J -69.1 284.4 154.8 -3.184 4,132 8.858
K -54.2 225.7  171.7 ~2.498 3.279 9.8256
L -35.5 166.5 166.3 -1.636 2.419 9.516
M —51.2- 164.9 142;9 -1.438 2.396 8.177
N -9.6 96,3  137.0 -0.442 1.399 7.839
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Orthogonal co-ordinates | Atom

X Y A

-2.708  2.297 5.161| A

-2.273 1.344 6.158 B

—10199 00369 50855 c _!. .

-0.745 =0.587 6.826 D

0.238 ~=1.459 6.506 E

0.915 =1.553 5.269 F

-3.751 3.221 5.496 GAf

-4.401 3,255 6.804| H /

~5.455 4,198 7.130 I

-5.995 4,132 8.400| I

-40655 20419 90024 Il

-2.929 10399 70434 . N 0

An inaccurate value df(iz 108.5, instead of
@: 107.8,was used for calculating these
co-ordinates.
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Normal projection of two parallel molecules.
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Inter Molecular Distances

The verpendicular distance between molecular planes
is 3.38 A. by difference map refinement and 3.42 A. by
Booth back shift refinement, but the individual atoms do not
occur vertically above each other. There is a pronounced
tendency to avoid such overlap. The closest approach
distances are between atoms A and D, , where the distance is
3.44 A.  The atom to atom distances F' B, C,G , and E'B
are 3,46, 3.48 and 3.50 A. The distances LlJ, MlI’ NiH,
BlG are 3,76, 3.78, 3.73, 3.71 A. respectively. All

distances refer to the difference map structure.

The approach of one molecule to another is in places
very close, the closest approach distance being 3.18 A
(difference map structure) or, according to the Booth

structure this distance is 3.17 A.

If the molecules whose centres are at (0,%%; 3¢ ),
(o)g,&’ L ), (_ia,%b,%tc. ) (9 %Qr, %'C-) are denoted by Ia,
Ib, ITa, IIIa, respectively then the inter-molecular approach
distances less than 4.0 A. are listed in Table VII. All

distances refer to the difference map structure.
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TABLE VII,

Showing Inter-molecular distances

less than 4.0 A,

Ia IITIa distance Ia iIa distance Ib IIa distance
L L' 3.18 A, E J 3.90 A. E J 3.80 A.
L K'. 3.94 A, E I 3.81 A, E I 3.73 A.
K Nt 3.54 A, B I 3.81 A. F I 3.79 A.
ITa TIIIa

J X! 3.72 A.

J Jt 3.78 A.

K K! 3.67 A.

7 .
e i o v T v Ve i e et
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TABLE VIII: Showing bond lengthsinA.
| Difference map | Booth corrected [Keiuld Kekule double
Bond length ) length length . bond order
AB 1.48 1.45 1.46 0.2
BC 1.49 1.48 1.50 | 0.0
CD 1.50 1.43 1.36 0.6
DE 1.38 1.35 1.39 0.4
EF 1l.44 1.42 1.36 0.6
FGf 1.45 1.44 1.39 0.4
CA' 1.44 1.40 1.39 0.4
AG . 1.37 1.43 1.39 0.4
GH 1.50 1.46 1.46 0.2
HT 1.37 1.45 1.39 0.4
IJ 1.45 1.38 1.36 0.6
JK 1.29 1.31 1.39 0.4
KL 1.41 1.32 1.36 0.6
I 1.39 1.41 1.39 0.4
MIT 1.43 1.52 1.46 0.2
NB 1.45 l.44 1.35 0.8
MH 1.34 1.33 1.39 0.4
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Bond angles are shown on diagram below for difference

map structure.

[N
s
-

Assuming the Kekuld bond lengths as correct, it was

found that:-
Booth corrected Difference map

Quantity structure structure
Discrepancy . | 3.1% 3.4%
Standard deviation 0.050 A. 0.062 A.
Maximum difference (vB) 0.09 A.  (CD) 0.14 A,
Largest bond (M) 1.52 A. o 1720 ﬁ:}
Shortest bond (JX) 1.31 A. JK) 1.29 A.

Mean bond length 1.41 A. 1.42 A,
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Discussion

Perhaps the most unexpected result is the very close
intermolecular distance of 3.18 A. The hydrogen atoms
attached to the two atoms concerned clear each other by
2.9 A. Nevertheless these two carbon atoms-approéch each
other far closer than one would expect from earlier measure-~
ments, although such short non-bonded C - C distances have
also been observed by Herbstein and Schﬁidt (1954a). It is
true that there is a possibility that the correct space
group might be Aa, not A2/ as has been assumed, &e=thed Aence
the molecular centregxgave been placed a little incorfectly.

But even if this were the case it would not affect this

distance as the two molecules concerned must always be

> >
related to each other by the translation % + % . The only

difference a change to the lower symmetry spaée group could
make 1is to make possible a slight.  e=tEewmewnd change of
inclination of the molecule to the b axis. prever, a
considerable change would be required to bring the - two
atoms concerned 3.40 A. apart. It therefore appears to be
extremély probable that this short intermolecular distance

is significant. There are two possible explanations:-

(i) The distance of 3.40 A. assumed to be the non-bonded
radius of carbon atoms has only been measured in a
direction perpendicular to the three bonds of

aromatic carbon compounds, such as the inter layer
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spacing for graphite or for large hydro-carbons.
Because of the presence of hydrogen atoms there
is in general little opoortunity for carbon atoms
to approach each other in the direction of the
plane of their aromatic bonds. It is therefore
possible that a slightly shorter Van der Waals
distance is operative in a direction perpendicuiar
to the normal of planar hydro-carbons. The two

molecules which approach each other too closely are,

in fact, very nearly co-planar.

(ii) The assumption that the molecule is planar was wrong,
and had this assumption not been made the two atoms
concerned would not have been nearer to each other
than 3.40 A. There 1s some evidence for this,
because perylene itself has a dipole moment, although
X-ray studies appear to show it to be planar. Any
change from planarity should, however, be amplified
in the two outer benzene rings of dibenzperylene.

The long bond length CD might indicate a strain due
to the slight overcrowding, hence causing a deviation
from planarity. If this is the case it might
possibly explain the rather unusual bond lengths

Aand angles. For instance, JX appears to be shorter
than a double bond. If, however, atoms J and K

are considerably displaced from the mean plane, as
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one would expect since they are in the outermost
ring, then the real bond length would be longer than

that calculated when a planar molecule is assumed.

Dibenzperylene is of particular interest because the
bonds BC and B'C', as in perylene itself, have completely
single bond character according to the Kekulé structures.
The bond length found was 1.48 - 1.49 A., as compared with

1.50 A. in perylene.

Discussion of Molecular Orbital Calculations

The results of the theoretical calculations of bond
orders from molecular orbital theory were obtained from
Watson & Goodwin (1956) after this thesis had been nearly
completed. The results are quoted in Tables IX and X,
where they are also compared with the experimental X-ray
measurements. Bond orders were converted to bond lengths
by means of the bond order-length graph proposed by Coulson

(1951).

There is less agrecement between these theoretical
calculations and the difference map results than there is
between these calculations and the Booth bgck shift refine-
ment results. It may, therefore, be possible that the
latter is a better method of refinement when all atoms are
resolved. In any case the moiecular orbital calculations

bear out the orediction made in the general discussion that
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the outermost ring has a slight distortion. These results
indicate that atoms X, L and M are either on a slightly
different plane than the rest of the atoms in the asymmetric
unit, or that the whole of the outermost ring has a slightly
greater inclination’to the (010) plane than the rest of the
molecule, Whatever the case may be, bonds JK, XL, LM, MN
and MH must be regarded as inaccurately measured according
to the two dimensional X-ray data, which can only give the

projected lengths onto the mean plane.

If we accept that this distortion indicated in the
outermost ring is real, then it is of interest to know why
this should be so. Two possible tentative explanations
are offered below, although at present there is no supporting

evidence,

The molecule may be distorted either due to internal
or external forces. The most likely internal overcrowding
is that present in perylene also, between atoms N and D and
also atoms N' & D'. In a completely regular molecule these
atoms would be 2.82 A, apart, while a study of overcrowded
molecules (Hornik, Hedstein & Schmidt, 1954) indicates that
such atoms are never closer than 2.9 - 3.0 A, Perylene
itself has a dipole moment. Although the X~-ray investiga-
tion of it did not reveal any non-planarity, if this were
only slight, then it would be amplified due to the "lever"

of the outermost ring in 2:3 - 8:9 dibenzperylene. On the



other hand, if the molecule is distorted due to external
overcrowding, we must assume thgt the energy of packing is
decreased more by straining the molecule from its planar

form, than the chemical energy is increased by the process.

ot e

45



1Bond

BC
CD
DE
EE
EG--
CAf
AG
GH
HI
IJ
JK
KL

LM

EB

TABLE IX: Comparison of X-ray and
molecular orbital results
Booth refinement
M.0. length length 1471 length

1*45 1.45 .00 1.48
1.47 1.48 .01 1.49
1.40 1.43 .03 1.50
1.39 1.35 .04 1.38
1.38 1.42 .04 1.44
1.41 1.44 .03 1.45
1.43 1.40 .03 1.44
1.42 1.43 .01 1.37
1.46 1.46 .00 1.50
1.41 1.45 .04 1.37
1.38 ire 30 00 T 1.45
1.40 1.31 .09 1.29
1.38 1.32 .06 1.41
1.42 1.41 .01 1.39
1.43 1.52 .09 1.43
1.38 1.44 .06 1.45
1.43 1.33 .10 1.34

"Doubtful" experimental bond lengths, due

distortion of the molecule,

are in red.

All distances are in Angstrom.

to a possible

1*

.03
.02
.10
.01
.06
.04
.01
.05
.04
.04
.07
.11
.03
.03
.00
.07
.09

46

(EQ - Ec) refinement
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TABLE X: Standard deviations

—
: Without doubtful | Cruickshank's
All bonds bonds test
Booth ' .
refinement | O0-O%92 A. 0.0258 A. 0.0303 A.
(Fy - F) 0.0605 A. 0.0487 A. 0.0254 A.
refinement
Experimental

Copper K& radiation, A= 1.542 A. was employed in all
measurements. Rotation, oscillation, and moving-film
photographs were used, the latter chiefly for intensity
records. In the (h0Q) zone of reflections only those with
h even and € even appeared; in the (hlR) layer line the
only reflections recorded were those with 1 + £ = 2n. In
the (0kR) zone of reflections only those with k¥ + £ = 2n

were present. Thus the space group was Aa or A2/a.

Unit cell lengths were measured from rotation phdto—
graphs on which copper powder lines had been superimposed
for calibration of the camera. The B angle was calculated

by measuring the length of the [101] and also the [T01]

diagonals.

Density measurements were made by floatations in

solutions of potassium iodide at room temperature.
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The (hO£) and (0k£) zone of reflections were explored
in detail by moving-film exposures of the equatorial layer
lines for crystalé rotated about the b and a axes. The
multiple-film technique was used to correlate strong and
weak reflections, the total range of intensities covered
was about 5,000:1. Very long exposures (up to 70 hours atv
10 m.a. and 35 kV) were made of both these zones so that it
was possible to record 48% of the total possible number of
independent reflections in the (hOX) zone and 26% of the
independent reflections in the (Ck4) zone. Even fewer
reflections were present in a moving film of the (hkO) zone.
The absolute value of the F values was not determined
directly, but obtained by correlation with the calculated
F values, in such a way that

Z-]Fobsf (scaled) = z,Fc.alctI

Small crystail speciméns were employed which completely
bathed in a uniform X-ray beam. The specimen used for the
(h0R) zone was 2 mm. long (parallel to.the b axis), 0.2 mm.
broad and 0.15 mm. wide. The specimen used for the (0k&)
zone was 0.43 mm. long (b axis) and 0.07mm. wide (¢ axis).
Because of the difference in the X-ray path lengths through
the crystal for different positions of thé crystal in the
latter case, absorption corrections were carried out graphi-
cally by drawing and measuring a mean path for the X-ray

beam through the crystal for each reflection (Albrecht, 1939).
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The calculated correction factors varied from 1.05 to 1.35.

There was considerable evidence of extinction of the
(002) reflection in the (Ok{) zone. This could easily be
seen by comparing the (00£) reflections in the (h0O@) and
(0kQ) zones. Most X-rays will have had to pass through
the whole length of the crystal to be reflected off the
(002) planes, which explains why extinction should occur

in this reflection.

The (hOQ) reflections had also been estimated by using
another specimen, but using a rather shorter exposure. The
intensity of the reflections which were observed on this
series of films were estimated and found in good agreement

with those from the other specimen.

The method of summing Fourier series representing
electron density projections has been discussed in the section
on "Accuracy". Difference syntheseés were summed in the

same way using the series
Pose (03 ~ Qe (%3) - _';:9 g ; AF(A08) cr 2T(Ax + £ _3

This series was summed at 900 points in the asymmetric unit.

Both the a and ¢ axes were subdivided into 60 parts. Thus

the summation intervals were == = 0.277 A., < - 0.344 A.

60 60 ~
The atomic centres were adjusted indevpendently to make

et {00 (50) = ] =5



Calculated and observed values of structure factors:

hke 2

002
004
006
008
0010
0012
0016
200
202
204
206
2010
2012
2014
400
402
404
406
4012
4014

(2

sin 6

. 157
. 318
A2
. 629
. 786
. 943
1.258
.195
« 290
4285
. 565
. 870
1.018
1.175
391
468
. 580
.700
1.130

1.275

Fe

T O Ixy

110 102 102

32
30
32
30
14
10

94

168
104
13
10
18
14
144

10

24

34
34
28
28
12
13
94
162
l}l

19
19
142
14
10
58
12
22

&6
34
27
31
17
14
82
156
985

10
17
26
141

33
21
26

hk ¢2 sin 6

4016
4018
600
602
604
606
6010
6012
6016
6018
800
806
808
8016
1002
1202
14012
1602
1604
1606

(1) From difference map refinement
From Booth back shift refinement

1.428
1.5385
. 586
. 655
. 749

« 887

1.118
1.255
1;545
1.690

.781
1.030
1.149
1.670
1.038
1.232
1.888
1.618
1.689
1.765

F
c

62

6
38
43
15
658
12
15
27
18
16
76
38
19
14
21
11
16

66

8
42
42
12
61
15
14
22
18
10
73
38
18
11
23
13
19

51(a)

A = 1.542 A.

T @7

78
18*
36
38
15
66
14
15
31
18
19
90
54
18
11
14
10
8
13



F
C
hke 2 sin 6 7 (1) (Z)lFol

1802
1804
202
204
206
2010
2012
2014

402

404

406
408
4010
4014
4020
602
604
606
608
6010
6012
6018
6020

1.813
1.880
. 210
.316
.450
- 7860
. 900
1.055
373
o423
. 510
.632
. 764
1.050
1.500
« 555
.05
627
71T
. 827
944
1.355
1.500

&2
43
24
92
34
79
13
27
14
&7
26
104
90
14

20

14

14

32

25
22

54
45
21
98
52
o
11
26
24

40

28
94
03
11
18
18
10
26
10
29

O

24
41
23
96
34
o8
14
23
17
356
19
94
106
13
10
20
14
22
14
26

27
19

hke

808
8012
8014
8018
1002
1004

0012

10014

1202

1204
12012
12014
12016

1404
14012
14014
14016
16010
16012
16014
16016
1s012

011

51(b)

i
c
2sino 7 (1) (2) [F,]

. 840
1.020
1.138
1.390

. 935

. 925
1.128
1.225
1.130
1.118
1.255
1.340
l.432
1.300
1.398
1.465
1.545
1.818
1.555
1.610
1.675
1.720

« 307

18
15
16
kg
44
&4
2l
14
655

14
46
18
26
o7
40

17
22
18
18

26
90

18

19
22
46

84

22
12
59
10
il

12
28
95
46

11
26
11
20
26
82

14
13
14
20
47
87
22

54
16
P
54
10
28
87

35

30
10
20
22
78



hke 2

013
015
019

Q111"

0115
020
022
024
026

Q216

0220

] 7
035
0416
ry
060

F

C
sin & 7 (1) (2) EB'

. 580
.498
770
.o17
1.214
. 590
.614
L6753
758
1.592
1.685
.72
1.728
1,769

29
26
38
29
40
83
18
54
22

22

12

30

16
16

41
25
43

30 -

54
55
256
56
28
18
27
42
22
18

41
32
46
34
47
53
19
59
18
18
17
29
16
26

. B1(e)
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Introduction ‘ .

The absorption wibeasinfm red spectrum of the two
chemieally related compounds 1:9 -5:10 -~ Diperinaphthylene-
anthracene (I) and 1:9 -4:10 - Diggg;méphthyleneanthracene
(I1) nad been predicted by Dewar (1952). These compounds

were, therefore, prepared by Clar and Kelly (1954) in order

52

to verify this prediction. Dewar's calculations were found

to be incorrect in the case of I, but this left a little
doubt as to whether the compound believed to be I had been

correctly synthesized.

The X~-ray work had therefore first to establish that
the correct formula had been assigned to the compound. It
Was hoped also to carry this work further in order to
establish the bond lengths and angles, because in this
compound they were of even more than usual interest in view
of the overcrowding between the atoms marked *. When the

work had been in progress for a little time it became
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apparent that it would be impossible to obtain very accurate
afomic co-ordinates by means of two-dimensional data only. .
Thus the work of refinement was stopped once the chemical
formula had been established without doubt, and the nature

of the distortion due to the overcrowding had been determined.

Prelimingry studies

The crystals were prepared

—_— by Clar and Kelly (1954)
and crystallized by

sublimation into what appeared td be long thin prismatic
needles to the naked eye. Under the microscope it could be
seen that the crystals were, in fact, very thin pyramids.
Faces could be recognized on some specimens. These were
probably the (001) and (101) surfaces. Single crystals were
very dark red and opaque, but in quantity or in a finely
powdered form, their colour appeared to change to a very
dark blue. On nearly all crystals thefe were considerable
overgrowths which were impossible to cut off because of the
pliable nature of the crystals. These overgrowths and the
ease with which the crystals could be distorted made it very
difficult to find good specimens for X-ray work. The needle
axis was found to be parallel to the unique axis of the

monoclinic unit cell.
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Crvstal Data

~1:9 - 5:10 Diperinaphthylene anthracene, 054 HiB;
M = 426.1; m.p. 333-334°C.; d, calc., 1.356 gm./c.c.,
found 1.359 gm./c.c.; monoclinic system; a = 11,95 ha .03 A.,
b=7.85% . 02A., c=11.17 £ .05 A., B = 92%8"' ¥ 12",
Absent spectra, (OkO) when k is odd. Space group Cg (le),
although Cgh (le/m) is permissible according to the absent
spectra; Two molecules per unit €ell; Molecular symmetry,
the possibility of either a centre of symmetry or two fold
axis; Absorption coefficient for X-rays, A = 1.542,

1

/p.=r6.50 m —; Total number of electrons per unit cell

= F(000) = 444.

Partial Analysis of the structure by consideration of
molecular packing and statistical distribution of intensities

By far the strongest reflection was found to be from
the (020) plane. This suggested a layer structure with the
mean plane of the molecule roughly perpendicular to the b
axis, The two molecules in the cell would then be stacked
roughly on top of each other as a result of the 2, screw
axis. The molecule is overcrowded as shown by the asterisk
on the diagram in the introduction. It is therefore to be
expected that the molecule will depart slightly from the
Planar configuration as has been found previously in the case
of similar molecules (McIntosh, Robertson and Vand, 1954, and

Herbstein and Schmidt 1954 a and b). The usual thickness
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for non-overcrowded planar molecules such as coronene
(Robertson and White, 1945), Ovalene (Donaldson, Robertson,
1956), as well as the inter layer distance in graphite,is
3.0 A, Thus two molecules stacked on top of each other,
as suggested here, would require the length of the.Q axis
to be at least 6.80 A. In fact, b = 7.83 A., suggesting
that one molecule is (3.4 + 0.5) A. thick, and lying very
nearly perpendicular to the b axis. The 0.5 A. extra
thickness would then account for the overcrowded nature of

the molecule.

This packing was also in good agreement with the lengths
of the a and c axes. If the molecule was regarded as
completely planar and made of regular benzene rings of‘l.4 A,
sides, then it could just be fitted into the area a , ¢
leaving just sufficient space (3.4 A.) between it and the
molecule in the next cell. There were only two such ways
in which a molecule could be fitted into the cell (A) or
(B) .as shown in the diagram. ‘It must be remembered that the
plane of the molecule is roughly parallel td the (010) plane
of projection, which fixes the angle of tilt of the molecule.
The other molecule in the unit cell is % above that shown in
the diagrams and has the same relationship to its neighbours.
This type of packing is very similsr to that found in the

overcrowded hydrocarbon tetrébenznaphthnlene (Herbstein and

Schmidt, 1954 b).
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ER\0)

space groups were possible according to the absent

spectra: CS (P21) without a centre of symmetry, or C2h(P21/m)
with a centre of symmetry. Statistical tests should
distinguish between these two space groups. These tests
should really be applied to three dimensiorial data, but have
been found almost equally successful when applied to two
dimensional data. -Space group P2, possesses a centre of
symmetry when projected onto the (010) plane, thus it would
be useless to apply statistical tests to the (hOL) planes.
Consequently either the (hkO) or (0kf) planes must be
employed to distinguish between the two spacé groups with
only two dimensional data. In fact the (hk0O) planes were
employed. There were 49 observed planes, the remainder were
assumed to hawve half the intensity of the weakest observed
Plane, inside the copper sphere. Each had a multiplicity

of 4, except for the axial planes which only had a multi-

plicity of 2.

Two tynes of tests were applied. The first is due to
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{liean |7} ®
Mean Fe

hawve a different value for centro- and non-centrosymmetrical

Wilson (1949). IHe shows that the ratio should
structures, The other test is due to Howells, Philips and
Rogers (1950). Their test is perhaps a little more satis-
fying for it does not depend on drawing a conclusion from a
single value. They show that the function N(z) has a
different distribution with z according to whether the
structure is centro- or non-centrosymmetrical. .N(z) is
defined as the number of reflections whose intensities are
less than or equal to z of the mean intensity. Both the
Wilson test as well as the distribution curves derived by
Howells, Philips and Rogers are derived on the assumption
that‘the scattering factors for the planes remain roughly
constant. Thus when applying these tests the reflections
must be divided into ranges of roughly equal scattering

factors.
The ranges selected in the present case were:-

Range I sin 6 : 0 — 0.10 (neglectedjas it only
‘ ’ contained one reflection)

Range II sin 6 : 0.10 - 0.40
Range III sin © : 0.40 - 0.60

Range IV sin © : 0.60 -» 0,77
The Wilson ratios for these ranges were:-

Range II Range TTI Range IV Mean
0.379 0.643 0.784 0.603
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Theoretical values of Wilson's ratio:

Non-centred 0.785

centred 0.637

It is, therefore, obvious that Wilson's test completely

fails to distinguish between the two possible space groups.

The result for the distribution curve are given in
Table I (page 59). From this table it will be seen that
the experimental distribution is in general above the centro-
symmetrical curve. It therefore appeared possible that the
space group was le/m‘ Lipson and Woolfson (1952) who
showed that. if the molecular structure possessed a centre
of symmetry which was not made use of in a centro-symmetrical
structure, as for instance in Pyrene (Robértson and White,
1947), then a different diétribution would result. Lipson
and Woolfson called this a '"hypercentric" distribution. The
results in this case appeared to be hypercentric, but that
may well be due to internal symmetry of the molecule. The
molecule could certainly not be related across a centre of
symmetry to another molecule in séace group P2l/m as this
would require four molecules per unit cell, while there are
only two molecules in the cell. A later paper by Rogers
and Wilson (1953) showed that both centro and non-centro-
symmetrical structures could correspond to the experimental

distribution, because there is considerable symmetry in the
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molecule as a reéult of it being composed of six membered
carbon rings. Thus no really satisfactory conclusion could

be drawn from these statistical tests.

The space group P21/m demands that the two molecules
in the cell are related by a mirror plane with the molecular
centre of both molecules on the 21 screw axis separated by
% . This nacking leaves large gaps between molecules.
Nevertheless it was noted that the following high order
planes were very strongly reflected: (600), (601), (304),
(308), (905), (009), (109), (B04), (804), (805). These
fitted in well with the only two possible molecular arrange-
ments (A and B) allowed by packing considerations, for these
structures demand that certain small spacing planes on which
the atoms lie must have very strong reflections. This
suggested that the space group was le/m’ as it would be
unlikely that these planes would still be enhanced if the
molecular centres were no longer restricted to lie exactly
on top of each other along the b axis. Structure factors
were accordingly calculated from which it appeared that
structure A was more likely. An electron density map was
plotted on which every atom was found to be resolved, and
there even appeared to be evidence of some hydrogen atoms.
- Howsever, the structure factors did not appear to improve
sufficiently after the atoms had been adjusted accordihg to

the electron density map.

61
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At this stage it was realized that the unit cell would
have been approximately halved along the b axis if the
structure had been correct. The halving would be exact if
the molecule were exactly planar with its plane perpendicular
to the b axis. In other words if the space group were P2.m
all layer lines on the b-axis rotation photograph with k
odd should be weak in intensity. In fact, the first layer
line was even stronger than the zero layer line. Hence

the space group must be P21, not le/m as had been assumed.

The essential difference between the packing in space

groups P2, and P2 +ies is that the molecular centre is

1 1/m ,
fixed to lie on the Zlﬂscrew axis in the latter case, so

that there are four asymmetric units per unit cell; Dut

for space group P2l the molecular centre may lie anywhere

in the unit cell (say at X,Y, 2, where these are axial
ratios). Once the position of the molecular centre could
‘be decided upon it was only necessary to know whether the
lengths of the molecule lay parallel to [101l] (structure A)
or parallel to [T0l] (structure B). Two independent methods
were used to determine the positionbof the molecular @enﬁre,

both of which lead to the same result. These will now be

described.

Pirst method for obtaining trisl structure

According to the convention of the International Tables,
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the origin in space group P21 requires to be fixed on the 21
screw axis, but its position on this axis cannot be fixed.
Let us therefore choose the position of the molecular centre
to make Y = i— Hence the two molecules in the unit cell
lie roughly in the planes y = % and y = 2

The structure factor formulae for this space group are

A = 2 3fcos 27T (hx + £2)_cos 2T ky

N

k =2n

B = 2 3jcos 2 T (hx + {z) sin 2 TMky

N
A = -2 3gsin 2 T (hx + €z).sin 2 W ky

N k=2n+1
B = 2 3jsin 2 T(hx + £z).cos 2 TMky

X

where x, ¥y and z are the positions of atoms expressed as

ratios of the unit cell edges, a, b, and ¢ respectively.

Let x', y', 'z' be the co-ordinates of the atoms with
respect to the molecular centre of symmetry at X, Y, Z.

Then for every atom at x, = X + x', y. =Y +7', =Z + z'

there is an atom at x5 = X - x', Yo =Y -~ y', Z5 = % - zt,

Hence when k = 2n

A = 2 ﬁ},[cos 2 Tr{(hx + €2) + (hx' + éz')} . cos 2 7 kY

2 .
+ cos 2 TT{(hX +€2) - (hx' + Q‘z')} . cos 2TkY]

Il

4 i‘%&cos 2 T (hX +4€Z), cos 2 T (hx' + €2') cos 2 kY
2
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It has been assumed that the molecule is planar with its
plane perpendicular to the b axis. Thus y' has been put

equal to zero as a first approximation.

Since the product cos 27 (hX +4€Z).cos 2WkY is common

to each atom, we may write:-

A = 4 cos 2W(hX +¢ Z).cos 2NWKY 34cos 2T (hx' + €z")
N
2

But we have chosen the origin so that Y = %

A =4 cos 2T (hX + 2 %) 2 4. cos 27 (hx' + ¢2') when k = 2n
N

2

Treating all parts of the structure factors similarly we

find that
A = (-1)%.4.cos 2T(hX + 2%) Zdcos 2T (hx' + z")
. N
-2- k = 2n
B =0
n+1l = , AR | 1
A = (-1) L4, sin 2T (WX + ¢Z) 3}.cos 2M(hx* +£z')
N
2 k=2n+1
B = 0

The approximation that the molecule is planar, and
perpendicular to the b-axis, does not affect the (hOR)
structure factors, but has increasing effect as k increases
since all érrors are multiplied by k. That this approximation

was, however, quite reasonable could be seen by plotting the



65
Structure factor graphs of the hkO reflections, showing how
F (on a relative scale) varies with h, for constant k.
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modulus of the structure factors against h for the (hxo0)
reflections, first for k even, then for k odd. The approxi-
mation.shé@s that all the geometrical structure factors
with the same value of h and k = 2n should be equal in
magnitude and similarly, all fhe geometrical structure
Tactors with the same value of h and k = 2n + 1 should also
be equal in magnitude. Hence these plots should show the
same variation in the magnitude of F(hkO) as h increases
for different even values of k, and likewise the variation
should be the same for the plots of the odd wvalues of k.
Emphasis must be placed on variation rather than actual
magnitudes since F(hkO) must diminish in magnitude as k
increases because of the smaller scattering factors for
larger values of k. The diagrams of these plots show that

the approximation was fairly reasonable.
Thus we have

S(h0Q) = 4 cos 2 (hX +£2) 3 cos 27 (hx' + €z") f" carbon aloms.
N
2
where S is the geometrical structure factor. The only
approximation for the (hOQ) structure factors is that the

molecular centre of symmetry is exact.
Also

S(hle) = ~4 sin 2T (hX +€2) 3 cos 2 M(hx"' +232')
N

—

2

In this case the planar approximation to the molecule is



only small as k is only one.

Hence it follows that

S(hll) - tan 2W (hX + £2)
S(hoe)
or
F(nie) / £(b18) _ _ {an 2w (hX + 07)
F(hot) / £(hoe) |
that is

_ B(h1e) . £(hoe)
F(hok) . £(h1lk)

i

tan 2T (hX + R Z)

where f(hkd) is the secattering factor for the carbon atoms

for the plane (hkf) for the particular X-radiation used.

The effect of the hydrogen atoms has: been neglected.
From this equation it follows that

|[F(h10)l . £(h00)
|P(n00)] . £(h10)

|tan 21rhxl sessceescsse (l)

and ten 2WeZ[ = IF(01)] . f£(o02)
[F(002)| . £(01)

crecrecanes (2)

Equations (1) and (2) can be applied provided F(h1l0)

is on the same relative scale as F(hoO) , and likewise if

F(014) is on the same relative scale as #(004) . They

67

need not have absolute values since the equations are in the

form of divisions; hence the scaling factor to relative

values cancels out. F(hl0) and F(hOO) were placed on

the same relative scale by taking a moving f£ilm of the (hkO)
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reflections, and F(01R) was placed on the same relative
scale as F(004) by using the (0k€) reflections. The

possible values of X and Z were limited to lie between
1 1 1
0 §: X §: + 7 and -z <<:z §§l+ a

Any wvalues of X or Z outside these ranges would produce an
identical structure as‘corre3ponding»valuesof X and Z inside
this range, except that the position of the origin would be
changed. Hence the ambiguity of equation (1) is h folad,

and the ambiguity of equation (2) is £ fold.

No knowledge of the scattering curve could be had at
this stage, except by the rather uncertain statistical method
due to Wilson (1942). But this did not greatly matter as
it was not necessary to obtain accurate values of the
scattering factors in order to apply equations (1) and (2).
-~ The reason for this is thaf f(hoR) a- £(hle), so that

£(h0d) A ‘

£(hie)
whatever the temperature vibration. More accurately this
ratio is slightly larger than one, but its actual value is
not likely to change much whatever temperature factor is
chosen. Consequently an empirical curve due to Robertson
(1935) was used. The results, which leave little doubt as
to the positibn of the centre of the molecule, are shown in

Tables II and IITI. Unobserved intensities were assumed to

be half the intensity of the weakest observed intensity in

these cglculations.
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Thus X = 58°, ¥ = 90°, 2z = ¥ 14°,

To distinguish between these two possibilities was very easy
by visual inspection of the (hle) reflection, and comparing

them with the (hOQ) reflections,using the knowledge

tean (n 58° + 014°) o JEIQN
|7 (noe)f

(o)

It was then clear that the molecular centre was at X = 687,

Z = 149. After refinement the mean centre was found to be
at X = 560, Z = 150, hence this shows how sensitive the

method was.

What remained to be done was to distinguish whether the
length of the molecule lay along [101] (structure A) or
along [To1] (structure B). This was done by calculating
the agfeement factor over the (hoﬁ) planes for both structures
based on a completely regulér molecule whose centre of
symmetry was at X = 580, z = 14°. A good deal of caompu-
tational work was saved by observing the following simpli-

fications.

It has been shown that for the (hOd) reflections,

assuming a molecular centre of symmetry at X, Z that

S(hog) = 4 cos 2W (hX + £2Z) 3 cos 2 W(hx' + €z'")
N :
2
where x' and z' are the atomic co-ordinates expressed as

- axial ratios with respect to the molecular centre.



e

. F(hoQ) = cos 2T (hX + £7) {4 f(hoﬂ‘) 12\:T cos 2W(hx' +8 z')}

2
=cos 2T(nX +@2) . ¢ (hoQ)

where ¢ (hOf) is the structure factor of plane (hOR) with
respect to the molecular centre. To compute I(hoﬂ) is
twice as quick as..it has to be taken over only 17 atoms,
while to compute F(hoR) requires a summation over 34 atoms.
¢ (noR) is then modulated by the factor cos 2T (hX +2Z) to

give F(hORQ) for structure A.

However structure B is related to structure A, since
every atom at (x',z') in structure A corresponds to an atom
at approximately (-x',z') in structure B, since B &~ 90°.

Hence the geometrical structure factor of the nwl

atom of
structure A is cos 27 (hx' + €z'), but is cos 2W (-hx' +4£z")
for structure B. This can be written as cos 2W(hx' + €z').

Thus it follows that for structure A

P(hog) = cos 2T (hX + €2) . & (noR)
but for structure B

F(n04L) = cos 2T (uX + €2) . ¢ (FoQ)

Therefore no additional computation was involved in calcu-~

lating the structure factors for structure B.
Strvelure A was Lovnd o %EVL much batfer a‘zr&tmuﬂ(‘ belwaen
observad and colcvlaled Cracture f-acror.s,

Second method for obtaining trial structure

It has been shown that F(h04) = cos 27 (hX + €2). ?f(hO-Q).
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@(hOQ) was calculated for nine low order planes with large
wnidbesy structure factors. The expression cos 2T (hX +€137),
¢(hoR) was then calculated very readily at 6° intervals with
Beevers Lipson strips. | cos 2T (hX +£72). @ (hOQ)I was then

(0] (o] O o)
, 67, 12%, ... 90".

plotted for - 900< Z < +90° at X = 0
Each structure factor was allocated a different colour. Also,
on a separate sheet of paper the values of‘lF(hOQﬂ were
arrahged in order on a relative scale in the same colours.

The same was done for the corresponding values of'IF(Ebe)’.

It was then necessary to find a position on the graphs where

[F(00@)] = |cos 2T (nx + £2) ¢ (n00)|  if structure A

' were correct
or
lF(Hoa,)[ = |cos 2T (nx + £Z) . Tf(hofi.)l if structure B

were correct

In other words it was necessary to find a position on the
graphs where the colour order was the same as the experi-
mentally determined eolour order, which was plotted on the
separate sheet of paper. Only one reasonable f£it was found
at 54 < X <60 and 8 < % < 15 for structure A. Thus
this method yielded the same result as before, although the
molecular centre could not be fixed as accurately as with

the first method.

Statistical methods can sometimes show whether there is
a centre of symmetry in the molecule which is not made use

of in the crystal structure, as for instance in the case of
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perylene (Donaldson, Robertson and White, 1953) or in pyrene
(Robertson and White, 1947). However, frequently statis-
tical methods give a rather uncertain answer, as in the
present case, and at any rate do not give any indication
where the molecular centre is situated. In comparison the
two methods given above give more information, and the
information is more certain. On the other hand, these two
methods are far 1ess.generally applicable than statistical
methods, for they were developed for the particular problem

in hand.

Refinement of the [010] zone

The accuracy of any particular structure was assessed

from the agreement factor, R, defined in the usual way as

R ; 2 ’agdbd - 'Fca;glll_

le

dbsl

The value of R was usually multiplied by 100 to express it

in terms of a percentage.

The trial structure gave an agreement factor of 39%,
using an empirical scattering curve. The signs of 71 planes
"could be fixed with a fair degree of certainty. Thesevwefe
included in a Fourier summation representing the electron
density projected onto the (010) plane. It was very diffi-
cult to place the atomic centres because of the lack of

resolution.  Consequently the molecule was treated as if it
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had a centre of symmetry/ and.;.structure factors § (h0Q) were
calculated for 17 atoms and then modulated according to the
formula

F(hot) = cos 2 T (hX +€2). §(noQ) .

The agreement factor of 36.8% was found, thus no great
improvement had taken place. This was rather disappointing,
but it was thought that the lack of improvement may be due to
the lack of resolution and the assumption that the molecule

is centro-symmetric.

Purther refinement had therefore to proceed by a
different method. Thus a difference map (Cochran, 1951 a)
was consiructed using the same planes. Hydrogen atoms were,
however, first subtracted because the lack of resolution of
the carbon atoms. If they had not been subtracted peaks
of significant size would have remained on the difference
map, which would have obscured the gradients produced by
carbon atoms in wrong positions. The C-H bond lengths were
assumed to be 1.1 A. long. This is roughly the value found
in anthracene (Mathieson, Robertson and Sinclair, 1950) énd
naphthalene (Abrahams, Robertson and White, 1949). However,
Cochran (1953) found a rather smaller value of 0.9 A. for
salicylic acid, while spectroscopic data (see, for instance,
Coulson, 1952) indicates a C-H bond of 1.09 A. between the
atomic nuclei. When structure factors had been re-calculated

using the new positions of all the 34 atoms suggested by this
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difference map the agreement factor came down to 30.9%. The
value of the temperature factor had been found to be 6.75 Az.,
using the same method as described for 2:3- 8:9 dibenzperylene
in this thesis. McWeeny (1951) scattering curves for

carbon and hydrogen were used as before.

Further difference maps were constructed. The agree-
ment factors found for the new structures suggested by each
successive map in turn are given below:-

Structure suggested by 1lst difference map gave an agreement
factor of 30.9%.

" " " ong " " gave an agreement
‘ factor of 25.3%.

* " " 3rd " " gave an agreement
factor of 24.1%.

" " " 4th " " gave an agreement
factor of 20.9%.

" "o " 5th " " gave an agreement
factor of 19.1%.

After‘the structure according to the 2nd difference synthesis
had been completed it was seen that the calculated large
structure factors tended to be on the small side. This was
no temperature effect, as it involved large structure factors
of both high and low order planes. Consequently a small
increase in the scaling factor made but little difference in
the magnitude of the small structure factors, but gave the
desired increase for the large structure factors. Hencg/

instead of calculating the scaling factor by assuming that



77

k Z’EObs, = ZlFGalcl(Where k is the scaling facto?, it was

assumed that we require to minimige the expression

: : 2
E = 2 (k Fops ~ Fcalc)
AE 2 . ‘
"%k T 22 (k Fobs ~ Fobs Fcalc>
Hence when %%» = 0O, k = 2 Fofbs Féalc
3 B2
obs

When the scaling factor was calculated according to.this
expression - which gives more weight to larger structure
factors as it involves their square - the agreement factor
fell from 27.6 to 25.3% on the structure obtained from the
2nd difference.map. The scaling factor was re-calculated

for each structure in this manner for succeeding structures.

The third difference map showed that most atoms lay on
negative areas. When the temperature factor was recalcula-
ted a value of B = 7.05 A? was indicated. No further change
in the temperature factor was found necesssry after this
increase. This temperature factor is extraordinarily large.
In the similar compounds 3:4 benzophenanthrene (Herbstein
and Schmidt, 1954 D) the scattering curve found most suitable
was the curve used for anthracene (Méthieson, Robertson and
Sinclair, 1950) (Private communication). It corresponds
to a value of B =% 3.5 A?. A partial explanation of the

large temperature factor in the case of 1:9 -5:10 diperi-

naphthylene anthracene may be that the melting point (55400.)
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of this substance is more than 100°C. lower than that of
similar compounds. It is, however, difficult to believe(
that this tdtally accounts for such a high value of B.
Consequently it may be possible that there is some kind of
disorder in the crystal, although another explanation is
offered in part III of this thesis in connection with the
compound antﬁbvalene which shows the same phenomenon. It
is also of interest to note that the similar compounds
listed above have normal melting points and are colourless
and transparent, unlike diperinaphthylene anthracene which

has dark opaque crystals.

Refinement had not yet come to an end after the fifth
cycie, nevertheless it was decided that physical reality
would probably not be approached ahy closer by further
iteration. There were 99 observed structure factors and
34 independent atoms, that is 68 parameters had to be
determined with only 99 observational equations. No great
accuracy could therefore be expected in view of the
unusually large number of independent parameters. The
accuracy is in this case still further reduced Because of
the poor resolution of the atoms. In the final Fourier
synthesis only 15 out of the 34 atoms were separately
resolved. The resolution is, in fact, even less than usual
because of the large temperature factor. For these reasons,

as well as the possibdlity that there may be a certain degree
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of randomness, further refinement was regarded as fulfilling

no useful purpose.

A final Fobs

structure factors whose phase angles still remained in doubt

synthesis was calculated. All but 12

(those marked with an asterisk in the structure factor
tables) were included. Two peculiarities were noted.
Atom.M2 was well resolved, but the final co-ordinate of atom
M, was about 0.2 A. from the centre of the peak. Atom O

2
was not resolved. It appeared to be -~ according to the

2

position found by the FO - F

bs
of a slope, where the electron density was not as large as

cale syntheses - in the middle

that associated with other atoms. Also bond P2 02 was far

too long to be sensible even in projection. Thus atoms O2
and Mz were moved to more '"reasonable" positions indicated

by the final F synthesis. It is possible that because

obs
of the large number of parameters (68 in number) in comparison
to the number of structure factors, even fairly large errors
in only 4 parameters can be marked by suitable adjustment to
the other 64 parameters. When structure factors were
calculated with atomsM2 and 02 in their new sites, the
discrepancy between observed and calculated structure factors
went up from 19.1% to 20.0%. Perhaps if the 32 other atoms
were now re-adjusted, so that they no longer masked the large
errors in the atoms M2 and 02, the agreement factor would

again be lowered. The structure factor tables give the
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Projection of the diperinaphthylene anthracene structure on (010)..
Contour scale,one electron per A.,the first line being dotted.
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The atomic arrangement corresponding to the projection on (

showing molecules at different levels.

|
010),
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value of only the F_ ;. (hoQ) according to the atomic
positions determined by the difference map refinements.
Since, however, the atoms Mz_and O2 seemed in more reasonable
positions’in the sites indicated by the final Fo

bs
these positions were used for all other calculations.

synthesis,

The hydrogen atoms bonded to atoms Ol and Dl approach
close to each other. Their combined electron densities
produce a resolved peak of just over ze/Az.' Resolved
carbon atoms produce an electron,densit& of about 5Q/A2.
This low value is no doubt due to the large temperature
factor and the small number of reflections in comparison to
the large number of atoms. These circumstances give
ﬁndoubtedly a large termination of series effect, but it is
difficult to believe that this effect causes a shift of
0.2 A. in the pnosition of atom M

21

The nature of the molecular distortion due to overcrowding

At this stage fairly accurate values of the x and 2z
axial ratios were known from the (hOR) projection but the y
axial ratios were only roughly known and were all about
y = % for atoms in one molecule. Thus any endeavour to
refine the (hk0) or (0Ok£) zones would not yield any very
reliable information. Short of complet® - three dimensional

work, the only possible way of obtaining more accurate y axial

ratios was by means of a generalized projection of the (th)
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reflections or of higher (hKL) layer lines.

If the approximation i1s made that y = % for all atoms
in one molecule, greater symmetry is now introduced. Were
this approximation true, the crystals would be in space
group le/m, with each molecule lying in a mirror plane at
y = % and y =,2 . Consequently if any atom is moved out
of the mirrér plane it will produce another "spurious™ atom
on the other side of the plane. Hence whatever method of
refinement is used, provided we start with the assumption
that y'=‘% for one molecule, the refinement must produce one
ambiguous result per atom. Thus, after the first cycle of
refinement, there will be 2n‘possible structures, where n
is the number of atoms in the asymmetric unit. It is
therefore necessary to return to trial structures at this
stage in order to discover the nature of the distortion of
the molecule produced by the overecrowding. A study of the
ways in which the molecule might be distorted Would.therefore

be useful.

It has been found in the crystallographic studies of
overcrowded aromatic molecules (Harnik, Herbstein and
Schmidt, 1954) that the relief to overcrowding is obtained
by sharing the strain throughout the molecule. If this is
so there are only two ways in which the molecule under
consideration could be distorted:- the "centro-symmetrical®

and the "two fold axis" geometrical isomers, as shown
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(7%

DOWN
DowWwN
we
Cent%o—symmetrical Two fold axis

distortion distortion

The centrd-symmetrical distortions should also produce
a centro-symmetrical molecule in projection, but this is
not true for the two fold axis distortion. The projection
down the b-axis appeared to show that there is no centre of
symmetry of the molecule in projection, but, in view of the
lack of accuracy, there was considerable doubt whether this

indication was significant.

If the molecule had a two fold axis there are two
possible enantiomorphic forms. Since the space group has
no centre of symmetry, mirror plane or glide plane, only one
enantiomorphic form can be present in one single crystal.
Thus a two fold axis distortion would require the assumption
that there is spontaneous resolution on crystalization into
(+) and (-) crystals. Such resolution occurs in 3:4 benzo-

phenanthrene (Herbstein and Schmidt, 1954 a). However, in
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the case of tetrabenzonaphthalene (Herbstein and Schmidt,

1954 b) for which the packing is almost identical to that of

diperinaphthylene anthracene, both enantiomorphic forms

could be present, as the crystal habit adopts space,group

le/c’ Considerable effort was made to discover reflections

which would show a doubling of cell size of the cell given

in this paper and thus be able to produce a packing identical,

instead of nearly identical to tetrabenzonaphthalene. These

reflections would be weak in any case, because of the nature

of the packing. No such reflection was found. In the

case of tetrabenzonaphthalene there was no difficulty in

finding these reflections (private communication). The

space group must, therefore, be le.
It was thought unlikely that spontaneous.reéolution

would oceur on crystalization, and hence the centro-symmetri-

cal distortion seemed the more likely method for relief of

overcrowding.

The CGeneralized Projection

The theory of generalized projection is given in the
appendix. Suffice it to say that, in general, there are
always two possible generalized projections of, say, the
(hke) planes, K being constant: the cosine and the sine
series. These are so called because, to a first approxi-

mation, the electron density of the atoms in the corresponding




86

ordinary projection (say onto (010)) is multivlied by

cos 2T Ky or sin 2W Ky respectively, in the case of the Kth
layer line. Representing the two possible generalized
and S

projections as C ,» We have

X K

CK(X',Z) = i—- {A(hKQ)cos 2T hx + £2) +B(hKR) sin 2w(hx + az%
and

Sp(x,2) = %’ 332 {B(h’&@)cos ow(hx + 8z) - A(hKQ) sin 2‘lr(hx+nz)}
' h ¢ .

where A is the area of projection
and A(hKR), B(hXQ are the real and imaginary parts of the

structure factor of plane (hke).

Now for space group P21

A(nKQ) = A(hKQ) and B(hK () = B(hKL) when K = 2n;

il

also

A(hKQ) = -A(hXe) and B(hxe) = -B(BKZ) when X = 2n + 1.

Hence when K

' 2n + 1, for instance X = 1

232 - .. . -
CK;‘(X,.Z) =%h 0 {Fob_s(h,me)[ sin o sin 27 (hx + ¢3z)

and

i

. 233 . .
Sngx,z) Ahe [Eobs(h‘m), cos o sin 2 (hx +£2)
where « is the phase angle of F(hkd).

If the spproximation is made that the molecule. is planar

and perpendicular to the b axis then o = ¥ 1800, for the




87

molecule has now been placed into the centro-symmetrical
space group le/m' Thus CKix,z) = 0. Consequently the
sine generalized projection was calculated for the (hlR)
reflections, using the signs obtained for a completely
planar structure. The heights of the peaks, from which

the y axial ratios would have to be calculated appeared to
vary more or less fandomly and were of much the same size

as those in the ordinary projection onto (010). Now both
the termination of series effect and the variation of the

y axial ratio should produce variaﬁion in peak height. This
method of generalized projection can, however, only be
applied if the termination of series effect can be neglected.

This was quite obviously not the case.

In order to eliminate errors due to termination of
series a difference sine generalized projection was calcu-
lated, using the same signs as before. If the difference

: S
sine generalized density is expressed as D K (x,z), then

D l(x,z) = - 222 ([F

oy obsl 'Fcalcl) cos o sin 2T (hx +£ z)

This synthesis gave a far more sensible result. The shift

of the atoms from the plahe y = %}Were calculated from

5 .

Dl - Pein2Tyy, - Psin 2Ty,
DSl .

. sin 2Ty = =— 4 sin 2Ty

obs calc
e
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In this case Veale = % for all atoms
S1

Lsin 2My . o = %;—‘+ 1

where y is the new atomie co-ordinate

obs
and e is the electron density on the ordinary projection

at the centre of the atom.

From this it is impossible to decide whether the :

co-ordinate
Y L
Yobs =2 -8 OF Tgpg=I+A
(A being the atomic shift) since sin (90° - #°) =
sin (920° + g°)

This ambiguity arises because the assumption that y = for

N

all atoms produces the higher symmetry space group le/m.
Since the centro-symmetrical structure appeared more likely
the sign of /] was decided for each atom so as to make the
molecule centro-symmetrical. The structure factors were

re-calculated and indeed they had improved.

- Another difference generalized projection was calculated.
This time the cosine function could be employed sinece o, the
phase angle, was now continuously variable. This projection
measured the quantity cos 2Tryobs’ which changes far more
rapidly near y =,%, andg should therefore give more accurate

y axial ratios. There was 1little improvement in the

structure factors. The ambiguities found in the first
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generalized projection must have been wrongly resolved.

It was observed that for the completely planar structure
(for which all the imaginary rarts of the structure factors
Were~by necessity equal to zero) that a number of intense
reflections, in particular those from (211), (I19) and. (1013),
calculated far too small. The real parts of the structure

factors could not change greatly since they were of the form

A = - 23 sin 2TW(hx + £2) sin 2Tky
N

The only variable is y, but sin 2W ky changes slowly near
Ry =-% . However the imaginary parts must change quickly

with y for

B

2 3 sin 2T (hx + £z) cos 2Tky
N

and cos 2T ky changes rapidly atky =.% . Thus large
imaginary parts should be expected for these structure
factors. Hence all, or nearly all, the contributions to
the imaginary parts of these structure factors must act in
the same direction. For instance, when B is positive,

cos 2Tky is positive if sin 2T (hx + €z) is positive, but
cos 2Wky is negative if sin 2T (hx + ¢z) is negative. The
signs for all sin 2T (hx + €2) values for all atoms in these
planes were listed (see Table IV), except for those atoms
where sin 2T (hx +4z) was less than O.25,lwhen a Weight of

zero was assumed. It will be seen by an inspection of

Table IV that these signs for the three nlanes have the same



90

sequence. Hence it was easy to decide whether cos 2T ky
was positive or negative for each atom by observing the above

rule; that is, whether the atom was below or above the plane

1
y=4‘

The above argument in the reverse direction is easier
to understand and will make this logic a little clearer.
Each of the &4 atoms is, in fact, either a little above or
a little below the plane y = %. It has been shown that
certain planes must have large imaginary parts. Now
cos 2 W.Ly must be positive for all atoms with y <% , and
it must be negative for those atms with y :7 %. Thus if B
is positive then sin 2T (hx + €z) must be positive for those
atoms with y << %», and negative for those atoms with
y‘:> l-. The reverse is true i1f B is negative. Hence,
whether B is vositive or negative, the same sequence of the

signs of sin 2 (hx + €z) for the atoms taken in order must

result for these planes.

(Table IV is given on page 91)

There could be no doubt that a non-centro-symmetrical
molecule was required. A similar inspection of the (610)
and (611) planes, both of which calculated rather low, showed
that the structure could be further improved by tilting the
molecule very slightly about an axis roughly parallel to

[Toxr].

The improvement in the structure was very good. Two
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cycles of refinemgnt by means of difference cosine generalized
projections of the (hl@) planes were carried out. The
nature of the molecular distortion was well established.
Owing to the inaccuracy of the x and z fn&mﬁtaudmﬁu no effort
was made at further refinement, or at refinement of a higher
layer line. The rates of refinement for the wrong "centro-
symmetrical structure'", and the correct "two fold axis
structure" can be seen from Table V. Structure factors

were also calculated for the 49 independent observed (hkO)
reflections and 53 independent observed (0kR) reflections
with the structure obtained after the final difference
generalized projection had been completed. When these

were canpared with the corresponding structure factors for

the completely planar molecule (as shown in Table VI) no
doubt can exist of the nature of the distortion of the

molecule, The value of B = 7,05 A?

was found a suitable
temperature factor for all reflections, indicating that the

molecule is vibrating roughly equally in all directions.




Diagramatic representation of the molecular distortion /
of diperinaphthylene anthracene. ' ’
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TABLE V: Agreement factors at different stages of
refinement of (hl€) planes

Structure Centro-symmetrical Two-fold axis
Planar | 50.0% 50.0%
Trial 42.4% 38.6%

After 1lst diff. ' :
cos gen. proj. 40.0% 82.4%
After 2nd diff. _ 30.4%

cos gen. proj.

TABLE VI: Agreement factors at different stages of

refinement of (hkO) and (Ok¢) planes

Structure hkO reflections 0k{ reflections
Planar 58.7% 59.9%
Refined 27 . 5% o . 3%

I .

After the refinement had been completed it was pointed
out by Dr. Herbstein that a centred molecule in a non-centred
cell is very unusual. This is in agreement with the present

structure.
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A model of the molecule was cut from cardboard. From
this it was seen that the cardboard preferred to twist
itself into a two fold axis distortion in preference to a

centro-symmetrical distortion.

Since there was no centre of symmetry in the space
group a "double shift" rule was used, as is usual for
conventional difference maps (Cochran (1951 b) and also

Shoemsker & others (1950)). Thus since

C1

D = (@cos 2Wy, - (Qcos gTryc-alc
C1

cos 2Ty - 2= 4+ Iy

obs

But all values of D were multiplied by 2. Q was assumed
equal to six.

C1
cos 2T Yops = P—é— + cos 2Tchalc .

A

C .
The number 3 by which D 1 was divided was roughly correct,

for it was found that some atoms had been over-, and others

undershifted after the first cycle on the correct structure.

The method used for calculating the generalized and
difference generalized densities was a little unusual. The
time taken to calculate one projection was cut to less than
one quarter of the time these same calculations would have

taken with either Beevers Lipson strips or Robertson masks,
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by adopting the scheme described below.

In generalized and difference generalized projections
two atomic co-ordinates are assumed. Therefore it is only
necessary to find the generalized or difference generalized

densities at the specific atomic sites. For instance

c
D (xy,5,) = -%121 2( [Fob.s[ - [Fcalcl) sin a sin 2T (hx + Qg )

at the n'® gtom. Hence if the guantity sin 271(hxn,+ ezn)

is listed for every atom in all observed reflections, as
shown in Table VII, then each term in one row (corresponding
to a particular reflection) must be multiplied by the common
factor%([ﬁ'obsl - chalo‘ ),sina . This could be done
quicker on a slide rule than any calculating machine, as
only two figure accuracy was needed. Finally, all columns
(each column corresponding to a particular atom) were added
up to give the difference generalized density at each atomic
site. An easy cross-check could be obtained by also multi-
plying the sum of each row by the row's common multiplication
factor. Then the sum of these products should be equal to
the sum of the densities at all atomic sites, if no mistsake

had been made.
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Atom
hi e Al By Gy Dy} B OR

TABLE VII:

110 .61 .24 .95 1.00| .64 .33
) Corner of table

210 .93] .48] .59 .17 ) .98 | .60 showing arrangement

o of sin 2T (hx_ +¢€2_)
310 ot .68f .59 .97 | .86 | .83 n n
guantities.

410 .68 .85} .951 33| .38 | .96

510 .16} .95 .00} .91} .36 1.0

From the same tsble listing sin 2'|T(hxn +€ zn) both
real and imaginary varts to the structure factors could be
calculated. In this case every column (corresponding to
atoms) was multiplied by the common factor sin 2ﬂ'yn or
cos Zﬂ'ynAaccording to whether the real or imaginary parts
were being calculated, respectively. Finally all rows were

added to give the required value of A(hle) or B(hll).

Bond lengths, bond angles and inter-molecular distances

Bond lengths are given in Table VIII and bond angles
are shown on the diagram. Both bond lengths and angles vary
considerably, because, no doubt, of the inaccuracy of the

structure determination rather than any real variation,
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although some of the trends may have a little significance.
The Z%égéééé deviation between bonds in the two chemical
equivalent halves of the molecule is 0.15 A. The mean bond
length is 1.43 A, The szé:é;aé deviation can be regarded

as a measure of the accuracy of the inter-atomic distances.
Cruickshank (1949) tests of significance could not be applied
as a condition of the tests is resolution of all atoms - as

is always the case for three dimensional analyses.




TABLE VIITI:

Bond distances in Angstrom

Bond dl Bond dz dl - d2 EL;@-
A By 1.38 Ay B, 1.36 .02 1.38
B, C, 1.51 By, Cy 1.45 .06 1.48
C, Dy 1.34 C, Dy 1.45 3 J11 1.40
D, E, 1.34 D, By 1.59_ § .16 1.42
E, F, 1.58 E, Fy 1.46 .12 1.52
F, & 1.39 F] G, 1.49 .10 1.44
G, Hy 1.57 Gy Hy | 1.42 .15 1.50
Hy I, 1.57 H, I, . 1.58 .0l 1.57
I, 9, 1.50 I, 3, 1.42 .08 1.46
I, K 1.23 I, K, 1.21 .02 1.22
K, Ly 1.49 Ky Ly 3, 1.46 .03 1.48
Ll<¥l» 1.75 L, M, 1.27 .48 1.51
M, N, 1.38 My No | 1.41 .03 1.40
N, 0 1.57 N, O, 1.52 .05 1.55
0, Py 1.45 O, Py .| 1.27 | .16 1.35
Pl A 1.60 2, A, 1.59 Mol 1.59
By Gy 1.36 B, G 1.56 .20 1.46
P, 1.42 P, Qg 1.15 .27 1.29
Q Iy 1.45 A Ly 1.54 .09 1.50
Q H 1.47 9 Hy 1.60 .13 1.54

Cq 1.28 A, Cg 1.29 .01 1.29.
0, Dy 3.09 o Dy 2.84 .25 2.97
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The bonds Glﬂl? G2H2, AlPl’ A2P2 should all be purely
single bonds according to the Kekulé structures.  The
shortest of these four bonds is 1.42 A., and their mean
value is 1.54 A,, in good agreement with the bond length

1.54 A, observed in Diamond.

The distances between the atoms OlD1 and 02D2 which

repvel each other due to overcrowding are 3.09 and 2.84 A.
respectively, giving a mean of 2.97 A, Previously observed
distances between atoms in similar circumstanoés (Harnik,
Herbstein and Schmidt, 1954) were found to be between 2.9

and 3.0 A. apart.

All inter-molcular distances below 4.0 A. are listed

in Table IX. Molecule Ia, the standard molecule, has its

56 90 13
centre at x =560 * Y =360 * Z = 380 ° The centres of

molecules ITa, IITa, IVa and Va are then at x, y, z + C;
X+8, Y, 2; X,9¥, Z~-¢C; X-24a,7Y, Z Similarly the
centres of molecules Ib, ITb and IITb are at X, y + 2, z;

E, y + %, Z+C; X+ a, ¥ + %, z; and the centres of

b

- - — b —
molecules Ic, ITc and IIIc are at x, y - 5) %5 X, ¥ -5 Z+C;

E'{'a,y—'%’Z.-
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Only four of the inter-molecular distances are less
than 3.40 A. The smallest of these is 3.09 A., that is
0.31 A. less than the gererally assumed minimum distance
between non-bonded carbon atoms. Since this is only twice
the sgégkéhé deviation, it need not be regarded as signi-

ficant.

Co-ordinates and dimensions

All co-ordinates of the atoms in one molecule, which
forms one asymmetric unit, are given in Table X. The
co-ordinates of the atoms of the other molecule in the unit

cell may be derived from these by the operation
- b
(X, Y Z) (X, y + 'é' s E)

The X and y co-ordinates given are those obtained after
the completion of the fifth difference synthesis of the
(hOg) planes, except for atoms U, and Oy, which have been
adjusted to give better agreement with the first electron
density map. The y co-ordinates are those derived from
the second difference generalized projection of the (n1e)

planes.
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In Table X the oblique axial ratios, x, y, z are given
measured parallel to the cell edges g, b, ¢, as well as the
actual oblique distances X, Y, Z in angstrom. Finally, a
set of co-ordinates is given with respect to orthogonal
axes. These axes OX', OY' and OZ' are so chosen that OX'
is parallel to OX, OY' is parallel to OY, and 0Z' is
perpendicular to OX' and OY'.

Experimental

Copper K, radiation, )\ = 1.542 A. was employed in all
measurements. Rotation, oscillation, and moving-film
photographs were used, the latter chiefly for intensit&
records. The only systematic absences were found to be
OkO reflections with k odd. Thus the space group could

have been,P2l or P2

1/m*

Unit cell lengths were measured from rotation photo-
graphs on which copper nowder rings had been superimposed
in order to measure the effective radius of the camera.

The B angle was calculated by measuring the [101], jnd [201]
axes. From each, together with the lengths of gﬁgA;xei,B
could be calculated. The mean of the two values was taken
as correct. Since B was soO very close to 90O the length
of the axes alone was insufficient for recognition of an:

axis; thus a moving film had also to be taken of the corres-

ponding zero layer for each axis.
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Density measurements were made by floatation in solutions

of notassium iodide at room temperature (about 1900.)

Three zones of reflections, the (hOR), (hk0) and (0k&)
reflections, as well as the (hlQ) reflections were exnlored
in detail by moving-Tilm mesthods. The (hl¢) reflections
were taken by means of an equi-inclination Weisenberg of
the first layer line of a crystal rotated about its needle
axis (b). The three zones of reflections (0kQ), (hOR),
(nhk0) were each photographed from the egquatorial layer of
crystals rotating sbout their a, b and ¢ axes respectively.
Very long exposures (up to 70 hours at 10 mA and 35 XV)
were made in all cases. As a result 99 (hOQ) independent
reflections were observed representing 28% of the independentQOQ
reciprocal lattice points inside the copper sphere of
reflection; ©9 (hlﬂ) independent reflections were observed
corresponding to 347 of the possible number, 49 (hkO)
independent reflections were observed corresponding to 133
of the possible number and 53 (0ke) independent reflections

were observed corresponding to 122 of the onossible nnmbero}nW«hm

The fairly rapid f£all off in intensity was probably <ue
to the large temperature factor. The gbsolute value of
the ¥ vaiues was not determined directly, but obtained by
correlation with the calculated P values in each of the four
sets of reflections. Thevagreement of the absolute scale

50 found in each case could be compaged by using the common
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axial planes, and was found to be good. For the (hog)

vlanes the scaling factor was defined as

kK = 2 Fops Fcalc
= = 5
2 des
2 Fc ll
For all other planes the usual definition k = ——22=C
2 ‘Edbs'

was used.

For the calculation of structure factors the method of
multiple additions on adding machines was used to compute
the angle 2 T(hx + £3) correct to 0.1° for the (hod) and
the (hlQ) planes. The corresponding cosine or sine was
found from two figure tables. However, the less accurate
Robertson sorting board (Robertson, 1936) was made use of
to calculate the structure factors of the (hkO) and (0OkK)

planes.

Small crystal specimens were employed which were
completely bathed in a uniform X-ray beam. Two records
were made of the (hO2) zone of reflections with two different
crystals. - There was good agreement between the intensities
measured from both crystal specimens. These were small
and roughly square in cross-section with the dimensions
0.030 x 0.010 x 1.00 cm. and 0.010 x 0.006 x 1.00 cm. Thus
absorption.corrections (Albrecht, 1939) were only necessary
for the hkO and Okg¢ reflections for which the crystals
measured 0.017 x 0.077 cm. and 0.014 x 0.100 cm. in cross-

section perpendicular to the axis of rotation, respectively.
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The longer distance in each case is the b axis.

Intensities were measured by the multiple film technique
(Robertson, 1943) and corrected for the Lorentz and polari-
zation factors in all cases. The (hlf) planes, whose
reflections had been recorded by means of equi-inclination
photographs, had also to be corrected for the relative time
any crystaluplane spends reflecting, compared to the zero
layer line, given by the Tunnell factor (1939). lleasure-
ments were made to establish the variation of the film
factor - the increase of X-ray absorption due to longer path
lengths at angles of incidence other than normal - and were
found to be negligible up to about 10° inclination. . This
was confirmed by an investigation of this subject by

H,J, Grenville-Wells (1955) published a little later.

The Fourier summations were cérried out by means of
Beevers-LipsonvstriDs. Por the difference synthesis
intervals of 50 = 0.398 A. and 36 = 0.186 A, were used; but
the F syntheses were calculated at 1,800 points, at intervals
of 60 = 0,199 A, and 55 = 0.186 A. The positions of the
contour lines were obtained by graphical interpolation from

the summation totals, by making sections of the rows.

The agreement factor was reduced to 19.1% over the
(hof) planes, but refinement had not yet stopped. After
atoms Mz and 02 were adjusted to more reasonsgble sites

according to the final Fo synthesis the agreement factor, R,
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went up to 20.0%. Refinement of the (h1l¢) generalized
projection was stopped when R = 30.4% and this structure
gave R = 27,5% and 27.3% for the (hk0O) and (Ok¢) planes,

respectively.
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® Not included in final Fourier summation of

Structure factor tables for

diperinaphthylene anthracene

5 Cut off by beam stop.

hoe 2

100
200
300
400
500
600
700
1100
001
101
201
301
401
501
601
801
1201
002

sin © \Fc(

.129
. 254
. 387
. 517
645
T4
902
1.419
. 138
. 190

« 290

.405
« 530
. 647
770
1.020
1.525

276

27.8
19.4
16.2
13.0

5.6
44.6

9.2

1.4
63.6
32.6

8.2

44,6
4.4
2.2

32.8
2.0
5.0

34,4

||

50.46
20.8
14.8
10.8
8.2
42.6
7.2
5.6%
59.46
30.8
4.0
44.2
7.2
3.2
34.6
4.6
3,2
30.2

o

180
180
180

180

180
180

180

111(a)

[ A= 1.542 A.]

ho£
reflections.

Estimated from oscillation
photographs.

hot 2

202
302
402
602
902
003
203
303
403
‘505
703"
204
304
404
504
704
804
904

sin 6 ]Fc[ ||

« OT7
4T3
. 580
. 806
1.170
414
. 487
. 563
. 662
.'768
. 980
.610
. 670
753
. 840
1,045
1.150
1.265

26,4

16,0

10.8
11.2
5.0
9.8
17.4
3.6
1.6
5.2
3.6
25.4
29.8
0.0
6.4
1.8
9.6
5.0

30.4
19.6
7.6
9.0
2.6
13.4
16.6
3.4
2.6
8.6
4.0
25.4
33.6
4.6*
6.8
7.0%
8.0
9.2

180
180
180

180
180
180



111(b)

ho¢ 2 sin 0 |7 7} o nog 2 sin © [FJ lFo, o

008 690 2.0 2.2 180 Jol1  .190 27.6 24.8 180

205 . 735 0.4 4.97 0 .405 15.6 17.0 O

305 787 3.0 34.2 O .530 21.2 20.2 180

505 . 9356 0.4 5.4 180

301
401
405 .857 6.0 5.6 180 501  .647 12.8 12.6 O
701 .898 7.8 4.6 180
1701

605 1.025 3.4 2.8 180 1,400 1.0 2.8 180

705 1,120 1.4 5.4° 0 To2 .308 b51.2 48.6 O
805 1.220 14.6 14.8 180 302  .473 4.2 6.8 180
905 1.330 25.8 24.0 180 402 .580 10.8 9.2 180
1005 1.440 1.0 5.0° 180 Bog .692 0.8 2.2° 0
106 .840 8.2 7.8 © 602 .806 5.8 4.4 180
706 1.210 2.0 3.8 180 702  .928 5.6 3.0 O
806 1,305 5,4 4.0 O 103  .435 25.0 28.8 180
906 1.410 6.0 8.8 180 203  .487 3.8 4.4 O
1006 1.510 0.4 3.8 180 305 .563 8.4 2.8 180
107 ,975 5.6 2.8 180 403 .662 0.6 6.4F 0O
407 1.090 4.2 3.2 O 505 .758 2.8 5.2 180
008 1.105 3.4 3.2 180 703 ,980 5.0 4.2 O
108 1.115 6.0 3.0 O 908 1.210 1.2 4.2% ©

009 1.241 16.4 13.4 180 1003 1.330 4.0 7.8 180
109 1.250 13.4 11.0 180 104 .565 1%.2 14.8 O
1010 1.382 13.2 13.6 180 204 .610 7.8 5.6 180



2 sino |F) 7|

670
753
1.045

1.150

1.265
.700
735
+ 887

1.120

1.220

1.330
-840
. 970

1.305

1.090

1.150

1.338

1.390
1.445

20.4
7.6
8.0

22.8
0.4
7.0

2l.2
5.4
5.4

21l.0
1.8

11.8
7.6
1.2
2.0
1.2

2.6

7.2 .

4.2

24,4
5.8
6.0

25.4
7.2
7.0

21,2
5.0
7.2

24,4
4.4
9.6
6.4
3.4
3.0
2.6
3.4
3.8
3.8

o

180

180

180

180
180

180

180

Beam

t:

hie 2
110
210
310
410
510
610
710
011
111
211
311
411
511
611
711
811
ole

stop:

111(c)

reflection cut

off by beam stop.

reflection estimated
by correlation with
hkO reflections.

reflection estimated
by correlation with
Okk reflections.

sin © IFJ

.227
.323
427
. 542
.665
.785
.906
.241
.275
.350
<450
.565
677
T
.920
1.040
.338

46.2
39.0
4,6
15.8
37.4
20.8
5.8
36.2
70.6
42.4
8.8
8.0
7.0
11.8
7.0
4.6
9.0

=l

(¢

53.2T 188

43.8
5.0
7.2

43.6

30.8

11.2

25.2?

Beam
stop

43.2
12.8
el
9.2
19.0
11.2
7.0
8.2

357

18
318
187
197
237
249
187
289
342
244
554
128

55

101



hi@ 2

112
212
312
412
712
912
013
113
213
313
413
513
613
713
813
014
114
214
314
414
714
814
914

sin 6 [F ]
.366 27.4
.426  10.2
512 6.2
.615 15.4
.950 5.0
1.180 2.2
.460 13.4
.478 7.0
.523 9.2
597 3.8
.681 10.8
785 4.8
.890 4.8
1.000 12.4
1.115 4.6
.586 1.2
.600 21.8
.642 6.2
.700 28.6
781 5.0
1.065 16.4
1.170 10.6
1.282 5.4

(=

26.2
14.8
4.2
8.6
6.4
4.4
10.6
12.0
7.8
4.0
9.6
5.6
6.4
5.0
4.2
2.6
16.0
12.0
‘2%
11.6
7.0
13.6
8.4

81
355

66
179
148
300
325
189
280
3338
202
202
165
350
124
325
131

31
158

12
525
178
262

111(4)

hlf 2 sin 6 lFJ [FJ

1014
015
115
215
315
415
815
715
8186
116
216
316
416
516
616
o117
018
019
119
219

1.390
oL/
727
763
.8153
.882
.958

1.138

1.238
.865
.890
.953
.990

1.060

1.138
.87

1.122

1.260

1.257

1.272
.275
350
450

1.4
4.6
9.0
12.8
37.0
15.2
0.8
7.6
5.8
10.0
2.0
1.8
9.4
0.8
3.6
3.0
12.8
28.2
5.6
3.2
20.8
30.8
2.4

4.4
4.4
4.4
13.6
31l.4
11.2
5.8
6.6
8.2
8.2
5.8
3.8
4.0
5.8
4.0
3.6
9.8
19.6
10.6

4.8

Beam
stop

31.6
10.0

2384
282
186
282
181
197
289
343

150

165
240
179
157
357
353
158
180
257
1653
117
324
2153



sin © 'E‘cl ‘Fo!

«565
<677
797
- 366
«426
.012
.615
.720
961
478
. 523
. 597
.681
785
1.115
1.227
1.343
.600
642
700

781
«865

1.170

12.0
28.4
6.2
29.8
7.6
16.6
5.2
9.2
2.4
8.4
7.6
11.2
10.6
5.6
2.6
9.6
2.2
6.0
15.6
59.8

9.0

4.0

16.2

4.6
17.4
9.4
33.0
6.2
10.4
4.6
3.0
5.6
5.4
9.6
15.8
9.4
4.8
5.4
19.0
6.0
4.4
14.6
$8.0
10.8
5.6
13.8

127
345

83
359

93
526
166
201
141
168
157
101
187

o1
173
337

28

24

233

179
279
345

hle2 2 sin 6 'Fél {Fa‘

914

e

1014
115
215
315
515
815
915
216
316
416
118
119

1.282 23.2 19.8
1.390 4.6 4.6
727 .2 3.0
L7163 32.8 23.2
.81l3 22.6 23.8
.968 9.6 6.2
1.238 6.8 5.8
1.342 2.8 6.0
.890 4.4 3.6
935 7.6 4.8
.990 10.0 4.4
1.132 3.2 6.2
1.267 6.8 13.0

111(e)

117
198
180
171
187
535
289

69
352
181
228
270



hkO 2

100
200
300
400
500
600
700
1100
110
210
410
510
610
710
1110
1210
020
120
220
320
420
520
620

1120

sin 6 }F

129
254
387
«517

645

T4

.902
1.419
.22
+323
. 042
.665
.785
« 906
1.407
1.532
.392
«409

.465

550
. 640
745
. 850
1.448

|

30.6
22.6
18.0
10.4

5.0
43.8
8.4
1.6
46,2
39.0
15.8
37.8
20.8
5.8
8.4
2.0

212.4
78.0
17.6
10.0
10.8
15.4

25.0

1.0

=l

31.8
25,2
16.2
10.6

8.6
40.0
9.2
6.2
50.0
41.0
6.8
7.4
26.4
8.6
7.6
2.8

180.6

105.4
18.4
14.6

4.0
38.6
14.4

5.4

180
180
180

188

357

313
187
197
287
175
168
174
264
387
217
282

83
339
340

hkO 2 sin e_[Ec}
130 .602 27.8
230  .640 23.0
330 .702 5.8
430 .75 16.2
530 .865 15.6
630 .957 8.6
730 1.065 7.8
1030 1.395 4.2
1130 1.513 5.0
040  .787 51.2
1140  .795 23.2
240 .823 25.8
340 .875 6.4
440 .952 9.8
540 1.007 7.0
740 1.187 0.6
150 .988 11.4
250 1.010 10.0
350 1.052 5.8
650 1.240 2.6
060 1.181 12,8
160 1.179 7.6
260 1.199 7.4
460 1.9278 1.4
170 1.378 2.8

- 111(F)

[Ef
48.8
9.0
4.2
10.2
17.0
7.8
6.4
3.2
4.6
26.6
27.2
10.0
5.0
11.8
6.8
6.8
17.4
7.8
4.6
S.4
13.0
8.0
7.4
4.4
5.4

20
170
230
124

29
134

90
356
328

66
247
202

906
203
2062
198
524

o
176
142
199

12
335
349



okl 2

001
002
003
008
009
011
012
013
015
016
018
019
0110
020
021
022
023
024
025
026
028
029

sin 6 |F4

.138
276
414
1.104
1.242
o241
. 338
460
J7TLY
.848
1.122
1.260
1.390
392
JALT
485
. 875
.680
795
. 920
1,173
1.308

69.2
35.0
14.4
3.2
16.4
36.2
9.0
18.4
4.6
5.6
12.8
28.2
4,6
212.4
78.8
35.2
5.8
9.0
8.2
1.8
9.4
11.4

=l

65.6
&7.8
15.0
4.2
10.6
28.2
8.8
11.2
5.6
2.8
8.8
1.2
7.0
193.4
89.4
19.2
8.8
8.8
8.8
3.2
6.8
11.0

180
180
180
180
249

325
282

158

180
126
174
140
386
322
291
168

148

2906

ok{ 2

031
032
033
034
035
036
038
0310
040
041
042
043
044
045
046
048
049
051
052
063
. 056
058

sin 6 [Fcl lFOI

.605 25.2
.655 15.0
725 3.8
.808 9.2
.910 4.6
1.015 1.0
1.255 7.8
1.498 5.0
.787 51.2
.800 23,2
.835 11.4
.890 7.2
.960 7.8
1.047 10.6
1.145 6.4
1.355 4.2
1.470 5.0
.990 5.0
1.020 4.6
1.065 5.8
1.285 3.8
1.475 1.6

29.4
12.2
8.4
8.6
9.6
4.4
6.8
5.2

B7.2

5.8
14.4
22.8
2.8
3.0
7.2
9.4
3.6
17.0
3.2
10.0
5.0
5.2

111(g)

o4

84
41
250
353
144
148
330
318
328
332
138
77
173
335
293
119
162
117
279
133
234
160



Oke

060
061
062
063
064
o71
ovre
080
081

2 sin 6 IFcl 'Fol

1.181
1.187
1.210
1.250
1.300
1.380

1.405

1.568

1.575

12.8
3.8
5.8

5.4
0.6

3.2
2.8

2.4

11.8

14.2

6.6
12.4
5.4

7.0

3.4

3.8

3.8

142
154
238
287

40
359
183
306
536

111 (h)
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Chemical knowledge nrior to the X-ray investication

Wheﬂ the completely aromatic compound perylene (I) is

treated with maleic anhydride II the addition product IIT
is formed. If ITI is then dehydrated to IV and decarbo-

xylated with soda lime than 6:7 benzperylene (V) is produced.

CO

N\,

S
yurg *

Similarly when 1:9 - 5:10 diperinaphthylene anthracene

S

(VI), which can be regarded as a di-perylene, is treated
with maleie anhydride the addition product VII is formed.
However, in the chemical processes which might be expected
to lead to VIII, in fact two compounds are formed, namely

VIII and one unknown substance (Clar, Kelly, Robertson and

Rossmann, 1956).
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There could be no aoubt about the nature of the starting

compound VI, for its formula had been established on chemical
grounds (Clar and Kelly, 1954) and confirmed by the X-ray -
work described in this thesis. The formula of the inter-
mediary addition product VII was also confirmed on chemical
grounds. Thus the unexpected chemical reaction must have
occurred in going from VII teo VIII. The result of this
reaction gave small but roughly equal yields of the two
different compounds. Their crystals were in one case dark
translucent red needles, and in the other case black and
opaque needles. The absorption spectra of the two compounds
were examined in the ultra-violet range. It‘appeared
fairly clear that the red crystals were VIII, while the
black crystals had a highly condensed aromatic nature.
Chemical tests further confirmed that the red crvstals were

Di (8':1'-2:9)(8":1" -6.10) pyrene anthracene (VIII). Very
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recently an X-ray examination of this compound has been
started in the Chemistry Department of the University of
Glasgow (J. Trotter, private communication). The needle
axis has been found to be 3.9 A. It should be pointed out
that 2 x 3.9 = 7.8 A., is the length of the needle axss in
the crystals of Tetrabenzonaphthalene (Herbstein and
Schmidt, 1954 b) and 1:9 - 5:10 diperinaphthylene anthracene
(Part II of this thesis). Both these compounds are
arranged in a "two layer" structure, making each molecule
3.9 A. thick,. Again both compounds are overcrowded to the

same degree as VIII,

The formula of the black compound was, however, quite
unknown. A possible highly condensed compound of roughly
the same shape as VIII is that of IX. The formula of IX
was unreasonable since it requires two more carbon atoms in
the molecule than is permissible by the chemical reactions

in the processes from VII to VIII.

The X-ray investigation was started at this juncture.
Formula IX was confirmed. Bum - Hoi, Chalvet and Dawdel

(1950) suggest in a theoretical paper the name "Triovalene",
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but Dr. Clar and Mr. Kelly (who prepared the compound) prefer
the name "Anthrovalene". After the X-ray work had firmly
established the chemical formula, work was started in the
Chemistry Department of the University of Glasgow,

(J. McGlochlin and R.I. Read, 1956) aimed at tracing the

"migration" of the two extra carbon atoms into the compound.

14
6

atoms., It is believed that the mechanism of the process

A mass-spectrometer is being used to detect labelled C

may go a long way in explaining the natural phenomenon of

graphitization.

Crystal Data

20 H’
d (cale.) 1.530 gm/ c.c. ; d (found) 1.52:.01 gm./c.c.

Anthrovalene, C M.W., = 496.1; m.p. -3
monoclinic system; a =23.7662.005 A., D =4,59%,02 A,
¢ = 9.981£.005 A. , B = 99°54 430 . Absent spectra,
(h0£) when n is odd, (0k0) when k is odd; space group Cgh
(P21/a)j Two molecules per unit cell; Molecular symmetry,
centre; Volume of unit cell 1075 A% . Absorntion
coefficient for X-rays, A = 1.542, m = 7.82 em.” T, Total

number of electrons per unit cell = F(000) = 512.

Anthrovalene can be crystallized by sublimation at aboutk
40000. into small black completely opaque crystals. These
are elongated in the direction of the monoclinic b axis
with (001) usually well developed. No other faces could

be identified.
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When the crystals were heated in vacuo they decomposed

at about 473°C.

Analysis of the structure

From the unit cell dimensions and the observed density
the molecular weight of the molecule was calculated as

492,05 , if there are two molecules in the unit cell.

r
The molecular weight of the suggested chemical formula (IX) -
anthrovalene - 1s 496.1. Hence .the presence of the extra ’
two carbon atoms in the molecule was more or less confirmed. ]
This, in itself, made it particularly likely that the |
compound was (IX), since the main objection against the
formula had been that the chemical »process should produce

a substance with 38, not 40, carbon atoms per molecule.
When, however, the cell dimensions were compared to those
of coronene (X) (Robertson and White, 1945) and ovalene (XI)
(Donaldson and Robertson, 1953) as is shown overleaf, .

little doubt remained concerning the nature of the chemical

formula of these crystals.

Coronene (X) Ovalene (XI) ~ Anthrovalane (IX)
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150 strucfure
There appears to be a type of loose lisomorphism)between

these three compounds. Thus 1t was to be expected that the
extra three rings which anthrovalene has over ovalene, add
on to ovalene in the same way as the three extra rings of
ovalene added to coronene. x Since the b axis is so short
the first projection was made onto the (010) plane, as was
done for (X) and (XI). Hence the x and z co-ordinates of
ovalene were plotted out relative to the ovalene cell. An
extra three benzene rings were added and the origin was
transferred to the centre of symmetry of anthrovalene. The
cell dimensions of anthrovalene were now superimposed and
the éo—ordinatesvof the 20 independent atoms measured.
Ovalene, rather than coronene was chosen for this operation
as its B angle is closer to that. of anthrovalene. The
accuracy of this structure was estimated in the usual way
by calculating the agreement factor R expressed in a
percentage

- z'{lebsl B Fealc&l

Z:,E‘

de

When an empirical scattering curve (Robertson, 1935) was
used R was found to be 36.6%. This was reduced to 32.1%
when the McWeeny (1951) curve for carbon was employed
estimating the temperature factor by the method described
in Part I of this thesis. The latterywas found to be

B = 10 A?, a quite unprecedented large value. This did,
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however, explain why only 57 out of the 329 wossible
independent reflections had been observed, of which only

6 reflections were with sin 6:>> 0. 5.

These‘results were fairly encouraging. Thus a first
eleectron density map was calculated using 45 terms. The
signs of these had been determined without much doubt.
This map gave disappointingly little resolution of the
atoms, probably because of the large temperature factor and
small number of terms. Atoms were re-adjusted according
to this map. The agreement factor now dropped to 25.7%.
When hydrogen atoms had also been taken into account
(there was considerable evidence of these on the electron
density map) the agreement factor was again reduced to
28.7%. The C-H bond distances were assumed to be 1.1 A.,

for the same reasons as were given in Part II of the thesis.

There had only been a few minor sign changes, thus no
great improvement could be expected if a new electron
density map were calculated. Further refinement had
therefore to be carried out by means of (Fo - Fb) syntheses.
The first cycle reduced the discrepancy to 22.2%. At this
time a multiple film series from a rather better crystal
was available on which 63 independent reflections could be

’ naw

observed. Theaestimate of the structure factors gave

24.0% discrepancy. The second cycle reduced the dlscrepancy

to 21.5%.
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Impurities in the crystal

It was noted that atoms B and C were in the centre of
negative troughs of depths 0.8 and 0.4 e/A2 respectively,
while all other atoms were very nearly at zero electron
density on the second difference map. One or the other of
these atoms would not have been there if only the expected
compound had been formed by the maleic anhydride addition.
It was therefore argued that some of this compound (VIII)
was present as an impurity in the crystal arrénged randomly
in the two possible positions to leave either atom B or C
vacant. This would have the effect of slightly reducing
the electron density in these atomic sites. At the same
time, since this compound would be distorted from a plane
due to overcrowding in the molecule, such an impurity would
set up camsiderable local lattice changes wherever such a
molecule occurred. Uncertainty in the atomic positions of
the anthrovalene molecules would be created, giving a net
result of an apparently large spread in electron density
around the mean centre of an atom, which shows up as the

temperature factor of 10 Az.

The following analysis was applied, making the

assumption of the presence of an impurity.

Let atom B have a weight of 1- m

Let atom C have a weight of 1- n

and all other atoms a weight of unity.
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Let FC be the calculated structure factor assuming no

impurity, i.e. all atoms have the same welght.

Let Cl and Cz be contributions to structure factor

by atoms B and C respectively.
the ' |
Thusacorrected value of calculated structure factor is

F, - mC; - nC

1 2

Hence we wish to minimize the summation

E

il

2
z_LFO - (FC - mC, - nCz)]

: 2
= [ +mCl+n02]

The necessary conditions for this are that

(34 ¢1) (368) - (3AG5)(361C0)
(zclggg - (2 Qf)(z cg)

(34C,) (365) - (3407)(2 ¢,0,)
(2 ¢,6,)% = (2 ¢ (3 c2)

and n =

It was found that m = 0.219 and n = 0.179. When these
weights for atoms B and C were used the discrepancy dropped

to 19,0%.

A third (Fo - Ec) synthesis was calculated, from which
it could be seen that atoms B and C, as well as all the
other atoms were now at about zero electron density. Peaks
up to 0.5 e/Az still remained in areas where there were no

. 2
atoms at all, Since atom C lay in a trough of only 0.4 e/A
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and since one might expect the troughs of atom B and C in
the second difference map to be of equal depths (while, in
fact, there was a difference of 0.4 e/Az), the values of

m and n can hardly be regarded as accurate. Only the
trough of atom B appears to be of significant depth.
Therefore the correct weight to apply to atom B and possibly
also to atom C is probably m - n = 0.040; that is, we are
assuming the weight n insignificant. Hence an impurity

with two atoms missing of about 4-6% was expected.

At this stage, Dr. Read, of the University of Glasgow,
had completed a mass-spectrosconic study of the ecrystals.
The object of the investigation was purely to confirm, or
otherwise, the presence of an impurity. The crystals were
vapourized by electron bombardment with electrons of
sufficient speed to make any breaking up of the molecules
exceedingly unlikely. The molecular weight of the main
bulk of the material could be placed to 496 t 4 mass numbers
from absolute measurements of magnetic and electric fields
present in the mass spectrometer, in confirmation of the
X~-ray molecular weight determination. Assuming a mass
number of" 496 for this peak, three other subsidiary peaks

were also found. These corresponded to impurities of about

1-2% molecules with roughly 4 x 12 mass numbers less than

anthrovalene
1t

8-16% 1" 1t t 1 x 128 i 1"

1-2% 1" " n 1x1lg " more than
anthrovalene.
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The major part of the impurity was thus probably not (as had
been expected) compound VIII but an intermediary (X11)
between VIII and anthrovalene. The X-ray data suggests
that XII is packed randomly into space group le/a to an
extent of (10 ¥ 4)%,

Dr. E. Clar, who had prepared Anthrovalene with
Mr. W. Xelly, was able to corroborate these findings.
Certain features of the U.V. spectrum had for long been a
puzzle, but assuming not more than 10% of XII these diffi-

culties were removed.

It must be said that XII is not the only possible
formula for the major impurity, but it appears to be the

most likely suggestion.

The X-ray work of refinement was stopped as it was now
obvious that no accurate measurements, other than the
determination of the chemical formula, could be made.
Nevertheless, the atomie positions which had been found
were used to give rough estimates of bond lengths and other

quantities.
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Projection of the anthrovalene structure on the (010).Contour
scale, % electron per A?,the one electron line being dotted.
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28
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A final electron density map was calculated and drawn |
up. This, together with a skeleton map showing the packing

of the molecule when viewed down the b axis is shown here.

Orientation of the molecule and bond lengths

The molecule was assumed planar. Its plane was fixed
by the least squares method described in Part I for dibenz-
perylene. The "correct" bond lengths were taken from a
paper by Buu Hoi, 0. Chalvet and R. Daudel (1950) in which
the method of "spin-states" is used. It is doubtful
whether this method can be regarded as very reliable. The

best plane was found to be
Y = 0.8402X - 0.2264Z

where X, Y and Z are orthogonal co-ordinates measured
parallel to the a, b axes and the perpendicular to both
these axes, gl, respectively. The orientation of this

1 could now be

plane relative to the three gxes a, b and c
found and expressed in the usual set of nine angles already

defined in Part I of the thesis and also given for Coronene

(J.M, Robertson and J.G. White, 1945) as well as for Ovalene
(D.M. Donaldson and J.M. Robertson, 1953). They are given

in Table I, together with the equivalent angles for Coronene
and Ovalene. The molecular axes OL and OM were chosen

differently for Coronene, and henece only the angles the

normal ON makes with the three axes bears comparison for
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this compound.

It is of interest to note that the angle between the

plane of the molecule and the (010) plane, 4. is 41.1° for

N
anthrovalene, 42.7° for ovalene and 43.7° for coronene.

The perpendicular distance between the molecular planes,
given by b cos A(N)is thus 3.46 A., 3.45 A, and 3.40 A.,

respectively.
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TABLE I: Orientation of Anthrovalene Molecule :

Anthrovalene Ovalene Coronene ;

F.“‘—;._— — - I

cos % 0.760 || X, 40.5° 44.7° - 1

cos Ay | 0.564 || W | 55.7°| 51,5° - |

!

cos W 0.525 w, 71, 2° 70.8° - |
cos Ky, 0.147 XM 81.5° 78. 5° -

, ]
cos A 0.33¢ || Y, 70. 5° 74,4° - |
cos W, ~0.930 w, 158.4 160.5
cos Ky | -0.683 || K | 120.3° | 152.4° 133,7°
cos A o.754 It A | 41.1° a2.7° | 48.7°
cos 0.171 ®, 80. 2° 86.2° 89.60‘

The Y co-ordinates of all atoms were calculated from k

the equation of the mean plane and bond lengths could then

The table

be calculated.

These are given in Table 1I.

also shows the mean for the chemically equivalent bonds

which are compared with the expected values from the spin

states calculation.

The R.M.S. deviation between these

experimentally determined lengths and the theoretically
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expectations is 0.0S?.A.

The closest lateral contacts between molecules in the
lattice occur between atom O on the standard molecule and
E on the molecule at (ia, ib) where the distance is 3.86 A.
[Equivalent distances for ovalene and coronene are 3.68 A.
and 3.77 A.], and between O and atom E on the molecule at
(i.a, - ib) where it is 3.95 A. Between atom C on the
standard molecule and atom C' on the molecule one trans-
lation further along the ¢ axis the distance is 3.84 A.
Finally from atom D on the standard molecule and atom A'
on the molecule at (0, b, c¢) a distance of 3.99 A. is found.

A1l other contacts between atoms on neighbouring molecules

appear to be greater than 4 A,
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TABLE II: Bond lengths in Angstrom
Bond | 4, | Bond | d, l(dl-dgﬂ fl%&ia Szgig Al
EA 1.35 DI 1.32 .03 1.34 1.38 | .04
AR 1.43 HD 1.40 .03 1.42 1.42 | .00
FB 1.42 CH A1.21 .21 1.32 1.41 | .09
BG 1,47 GC 1.42 .05 1.45 1.4l | .04
J'B 1.853 NI 1.29 .04 1.32 1.42 | .10
KB 1.30 L. 1.55 .25 1.43 1.44 | .OL
o'g' | 1.27 NT 1.41 14 1.34 1.42 | .08
J'P' | 1.53 SN 1.56 .03 1.54 1.44 | .10
P'K 1.45 MS 1.32 .13 1.39 1.43 | .04
KQ 1.55 RM 1.37 .18 1.46 1.43 | .03
QL 1.35 LR 1.47 .12 1.41 1.43 | .02
LG 1.40 1.44 | .04
TO 1.32 1.38 | .06
SP 1.48 1.43 | .05
RQ' 1.44 1;45 .01
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Co-ordinates and dimensions

The % and f Pmﬁﬂd;mﬁﬁ«bsderived from two successive
(Fo - Fc) refinement cycles are listed in Table III. The
%.rﬁda&\awdmdmis calculated from the equation of the mean
ﬁolecular plane. The co-ordinates, x, y, z are also given
in Angstrom, and lastly the atomic positions are given in
Angstrom relative to the orthogonal system of axes, X, Y, Z.
X and Y are measured parallel to the g and b axes of the
unit cell, A ié measured in a direction perpendicular to
X and Y. The crystallographic centre of symmetry is taken

as origin.

As the molecule has an exact centre of symmetry, only
half the atoms, those of the asymmetric crystalographic.
unit, are listed. All the other atoms in the unit cell

may be derived from these by the operations

: o) a
(x,y,z) ,(-—X,-y,-Z),(X + %; -y + —2', Z) ,(_—X + 'é: J _2","Z)
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Experimental

1. Cell dimensions

The b axis was measured from different rotation
photographs calibrated either with Cu or Na Cl powder lines.
Difficulty was experiencéa in measuring the other cell
dimensions by the same method because of the number of
different axes with very nearly the same 1ehgths. Hence
the a and ¢ axes and the B angle were measured from a
moving Weissenberg film of the hOQ reflections, This film

was calibrated with ITa Cl powder lines which made it

possible to calculate the reciprocal distances for

Aho0

15 reflections.

\ 2
NOW'(éé?€> - m° g° + 02 2 _ gn0 8" ™ cos ]
011}

We may write this.as

d*g‘ = h2X+ sz_ghﬁ Z
_ . \
where X = é?z , ¥ = 0*2 , and g =8 ¢ cos B

The solution of this linear equation in three unknowns was
found by the least squares method. Hence the three

equations
zd&%% = Cn*) x+ 018203 y - 2310 ) 2

(z a%%) = 1n%0®) x+ €% y -2 (3 ned gz
(= d*zh.,Q) = (= hS—Q,) x + (Zn Lz) v - 2(2 thg) zZ
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were solved to determine the three unknowns x, y and z.
From these the cell constants a, ¢ and f were then found.
These values were then used to re-calculate the reciprocal
distances @ . The experimentally measured 4 's and those
calculated from the '"best" cell dimensions only differed in

the fourth place.

Le Densities

The density of the crysfals were determined by
flotation in potassium iodide solution. The accuracy of
this method was not controlled by the accuracy with which
the density of the solution, believed to be of the same
density as the crystals, could be measured. Because of
the very small volume of the crystals itlwas very difficult
to distinguish whether a crystal was sinking or rising due
to its weight, or due to thermal or other currents in the
solution. A centrifuge was used to overcome this diffi-
culty; howéver, the crystals just stuck to the walls of

the containing wvessel.

Betermination of Crystal Data

Copper K, radiation, A = 1.542 A, was employed in
all the measurements. Rotation oscillation and moving
£ilm photographs were used, the latter chiefly for intensity
records. 0f the (0k0) reflections only the (020) and (040)

could be observed, and these were very weak reflections
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themselves.  There was no exception to the (ho@) halving

with h odd, and the space group le/a was therefore assumed.

Measurement of Intensities

The (hOZ) zone was explored in detail by moving film
exposures of the eQuatorial layer lines for two different
erystals rotated about the b axis. The multiple~film
technique (Robertson, 1943) was used to estimate the
intensities visually. The total range of intensities
covered was about 4,000:1. The time of exposure was
increased until the background beéame too thick to see the
weakest refleetions. Yet only 63 independent reflections
could be observed. This was probably due to a combination
of the apparently large tempverature factor and the small
size of the crystals available. The cross-section of both
crystals used in these exposures were 0,03 mm. by 0,10 mm,;

they were 2-3 mm. long. No absorption corrections were made.

The absolute scale of the P values was determined by
correlation with the calculated F values. MacWeeny (1951)

N

scattering curves were used.

Fourier Analysis

The electron density for all the F_ and the (Fo - Fc)
synthéses was computed at 900 points on the assymmetric unit
with the help of Beevers Lipson strips. The a axis was

divided into 120 parts, and the ¢ axis into 30 parts, the



intervals along a being 0,198 A., and along ¢ 0.333 A,
The positions of the contour lines were obtained by

interpolation from the summation totals.
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200
400
600
800
1000
1400
001
201
401
601
801
1001
1201
002
202
402
1002
003
203
403

.Structure factor tables for Anthrovalene

¥ . . . .
Not used in final Fourlier summation

representing the elecctron density.

4 .

Fcalc
sin © ]de§/~*"\
.132 69 + 67
. 264 54 - 62
.395 50 + 54
.527 7 - 13
.659 10 +
.923 6" +
.157 7O + 84
.220 30 - a7
.335 36 + 34
<455 24 - 21
« 580 é + 8
706 8 + &
.833 o - 2
.314 20 - 25
. 364 25 + 31
.448 15 - 14
780 51 - 48
470 4 - 6
.512 10 - 9
.583 0 + 7
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A= 1.542 A.

Fcalc

hO2 2 sin © (desV’*—_‘

603
803

1003

004
604
804
005
2086
407
607
1007

672
LT71
. 877

. 627

. 808

. 897

.784
.818
1.175
14258
1.378
1,332
.190
. 285
. 403
. 528
.652
.780
.914
. 522

1l

36

- 23

*
10

13
64

+

13
32
24
1
5
10

18
18

16
81
30
32
20

HoB©
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402
602
802"
1002
1402
1602
203
403
503
803
1003
1403
1603
204
404
604
804
1004
405
605
606
2008

2009

-

. 379
465
. S70
681
. 926
1.050
+470
. 500
. 062
- 649
A2
. 968

1.080

- 625
. 642
. 690
. 750
. 832
.785
. 817
« 957
1.655
1.756

sin 6

Fcalc
lFobs] ~
22 27
22 28
15 i7
6 Kd
42 34
¥
10 . O
28
26 29
4 2
ki 6
%
10 2
28 30
13 15
10 iz
30 24
3
10 1
10 10
4 6
51 50
38 38
7 13
6 T
*
6 0

138(a)
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Introduction

Simpler organic molecules usually require the use of
two dimensional Fourier syntheses in order to solve and
refine their crystal structures# When the molecule is
complex it is very nearly essential to use three dimensional
data and the corresponding Fourier series. While for two
dimensional work ordinary desk calculating machines together
with aids such as Beevers Lipson strips or Robertson masks
are sufficient; for three dimensional summations, involving
often thousands of terms, a mechanical or electronic com-

putor is necessary.

A technique known variously as 'generalized projection
method" or "weighted density method" has been developed in
recent years., The three dimensional electron density is
weighted by an arbitréry function in such a manner as to
make most ﬁerms in a three dimensional summation disappear.
This reduces the calculation to manageable size, while at
the same time some of the three dimensional character is
maintained. Although the choice of weighting function is
infinite, only one type has so far been used, This function
has the effect of employing reflections of one layer line
only in the Fourier summation. Hence the data required is
eaéy to collect by means of usual moving-film methods.

Since these reflections are from planes which are not parallel

but at a known angle to the direction of projection an
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estimate of the third co-ordinates of the electron density in
the cell can be found by studying the peak height of the

generalized density. An analogous case is when a distant

range of hills appears flat While nearer trees and buildings

give a three dimensional effect.

Clews and Cochran (1949) were the first to use a
generalized projection, although they did not realize the
full significance of the method at that time. Dyer (1951)
was the first to make full use of the method in finding the
third co-ordinate of atoms from generalized Patterson map,
but he did not explain the underlying theory of the method
in this paper. Raeuchle and Rundle (1952) described in
outline the theory of generalized projections, but a few
months later Cochran and Dyer (1952) published the first
full and correct account of the method in their claSsic‘paper.
The description of generalized projection theory which now

follows is based on the ideas of Cochran and Dyer (1952).

The basic theory

It can easily be shown that (e.g. Robertson, 1953)
v 1222 = A
e(x,y,z) =Fh Ko F(hke) exp {—lel(hx + ky +£Z)Z (1)

where ¢ is the electron density at x,y,z which are the
co-ordinates of a point in the unit cell expressed as

fractions of the cell edges a,b,c;
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and V is the volume of the unit cell.

2T iKy

The weighting function e is used. Thus let us

define the generalized projection onto the (010) plane as
Cx(xs2) =D ({I"e(x,y;Z) exp [2Wixy] ay (2)
. ] . .

Substituting for p (x,¥,2) with (1) in (2) and using the fact

j exp [2Ti (X - k)y] dy

1 when k = K

]

O when k £ K,

]

We'find that
Cx(x;2) = % 3 3 F(BEQ) exp [-2T1 (hx +€z)] (3)

If we let F(hkKe) = A(hKe¢) + i B(hKQ) as usual

and put Cp(x,2) = Cp(x,2) + 1 Sp(x,2) (4)

we have

Cp(x,2) +1 S(x,2) = 222 {A(hKe)+ iB(hKﬂ)}{ cos 2M(hx + £z)
- i sin 2W(hx +Qz)}
Equating real parts

Cp(x,2) = F 2 §2A(h1<e) cos oW (hx +£7) + B(hKL) sin 2T(hx +ez)}

and similarly equating imaginary parts |
Sp(x,2) = %ii {B(mce) cos oT(hx +£€z) - A(hKC) sin 2T(hx + ez)}

These functions reduce to

CK(x,Z) = -ﬁ»ﬁi[’ﬁ'(_hﬂe)]‘cos {21'r(hx +0z) -cc(hKC)S (5)
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and

Sy (x,7) = %if IF(hK.Q)l.sin{ a(hrd) - gT(hx +.Qz)} (6)

where c(hK¢) is the phase angle of the structure factor of
the plane (hK{@). At first sight it may appear strange

that the generalized density is not cémpletely real. This
can be understood when it is realized that it is dependent
not only on the vhysically real electron density, but also

on the arbitrarily selected weighting function.

We now need to interpret the meaning of the Bourier '
series (5) and (6). ILet us assume that the structure is
composed of spherically-symmetric atoms.

N
S.F(hke) = 2 £, (hkQ) exp -zzﬂ‘i(hx +ky +0z )} (7).
n n n
n=1
Substituting equation (7) in the expression for the genera-
lized density (3)

‘ N : 1
eK(x, zZ) = knﬁl[f'li £, (hie) exp{%?l‘i (hxn+ Ky, + azn}_exp{_ 21?' i (hx.{..ﬁzﬂ

=42
B

: [ﬁ f fn(hKé)expézﬁi[h(xn" %) +0(z,- z)},expizamnﬂ

But exp iz'{l'i Kynz( does not change with h or @ and may, there-

fore, be taken outside the summation. Hence putting
+ o
¢ x(x,%) =é]21 ? £p(hKQ) exp {270‘ i(hx +‘Qz)}
- oD
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we f£ind that '

N .
QK(X,Z? =n§1 [ o (x-x,, 2 - 2) exp 2TiKy, ] (8)

Now, since f£(hkKe) = £(hkQ)
c'nK(x,,z) =13 3 2 f (hKQ) ces 2T(hx + €z)
A
h ¢
-0
Therefore ¢£K_is completely real, representing what

would be the »nrojected electron density of the nth atom onto
the (010) plane if f(hkK€) were replaced by £(hOQ). We can

now separate real and imaginary pafts'in.(S) if we make use

of (4).
Thus
N
CK(x,z) = 3 dﬁgﬁx -X, 2 -zn),cos 2 Ky, (9)
n=1
and
N
gK(x,z) = § o-nK(x -X, z -, zn)‘ sin 2 WKy, (10)

The Fourier series (5) and (6) correspond to the
summations (9) and (10). Thus the cosine generalized
projection CK(x,z) can be built up b& multiplying the
distribution GhK(x,z) for each atom by cos 217K5pn and
centring the atom at X.» Z . It follows that a comparison
of the heights of the peaks (or troughs) in CK(X,Z) or
SKKx,z) with the corresponding GBK(Xn’Zn) then gives
cos BTTKyn or sin ZTTKyn, respectively. For lower layer

lines (¥ small) the neak height of the corresnonding atom
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in the normal projection can be assumed to equal dhK(xn’zn)‘
For higher layer lines dﬁKKXn?Zn) can easily be calculated,
since o

vy —_ ¥
nK(o,o) _Ai % 2f (hKLR)
.0
A discussion of the effect of termination of series
and bad resolution on peak heights, and the corresponding
effect on the accuracy of a generalized projection is given

in the section "The generalized projection" in Part II of

this thesis.

Philips (1954) rirst suggested the combination of the
cosine and sine parts. This has been done by Fridrichsons
and Mathieson (1955) in the determination and refinement of
the structure of DL isocryptopleurine methiodide. It

follows from (9) and (10) that

. . tow
{02 (x,2) + 82 (x,2)} = ERLTCRE N EE SRNCEY

In other words we have the ordinary electron denéity projec-
tion except that the »neak heights are slightly altered
becauée.f(hKZ) =~ £(h0Q) only. Fridricksons and Mathieson
term this a "modulus projection". Philips (1954) points

out that the peak shape in a modulus vprojection is improved
because the effective scattering curve generally becomes
flatter in shape as the level of projection is increased, so
that the corresponding atomic peak becomes sharper though
smaller. Hence an increase in resolution should be obtained,

but this is in »nart counterbalanced by the decrease in the
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amount of observable data for higher layer lines. Never-

theless the power of a modulus projegtion to increase
Pesolutfon is well shown by Fridrichsons and Mathieson

(1954 and 1955), who combined by summation the modulus projec-
tions of a number of different layer lines.

Some applications

Clews and Cochran (1949), who were the first to use the
new method, derived accurate two dimensional co-ordinates
for 4- amino -2, 6- dichloropyrimidine by making generalized
projections of different layer lines dowr the very short ¢
axis. From each projection two co-ordinates of each atom
were measured, and these were then averaged. This is akin
to the modulus projection, although Fridrichsons and
Mathieson (1955) claim their method of summing modulus
projections at different levels to be more accurate, as it

gives the correct weight of each layer line.

Dyer (1951), Zussman (1953) and Curtis and Pasternak
(1955) have used Patterson generalized projections to
determine the third co-ordinate in structures where two
co-ordinates were already known. Since the coefficients
in a Patterson summation are all real and positive it follows
from equations (5) and (6) that

2

. Fz(hKQ) cos 2T (hx +4Lz)

13
CPK(X,Z) =% h
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and
122 L2 .
SPK(X,Z) =~F 5y F (hKe) sin 2W(hx +€32)
th . . ,
The n*" peak is then of height ﬂhKfcos 211Kyn or
¢nK,sin 2TrKyn according to whether the cosine or sine

generalized Patterson is beilng used. ﬁho is the corres-

ponding distribution of the nﬁh peak of the equatorial layer

line projection. Dyer (1951) assumed that

1%
Dk = constant for g
height of origin peak of layer K particular type
of atom

An estimate of the unknown ﬂﬂK could, therefore, be made.
It must, however, be pointed out that a full interpretation
of the zero layer line Patterson is required before any

meaning can be attached to a generalized Patterson.

Raeuchle and Rundle (1952), Zachariason (1954), as well
as Curtis and Pasternak (1955) made use of generalized
projections in order to eliminate the density due to atoms
at certain heights in the unit cell, thereby ihcreasing the

resolution of the other atoms. Let uws, for instance,

consider a structure with atoms on the planes y = O, %, %, g.
If we construct the cosine generalized (hle¢) projection all
atoms at levels y = % and %»are eliminated since

Y [V

cos Zﬂizcos 2T = =0 .

However, the remaining atoms enter with a weight of ¥1 since
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cos 2TMO = 1 and cos 27(%'= -1. It should be explained

that the apparently new weighting system used by Curtis and
Pasternak is nothing else but the usual generalized

projection. A generalized projection was defined as

Celxs2) = v f o(x,7,2) expl2WiKy] ay (2)

Since e»(x,y,z) is all real we could define the two genera-

lized projections as
»Mﬁx‘(xrz)

and

iSK'(X,y) =D J’é@(x,y,z)_sin 2 Ky.dy

i

b fl e(x,y,z).cos 2T Ky, dy
, o}

These are the definitions used by Raeuchle and Rundle (1952).
Now the weighting functions used by Curtis and Pasternak are

(1 £ cos 2y) and (1% sin 2TWy). Hence

Curtis & Pasternak cos
function = b J; e(x y,z)(l+ oW v) day

=D ]1 Q(A,y,a)dy =D ] e (x,7,2) g5 2Wy.dy

zero layer projection - flrst layer cos or sin
generalized projection.

1l

A very good example of how heavy atom techniqgue can be
of great assistance when used in conjunction with a genera-

lized projection technique is given by Cpchrah and Dyer (1952).

Speakman (1953) gives an illustration how a generalized

orojection can demonstrate the non-planarity of a roughly
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planar molecule.

It has already been mentioned that Zachariason (1954)
and. Curt&s and Pasternak (1955) employed generalized
projections to eliminate electron density at specific heights
in the unit cell. In both cases difference generalized
projections were subsequently used: Dby Zachariason to'show
up the positions of hydrogen atoms in a "hydrogen synthesis';
by Curtis and Pasternak to refine the two projected atomic
co-brdinétes. Difference generalized projections have now
also been used in some of the work described in this thesis
in order to refine, not the tWo projected co-ordinates, but
the third co-ordinate, parallel to the direction of

projection,
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