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ounmary

The research work described in this thesis has been
separated into two parts and an appendix. These contain
reports on the crystal and molecular structures of
dimethyl ketene dimer and acedianthrone, determined by
X-ray diffraction methods. The appendix describes a
further analysis of the results of the three dimensional
investigation of naphthalene, undertaken to obtain more
information on the positions of the hydrogen atoms and

on the effect of the Iy ‘electrons on bond length, The
unit cell dimensions and space group of fluoranthene have

also been determined.

rart I. The crystal and molecular structure of

dimethyl ketene dimer has been determined by the Z-ray
method. The crystals were found to have the unusual

) 3

space group CZh

- The cell dimensions are, as6.55%0.024A., b=10.262 0.034.,

- C 2/m with 2 molecules per unit cell.

c=6.43 t0.02A.,ﬂ = 104°, This space group recuires a
molecular plane of symmetry and a two-fold axis at the
centre of symmetry. This symmetry is chemically possible,

The structure of this compound had previously been studied

- by the method of electron diffraction by Lipscomb and

Schomaker and it was considered interesting to repeat
the work using the X-ray method, to compare the results
obtained by the two methods. Fairly close agreement has

indeed been obtsasined.
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Paxrt II. The crystel and molecular structure of
‘acesnthrono-(2'.1': 1l.2)-aceanthrone has been determined
by quantitative X-ray analysis. The structure postulsted
by L. Clar has been confirmed and the molecule found to
be planar within experimentel limits. The monoclinic
crystals were found to have the space group P 21/0 with
two molecules per unit cell and thus use is made of the
centre of symmetry in the molecule., The cell divensions
are, a=5.,64%0,014.,, b=10.96+0.024., ¢ =15.49 £0.024.,
I3=108.2°;t0.2°. While the chemical structure'and orienta-
tion of the molecule in the crystal have been determined,
it has not been possible to obtain bond lengths with the
usual accuracies as two of the projections obscure all but
three of the 16 atoms of the asymmetric unit and the mo-
lecule is highly inclined to the plane of projection in

the third axisl projection.

Appendix Part 1. The investigation of naph-

thalene by Hobertson has been the basis of several other
investigations undertaken to determine generzl properties
of carbon bonde in aromatic molecules. ‘Aftér the pub-
lication of the 3-dimensional analysis of naphthelene by
Abrshams, Robertson and White (1949) it was decided to
‘:draw sections through the molecule in various planes in

an attempt to obtain informetion on the hydrogen atoms and
on the effect of the JJ electrons on bond length.

C.A., Coulson on the basis of the molecular orbital theoxry
has prediéted, that‘in the naphthalene molecule as one

passes from the molecular plane to a plane parallel to it
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and further from the centres of the carbon atoms, there
should be a foreshortening of certain carbon bonds,., UThis
effect, if it occurs, should affect the electron density
in these positions and & quantitative measurement of it
.should thus be obtained by the Fourier method. Sections
were drawn of the electron density values on planes at 1/4 A.,
and 1/2 A. perpendicular distance from the molecular plane
and one on a plane gt right angles to the molecular plane
and through the centre of symmetry and the two centrel
carbon atoms. The results confirm the ellipsoidal nature
of the carbon atoms, but theshortening effect is not
unambiguously observable by this method. The variations
of shépe of the electron cloud density of thed and/g
carbon atoms has been observed and slight shifts in the

manner predicted by Coulson can be discerned.

Appendix Part 2, The cell dimensions and space

group of fluoranthene have been'determined by X-ray
methods. The monoclinic crystals have space group P 21/h
with 8 molecules per unit cell, The cell dimensions

are, a=18,4810,02A., b =6.27 £0.01A., ¢ =20.03%0,034.,
f = 110.20 to0.20




(5)

General Introduction

The usefulness of Z-ray analysis in Chemistry is
being widened to an ever greater extent, both in its
practical and theoretical applications. In this thesis
more by accident than by deliberate choice, three
different aspects of the chemistry of the three compounds
studied illustrete the wide adaptability of this method.

In the first compound, dimethyl ketene dimer, the
structure was not in doubt. Chemical and especially
eleétron diffraction evidence had shown the structure to
be 2,2,4,4,-tetramethylcyclobutadione-l,3. Such a mole-
cule may be expected to crystallize in a space group with
a high symmetry. It was hoped that the space group would
provide some information on this point. The space groups
of crystalline organic compounds indicate the presence of
a centre of symmetry, which is very common and the presence
of two-fold axes or planes of symmetry. The presence of
two different types of molecule present in a crystal
can also be inferred from the space group (c.f. Bunn,
Chemical Crystallography p.251).

In the second compound studied, acedianthroune, the

1'  chemical structure itself was in doubt. Acedianthrone

is of interest as an importent 1ndustr1al compound and
also for its theoreticsal connectlon with pentalene and
dibenzopentalene, substances which are being studied from
several aspects. Figure 1 shows the proposed structure

of pentalene, Figure 2 the structure of dibenzopentalene.



(6)

'\ \\ ép

Figure 1 .Figure 2

It‘is génerally more difficult to disprove a chemical
structure than to confirm it, or even to choose from one
of a few postulated structures, except in cases where it
is possible to use direct methods of: solving the phase
problem. These are the heavy atom and inequalities
techniques., Acedianthrone was found, however, to have
the structure which had been assigned to it based on
organic evidence, The transition from non-aromatic to
aromatic charazcter in passing from the so far unknown
pentalene, to the known but unstable dibenzopentalene
and to the stable aromatic acedisnthrone, has been con-
firmed by a determination of the bond lengths of ace-
dianthrone and by the fact that the ztoms of the molecule
are co-planar.

In the third investigation described in Part 1 of

" the appendix an attempt was made to link the results of

X-ray crystallography with the predictions of the

molecular orbital and valence bond theories., At first
sight, electron density maps prepared by the Fourier series
method would appear to supply a cdmplete answer to the

problem of electron distribution in a molecule. The
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method; however, is subject to severe limitations and
great caution is required in interpreting the results.
At the normal temperatures at which the intensity
measurements are made the atom undergoes ctonsiderable
,thermal movement and the results can only give a time
average picture., If an electron density function as
obtained by a most elaborate 3~dimensional analysis is
to give results accurate enough to give 1nformat10n on
the probablllty of finding an electroan at positions
wherezﬂﬁls small, the temperature effect, which may mask
the reél electron density, must be considered further,
The Fourier sections or projections would show the
shape of the atom and the electron density around it
provided all the signs are correct, but the picture
obtained may differ considerably from the one expected
on the basis of the molecular orbital theory,

The quantitétive effect of the 7T orbitals on
bond shortening is at present not known with any‘pre—
cision (C.A. Coulson private communication) so it is
not possible to say whetier the tendency for the centres
of the atoms to move in the anticipated direction is

either proof of the predicted effect or that it is a

khﬁ%;-quantitative measure of it.
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Part I

The Crystal and Molecular Structure of Dimethyl Ketene Dimer

Introduction

.The structure of dimethyl ketene dimer has previously
been investigated by Lipscomb and Schomeker (1) using the
electron diffraction method. This method studies the
compound in the vapour phase and determines in suitable
cases thefgeometrybof the molecule., It is held by some,
that there is an element of bias in comparing the results
obtained by observation and by calculation by this method,

- which is zbsent in the X-ray method. Also for all but

\the most simple molecules the accuracies claimed differ
in favour of the X-ray method. As the X-ray method
requires stable well formed crystals and electron dif-
ffaction a volatilizable substance, it is very rarely that
one substance can be studied by both methods. Dimethyl
ketene dimer is one of these, This compound is one of
several cyclobutane compounds which have been studied
in the past few years (2),(3),(4),(5),(6),(7). Of more

' particular ihterest in connection with this investigation
is the work of Owen and Hoard (2) on 04018 and that of
Dunitz (7) on tetraphenylcyclobutane., The results
obtained by X-ray and spectroscopic methods indicate that

some workers have found the cyclobutane ring planar,
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whereas others investigating different compounds have
found the ring to be puckered. Lipscomb and Schomaker
found dimethyl ketene dimer to be 2,2,4,4-tetramethyl-
cyclobutadione-l,3. Tlhis has been confirmed by this
investigation. Y“he bond lengths and angles agree fairly
closely, except for the carbon-methyl group bond which

 has been found shorter than the value obtained by
Lipscomb and Schomaker, but within the stated experimen-
tal limits. This point is referred to again in the

discussion.

Crystal data

Iilgure 3

“:Dimethyl ketene dimer 0802H12 F.We 140 m.p. 113° C,

d. cale. 1,114 4. obs. (by flotation) 1,10

Monoclinic a= 6.5510.,014., b=10.26 20,034A.,
c=6.4310,014., f}=104.0°% 0,5°

Absent spectra: (hkl) absent when h+k is odd
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Possible space groups: Cgh- ¢ 2/m, Cg - C 2, Ci -Cm
Two molecules per unit cell

ltolecular symmetry required: plane of symmetry with

two-fold axis at right angles to plane of symmetry (for C 2,m)
two-fold axis parallel to b (for € 2)

plane of symmetry parallel to (010) (for C m)

Volume of unit cell 417.4 A3

Absorption coefficient for X-rays = (1l.54 A.)=7.38 per cm.

Potal number of electrons per unit cell =F¥(000) =152,

Crystal structure

The observed spectral absences do not lead to a
definite identification of the space group. Iossible
space groups are: Cg - C 2, Ci - C m, Cgh— C 2/m,

All these space groups are possible and X-rays cannot
distinguish between them on the basis of 'halvings' or
‘systematic absences in the spectra., The pyro-eleciric
effect (8) would eliminate Cgh— C 2/m if it could be
positively observed, as it would indicate the absence
of a centre of symmetry in the molecule. When an
experiment was carried out no deffinite effect could be
observed.

Then as there are two molecules in the unit cell

if the space group is 03 molecule must have a two-fold

2
axis of symmetry (2) parallel to b, if the space group

is Cg molecule wust heve a plane of symmetry (g) parallel

to (010) and if it is 03

ol molecule must have a two-~Told
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axis perpendicular to plane of symmetry (2/m). Any
of these possibilities are consistant with the postulated
chemical structure,

As = basis for the evaluation of the structure
factor it is convenient to construct a model with the

maximum permitted symuetry, 2/m and place its origin in
3

the special positions required by the space group C2h

viz,

(09090 s 1/2, l/2y 0)

Each ring carbon and ketonic oxygen then lies on a

symnetry plane and has the co-ordinates,

(0,0,0 3 1/2, 1/2, 0) and ( x 0 z 53 x O z ), vhile

the methyl groups occupy the general positions,

(0,0,0 3 1/2, 1/2, O) and ( Xyz ; Xyz ; Xyz ; Xyz ).

The asymmetric crystal unit then consists of one
guarter of the chemical molecule, made ﬁp of one methyl
group, and one half of each of two ring carbons, and
one half of one oxygen atom. The justification for
the space group will depend on how well such a molecule
can explain the observed intensities.

A simple model based on a square ring with C-C=1.54 A.
and C-0=1.20 A, was now tested., It immediately led to
excellent agreement with the observed structure factors.,
In particular the strong series of reflection (001) and
(0k0) were accounted for almost quantitatively to the

seventh and tenth order respectively, and at this stage
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the overall agreement for some 70 structuie factors was
about 26%. Refinement by the double TFourier series
method was then applied, giving projections of the struc-
ture along the a and b axes. The final electron denszity
maps obtained in this way are shown in Figures 4 and 5.
The a axis projection gives quite good resolution of the
methyl group and fixes its b and z co-ordinates. The b
axis projection fixes the co-ordinates of carbon C(1),
but the othe; atoms are obscured by heavy overlapping.

In view of the excellent agreement of the (0k0O) reflec-
tions the E co-ordinates are fairly certain, but the X
and z co-ordinates of atoms C(2) and 0(1l) had to be found

by triasl and error using the discrepancy

Z} :Z.f[F célc.) - |F obs.]% x 100
S S |F ovs.]

as an index of reliability. The set of co-
ordinates finally chosen gave the following zonal
discrepancies. Okl 11.2%, hkO 12.8%, hOl 21.8%,

the average discrepancy for the three zones being 17.F%.

Co-ordinates, Dimensions and Orientation

The set of co-ordinates giving above discrepancies
are listed in table I. The origin is chosen at the

centre of symmetry. Only half the atoms of the molecule
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‘Figure 4

2 axis projection of dimethyl ketene dimer
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are listed (the asymmetric unit).

Teble I. Co-ordinates referred to crystal axes
(origin at centre of symmetry).

Atom x(4) "2 x/a y(a) 2 y/b z(4A) 2 g/c

C(1) 0.7641 420 0.0 0° - 0.6430 - 36°

c(2) 0.8187 45 0.0 0 0.9466 53

0(1) 1.5830 87 0.0 0 - 1.3390 - 75

CHy 1.4550 80 1.225 43 1.6700 93.5

CH3. 1.4550 80 - 1.225 - 43 1.6700 93.5
Figure 5

b axis projection of dimethyl ketene dimer
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The molecular axes chosen are shown in Figure 3y
"which also shows the naming of the atoms. The orien-
tation of the molecule in the crystal is eXpressea by
the angles Yo, Wi, W 5 ¥ s Vi s W5 Yo Yns Wy which the
molecular axes L, I and N make with the crystal axes a,
b and ¢' (c' being the axis at right angles to the

a-b plane)., 4s the molecule is planar and lies in the
above specified way, the direction cosinés of the L
molecular axis completely specify itsférientation.

These are,
XL = 34.1° wy/‘z 138,1°

Table II. shows the bond lengths and bond angles
obtaiﬁed by qalculating-the'distance between the set
of atomic co-ordinates (Table I.) and the corresponding
set of values obtained'by Lipscomb and Schomaker,

s

Table IT. 57Bond lengths and bond angles

X-ray electron diffraction (1)
C-C  ring 1.56 A. 1.56 1 0.05 A,
C}fcﬁs 1.49 A, 1.54 1 0.05 &,
¢=0 1.20 &, 1.221 0,04 A,
/ 0=80-c 89°30° 93° + 60
. CH,C- cH 11108" 1110t 6o
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The molecular axes chosen are shown in Fig. 3,
which also shows the naming of the atoms. The orien-
tation of the molecule in the crystal is expressed by
the angles Y, ,’)(/V,w',, 5 Xars Vins Ws XogsVp » Wy Which the
molecular axes L, M and N mske with the crystal axes g,
b and ¢' (¢' being at right angles to the a-b plane).

As the 4 carbons of the ring and the 2 oxygens are co-
planar, it is possible to specify the orientation of the

molecule by means of only two direction cosines X, and/y, ,

when space group Cgh— C 2/m is assumed.
These are,
X, = 34.1° W, = 138.1°

Table II. shows the bond lengths and bond angles
obtained by calculating the distance between the set
of atomic co-ordinates (Table I.); the corresponding
values obtained by Lipscomb énd Schomaker are also

shown.

Table II, Bond lengths and bond angles

X-ray electron diffraction (1)

e(1)-c(2)  1.576 A.
} 1.56 1 0.05 A,

| | ¢(1)-c(2)*  1.550 A.

I C-CH, 1.49 A. 1.54 % 0.05 A.
Cc-0 1.20 A. 1,22 ¥ 0.04 A.
6-G0-C 89030 930t 6o

é | CH3-8i2$3 11108" 1110 ¥ 60

| c(2)-C(1)-0 138°12' ——
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Lxzperimental

/
The crystals employed were prepared by Dr. Rydod

to whom I extend my thenks. ‘he substance is very
volatile, but specimen mounted on & glass fibre and
sealed into a soft glass capillary tube could be pre-
served for weeks at 16° C., but tend to volatilize and
deposit on the walls of the tube at even sl&ghtly higher
temperatures. The density was determingd/by flotation

in a CCl C_H,_ mixture. Copper-E«x radiation Ni filtered

’
wa.s used4to gbiain rotation, oscillation, zero and first

. layer moving films about the threejbrincipal Z0Nes,

The muitiple film technique (Robéftson 1943;(9) ) was
used to obtain visual estimates of the intensities and
these were put on an absolute scale by correlation with
the calculated intensities. Lo absorption corrections
were made, as the crystals employed were of uniform
cross section (8/33 x 10/33 mm) and because the linear
absorption coefficienf is very small, The F obs. values
were derived by the usual formulae for mosaic type
crystals., The Fourier syntheses were carried out by

the three figure numerical method (Robertson 1948;(10) ).

The anthiracene curve was employed to calculate F calc. (11).

Discussion

Apart‘from the interest that lies in comparing the

results obtained by the two methods, two further points
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Experimental

The crystals employed were prepared by Dr. Kydon
to whom I extend my thanks., They are colourless,
waxlike, irregular in shape and very volatile, When
exposed to the atmosphere, the crystals volatiliged in
a mattef of minutes. A crystal of approximately uniform
cross-section (0.24 x 0.3 mm.) was selected, mounted on
a glass fibre and sealed into a soft glass capillary tube.
When so prepared the crystal could be preserved for weeks
at 16° C., but other specimens used when the room
temperature exceeded this temperature volateliged and
deposited on the walls of the capillary tube. The
density was determined by flotation in a 0014, C6H6
mixture. Copper-K/X radiation, Ni filtered was used to
obtain rotation, oscillation, zero and first layer
moving films sbout the three principal zones. The
multiple film technique (Robertson 1943;(9) ) was used
-to obtain visual estimetes of the intensities and these
were put on an absolute scale by correlation with the
calculated intensities. The film used was Ilford fast
film hafing an absorption factor of 3.3. This factor had
been determined a short time previously by two independent
observers, on the same delivery of film. The excellent
agreement of the (0kO) spectra confirms the accuracy
of the film to film factor. The linesar absorption
coefficient is small and the two crystals used had such
dimensions that no absorption correction seemed necessary.
This is confirmed by the good agreement of F obs. with

F. calc. for low index planes. The F obs. values were
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derived by the usual formulae for mosaic type crystals.
Only 17 (hkO) spectra were recorded despite prolohged

exposures (18 hours). The low melting and boiling points

. make for a high degree of thermal vibretion. This coupled

with the fact that most of the atoms are co-planar,
creates conditions in which the intensities of spectra
fall off rapidly. Several f curves were tried, the
anthrsecene curve, which gave the best agreement, was
finally adopted‘(ll). The Fourier syntheses were carried
out by the three>figure numerical method (Robertson 1948;
(10) ).

" In view of the relatively small number of spectra
recordéd the gquestion of accuracy of the co-ordinates

must be raised., The y co-ordinates can be considered

reliable, because even a slight amount of puckering would

diminish the good agreement of I obs. and F calc. for
(Ok0) planes. It is also though that puckering would show
in Fig. 4. The y co-ordinates of all the atoms and the

X and z co—ordinates.of the methyl groups and of atom

C(1l) are fairly certain. DNMany attempts were made to

shift the remaining two atoms. While the small number

of observed planes was a disadvantage in fixing the
parameters of the atoms, it alsb enabled a correspondingly
greater number of trial and error shifts to be calculated.
On approaching the final values, the discrepancy dropped

considerably.

Discussion

Apart from the interest that lies in comparing the

results obtained by the two methods, two further points
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are mentioned briefly. As has been observed in several
earlier investigations of cyclobutane systems (7),(12),
(13), the carbon-carbon distance has again been found
higher than the 'normal' 1.54 A. This fecture of cyclo-
butane systems has been investigated by Lunitz (7) in |
éonnection with his investigation of 1,2,3,4-tetraphenyl
cyclobutane., Dunitz postulates that becausé of the
strain in the 4-umembered ring casused by the bond zngles
being constrained to close to 90°¢, the usual sp3 hybridi-
sation is modified. The orbitals involved in the formation
of the cyclobutane ring tend to acquire extra p character
at the expense of increased s character in orbitals
directed towards the hydrogen/afcms. bunitz found that
the bonds from the cyclobutane ring to the 4 benzene
rings in,tetraphenylcyclobu%ane had decreased in length
from 1.54—->1.50 A. Thisfinteresting nypothesis gains
confirmation from thisyinvestigation, where the central

ring has been found ;6 be 1.56 A. and the carbon-methyl

. group bond 1.49 A.//It must be pointed out however, that

the bond lengths of dimethyl ketene dimer obtained in
this investigation, are likely to be much less accurate
than those offDunitz, whose investigation of tetraphenyl-
cyclobutane was 3-dimensional, Otherwise a shortening
of the cgfﬁon-methyl group bond of the same order as

with a benzene system would be surprising.

/%éere is considerable disagreement on whether the
cygiobutane rihg is planar or puckered. UThere are four

iﬂvestigations of U4F8 by spectroscopic and electron
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are mentioned briefly. 4As has been observed in several
earlier investigations of cyclobutene systems (7), (12),
(13), the carbon-carbon distance has again been found
higher than the 'normal' 1.54 A. This feature of cyclo-
butane systems has been investigated by Dunitz (7) in
connection with his investigation of 1,2, 3,4-tetraphenyl
cyclobutane. Dunitz postulates that beczuse of the strain
in the 4-membered ring caused by the bond angles being
constricted to close to 90°, the usual sp3 hybridisation
is modified. The orbitals inyolved in the formation of
the cyclobutane ring tend to acguire extra p character at
the expense of increased s character in orbitals directed
towards the hydrogen atoms. Dunitz found that the bonds
from the cyclobutane ring to the 4 benzene rings in
tetraphenylcyclobutane had decreased in length from
1.54>1.50 A, This interesting hypothesis gains confirmat-
ion from this investigation, where the average value in
the central ring has been found to be 1.56 A, and the
carbon-methyl group bond 1.49 A. It must be pointed out
however, that the bond lengths of dimethyl ketene dimer
obtained in this investigation are likely to be much less
accurate than those of Dunktz, whode investigation of
tetraphenylcyclobutane was 3-dimensional. Otherwise a
shortening of the carbon-methyl group bond of the same
order as with a benzene system would be surprising.

There is considerable disagreement on whether the
cyclobutane ring is planar or puckered. There are four

investigations of C4F8 by spectroscopic and electron



(18)

diffraction methods, two of which favour planar riags,

two puckered rings (3),(4),(5),(6). Tetraphenylcyclo-
butane (7) has been found to have a planar ring. If the
space group of dimethyl ketene dimer is in fact Cgh— C 2/m,
which cannot be proved absolutely, the cyclobutane ring
would, in dimethyl ketene dimer, be planar. If Cg - C2

is the real space group and the atoms of the ring lie

almost but not guite on a plane, the puckering cannot be
much more than 0.05 A., as the agreement I obs. with ¥ calc.

(0kO) would preclude a greater degree of puckering.
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Table of Structuré Factors.,

Dimethyl ketene dimer: measured and calculated values
of the structure factor.

hkl, 2sin ©, F obs., F calc, hkl, 2sin ©, F obs. F calc,

001 .25  35.3 39.0 041 .65 27.8 24,4
002 .49 57.0 —50,0 042  ,78 13.6  13.0
003 .74  31.3 -19,5 043 .95 22,7 - 18.8
004 .99 6.2 6.1 044 1.15 17.6 — 18.8
005  1.24 < 4,0 - 3.5 045 1.37 < 4.0 2.7
006 1.49 6.8 = T7.0 061 .94 17.6 14.8
007 1..74 < 4.0 1.6 062 1,03 & 4.0 =— 3.0
020 .30 67.1  72.5 063 1,17 14,7 -—12.1
040 .60 14,2 15.2 064 1,33 8.5 =~ 6.6
060 .90 23.9 23,5 081 1,23 8.5 8.4
080  1.20 26,7 28.4 082 1,30 11.3 - 10.0
0,10,0 1.50 11.4 13.4 083 1.41 7.9 — 6.0
200 .49 43,8 —48.8 110 .29 40.9 40.7
400 .97 4.5 4.4 130 .51 23,3 22,1
600  1.46 8,0 — 8,2 150 .79 19.9  13.7
8oo  1.97 3.4 5.7 170 1.08 14,2 13.2
021 .38 40.9 32,8 220 .57 14,7 - 16.1
022 .57 16.5 - 15.1 240 .78 13.6  11.0
023 .79 23.3 —21.1 260 1,02 < 4.0 — 3.8
024 1,02 10.8 - T.4 310 .75 17.0 — 25.8

025 1.26 < 4,0 -— 2.6 330 .86 13.6 - 8.3
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hkl, 2sin 6. F obs. F calc. hkl, 2sin 8, TF obs. 7T calc,

350 1.05 < 4.0 = 4.4 401 1.07 £ 4.0 0.0
201 .61 10.2 7.8 402 1.16  12.5 —14.8
202 78 341 32.1 403 1,37 4,0 — 0.5
203 .98 14.2 12,4 404  1.50 13,1 15.4
204  1.21  T.4 - 8.5 405 177 5.6 1.5
205 1.45 < 4.0 - 0.4 401 .95  13.6 —19.7
206  1.68 5.6 6.0 402 .98  16.5 - 19.0
201 .48 5.1  13.2 403 1,06 < 4.0 12.0
202 .59 35.3  40.8 404  1.19  14.8 18.5
203 T 5.1 — 9.4 405 1,35 7.9 1.7
204 .98 23,3 =—26.5 601 1,56 ¢ 4.0 - 5.9
205 1,20 13,0 = 5.2 602  1.68 5.1 7.7
206  1.43 < 4.0 4.4 601 -~ 1.42 4,0 2.9

207  1.67 5.1 2,7 602  1.41 4.6 5,2
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Part II.

The'Crystal and lMolecular Structure of

aceanthrono-(2'.,1' : 1.2)-aceanthrone

Introduction

This compound was first prepared by Clar (14).
Thanks are due to liessrs, I.C.I. Ltd., for donating
the sample used., Aceanthrono-(2',1' : 1.2)-aceanthrone
or acedianthrone is usually obtained as a brown powder,
but it has been possible to obtain crystals which were
dark green opalescent in colour by crytallizing from
nitrobenzene, Acedianthrone, whose structure was in
some doubt, contains a very unusual five membered ring
system., While cyclopentadiene exists, there is no
corresponding compouhd pentalene, Figure 1 (p.6)
shows the proposed chemical formula of pentalehe. It
appears to be too unstable to exist. Kecent experiments
by Blood and Linstead (1952;(15) ) confirm this, but
Craig and NMaccoll (16) predict a rather high resonance
energy and a reasonable stability forApentalene. In
- this connection the chemical properties of dibenzo-
pentalene (Figure 2) are of interest; Dibenzopentalene
behaves like a conjugated diene., Nevertheless Blood
and Linstead find frqm the absorption spectrum of dibenzo-

pentaléne, thet it differs significantly from linear
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dienes with the same number of J electrons and indicatep
some degree of resonance interaction. Acedianthrone”//
which contains the dibenzopentalene system, appears//
to be fully aromatic, judging by its colour, stagii;ty
and bond lengths. 'The presence of the two aromé%ic‘
parts of this molecule stabilises the system,//
Anthraquinone, which 1t resembles, has/feen studied
several times lastly by Sen (17). Acediaﬁthrone is
~ one of several anthraguinone dyestuffs;gn which X-ray
studies have been carried out (H.P.jS%adler, private
communication). Apart from the objéct of confirming
the chemical structure of acedign%hrone, it was desired
to obtain information on the fi%e membered ring system
and, if it proved possible,to'bbtain accufate bond lengths.
Earlier investigations sho%;d that the central carbon
bond (marked A-A' in Figﬁre 6a) is always a single bond.
A-H and A'-B could bg/bonds with a large amount of double
bond character. I@/ﬁs even possible that there is a
resonance transfgf/accross the single bond. To obtain
information on these points was the main aim of the
inVesﬁigatiopé

Crystal Data

Acedianthrone 63002}114 . F.W. 406.1

¢ cale. 1.490 d. obs. (by flotation) 1,498
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dieneé with the same number of 77 electrons and indicates

some;degree of resonance interaction. /cedianthrone,

Whiéh contains the dibenzopentalene system, appears to

be fully aromatic, judging by its colour, stability

and bond lengths, The presence of the two aromstic

parts of this molecule stabilises the systemn.
Anthracuinone, which it resembles, has been studied

several times lastly by Sen (17). Acedianthrone is

one of several enthraguinone dyestuffs on which X-ray

studies have been carried out. (H.P. Stadler, private

communication). Apart from the object of confirming

the chemical structure of acedianthrone, it was desired

to obtain information on the five membered ring system

and, if it proved possible, to obtain accurate bond lengths.

Earlier investigations showed that the centrsl carbon bond

(marked A-A' in Figure 6a) is always a single bond.

A-H and A'-B could be bonds with a large amount of double

bond character., It is even possible that there is a

resonance transfer across the single bond., To obtain

information on these points was the main aim of the

investigation.

Crystal Data

edi | .W. 406.1  m.pt. > 360° C.
Acedienthrone  C, O.H) , F.W. 4 m.pt. > 3

d. calc. 1.490 d. obs. (by flotation) 1.498
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(a) | (b)
Figure 6 -

llonoclinic §=_5.64I_.Ov.01 Aey b=10.96 £0.02 Aey
2: 1504‘9t 0003 A.’ﬂ"10802°i0050

Absent spectra: (h01) when 1 is odd
(0k0) when k is odd
. 5
Space group: CZh— P 21/c

Two molecules per unit cell.

Molecular symmetry: centre,

Absorption coefficient for X-rays =(l.544A.) =8.7 per cm.
Total number of electrons per unit cell = F(000) =220
The crystals are fine needles, well formed and.

elongated along the a axis.
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Crystal Structure

No conclusions could be drawn from the cell
dimensions about‘the orientation of the molecule. As
there are only two molecules per unit cell in a space
group reguiring four aesymmetric units, the molecule
must make use of its centre of symmetry. This fixed
the position of the centre of symmetry of the molecule
and determined that it was either planar, which seemed
the more likely case, or bent in such a way as to maintain'
its centre of symmetry. It was therefore hoped that
the orientation of the molecule would be a relatively
simple task, provided a) the chemical structure assumed
for trial and error methods of éorrelating calculated znd
observed structure factors was right and b) the molecule
is, if not planar, then not too twisted. It was noted
that the X-ray spectra when expressed in terms of the

unitary structure factor,

UO = ? (000) =1

~were umainly weak reflections, but this was at this stage
falsely attributed to the complexity of the structure
and not, as it turned out later, to the effect that
the'atomé of one molecule lie almosﬁ exactly half-way
betwéén'the atoms of the molecule above, when projected

on the (010) plane. This halves the interatomic distances
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from their usual value to 0,7 or 0.8 A. and only a few
planes inside the sphere of reflection for copper-K«

are really strong. At first the method of tracing the
prominent small spacing planes was tried. A successful
use of this method is described by Robertson and white
(18) in their investigation of coronene. ‘'he orientation
could not be obtained in this way. This again was due

to 'interlacing' which blurred the intersections of

these small spacing planes. In the a axis projection,
where there is no overlap of atoms, this method cannot

be used, as the geometric structure factor is either a
pfoduct of cosines or one of sines., The geometric
strueture factors vary from point to point in the pattern
of a chess board, a white square say, being positive,

a black square negstive. If several prominent planes

are superimposed, the resulting picture is confused and
only Beevers-Lipson charts can be used for trial and
error methods in such projections.

An attempt was made to find the approximate orien-
tation by studying the indices of refraction. Acedian-
throne crystallises to give crystals which ere opague,
but very thin crystals, less than about 0.0l mm.
transmit light. ©Such excessively small crystals,
particularly when they absorb light as strongly as these,
are most unsuitable for the determination of refractive
indices and after several unsuccessful attempts to
obtain consistant results the attempts to find the orien-

tation by this method was abandoned.
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A Fourier transform was tihen made. This method
first proposed by wmwald, Bragg and others, lately/%&
Booth, Wrinch end Knott (19) determined the oriertation.
The F obs. of the three prinzipal zones were listed and
put on an absolute scale., This was done in tﬁo WEYSe
(1) by summing the F calc. obtained in a large number
of trial and error attempts and comvaring this sum
with 2. F obs. over the same planes, (ii) by comparing
Z F calc, of ovalene, a hydrocarbon with the same
scattering properties as acedianthrohe (ovalene has 16
carbon atoms pér asymuetric unit, acedianthrone 15
carbon stoms and 1 oxygen estom. Hoth have the space
group P 21/0) and summing Z ¥ calc.(hOl)ovalene up
to & ¢ value of 1,00, similarly finding T obs.(hOl)
acedianthrone up to f 1.00, & scaling factor wes found.
The second method is really only an adaptation of
YWiilsons method of finding egbsolute intensities from
relative ones (20) but the addptatlon was preferred,
1he scaling factor obtalned by the first method Was
later found to be accurate to about 2%, the second method
gave a scaling factor 4% in error. From this the
geometric structure factor of every observed plane was
found. Ynott points out (19), that a molecule can be
represented by weighted reciprocal space. 'The structure
factor o ~'any plane (hkl) in a crystal can be expressed
as

ors (2022

/¥ (nkl) = 3£ (hKkl) b



(26a)

A Fourier transform was then made. This method
first proposed by kwald, Bragg and others, lately by
Booth, Wrinch and Knott (19) determined the orientation.
The. F obs., of the three principal zones were listed and
put on an absolute scale. This was done in two ways.
(1) by summing F calc. obtained in each of a large number
of trial and error attempts and comparing this sum with
S F obs. over the same planes., (ii) by comparing> F calc,
of ovalene, a hydrocarbon with the same scattering proper-
ties as acedianthrone (ovalene has 16 carbon atoms per
agymmetric unit, acedianthrone 15 carbons and 1 oxygen
atom. Both have space group P Zl/c) and summing
S F cale. (hOl) ovalene up to a? value of 1.00, similarly
finding S F obs. (hOl) acedianthrone up to §=1.oo, a
scaling fsetor was found. [It has since been pointed
out to the writer that such a procedure only hasa
theoretical justification if the summation is carried out
to{z é]. The second method is really only an adaptation
of Wilson's method of finding absolute intensities from
relative ones (20), but the adaptation was preferred,
The scaling factor obtained by the first method was later
found to be accurate to about 2%, the second method gawe
gscaling factor 4% in error. From these sbsolute F obs.
values the geometric strudute factor of every observed
plane was found.

The structure factor of any plane (hkl) consists in
general of a real and an imaginary part called A and B,
In the case of a space group with a centre of symmetry
(such as P 21/3), if the origin is taken at the centre

of symmetry, B=0,
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where a, b and ¢ are the translations end x, y and z the
atomic co-ordinates, f (hkl) being the atomic scattering
factor for the particular plane. & (hkl) may be written
in terms of the reciprocel distances gf‘g*and gfwhere

* 'b* 1 c*

-
-

a1 b e ___1 _
a sin/3 b T e sin/5

"If F (hkl) is calculated for every possible value
of gf E*énd gf a continuous distribution of structure
factors in space can be obtained. If the molecule is
planar, then the transform is cyllindrical and a
projection on the X Y plane of the molecule (see Fig. Ob)
can be used to calculate structure factors for all planes
F (hkl). As pointed out in ¥nott's paper, the atomic
scattering factor was eliminated by assuming all the
atoms to have egual scattering power (a permiisible

assumption in the case of zcedisnthrone C._0.). lor lhe

purpose of the Fourier transform all bondlieigtha inclu=—
ding the C-0 bond enc those of the five membered ring
were assumed to be 1.40 A. and the benzene rings
perfectly regular hezszons. hs with the direct cell, the
reciprocal cell has four asymmetric units end only hall
the molecuié needs to be coneidered, Two eets of planes
were fopﬁé'which gave mezimum reflections ofevery etom
in thgfésymmetric unit of the X ¥ plene, the two sets
beinéat right angles to each other and so chosen, that

every atom lay an integral nuwber of plenes from the
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Consideringkhe real part of the structure factor,

A (hkl) = 5 f cos 27 (hx+ky +1z)
where h, k and 1 are the Miller indices of the plane and
% X, ¥y end z the atomic co-ordinates in iractions of the

axial lengths., When all the atoms have the same or nearly

the same number of electrons (C, N or O) it is possible

to rewrite the structure factor thus,

ﬁ__ﬁlflé&l_l-; S cos 27 (hx +ky +1z) ......(‘i)

A discontinuous function is obtained, as only
integral values of h, k and 1 give rise to reflections.

It is possible to consider the structure factor of

TUTNWRAT A I N REATE IR SR R e e

a molecule independent of the unit cell which it uses in

the crystal. If we write,

Ty, = X cos 2f(HK+KY+LZ) ......(id)

where X, Y and Z are the co-ordinates in A, of atoms of

the molecule with rQSpeQF to any convenient origin.

A,

AL
Then H, K and Ljand T

c 1’ the real (or cosine) transform

of the molecule may be evaluated over the whole of
reciprocal space H, K, L. In the case of a molecule with
a centre of symmetry the imaginary (or sine) part of the
transform is zero i.e. T = 0.

81

Thus the Fourier transform T c 1 is continuous over

the whole of reciprocal space. The similarity between (i)

and (ii) is immediately obvious and (ii) is the molecular
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origin (Figure 6b), Bach atom in the asymmetric unit is
thus assigned a plane, all of equal value and arbitrarily
chosen as 100, and a double Fourier synthesis carried out. -

The indices of the planes are listed in tableIII.

Table ITI. acedianthrone, Fourier transform
co-ordinates. '

Atom X Y Atgﬁ X Y
A -2 0 I 306

-3 2 g 6 5
c -6 3 K 6 3
D -6 5 L 9 6
E -3 6 // M 12 5
F 0 5 N 12 3
G o 3 0 2
H 3, 02 P 8

A continuous distribution in space of the molecular
, ; structure factor is thus obtained, giving the algebraic
values of the geometric structure factors for every

possible orientation of the molecule. As acedianthrone

uses its centre of symmetry, the origin of the reciprocal
lattice is”also the origin Qf the Fourier transform.
Furthep;/beCause of the centre of symmetry, there is

» also 6 sine transform, which makes the determination

‘F of;fhe orientation wmuch easier, In practice the first

trensform that was drawn up could not be interpreted,
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structure factor calculated as & continuous%variable

function throughout the reciprocszl space HKL corres-
ﬁonding to the reciprocal space represented by Miller
indices (hkl).

Evaluation

For the evaluation'of the transform axes X, Y and 2
have to be selected. Obvious axes are 7 perpendicular to
plane of molecule, X and Y as shown in Fig. 6b. Then let
the atomic co-ordinates be expressed as integral multip-
les of convenient units., The values of the transform cre
invarient along the Z axis (since Z2=0 for all stoms).

For the purpose of the Fourier transform all bond lengths
including the C-0 bond and those of the five membered ring
were assumed to be 1.40 A. and the benzene rings perfectly
regular hexagons. As the molecule of acedianthrone is

not symmetrical about the Y axis, the two bonds A-H and
A8-B will not have equal length, but at this stage it is
convenient to assume that theyhpave, Table III, lists the

atomic co-ordinates X, Y of acedianthrone,

Table III. Atomic co-ordinates for Fourier
transform of acedianthrone.

b
<

Atom X Y Atom

e
WWOMNNDWOONOWW
CON WU Vot OV

meEEUdQwE>
1
WOOWOOWN
DWW OO
Ho=zm=EtRoaH
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as the atoms had not lain truly on the planes chosen

and the transform gave a distorted picture. This wa,s
discovered when the value as read off from the traﬁgform,
was compéred with the value obtained by ordinary éalcu—
lation of a known orieﬁtation. For the second attempt
greater care was tsken in chosing planes, so that 21l
atoms contribute maximum. IFrom this it would appear,
that.a Fourier transform is only likely to be-éuffic—
iently accurate to lead to an orientatibn of the molecule,
if the assumed atomic co-ordinates of the molecule are
not more than approximately 0.15 A, out from their real
values in the case of random errors and 0.1 A. if the
error is systematic. These margins are, of course,
very‘large.

Figure 7 shows the Fourier transform with the
(hOl) reciprocal lattice net superimposed. ‘he Efaxis
is also shown. In P 21/0 all the molecules project
parallel in the b axis projection, so the reciprocal
lattice picks out the algebraic value of the geometric
structure factor of each (hOl) plane on the transform.
This can be seen in Figure 7. Each full line indicates

one positive unit of geometric structuie factor, dashed
P g Iy

- lines indicate a negative unit. Zero values are shown

by dottedfiines. As there_are 16 atoms in the asymmetric

‘unit, tﬁe maximum value of the geometric structure

factgf is plus or minus 16, There are four such peaks
,/‘
corresponding to these maxima in figure 7. One at the

origin, one along the X axis and two negative peaks,
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In order to calculate structure factors by the
transform method it is necessary to combine the trans-
forms of each of the asymmetric units and determine the
mutual orientation of the transform axes and the celi
axes or, more usefully, the transform axes and the axes
gz bfand gfof the reciprocal unit cell.

The directions of gf Efénd é{were determined as
shown in Figure 7. The origin of the trandform and of the
reciprocal unit cell coincide. The planes (100), (200),
(300), (500) and (600) all had fairlyllarge geometric
gtructure factors and the direction of gfwas soon found.

_ The (00{) planes were all wezk and §¥was found next,

The direction of‘_fWaS,found by the absence of (020) and
(060). PFig. T shows the Fourier transform (with the

(h0l) reciprocal lattice net superimposed)., In P 21/0
all the molecules project parallel in the b axis projection,
so the reciprocal lattice picks out the algebraic value
of the geometric structure factor of each (hOl) plane

on the transform. This can be seen in Fig. 7. iach full
line indicates one positive unit of geometric structure
factor, dashed lines indicate a negative unit. Zero
values are show: by dotted lines. As there are 16 atoms
in the asymmetric unit, the maximum value of the geometric
structure factor is plus or minus 16, There are 4 such
peaks corresponding to these maxima in Fig. 7, one at the

origin, one along the X axis and two negative peaks,
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one near plEne 1,0,10 the other near 608, The rest ol

the transform is a relatively flat plateau.

100 700
w0 wo  iia T+
Figure 7 Fourier transform of acedianthrone
with (hOl) reciprocal lattice net

superimposed.

In the ¢ and a axial projections, the two molecules
of the unit cell are not parallel, hut are related to

each other hy the set of equivalent points;

( 2) ; (%, 1/2+y, 1/2 - z )
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from which the projections of the reciprocal points

can be calculated thus;

Transform relations

T (hkl) = 23 cos 2m(hx+ky +1z)
Equivalent points; ( %y 59, 2 ) 3 ( x, 1/2+y, 1/2 = 2 )

for hkO; 2 2 cos 2m(hx +ky)

= 25 cos 2Mhx +k 1/'24¥y)

=E
i}

T,= 2 2 cos 2fhx.cos 2%k 1/2+y - 22 sin omhx. sin 27k1/2 + y

|

22 cos Zﬂhx[cos Zng.cos 2mky .
- sin 271'12-5.sin 27fkyj

+ 2D sin 27rhx[sin 27{1-2(-.003 2Mky
‘ - cos 277f]-2§ sin 277’ky]

{(h-:;)-a - hx; - cos X = coOS x}

= 2 2 cos 2rhx.coslik.cos 2Tky
- 2 2 cos 2Mhx.sinfk.sin 2¥ky
4 2 2 sin 2fhx.sinffk.cos 27ky
+2 2 sin 2nhx.éosnk.sin 27Ky
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k .
now cosfk = (-1)" 3 sinrk =0

T2 «,(-ZL)k .2 2 cos 2fThx.cos 2ﬂ'k;v
+ (-1 25 sin 27hx.sin 27ky

T, = (-1)¥ 25 cos 2M(hx + k)

for planes with k=2n

T, = 23 cos 2f(hx +ky)

for planes with k=2n+1
T2 = - 22 cos 21r(hx + ky)
for planes with k even: F calc. = 1/2 { T(hk) +T(h§)}

for planes with k odd ¢ F calc. 1/2{ P(hk) - ‘.L'(h-ls;)}

and for Okl

Tl = 22 cos 2N(ky +1z)

,= 22 cos oMk I/2+y #1. 1/2 - 2)

= ('-Z!'.)k(-.'l_):L 2 cos 27r(ky+l'§).
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for planes with k +1 even: T2= 235 cos 2mky + 1z)
for planes with k 1 odd ¢ T,.x - 22 cos 2mMky+ 1z)

2

and for planes with k+1 even:
F calc.zl/Z{T(Okl) + T(OkI)}

for planes with k +1 odd :
F calc, =1/2 .{T(Okl) - T(Oki)}

special case k=0

F calc,(061) =1/2 {T(OOl) + T(OOE)}

= T(001)

In this particular investigation it was noticed
that the transform was much less accurate in the (Okl)
and (hkO) zones, 'There is a doubling of errors, because
the transform has to be read on two places and the b axis
was probably more sensitive to errors because of the
high tilt of the b exis. Thus only the (hOl) zone could
‘be used to find the orientation, but in the case of a
planar molecule one zone defines the orientation unam-
biguously. wourzicient sighs could be assigned from the
transform for the (hkO) and (0kl) zones,to obtain rourier
projections which were useful, but in practice another

method was adopted.
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The algebraic values of the geometric structure
factor were assigned to about 60% of the observed (hOl)
planes. The discrepancy (defined on page 12) was found
to be about 40% A double rourier synthesis was carried
out and although heavy overlapping obscured most of the
atoms ofvthe molecule, the oxygen atom was well resolved,
also two carbon stoms A and B of the five mewmbered ring.
This established a relationship between the real
orientation and the orientation assigned to the molecule
from the Fourier transform. This real orientation was
then used to calculate the corresponding orientation on

. the Fourier transform, Using vector notation,

1
. let x Molecular model atomic co-ordinates in A,
X (hOl) Fourier map atomic co-ordinates in A,
)
h Transform co-ordinates in reciprocal A,
h Miller indices of plane,
X'l _ ai xk
- 7k
s s _'t
o= Ay X Ak = g
. k k™t t
| ards = é{S
t ! t i t
h = =2 h
S s t

then for h.=1, h,=0 (i.e. 100 plané) '

1 2

1 ' ' /
n= (1,0) ho= K1 kye K.l
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and for h. = 0, h, = 1 (i.e. 001 plane)

1 2
1 l ]
n= (0, 1) By =1 1%=xﬁl
) = - 0.0116 X[ = 0.0433
K, = = 0.17 Ay = 0.0476

these values are obtained as indicated in the enlargement

of the (hOl) reciprocal lattice net, as in Figure 7.

c
002
’ 0.0474|A"
— — 0.0433 A
Y
——0.01164"

‘ 0.174" 100 " @ |
!

Enlargement of (hOl) reciprocal lattice net

Finally the Fourier map atomic co-ordinates are
obtained by substituting the sbove coefficients in the
transformation equstion,

1
x = - 0.0116 x - 0.17 y

\

0.0433 x - 0.0476 y

U

y

By using the (hOl) Fourier map"étomio co-ordinates
of atoms P and I and substituting in above equations,

the reciprocal lattice dimensions in projection could
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be calculated. A few signs changed and the agreement
between G obs. and G. Fourier transform showed some
improvement. A second Fourier projection incorporating
these changes was carried out. An electron density map

of this Fourier projection is shown in Figure 8,

Figure 8 b axis projection of acedianthrone

As the resolution in this zone is so bad, that no
further refinement can be expected, attention was
now turned to the (0kl) zone. Using the trigonometric

relationships;
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cos” X, +cos* Y +cos W,
cos2XH +cos2'y/'M +cos2{4}M
cos“Y N J,cossz 4 cos a}N =1

cosXLcos)(N-} cos%oosw + cos w,, cosWH 0
cosxl_cos XN"COS,W, cos%’.;-cos[(},,cosﬁ),vz
cosYHcos YN -Ircos%cos%'.lrcosw”cosw”:o
cosl) = cosxbtan’))!'

coslm = cos )(,,,tan’)}M

x = 1L cos)‘L + M cos)CM

cos%,p M cos 'V‘M

z = Lcosw(_'l-Mcost

1 !

X © X - 2 Ootﬁ
1

Z = Z cosecﬁ

|} ! .
where (x ,y ,z ) are the rectangular co-ordinates

o
s

[\

1

0\
i

y

1
referred to the a and b crystal axes and ¢ their
perpendicular. (x, y, z) are the monoclinic crystal

co-ordinates.,

Cos%’, cos%, coswt; cost, cos’%‘q, cosNM;
cos )(N’ COSWV’ cosWN,

are the direction cosines of the molecular axes L, M and N,

7
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d—-—=F in projection
now, sin VH = = 420301
J——=F in space

t

'vt = 4; L makes with a in projection

?h” = < I makes with g in projection

y=21 0.1949 L + 0.7373 M

a set of y co-ordinates was obtained.

Using these y co-ordinates and the x co-ordinates
obtained from the last (hOl) zone Fourier synthesis, a
set of (hko) structure factors was calculated in the
usual way. A double Fourier synthesis of this zone
only yielded information on the co-ordinates of the
oxygen atom. The discrepancy was about 40%. The same
procedure was followed for the (0Okl) zone. The reso-
lution in this zone is gquite good, as there is no over-
lepping of atoms, but the molecule is so highly inclined
to the plzne of projection, as to make the projected
bond lengths eguel to 0.5 A. in one direction, which is
insufficient for cowplete resolution. The discrepancy
et tais stage wes 29%. 4 second double Fourier
synthesis reduced the discrepsncy to 25%. An electron
density wmap of this Fourier projection is shown in
.Figure 9, 4 difference synthesis (F obs. - F calc.)
reduced the discrspzncy of this zone to 22.6%.,

A similsr difference synthesis was carried out in
the (hOl) zone. The interpretation of this difference

synthesis proved difficult, beczuse of the large number
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Figure 9. a axis projection of acedianthrone -

of peaks caused by the overlapping of atous, but after

several attempts the discrepancy was brought down in

.the three zones to:

hk0  20.0%, Okl  18.8%, hOl  27.8%,

the average discrepancy for the three zones being 21.9%.

An attempt was made to improve this by including

hydrogen atoms, but the improvement was negligible.
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Figure 9a. A group of 5 molecules of acedianthrone
in the a axis projection.
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Co-ordinates, bDimensions and Orientation

The set of co-ordinates giving above discrepancies
is listed in table IV, The atoms are numbered A .;..P
Only the atoms of the asymmetric unit are listed.
Assuming the molecule to be planar, the oriéyéétion angles
of the molecular axes L, M and N (L and M #re shown in
figure 6a, N is at right angles to the L/and M molecular
axes and passes through the centre of dymmetry) are

listed in table V. /S

cos AL = 0.7743, 'y, = 39°16'
cos Ly = £0.2183 Yy = 102036
cos Yn = - 0.5906  y, - 126°12!
cos V,, = 0.1442 qﬁ . 81042
cos Yu = - 0.8531 Vu = 148034
cos % =’ 005058 ’V/N = 59036'
cos WL = 0.6163 W, = 51°57
cos (A)M = 0.4746 w” = 61°40"
cogﬂﬂu z 0.6288 wn = 51° 3

/Mable VI shows the bond lengths obtained by
caié;lating the distances between the set of co-
/
ordinates listed in table IV,
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Co-ordinates, Dimensions and Orientation

The set of co-ordinates giving above discrepancies

“a is listed in Table IV, The atoms are numbered A....P

é Only the atoms of the asymmetric unitare listed.

‘ Assuming the molecule to be planar, the orientation angles
of the molecular axes L, M and N (L and I are shown in
Fig. 6a, N is at right angles to the I and M molecular
axes and passes through the centre of symmetry) are

listed in Table V., The molecules lie in planes 3.4 A,

apart,
Table V.

i | cos Ko ~ 0.7743 Yo = 39°1e!

# cos Y, - - 0.2183 Yo = 102036

¥ cos Yy = = 0.5906 Yo = 126°12°

cos 1y, - 0.1442 Y = 8le42:

cos 4y . — 0.8531 Wy = 148°34

CoOS YN = 0.5058 YN = 59036

cos (W = 0.6163 W = 51057

‘ cos Wy = 0.4746 Wn = 61°40

i cos Wy = 0.6288 W = bl¢ 3!
.Ek Tables VI. and VI.a show the bond lengths and bond

angles obtained by calculating the distances between the

.set of co-ordinates listed in Table IV,

Table VI.a Bond angles
g A'-A-H 104.0°
: 4 A -i'-B 107.7
: A'-B =G 110.1
B -G -H 110.8

G -H -4 109.6
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Table IV. CO-ordinates referred to crystal axes
—_— (origin at centre of symmetry)

Atom x(4) 2 X/a | y(A) 2 y/b z(A) ‘ 2 z/c

A 0.06 3.80  0.62  20.4° - 0.47 = 11.0°
B 1.27  81.0 - 0.68 - 22.3 1.66  38.6
C 1.85 118.0 - 1.44 = 47.2 2,90  67.4
D 3,14 200.3 - 1.14 - 37.4 3.87  90.0
i 3,96 252,6 - 0.14 - 4.6  3.68  85.5
F 3.36  214.6 0.70  23.0 2,52 58,5
G 2.10 134.0 0.38 12.5 1.51  35.0
H 1.46  93.0 1.06 34.8 0.14 3.2
I 4.20 268.0 1.76 57.8 2.12  49.3
J 3.57 228.,0 2,46  80.8 0.86 20,0
K 2,21  141.0 2,28 74,9 = 0.10 - 2.3
L 4.34 276.9 3.52  115.6 0.54  12.5
M 3.86 . 246.3 4,30 141.2 - 0.58 - 13.4
N 2,52 160.7  4.10 134.6 - 1.63 - 38.0
1.84 117.4 3,12 102.5 - 1.29 = 30.0

é. o p 5.42  345.8 1.98  65.0 2,74  63.7
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Table VI.
Bond Distance in A. Bond Distance in 4.
A - A 1.59 H-X 1.49
A'- B 1.49 K ~-J 1.41
D-E , 1,34. I-7 1.20
F-G 1.39 L-M 1.32
Experimental

Copper-K¢ radiation was used throughout to take
rotation; oscillation and moving films about the three
principal zones, the radiation being Ni filtered as |
before. The intensities were recorded photographically

and were estimeted by the multiple film method (9).

. For the calculation of the structure factor F calc, the

benzoguinone curve (21) was found to give the best
agreement., Lorentz and the usual polarisation correc-
tions were made. ‘hree planes 100, 002 and 011 calculate
about 40% higher than they observe. since absorption

does not appear to have affected the remaining 180
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observed planes, these three were omitted from the

calculation of the discrepeancy.

Discussion

It can be claimed that the chemical structure of
acedianthrone postulated by Clar (14) has been confirmed.
- The molecule is planar within experimental 1imits. As
it has not been possible to obtain clear resolution of
the atoms of this molecule using the double Fourier
technique, no great accuracy can be clsimed for the bond
lengths listed in table VI, These were mainly arrived
at by using the technique of difference lourier synthesis,
Assuming however, a maximum error of 0.08 A, and an
average error of 0,05 A., which is probably a conservative
estimate, the following may be deduced.

‘“he central bond marked A-A' (on figure 6a) is, as
was expected, a single bond. All other bonds share to
a greater or lesser extent in the resonance of the whole
moleoule. $he benzene ring to which the oxygen ztom
is attached is larger than the two side benzene rings.

A similar situstion is reported by Sen (17) in the case
of anthraguinone. The two bonds of the five membered

ring, A-H and A'=B differ considerably in length.
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Table of Structure Factors

Acedianthrone; measured and calculated values of the
structure factor.

hkl. 2 sin 6. F _obs. F calc.
002X 0.21 36.8 58.6
004 0.42  18.4 18.5
006 0.63 52 3.0
008 0.84 8.4 15.3
00,10  1.05 7.8 1.6
00,12 1.26 7.3 11,3
. 00,14 1.47 6.7 = —19.0
020 % 0.28 < 2.4 6.4
040 0.56 215 —23.0
060 0.84 L 4.8 0 . — 1.7
080 1.13 6.8 — 8.4
0,10,0 1.41 < 6.8 4.9
0,12,0 1.68 7.3 - 5.9
100 ¥ 0.29 41.3 —75.8
200 1 0.58 30.6 —31.8
300 0.86 43.0 47.6
400 1.15 9.0 8.0
500 1.44 10.8 To4
600 1.73 5.4 — 2.8
o1 0.18 46.0 62.8



hkl,

013
014
015
016
017

018
019
01,10
01,11
01,12
021

022

1023
024
025
026
027
028
031

e
033
034
035
036
037

"039

(45)
2 sin o,

0.35
0.44
0.55
0.64
0.75
0.86
0.96
1.05
1.16
1.27
0. 30
0.35
0.42
0.51
0,60
0.69
0.78
0.89
0.43
0.47
0.53
0.60
0.68
0.76
0.85
1.04

F obs.

34.9
18.9
26,2

14,7

15.2
19.9
13.6

5.7
10.4

6.8
15.2
24.6
50,2

3.6
28.8
17.2

4.7
20,9

- 23.6

22,0
23.6
13.6
39.2

22,6

12.0
9.8

F calc.

— 35.6
15.8
19.4

— 5.2
13.0

— 25,8

9.7

0.8 -

10.4
12.3

- 11.8
— 34.8
— 54,3
3.1
28.8

— 15.9
— 2.9
21.0
21.6
18.6
19,2
18.7
— 31.3
20.7

— 18.8

11.8



hkl,

0,3,14
0,3,15
0,3,16
041
042
043
044
045
046
047
051
052
053
054
05,10
061
062
063
064
065
069
o1
072
073
081
082

(46)

2 sin 9,

1.53
1.64

1.73

0.57
0.60
0.64
0.71
0.77
0.85
0.93
0.72
0.74
0.77
0.82
1.25
0.85
0.87
0.90
0.96
1.00
1.28
0.99
1.00
1.03
1.15
1.15

F obs.

12.5
16.7
8.8
24.6
6.3
6.3

< 4.1

< 4.7
17.8

13.1
11.0
6.2

8.8
8.5
15.7

© 16.2
20.4
8.4

< 5.5
10.5
21.6
16.2
22.6
11.0

< 6.2
6.8

F calc.

—13.1
— 17.6
— 10.4
24.0
7.8
8.1
1.0
6.7
— 20.6
— 16.0
7.4
- 0.8
- 2.9
5.8
16.0
— 14,5
- 19.2
7.3

- 707 .

8.9

20,6
— 20.8
— 24,0
- 15.1
-~ 1.9
- 13.1
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hkl. 2 _sin o, I obs. F calc.
083  1.17 9.3 7.6
084 1.20 9.9 6.3
085 1.24 15.7 -15.9
086 '1.29 12.5 —14.3
087 1.35 13.1 » 13.4
091 1.27 9.8 — 11,0
092 1.31 < 6.7 5.3
093 1.30 16.2 15,1
094 1.33 11.0 — 10.8
095 1.37 18.4 13.7
0,10,1 1.45 < 6.7 3.4
- 0,10,2 1.46 < 6.7 2.3
0,10,3 1.44 20.3 — 19.1
0,10,4  1.47 11.0 17.2
110 0.32 22.6 | 29,9
120 1 0.40 4.6 1.8
130 0.51 12,0 12,0
140 0.63 6.8 7.6
150 0.76 16.5 — 19.6
160 0.89 17.4 13.3
170 1.02 6.4 5.8
180 1.16 14.5 — 16.7
190 1.33 < 6.7 — 1.1
1,10,0  1.47 < 6.7 - 6.3
1,11,0 1.57 11.2 — 12.4

210 0.58 16.8 13.3



220
230
240
250
260
270
2,11,0
310
320
330
340
350
360
370
410
420
430
440
450
460
470
4,11,0
510
520
530
540

(48)
2 sin o,

0.63
0.71
0.81
0.92
1.03
1.13
1.64
0.87
0.90
0.96
1.03
1.11
l.21
1.30
1.16
1.18
1.22
1.28
1.35
1.42
1.50
1.91
1,43
1.44
1.49
1.53

4.1



550
" 560
570
580
610
620
630
640
102
202
302
402
502
102
202
302
202
104
204
304
104
204
304
404
504
604

(49)

2 sin go

1.59
1.66
1.74
1,82
1.72
1.72
1.75
1.81
0.40
0.67
0.95
1.22
1.52
0.30
0.55
0.81
1.09
0.57
0.78
1.04
0.43
0.60
0.84
1.10
1.36
1.65

F obs,

< 6.4
< 6.2
14.3
11.9
6.4

< 6.0
< 5.8
546
13.1
28.4
18.9

< 6.0
15.3
22,6
15.8
< 4.8
< 6.0
5.8

< 4.7
< 5.7
< 3.2
13.5
17.1
6.8

< 6.8
8.1

F calc.,

1.3

— 3.3
15.9
-—11.0
5.8

— 0.5
— 3.5
3.5
17.7

- 28,9
22,8

-~ 0.5
15.0
— 18,6
— 11.5
— 1.0
3.8
10.7

- 10.5
2.6

- 3.1
10.6
12,2
7.8
4.0
2.7
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2 sin @,

0.76
0.97
1,22
1.44
1.74
0.60
0.71
0.90
1.13
1.38
1.64
0.97
1.15
0.80
0.86
1.00
1,20
1.42
1,67
1.91

1,17

1.30
1,37
1.53
1.73

F obs,

21.7
8.1
10.4
< 6.8
6.3
26,6
5.1

5.8
TeT
13.1
548
T.2
32.1
Ta7
29.4
14,0
T T
20,8
3.9
9.9

< 6.5

23.5
8.6
8.1

F calc.

25.4
8.5
Tl
1.1
3.9

23.4

- 504

1.2
10.3
7.2

— 16,8
- 0.8
— 2.8
— 22,0
- 14,1
— 23.6

24.8

- 4.5
- 2703

10.1

- 103
-~ 0.7
- 27.6

11.4
9.1
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hkl. 2_sin 6. F obs. F calc.
1,0,12  1.20 5.8 8.8
2,0,12  1.21 7.2 - 5.7
3,0,12  1.29 9.0 — 7.8
1,0,14  1.54 < 6.3 3.3
2,0,14 1,73 8.6 - 6.6
1,0,14 1.39 < 6.8 - - 2.6
1,0,16 1,82 4.4 - 3.2
2,0,16 1.68 < 6.5 = 0.5
3,0,16  1.73 " < 6.3 4.3
. 4,0,16 1.88 5.7 = 4.4

¥ omitted from calculatioh of discrepancy
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Appendix 1

A further analysis of the data obtained from the
three dimensional Fourier synthesis of naphthalene.

Introduction

The three dimensional analysis of naphthalene by
Abrzhams, Robertson and White (22) has led to an ac-
curate determination of bond lengths in the naphthalene
molecule, Cruikshank (1952, private communication),
using electronic computers and correcting for finite
termination of series errors, finds, that the bond
lengths given in above paper are accurate to within
0.005 A. This analysis gave electron densities at
54,000 points and if the symmetry properties are taken
into account, it covers the unit cell., rrom these com-
prehensive datz only the values of electron density in
the molecular plane had been extracted, for which
purpose use had to be made of the centre of symmetry in
the naphthalene molecule. Only one half of the molecule
is thus obtained on the tFourier section, the other half
being assumed identical,

The location of hydrogen atoms is of great interest.
If the experimental work is sufficiently accurate to
give co-ordinates for hydrogen atoms, then the results
mey be accurate enough to give informetion that would

be useful in the molecular orbital theory.
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There are at present severzl methods of setting
up electron formulae and calculating bond lengths and
electron densities by meszns of these, ‘he three
prinéipal methods are, the directed valence bond method
developed by Pauling (1931) and J.C. 5later (1931),
the molecular orbital method (lennard-Jones, Hund,
Mulliken, 1928) and the Heitler-kumer method (1931).

In the valence bond method, which has not been
displaced by the more recent molecular orbital method,
it is supposed that when two atoms are joined by a co-
valent bond, the direction of the bond will correspond
to one in which the orbital wave iunctions of the two
electrons overlap as much as possible, In the molecular
orbital method the idea of definite bonding pairs of
electrons and directed valence bonds is discarded. The
bond is the arrangement of atomic nuclei with the minimum
potentiel energy. Thirdly, the leitler-Rumer method
is an application of ieitler and London's method of
representing a diatomic molecule, to polyatomic molecules.

Nephthalene has been investigated by the three
methods. tnlike‘benzene, it has bonds of unegual
length, as one would expect from the different re-
activities of the &, /?7 and meso carbon atoms, This
has been confirmed by the work of Abrahams, hobertson
and White (22). IKephthalene is sufficiently non-simple
to provide an important test-case of the three theories,
yet simple enough to be tackled by the very complex

mathematics used in these three methods, provided a
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number of reasonzble assumptions are made.

Klement (23), using the Heitler-Kumer technigque
and comparing this method with the other two above
mentioned methods, claims that the Heitler-Rumer technigue
gives the best agreement with i-ray measurements. '
C.A. Coulson (private communication), on the basis of
the molecular orbital theory, hes calculated that the
electron cloud should be of a kidney shape, due to the
effect of the JJ electrons. If the electron density
around the carbon atoms is kidney shaped, this should
be observable when sections are drawn parallel and
perpendicular to the molecular plane. The further away
from the moiecu;ar plane these sections are drawn, the
greater will be the foreshortening effect, whereas if
the electron distribution is spherical there will be
no foreshortening. This is illustrated diagramatically

in figures 10 and 11,
Pan a’J Pan ‘
DD

v */
tovadi = N\

TV 7Y =
TP *

Figure 10 Figure 11

The Fourier series method of representing the
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electron density of a molecule, gives an accurate
picture of the shape of the atom. However, as has
already been pointed out in the general introduction,
there is at least one severe limitation to the method
namely thermal motion. It is not precisely known what
the bond shortening is quantitatively, but it may ﬁell
be of the order an atom moves in the crystal due to

thermal motion of the whole molecule.

From this investigation it would appear, that
more valuable information on this point would be obtained,
if the work on naphthalene were repeated as near the

absolute temperature as can be achieved in practice.

Experimental

It had been decided earlier to draw a section
through the molecule, of the electron density on a
plane parallel to the molecular plane and 1/4 A. distant
from it. The results of the three dimensional analysis
of naphthalene (22) were available in the form of the
electron dansity values over 1/4 of the unit cell, at
54,000 points. "The average equation of the molecular
'plene with respect to rectangular axes (in A.) had been

found to be
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The length of the desired normal is 0.25 A.

Hence the equation of the plane parallel to the

moleculer plane and 1/4 A, distant from it is,

X' - 0.5265y + 0.3689 z'*x( =0
T -
T (1 +0.5265%+ 0.3689%)

0.25 =

K = F 0,297
considering A to be positive, equation is,
X' - 0.5265y # 0.3689 z' + 0,297 = O.

Using the relations, X'= X + 2z cos/z

z' =. 7 sin/3

the equation with reference to mbnoclinic axes is,
X - 0.5265 y - 0.2336 z + 0.297 = O.

Llectron density values in this‘plane, which was
divided into 60 equal parts along d and e, the inter-
sections of this plane with the unit cell; were found
by interpolating the values given in the three dimensional
data and plotted in the usual way. Figure 12 shows the
result obtained. The calculsted position of the

naphthalene molecule has been superimposed to indicate
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.
Figure 12 Electron density map of naphthalene on a
plane parallel to the molecular plane and
1/4 A, distant from it. &zach contour line
represents a density increment of 1/2 eA's,
the half electron line being dotted.
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the positions of the carbon atoms when projected from

the molecular plane on to this plane,

As the 1/4 A. plane did not enswer the question of
bond shortening, it was decided to draw another parallel
section at 1/2 A. from the molecular plane. The proce-
dure followed is identical X being this time 0,594 ,

At a distance of 0.5 A. away from the molecular plane

the electron density at the carbon pezks is two to three
electrons per A3. A section here might therefore be ex-
pected to be more sensitive to variations in the electron
density. tigure 13 shows the result obtained., As before,
a projection of the calculated positions of the carbon atoms
in projection is shown superimposed. A third section
through the molecule was also drawn. 7This section is

at right angles to the molecular plane and through the

two central carbon atoms (marked C-C' on figure 5, page 242
(22) ). By reason of symmetry this plane also passes
through the origin of the unit cell. The co-ordinates

of the carbon atom C are,
(0.229, 0,611, 0.249)
these figures representing; X' A., ¥y A., 2' A.
The equation of the molecular plane is,
x' - 0.5265y 4 0.3689 z' = O

with respect to rectangular axes.
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SCALE
} 0 1 2 }ﬁ:
\’ v b d A
: ,
e
Figure 13 BElectron density map of naphthalene on a

plane parallel to the molecular plsne and
1/2 A, distant from it. Lwach contour line
represents a density increment of 1/2 es™,
the half electron line being dotted.
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To be at right angles the direction cosines of the

two planes must fulfill the condition,
1a' + (-0.527) b* + (0.369) e¢' = O,

Therefore by solving the determinant,

x! y z! 1
0 0 o} 1
1 (- 0.527) (0.369) 1] =©
(0.229) ( 0.611) = (0.249) 1
the requireé equation,
- 0.3567 x' - 0.1645 y + 0.7317 z' = 0

is obtained., With respect to monoclinic axes and in

terms of z it is,

z = 0.4415 x 4 0.,2035 y

But the equation is required in terms of 60th

of the axial lengths for interpolation,

z = 0,4200 x ¢+ 0.,1410 y

The required values were then obtained. In order

to plot these, the intersection of this plane with the
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X
SCALE
0 1 2
L|||||1||||H||||J||J/‘\, |
Figure 14 Electron density map of naphthalene on a

plane perpendicular to the molecular plane
and through the two central carbon atoms.
Sach contour line represents a density
increment of 1/2 ek’, the half electron

line being dotted.
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unit cell must first be calculated.

Let y" be the line corresponding to d, (figure 12)

Let x" be the line corresponding to e, "
Then, the equation of the plane is,
- 0.3567 x' - 0.1645y + 0.7317 z' = O

-and y", the intersection of this plane with the

plane y = 0 (rectangular axes)

A _1 0.3567 _
0x = tan — = 2600

yli

a sin (180° —ﬁunit cell)

The length of y" ‘
: sin (/Zunit cell - 26°)

: 6.96 AO

Let x" be the intersection of the plane with the .

piane x =0

z = 0.,4415 4 00,2035 ¥ (monoclinic axes)
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X0y = tan™t 0,2035

= 11°¢ 30!
1] ‘b
the length of x _
cos 11° 30!
L]
= 6.126 A

’

. n "
- Let © be the angle between y and x .

cos ©

L1
direction cosines of y are;

\

cosol = 90° - {(180Q - ﬂunit cell) # 26°}
6° 55'.

keosﬂ = 90°

cosj = 90° 4 6055

n
direction cosines of x are;

cosg = 90°
cos/?: 11° 30!
cosJ = 90° ~ 11° 30!

. X
= COS‘}y .COSV

= - sin 6°55',sin 11°30!
= 91° 24! |
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The values obtained by interpolation were then

plotted in the usual way. Figure 14 shows the result
obtained,

Discussion

In the section showing the molecular plane, figure 3
D. 241 (22) there are bumps in the half-electron line
contour on the four carbon atoms of the asymmetric
unit to which hydrogen stoms are attached. ‘'he approxi-
mate centres of these bumps are 1.1 A. from the centre
of the carbon stom to which they are attached and there-
fore the bumps can be attributed to hydfogen atoms.,
In the section 1/4 A. from the molecular plane (figure 12)
the bumps have changed considerably. Firstly, the
- symmetry has disappeared. secondly, one of the bumps
has disappeared and another one has made an appearance
ingide a benzene ring. This irregularity is maintained
in the 1/2 A. section (figure 13). It may be concluded,
that the half-electron contour line is very easily

affected by irregularities.

The second result looked for is the foréshortening
of certain carbon-carbon bonds. This cannot be obhserved
in the case of the 1/4 A. plane, although the scale
chosen was such that two points 0,02 A, apart can be
recdily distinguished., rigure 13 shows the 1/2 A. plane.

As with the 1/4 A. plane each contour line represents en
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increment of 1/2 ea™3

.y Tthe half-electron line being
dotted. The height of the peaks at a distance of 0.5 A.
from their meximum is 2 eAJ., except atom A' (figure 5
p.242, (22) ) which is 2.5 ei’. On this plane also,
foreshortening cannot be detected unambiguously. L'igure
14 shows a section at right angles to the molecular
plane and through the two central carbon atoms. ‘he
only noteworthy feature is the 'squashed' effect, the
atomic radius at right angles to the molecular plane

being 0.87 of the radius in the molecular plane.

]
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Appendix 2

A note on the crystallstructure of fluoranthene.

Fluoranthene C a naturally occuring compound

16710’
’ has been investigated by Daudel,

Buu-Hoi et Mlle. Fartin (24), These workers studied the
resonance and activity of the molecule and concluded
from their calculations based on the method of molecular
mesomeric diagrams, that the positions 4 and 5 are the
most reactive., ZSxperimental evidence confirms this
conclusion, It was decided to investigate this compound
by X-ray analysis to see what further information can

be obtained.

The crystals employed were isolated from coal tar
by Dr. Schonthal of this department. The crystals which
are of a pale yellow colour, crystallise in needles and
plates from alcohol. liost of the crystals obtained were
twinned. Fittig (1878) found fluoranthene to be mono-

clinic with the following axial ratios.
a:1bs:ec = 1.495 : 1 : 1.025,/2 = 82050

These are not the axial ratios of the primitive

unit cell.
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Crystal data

Fluoranthene F.W, 202 m.p. 109° C,

C16H10

fo 13
9 14
8 I
7 2
7 . ,

NMonoclinic: a =18.48 £0.02 A., b=6.27+0.01 4.,
©=20.03£0.03 A., ff= 110,20£ 0,59

Absent spectra: (0k0) when k is odd
(hO0l) when h+1 is odd
(hkl) present in all orders.

4

Space group: P 21/n

d. cale, 1.233 d. obs. (by flotation) 1,252
Zight molecules per unit cell

olecular symmetry recuired: none

Volume of unit cell 2176.7 33

Total number of electrons per unit cell = F(CC0) = 848,



(68)

The most striking feature is the presence of two
molecules per asymmetric unit, indicating the presence
of two crystallographically non-ecuivalent types of
molecule (Bunn (25) ).

Experimental

All the X-ray work was carried out usihg copper-K4a
Ni filtered radiation and using photographic methods.
Rbtatioﬁ,‘oscillation and moving films were taken about
the three principal zones and the intensities determined
in two zones, using the multiple film technique (9).

No features were observed, which could have

assisted in the solving of the crystal structure.
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