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(1)
Preface

This thesis describes research into crystal and
molecular structures of organic compounds which has been
carried out since October 1948 in the Chemistry Department
of the University of Glasgow. It is expected that the
work will be published.

I wish to coffer my sincere thanks to Professer J.
Monteath Robertson for suggesting the research problems, and
for his constant interest and enccuragement thrcughout the
work. I would alsoc like tc thank Dr. E. Clsr for the
crystgl specimens of ovalene and Prefessor J. W. Cook for
the crystal specimens cf perylene and cctamethylnaphthalene.

In conclusion I am indebted tc the Depaftment cf
Scientific and Industrial Research for a maintenance

allowance during the first twec years of this research.

- D. M. D.
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Summary

Described in this thesis are the results cf research
on three main problems. These three problems are separated
intc Parts I, II and III, which contain reports cn
investigations intc the crystsl and molecular structures
cf ovalene, perylene and octamethylnaphthalene respectively,
By means of X;ray diffracticn methcds. The appendix
ccntains a short acccunt of the crystal structure of
benzfuraszene cxide,

?art I. The crystal and mclecular structure cf covalene has
been determined by quantitetive X-ray analysis. The
menoclinic crystals, space grcup Pgy, , have two centrc-
symmetrical mclecules cf Cy H,, per unit cell, and the
structure resembles that ¢of ccrcnene, The cell dimensions
of a = 19.47A, b = 4.704, ¢ = 10.12A and @ = 105.0°bear a
remarkeble similarity tc ccrcnene in the b and ¢ axial
directions. The tilt of the mclecular plene to the (010)
erystal plane, 43°, and the distance cf 3.45% between the
molecular planes are almcst identical to the ccrresponding
values in the ccrcnene structure. In the (h0l) projection,
all of the 16 carbon atoms in the asymmetric unit are clearly
resclved, and the measured values cf the bond distances

between these atoems vary from 1.345A to 1.454. Reference



(iii)

is made to the calculations con this prollem by the methods
of molecular orbitals, and of spin states. The variations
in bend distances in different parts of the mclecule have
also been discussed in terms of the 50 stable valence-bond
structures fcr ovalene,

Part II. The crystal and molecular structure cf perylene
has been determined by quantitetive X-ray analysis. The
moncclinic erystals, space group P,da, have four molecules
of CyoH,, per unit cell, and the structure resembles that

~ of 1:12 benzperylene. The mclecule has been shown tc be
planar if only the carbon atoms are considered, and so

has a centre of symmetry. It is pcssible that scme cf the
- hydrcgen atcms are nct in the same plane, and sc this mey
destroy the centre cf symmetry. The cell dimensicns

are a2 = 11.354, b = 10.874, ¢ = 10.31A and B = 100.8°.

The tilf of the melecular plane to the (010) crystal plane
is 55°, and the distence between the mclecular planes

is 3.47A. In the (n01) projection cnly 11 of the 20
crystallographically distinct carbon atoms were resclved,
and in scme cases the resclution was pocr. These 11
resglved atoms were sufficient toc give a measure cf every
chemically distinct bohd in the molecule except cne, The

measured values cf the bond distances vary frcm 1.375A
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toc 1.50A. This latter value is the lcngest bena which has
so far been measured in a pclycylic arcmatic hydrccarben.
Reference is made tc meclecular orbital calculations cn this
- problem, and the bond length variations are discussed in
terms of the 9 non;excited or Kekule structures.

Part III. The crystel and melecular structure of
dctémethylnaphthalene has been investigated by X-ray
diffraction methcds. The crthorhombic crystuls, zpwce
group Ccca,vhave fecur moleculeg of C 5 Hyper unit cell.
Since the space grcup requires 16 asymmetric units, the
asymmetric unit cconsists of cne-querter of the mclecule,
The cell dimensicns are g = 16.66A, b = 11.31A znd

¢ = 7.64A.  The moleculér plane lieé-in the (001) crystcl
ﬁlane. Only 2 of the 5 crystallogrephicslly distinct atoms
are resclved in the (hk0O) projecticn. A new type of
difference synthesis has been used tc resclve ancther ctcm
in this zcne. In the (hOl) prcjecticn cnly cne ztcm was
resclved. This was the methyl group in the«L-pcsition,
and it does not lie in the mcleculear plazne, but ic
displaced by 0.73A. The remaining z co-ordinates were
cbtained by trial and error using the (h0l) and (0k1)

reflections. It has been shown that the methyl grcup in

the B -position is very prcbably displaced from the
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mclecular plane by abcut 0.25A cr 0.3A. There 1s slcc

a distinctfpbssibility.that the naphthalene nucleus 1s nct
planar, i.e. it may be distorted. It has &alsc been shewm
that the contribution of the hydrcgen atems te the structure
factors cannot be neglected. A full threedimensional
analysis of this structure will be required befcre the
structure is completely known.

Apgendix. The crystal structure cf benzfurazane oxide has
been‘determined by X-ray methods. The trieclinic crystels,
space group Pl or P1, have four mclecules of C,H,N,Oper
unit cell. The molecular symmetry is unkncwn. Sc alsc is
the structure. The cell dimensions are a = 10.764,

b = 7.834, ¢ = 7.51A, & = 99.2°, 4 = 95.5°and ¥ =94.0°.




Intrecduction

There are many methods available for the precise
measurements of bond lengths in molecules. Calculations based
on spectroscopic data undoubtedly yield the most accurate results
for simple typeé. This method however can only be applied to
gaseous molecules of the simplest type, E;Z: diatomic or
triatomic melecules (1). The results obtained here are very
accurate though, and give very reliable values for the pure
carbon-carbon single and double bond links.

Diffraction methods however have a much greater range cf
application. Beth gas diffraction and crystal diffrazction are
now being widely emplcyed. Fer the more complex typeé of
structures now being investigated crystal diffraction methods
are the most suitable. The diffraction of high velocity
electrons by gases and vapeurs has been extensively used in the
analysis of structures. A gocd account of the development of
this method and a list of structures investigated has been
published by Brockway (2). This method of investigating
structures however, only applies to compounds which exist in the
gaseous state or to solids with a high vapcur pressure, i.e,
they can be easily converted to the vapour. An example of this
latter type is the investigation of the dimethylketene dimer (3),

wherg the melting-point of the compocund was‘113°- 1l4§,bﬁt, due



to ité high vapcur pressure near the melting-point, it passed
directly'into'the vapour stage, Flectron diffraction methods
differ from spectrosccpic methods in that a trial structure

of the compound under investigaticn is required and alsc a
thecretical curve to compare with the intensity data. In a
recent'structufe investigation, that of trifluoromethyl
acetylene (4), both the spectroscepic and electron diffraction
methods of analysis'have been used. From a combination of
bothiresults, the best agreement for a set of parameters was
cbtained. The advantages accruing from this are a lessening
of the limits of error.

One other method of structure détermination, which is in
the process of development and is worthy of mention, is
neutron diffraction. Mcst of the work attempted so far has
utilised the powder method. However, there is a very good
probability that the single-crystal method will soon be
developed., One difficulty is the comparafive weakness of
the available sources of rieutrons. The greatest
disadvantage at the present is that, as the dimensicns of the
crystal increase 50 also do the effects of secondary extinction. |
Bacon andvﬁbwde‘(5) have concluded that with crystals large
enough to permit the observaticn of many reflections,

secondary extinction would be of cverriding importance,




_intensities being more strongly dependent on the mosaic
spread of the specimen than on the structure factors. They
also concluded that, in general, crystal specimens would have:
tc be thinner than about 0.1 mm., to avecid these difficulties.
Peterson and Levy (6) however, have shown that this is not so.
Certainly as the dimensions cof the specimen increase, the
effect of extinction becomes greater, but it is not greatly so;
Advantages of this method include greatly increased resolution
and greatly reduced sample size. |

For the complex types of structure now being investigated,
by far the best method at present is the diffraction of X-rays
by a crystal. A short account of the development of X-ray
analysis and the technigue employed is given in a paper by
Robertson (7). This method can be used té investigate the
structure of the simplest of molecules in the crystalline
state and to obtain an accurate measurement of the bond
lengths within the mclecule such as'in the structure of
hexamethylbenzene (8). Or it can be used in the investigation
of an unknown structure of a very complex type as was the
case in the structure of penicillin (9). In the investigation
of the compounds reported in this theéis the method of
- X-ray diffraction was employed.

Carbon-carbon bond length measurements have been made by

the method of X-ray crystal analysis on various condensed




ring hydrccarbcens. These are pyrene, C, H,, (10),
1:2:5:6—dibenzanthraéene, Cz2H, (11), coronene, C,H,(12),
1:12-benzperylene, C,;, H,, (13), which have been done by the
usual two-dimensional methods of analysis, aﬁd naphthalene,
Cio Hy (14, 15), and anthracene, C, H, (16, 17) which have been
investigated more fully by the triple Fourer series method.
In all.these cases evidence has been cbtained that the bond
lengths vary to some extent in different parts of the molecule;
" Parts T and IT of this thesis contain accounts of ‘
ancther two aromatic hydrocarbons, viz., cvalene and perylene,
which have been investigated fully by the two-dimensional
methods of analysis. The results obtained are in full
agreement with this variation in bond length within polyéyclic
aromatic molecules. In the twc cases reported the carbon-
carbon bond length variation is even larger than has been
cbserved in any of the ccmpcunds previously investigated.
Part ITI of the thesis contains an account of an investigation
into the structure of octamethylnaphthalene. In this case no
definite measurement of bond lengths can be made, but once
again it seems highly probable that there is a variation of
bond length within the naphthalene nucleus. The structure
of octamethylnaphthalene is of more importance for other
reasons, which will be discussed later.

The interest centring arcund these polyeyclic aromatic




hydrocarbons lies in this variation of bond distances within
the molecule. There are several methods of calculating the
carbon-carbon bond distance in a planar molecule, and with the
advent of‘eray crystal analysis, a method arose by which
experimentally obtained values could be compared with those
calculated. (
Probably the best known method of calculation is that
derived from the use of the Kekul€ structures of the molecule
in conjunction with a curve relating distance and double bond
character (18). The manner in which this method of calculation
is applied is as follows. In these hydrocarbons, for a fixed
position of the carbon atoms the bonds can be arranged in a
distinct number of ways. These different arrangements are
the Kekule’ or stable-valence bond structures. Figure 1 shows
the stable-valence bond structures fcr the hydrocarbonsr
" previously mentioned(l0-17) and also benzene. Thus benzene
nas 2 Kekule structures, naphthalene 3, coronene 20, and etc.
The percentagé double bond character is now obtained by takiﬁg
linear summations of corresponding and chemically equivalent
bonds. For ihstance, consider the "spokes" in the coronene
molecule (see Fig. 1). There are 20 stable-valence bond
structures of which each contains 6 "spokes". Hence there is

a total of 120 bonds. Of these 48 are double bonds. Hence
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the t"spckes" have 40% double bond character.
there are 6 stable-valence bond structures of which each
contains one central bond. Hence there is a total of 6

central bonds of which 2 are dduble bonds in the 6 structures.

With pyrene

This gives the central bond of #&rene a 33% double bond

character.

Figure 1.
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The bond distance corresponding to this double bond
character can now be found from the empirical Pauling -
Brockway curve. This curve is derived from four values

of the carbon-carbon bond.

%age double bond character Bond length (A)
0 (pure single bond) 1.5¢
33 (from graphite) 1.42
50 (from benzene) 1.39
100 (pure double bond) 1.33 (or 1.34)

The value for a carbon-carben single bend has been
derived from various hydrocarbons (18), and the results are
found tec lie between 1.52 and 1.55A. These are all equal to
the diamcnd value of 1.542A within their prcbable
experimental errors. The value for the carbon-carbon double
bond has been cobtained from spectroscopic values of
1.325%0.0054 (19) and 1.331*0.0052 (20) for ethylene and
1.330% 0,0054 (19) for =allene. The less accurate electron
diffraction values are 1.34% 0.02A for the two Substanées @8)
The resonance of the benzene molecule between the two
Keﬁulé structures (see Fig. 1) can be considered to give each
of the six carbon-carbon bonds fifty percent single-bond
character and fifty percent double-bond character. The

value now accepted for this bond, representing 50% double




bond character, is 1.39A. The same value for this bond has

" been obtained from various benzene-derivétives such as
he#amethylbenzene (8). The fourth point on the curve is
given by the value of 1.42A for graphite, The structure of
thé~graphite crystal ccnsists of hexagonal layers of
molecules which are separated by a distance so large (3.404),
that there can be nc covalent bonds between them. Fach of
the layers is a giant mclecule, and the superimposed layer
molecules are held together only by weak van der Waal's
forces, The four valences of each carbon atom are u;ed té

- form bonds with its three neighbours. The layer molecule

resonates among many valence bond structures as depicted in

Fig. 2.
Figure 2.
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Inithis way each carbon-carbcn bond achieves one-~third
deuble-bond character i.e. 33% double bond character, This

then leads to the value of 1.424 for a bond with 33% double-




bend character.

As previously stated the value of any bond length can
now be obtained from a kncwledge of its percentage double
bond character, Thé carbon-carbon bond distances for all
the polycyclic arcmatic hydrocarbons shewn in Fig. 1 have
been'calcula%ed by this method and compared with the values
obtained from the observed data.  Remarkably goocd agreement
‘has been obtained in most cases, even more sc¢ than would
be expected considering'this method takes no account of the
numercus first and second excited structures cf which more
Will be said later. In fact it weuld nct be expected that
the non-excited Kekulé'structures aloné would meke a dominant
contribution tc the larger mclecules and yet it is found
that, in the large and highly symmetrical moclecules of pyrene
and corcnene, there is a distinct qualitative resemblance
between the measured velues and those predicted by the
Kekulé'structures. This agreement breckes down somewhat
in the case of 1:2:5:6 dibenzanthracene. In the cage of
ovalene (Part I cof this thesis), the agreement is even more
remarkably‘good, and here the mclecule is even larger than
any of those previously mentioned. With perylene (Part II)
however, the agreement is not sd gcad. The agreement

ocbtained for six of the polycyclic aromatic hydrocarbons in

Fig. 1 is shown below




Average Maximum O
corcnene Ad;difAlnﬂ Ad;d?A ’..
pyrene ' 0.021A 0.044
1:2:5:6 dibenzanthracene 0.0254 0.064
1:12 benzperylene 0.013A 0.03A
naphthalene 0.009A 0.025A
anthfacene 0.012A | 0.045A

A = the difference between the measured and calculated values
cf the bend lengths.

Averagel = the sum of the discrepancies of all the bonds in the

’ molecule divided by the number of bonds.,

Andther method of calculating bond distances in molecules
is that of moleculear crbitals. This method gives mcre weight
to the excited structures. Coulson has published a very good
qualitative account of the molecular orbital theory (21). Each
electron in any individual atom is assigned to a definite
particular crbit. This orbit is no longer precise as in the
older quantum theory of Bohr, but is described by a wave
functionW which is termed van atomic crbital. The wvalue
of Y for any eleétron varies from point to peint, and the
value of Y?at any place measures the prchbability that the
electron will be found at that place. In considering any atom

the various atomic orbitals tc be filled are s, p, d, etc.

The s type of atomic orbital is spherically symmetrical. The




p type on the other hand exhibit directicnal properties and
hence are separated into py, py and p,.-

Now it is well known that the ground state of the
carbon atom is (1s)* (23)1 (2p)? in which there are two
unpaired electrons - (2p)z. These electrons will be in the |
2py and 2py atomic orbitals. Thié corresponds to bivalency.
The characteristic quadrivalency can only be obtained by
starting from a state of four unpaired electrons. This
state may be attained by exciting one cf the 2s electrons to
the empty 2p, orbit. This leads to the four valence
electrons being one in each of the atomic orbitals 2s, 2p,,
2py, and 2p,, but they are still notequivalent. Tc get
equivalent bonds these four "pure" crbitals must be mixed to
give "hybridised" orbitals., There are three linear
combinations of importance - tetrahedrzl, trigonal and
diagonal. In dealing with aromatic ccmpounds the trigonal
combinaticn is the one of importance. In trigonal
hybridisaticn 2s, 2p, and 2p, are compounded to give three
eqﬁivalent coplanar crbitals pointing at angles of 120° in
thé Xy plane. The ccompounded orbitel is given from. the
equation:- Y= JEW(Z9)+[5P(26,) e remaining orbital
is the undisturbed 2pz, usually referred to as the T orbital.
, Thé energy required to convert the carbon atom from the

grand state is amply compensated by the correspondingly




greater gain in energy through the formation of more
stronger bonds.

The peculiar stability of benzene and other aromatic-
hydrocarbons lies in this trigonal (or sz) hybridisation.
Here there are six atoms in the ring and the atomic orbitals
are at angles of 120° -~ an ideal position for ccmbination.
The molecular orbitals are obtained by a linear combination
of the atomic orbitals. This is conly an approximation, but
- is accurate encugh. The work invelved in calculating the
true molecular crbital is prchibitive. This peiring of two
cverlapping atomic crbitals provides a molécular orbital
that will accommcdate two electrens. This then leaves one
unused electron, the 2p, electron, on each carbon atom. Thus
benzene wculd have six unused electrons, The orbitals,

T orbitals, of these unused electrons tend to overlap
forming non~localised molecular orbitals. The electrens in
these TT orbitals, the T electrons, make a contribution to
the energy of binding. Hence there is nothing in the
molecular orbital theory which remotely resembles the
individual Kekuld structures.

Now in .using this theory tc obtain bond distances, an

approximate description'of a particular link is given by
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assigning to it an crder. This order is the sum of two
parts, one from the 0" bonds (cbtained by the overlapping

of the atomic orbitels which are at.120° and in the same
plane), and the other from the I bonds. The first
contributicn is assumed tc have the value of unity in all
cases, and the latter contribution is called the "mobile
order?, p. For a pure s=ingle bond such as ethane, the total
order is 1. for a pure docuble bond as in‘ethylene, the total
order is 2 and fer a pure triple bond as in acetylene, the
total order is 3. This leads to corresponding values of

0, 1 and 2 respectively for p. Hence for bonds intermediate
between pure single anéapure double bonds, the value of p
will be a fraction. This idea has been improved by
Coulson (22). Here the problem of determining the order of
a given bond resoclves itself into the calculation of the
partial orders of the individual electrcns. These partial
orders are then zdded tcgether to givgythe totel mobile
order. The'xechnique invelved is the setting up of the
electronic wé&e function of the Tl electrons, which is
expressed as a product of linear combinations of atomic
orbitals, and thué cbtaining the contribution of the T
electrons to the bond order. This methed thus takes into
account the excited canonical structures, '

The next point is to obtain the length of the bond




from a knowledge of the bond order., This is done by using‘a
cuse relating bond order and bond distance. The curvelis
cbtained by'a knowledge of certain points which lie on it
(some have been already mentioned - pure singie, double and

triple bonds), A list of pcints cn the curve is given below.

Total urder Mobile Order Bond Length (p)

ethane (pure single bond) 1.000 0 1;54
graphi te 1.535 0.535 1.42 J
benzene 1.667 0.66%7 1.3%9
ethylene (pure double bond) 2.000 1.000 1.33
acetylene (pure triplebond)  3.000 2.000 1.20

These pcints are found to lie cn a smccth curve.

Two of the pclycyclic arcmatic hydrocarbcns previously
mentioned have been investigated by this methcd, viz. pyrene (23)
and corcnene (Ceculscn). The agreements between the measured
and calculated values cf the bond lengths are given below

( A and average A as befcre).,

Average N Maximum A
- pyrene 0.020A 0.0384
coronene | 0.011A 0.019A

Calculaticns cf the bond lengths of ovalene and perylene have

alsc been made by this method. These will be discussed later




in the appropriate secticns.

The one cother method of calculating bond distances is
that termed the methcd of "spin states" (24). This method
" corresponds to the earlier method of Penney (25), and
proceeds by measuring the bond crder in terms of energy. 1In
their paper Vrocelant and Daudel have shown an approximaticn
which can be used and is still sufficiently accurate. This
approximétion, which classifies a bcend according to the
bonds which surrcund it, has been applied tc a number of
cases including naphthalene, anthracene, pyrene and coronene
(26). The agreements are remarkeably gocd, ecpecially in the
case of coronene, although not completely satisfactory in
the cases of naphthalene and anthracene where the measured
values were obtained by the three-dimensionel methcds of
analysis, and so weuld be expected tc be very accurate, The

agreements are shcwn bech'( A and average A as befcre).

| Average A Maximum A
"naphthalene Ad;diéA‘ | O;OQSA“’
anthracene 0.013A 0.020A
pyrene : 0.020A 0.045A
cofonene 0.003A - 0.0054

The bond lengths of ovalene have been calculated by this
method and will be discussed later in the apprecpriate

section,




Part III of the thesis contains an account cf the
investigation into the structure of cctamethylnaphthalene.
It will be of interest here to compare the values of the
bénd 1engths in the naphthalene nucleus with those cbtained
in the three~-dimensionel analysis of naphthalene and alSo
with those predicted for naphthalene. Nc great change
would ordiharily'be expected, since the only difference
between the twc mclecules appears tc be that the eight
hydrcgen atems in naphthealene have been replaced by methyl
groups.

This compoﬁnd is much more interesting however from the
pcint of view cf steric hindrance, The methyl grcups
substituted in the «-pcsiticns cf naphthalene would have a
much closer distance of approach than that between two
adjacent methyl groups in hexamethylbenzene (approximately
2.4A in the former case and 2.8A in the latter). Tt has
been shewn that the mclecule of hexamethylbenzene is
ccmpletely planar (27, 8), but it is qguestionable if ‘this
will be so in the case of cctamethylnaphthalene.
Undcubtedly there will be restriction of rotation of the
methyl groups, but there is alsc a pessibility that the
Tmethyl groups in the opositions will nat be coplanar with

the naphthalene ring.




Ccck has given =& brief review of the stercchemistry of
and. steric factors invelved in polycyclic aromatic'compounds'
(28), and discussed them in terms ¢f their chemical

- reactivity. The compounds reviewed however have no direct
bearing on the prcblem here, One interesting ccmpcund |
mentioned however is that of 5;4:5:6—dibenzphenanthrene
(see Fig. 3). The atoms at A and B are not joined by a bond

Figure 3. and yet, if the mclecule was
plenar, the distance between them
would be of the crder of 1l.4A. It
has now been shown that this
molecule is net planar, but
actually resembles a spiral se
that A. and B. are almcst 3.4A
apart (McIntcsh and Rebertson —

unpublished cocmmunication).

Ancther interesting compound whicﬁ
o , has recently been prepared is
4:5 dimethylphenanthrene (29) Fig. 4). The structure of
_ this has not been studied by X-ray diffraction, but its
spectra consists of absorption curves which are definitely
“ohenanthroid in character, although some of the fine

--structure exhibited by phensnthrene itself has been smoothed




cut. The details of the spectra are rather interesting. The

Figure 4.

would still be“phenanthroid?in character, Thus nc conclusions
éan.be arrived at regarding the nature of the phenanthrene ring
structure.in 4:5 dimethylphenanthrene other: than the fact

_that, if it is not ccmpletely pleamar, then the distortion is

slight.

- i At the present mcment a similar state of affairs exists
in the octamethylnaphthalene structure, It has been shown
concluéively that the methyl groups in the «L-pcsitions are
displaced from the mclecular plane, and proved that there is
a high probability that the methyl groups in the B—positioﬁs

are also displaced, although in this case the displacement is

CHs

CHs
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methyl groups are undoubtedly
displaced from the molecular‘plane,
and this could explain the smocthing
out of the fine structure. However
this need nct necessarily rule out
the possibility that the '
phenanthrene group is not completely
planar. Even with the methyl
groups displaced and the phenan-
: threne structure being slightly

distorted, the abscrpticn curves




ﬁot so great. No infermation is available however regarding

the nature of the naphthalene nucleus, other than the fact

that it is either planar, or slightly distorted from the
molecular plane,




The Crystal Structure of Ovalene (A Quentitative X-ray Investigation)

Introduction

Ovalene, or octabenzonaphthalene (Fig. 5), has recently been
synthesised by E., Clar (30). It is a ccndensed-ring hydrocarbon
analogous to coronene (12,31). |

Figure 5.

The symmetry of the mclecule ic lower than that of coronene, and
a greater range of bond length variations within the molecule is
possible. If this is the case, it will afford z good
'experimental comparison ¢f the méasured bend lengths with those
predieted by theory.

| Since oﬁalene has only two centrcsymmetric molecules per
unit cell and a short b-axis of 4.70A, good resclution of all
the atems, as in the case of coronene, may be expected, Hence

a better estimation'of all the atomic centres should be obtained




than in the cases of other arcmatic hydrocarbons such as
pyrene'(io), 1:12 benzperylene (13%), anthracene (16, 17), etc.,
due in the latter cases to lack of resolution in the two-
dimensicnal Fourier methods of analysis employed.  The
accuracy will not be as great, however, as in the coronene
structure, where, because cf the higher molecular symmetry, it
was possible tc average certain crystallographically distinet,
but chemically equivelent bonds within the molecule,

The investigation was carried out with the purpose, as
previously stated, of obtaining experimental values of the bond
lengths for compariscn with those predicted, and with the view
of obtaining a sufficiently good refinement of the structure to
enable a possible analysis by the three-dimensional Fourier

methods.,

Crvstal Dgta.

Ovalene Lnﬁm: M, 398.4 m.p. 473°(uncorrected)
d,calc. 1.477 d,found 1.496 |
monoclinic prismatic, a = 19.47 £ 0.054, b = 4.70%0.01A.

. = 10.12 * 0. 04A,,§.= 105.0°* 0.3°

Absent Spectra - (ho1) when h is odd; (0k0) when k is odd
Space Group - Cz, (Py) -
--Two molecules per unit cell, Molecular symmetry, centre.

Volume of the unit cell, 894.3a°




Absorption ccefficient for X-rays, A= 1.54a,% = 7.78 per cm.
Total number of electrons per unit cell = F(000) = 412.

The crystals are elongated in the g}axial direction, with
cleaﬁage parallel to the needle axis. The (001) face is
well-developed on most specimens, but no end faces could be
identified. On some specimens the (101) face could be

observed,

Crystal Structure.
knl.’théfﬁééﬁ‘pféminent feature of the crystal structu:e is the
relatively short b-axis of 4.70A. This short axis is exactly
the same length, ﬁithin experimentel errcr, as the correspend-
:ing axis in the corcnene structure (12). The crystal hebits
are very similar also, This periodicity and crystal habit
~are alsc clcsely similar to these of phthalccyanine end many
of its metal derivatives (32, 33). The similarity between
ovalene and coronene also exists in the c-axial direction,
where cnce again the axial lengths are tﬂe same, within |
éxperimental error, These data’suggest that the arrangement
in the crystal, especiclly the inclination of the molecular
plane to the (010) crystal plane, will be similar in the two
cases.

- For ovalene it is necessary to proceed by trial and error

methods in the first instance. However it can be assumed that




the mclecular plene is tilted at about 44° to the (010)
crystal plane. Two remaining degrees of freedom now remain to
be fixed before the orientation of the molecule is specified.
An investigation of the (h0l) zone, by moving film methods,
showed that the following small-spacing planes gave strong
reflections: (20,00), (20,0I), (16,08), (12,03), (802), (405),
(407). Only one trial was necessary tc obtain the one
position of the molecule which would satisfactorily explain
the enhancement of these reflections (see Fig. 6).

Figure 6,
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Prominent (h0l) reflections for cvalene,

The atomiec pcsitions of the molecule will lie either on or
midway between the traces of the above planes, thus making the

structure factors of these planes either strong positive or




strong negative. Once again, because of the strong resemblance
to coronene, the phase constants of these small-spacing planes
were known, and hence the necessity for only one attempt. The
complete ocrientation of the molecule can now be calculated, as
explained in the experimental section.

%i,LHl,wb;'ym, Qh,(om; and'XN,Q&‘,AM 3 are the angles which
the molecular axes L and M (Fig. 7) end their perpendicular N
make with the g and b crystallographic axes and their

perpendicular c!.

.-~

Figure 7.

Projection along b-axis of ovalene.




Assuming a regular hexagonal structure for the molecule,
a trial structure can now be obtained.

From this point the refinement of the atomic positions
proceeded by a straightforward application of double Fourier
Series methcds. In all, three Fourier Series in the (hOl) .
zone were carried out. In the first only 80 reflections were
used, and only partial resolution of the atomic positions
cbtained. For the most part, the atems appeared oh the
electron density diagram in pairs. The discrepancy, obtained
in the usual manner (i.e. the sum of all the discrepancies
divided by the total of the measured structure factors) for the
80 planes included was 26.1%.

The result of the second Fourier analysis and the
projection of the structure cbtained from this refinement have
already been reprcduced (34). 146 reflections were included
this time, the discrepancy for this number of planes being
-28.7% (the discrepancy for the 80 structure factors previously
usedkwas now only él.l%). Complete resclution of gll atoms
was qbtained. 4 |

156 reflections were included in the third and final
refinement. This represents 62.7% of the total possible
reflections in the (h01) zone. The discrepancy for these

planes was 17.3%. This series contained almest all the




Figure 8.

| AN

Projection along the b-axis, showing one ovalene
molecule, Each contour line represents a density
increment of approximately one electron per A%,
the one-electron line being dotted. The plane of

the molecule is inclined at about 43° to the
projection plane, (010).




Figure 9.

A group of six ovalene molecules in the b axis
projection showing the comparatively large gap
. of low density around each molecule,




reflections obtained from the (hOl) zone with copper radiation.
A few reflections of very small geometric structure factor
were omitted since the phase constants would be doubtful. The
projection of the structure obtained from this final synthesis
is reproduced in Fig. 8. This is the projection of one
complete molecule (half the unit cell) cn the (010) plane.
"Fig. 9 shows how a group of six ovalene molecules are arranged
in the crystal, with a combaratively large gap of low density
around each molecule, As in the case of coronene, this explains
the well-developed (001) plane in the crystal, since Fig. 9
shows that the molecular alinement in this direction involves

very little interlocking.

Co ordinates and Dimengions

Flg. 8 (Lhe progectlon on the (010) plane) allows of
direct measurement of the x and z crystal co-ordinates with
considerable accuracy. Assuming the moclecule to be planar
and knowing the orientation, the y co-ordinates can be
calculated. | The values obtained for the y co-ordinates for
various orientations were tested by calculating structure
factors in other zones, viz. (hk0) and (0kl), until satisfactory
results were obtained. The orientaticn finally acceﬁted is

shown in Table 1.




Table 1.
= 44.9° cosk= 0.7078
Y. = 51.3° cosW= 0.625
= 70,9° cosw.= 0,327
= 78.4° coslu= 0.2018
Yy= 74.6° cos¥u= 0.2656
Wi =160.5°  coswy=-0.9428
1u=132.6: cosfy=-0.6769
Y= 42.8° costn= 0, 7334
wy= 86.5° cosuww= 0.0617
The molecular axes chosen for coronene were not suitab1e
in the ovalene molecule, For comparison, however, the
orientaticn of the ovalene molecule with respect tc molecular
axes L' and M', ccrrespconding to those of coronene, was
calculated, The crientaticn with respect to:- these axes is
shown in Table 2. (corresponding values for ccronene in

‘brackets).

Table 2.

X = g9.7° 84.8 cost¢= 0.1791 ( 0.0912

t= 35,2°( 85.6 cosyl= 0,0829 o.o76g
we=11,4°( 6.9 coswi= 0.9803 ( 0.992

K= 44.4° ( 44. cosk= 0.7139 ( 0.7174
W= 47. jé 46.§ cosyw= 0.6747 g o.686g
ww=100,8" ( 96. coswy=-0,1875 (-0.118
Kn =132.6° (133. cosk=-0,6769 (-0.6905
Un = 42,8°( 43, cos¥u= 0.7334 ( 0.7233
Wy = 86,5°( 89,6 cosWn= 0.0617 ( 0.00%8

. : i
No direct measurement cf the y co-crdinates is possible, |

as in the case of the x and  co-ordinates, since nc

resclution of the atomic pesitions can be obtained, either




' from projections of the (hk0) or of the (Okl) zones., For
example the structure, viewed along c' (i.e. pérpendicular‘
»to the g and b crystal axes), would give an end»view of the
moleculésvas depieted roughly in Fig. 10 |

Figure 10.

/ \
2N
N

In Fig. 7,R represents the line of maximum inclination

- of the molecular plane to the projection plane, (OlO),land

S lies in the‘(Olo) plene, i.e. S represents the line of zero
inclination. Since S 1s almost perpéndicular to tﬁe a-axis
this explains the above projection viewed along c!.

In the (Ok1) zone, successive molecules view;d in the
dlrectlon of the a—ax1s, although identical in the pro;ectlon
of Fig. 9, are inclined in dbp051te directions and may be
derived by the operation of a glide plane of symmetry a. Henge
no reasonable resclution of the atoms can be expected in this

zone,

The co-ordinates bf the atoms are collected in Table 3.




Figure 11(a).

Dimensions of the ovalene molecule,

"Figure 11(b).

before averaging.




Under the column headed (b) are the co-ordinates directly
measured for x and z. As the molecule has an exact centre of
symmetry it is pcssible to average the bond lengths, and
hence under column (a) are the co-ordinates of the atoms
after this averaging. These are the co-ordinates finally
accepted, as they are prcbably mere correct, Alsc since the
molecule has an exact centre of symmetry which lies on the
origin of the unit cell, only half the atoms, those of the
asymmetric crystallographic unit, are listed. The positions
cf all the other atoms in the unit cell may be derived from
the operations (x,¥,2,); (-x,-¥,-2,); (x+a/2,-y+b/2,2);
(-x+a/2,y+b/2,~2). |

Table 3.

Atom X, A X, A NP Zy A Zy A
(Fig.7) (a)~ (b) (a) (a) (b)
A 1,118 1.118 0.011 3.192  3.197
B 2,159 2,178 0.628 4,264 4.2%0
C 3.056 3,072  1.536 4,010 = 4.02
D 3,023 3,032 l'§48 2.6%32 2,63
E 3.%41 3.336 2.889  2.340 2.330
F 3.872 3,877 3.25 0.993 0.938
G 2,831 2.871 2,695 -0.114 ~0.114
H 2,767 2.721 3,043 -1,526 -1.52
T 1.304 1,g 5 2,489 -2.574 -2,585
J 0.829 0.330 1.521 -2.360 =-2.%54
K -0.179 -0.179 0.934 -3,431 -3.429
L 0.036 0,040 -0.193 0.70 0.710
M 1.067 1,068 0.407 1.803 1.800
N 2.017 2.025 1.367 1.547 1.540
0 1.945 1.93 1.749 0.143 0.132
P 0.922 0.920 1.157 -0.957 -0.960
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Table 3 (contd.)

Atom 2Mx/a  2Tx/a My /o 2Mz/c 2Mz/c

(Fig.7) (a{ (o (a (a{ (b
A 20.7° 20.7° 0.8° ' 113.6°  113.7°¢
B 39.9° 40.53 48.1° 151.7° 151.9°
C 56.5° 56. 117.7° 142.7° 143.27
D 55.9° 56,1%  149,2° 3.6° 85'80
E 72.9° 72.8 221.3° 5.2° 2.9°
F 71.6 71.7°  249.4~ 35.3, 35.1°
G 53.3° 53.1 206,47 -4.1 -4,1°%
H 51.2° 50.9° 233.1°  -54.3°  -54.3
I 33.4° 33,09  190.7°  -91.6 -gz.o°
J 15.3° 15.3,  116.5 -84,07  -83.7°
K -3.3° ~3.3 71.5: -122,1° -122.0°
L 0.7° 0.7° -14. 25.2° 25,3 °
M 19.7° 19.7° 31.2° 64,1° 64.0 °
1 37.g° 37.4°  104.7 . 55.0° 54.8 °
0 36.0° 35.8 154.00 5.1° 4,7
P 17.1° 17.0° 8.6 -%4.,0°  -34,2°

Fig. 11(a) expresses the results of the averaged
co-grdinates in terms of actual bond distances, taking into
account the orientaticn of the mclecular axes L and M. Fig.
11(b) shows the bond distances obtained from the co-ordinates
before averaging but using the same orientation. The atomic
co-ordinates with respect to these molecular axes are given
in Table 4. For cemparison purposes, the atomic co-ordinates
6f a regular model with respect tc these molecﬁlar axes are

listed alongside.
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Table 40
Fig.lla o E
Regular Model (1.394)
Atoms L,A M, A L,A M, A
Aand Jeeeeess 1,224 2.844 1.204 2.780
B and Teeenosoa 2.491 3.“ 03 2.407 3.4: 5
C and Heveoeos 3.659 2.83%6 3,611 2.7380
D and Gevevess 3.710 1.406 3,611 1.390
E and Foveeooo 4.910 0.690 4,814 0.695
K and Keveeeoo O 3,515 0 3,475
L and Leeeeess O 0.726 0 0.695
M and Peveeeoe 1.250 1.413 1.204 1.390
N and Oveeceees 2.490 0.719 2.407 0.695

Intermclecular Distances

| '}fﬁe>éhdf£ééf>diéféﬁce between twe molecules is the
perpendicular distance between their planes i.e.3.45A.(=b cosy)
Sinée the indi¥idual atoms do net occur vertically over each
other (see Fig. 12, which shows the normal projection of two
parallel moleéules separated by translation b), the shortest
distance between carbon atoms of two adjacenf molecules is
slightly greater than this. The closest approaches are
between atoms A and D,, L and 0, , and J' and M,, where the
distance is 3.48A.; between N and F, and between P and H,, it
is 3.49A., The other pairs of atoms are separated by more than
3.5A., Between cther mclecules the separaticn is greater.

From atom B on the standard molecule to K on the molecule one

translation along the ¢-axis (Figs. 7 and 9) the distance is




3.79A. On the same palr of mclecules the‘distance from B te

I is 3.87A., and from K to X'it is 3.854. From atom F on

the standard molecule to H' on the reflected melecule at
(3a,%b) the distance is 3.69A. On this same pair the distance
from F to G 1s 3.770., and frem F te F' it is 3.93s.  All
other distances between atoms on neighbcuring mclecules appear

to be greater than 4A.

Figure 12.

- Normal prcjecticn of two parallel mclecules.

Dlscu531on of Results.

The most‘étrlklng result of this analysis is the large
variation in bcnd length within the molecule (Fig. 11la). The
six exposed bonds BC,(gg}}HI, etc., are all considerably

sherter than any of the others, especially short zre the




bonds BC, HI, etc., which are only 1.34gA. All the remzining
beonds are 1.40A or mecre, The variaticn of boend lengths in
the naphthalene nucleus is not so pronounced -~ the hexagon
could almost be regular. However, the central bond LL' is
probably lenger than any ofbthe cthers.

In the case cf ovalene, it was possible to average the
bond lengths of the asymmetric unit in pairs, e.g. due to the
symmetry of the molecule, bonds BC and HI should be identical.
Hence any variations inbends, which should be identical, have
been assumed to be due to experimental errcrs, In gll cases
this difference in bond length is 0.02A or less, except on
compéring bends AB end IJ where the difference is 0.03zA
(see Fig.1l1lb). Therefcre, in all cases, but the one
exception mentioned, the average values have a variation of
0.01lA or less.

Many cther factors must be taken into account, before
the accuracy of the results obtained can be discussed, The
accuracy must obviously depend on the fange and accuracy cf
the intensitiés, the size of the crystal specimens, etec.
Recently a direct approach tc the acéuracy cbtainable by
Fourier series methods has been attempted (35).

Booth has estimated that there are probable‘errcrs of-

+0.003A in the co-crdinates cobtained from z three-dimensiocnal




synthesis, due to the usual experimental errors (36). Applied '
to the two;-dimensional case these errors are estimated at
three times this value, i.e. * 0.01A (37). This has been
borne out by checking the t”wo-‘-vdimensional analysis of .
oxalic acid (38). |

A greater source of error however, is due termination
of series, i.e., an incomplete series. In this case errors
in co;-ordinates of the order of * 0.02A may be encountered
(36, 37). The correction suggested by Booth to allow for
this error was not spplied in this structure analysis, and
so certain errors due toc this cause probgbly still remain.
However since the series was fairly complete up to a
2sin® = 2.0, these errors are probably small. In the
principal projection zone, i.e. the (hOl) zone, 62.7% of the
possible terms were included., Of the planes which had a
2sin® between 1.9 and 2.0, 46% were observed, and of those
which had a 2sin® between 1.8 and 1.9, 33% were observed.
Also the final agreement between the observed and calculated
values of the struecture factors was very good, viz. 15.2%.

It seems probable however, that, though the accuracy
will not be as great as in the coronene structure, the

accuracy of the bond lengths obtained will be betweent0.0vZA
and *0,03A.
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Figure 13.
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These results have been compared with those obtalned
from various theoretical methods of calculation, and in each
case the agreement 1s favourable.

Remarkably good agreement with the expé}imental results
is obtained from a treatment of the problem in terms of the
stable valency bond structures for ovalene., For a fixed
position of the carbon atoms the bonds can be arranged in 50
distinet ways (Fig. 13). The double~-bond character for any
particular set of links may now be computed by summing the
number of double bonds cccurring in them and dividing by the
total number of these links in all the structures. The
double-bond characters obtained for the bonds are shown in
Fig. l4a. On the basis of Pauling and Brockway's
empirical curve relating double-bond character ana distance
(18), the bond lengths corresponding to these values are
shown in Fig. 14b. The mean deviation cof these predicted
values from the experimental values is 0.010A. The
maximum deviation of any one bond is 0,0254 (ec.f. Figs. lla
and 14b) |

The bond lengths of ovalene have also been cbtained
theoretically by the method of spin states (39) and by the
method of molecular orbitals (40). Once again the
agreements between predicted values and experimental vaglues

are remarkably good. The values of the individual bonds by




these method are shown in Table 5.

Table 5.

/Bond Spin State Molecular Orbitals X-ra ul
AB 1. 420A 1.4274 1.43A
BC 1.380 - 1.380 1.344
CD 1.420 1.42 1.43
DE 1.420 1.41 1.40
EF 1.380 1.38%7 1.38
AK' 1.410 1.410 1.40
AM 1.436 1.428 1.43
DN 1.436 1,422 1.40
LM 1.425 1.421 1.43
MN 1.425 1.424 1.42
NO 1.425 1.425 1.44
LL 1.425 1.430 1.45

Aé can be seen from this table, in the case cf the bond
lengths, calculated by the method of spin states, the mean
deviation from the expérimental values is 0.015A, and the
maximum deviation for any one bond is 0.036A. In the case
of the bond lengths of ovalene calculate d by the method of
molecular orbitals, the mean deviation from those cbtained
experimentally is 0.0124., and the maximum deviatien for mny

one bond is 0.0354.

E;perlmental
Determxnation of Crzstal Data.

COpper.Kd radlatlon,‘k 1. 54A, was employed in all the

measurements. Rotation, oscillation and moving-film




photographs were used, the latter to determine the space
group and for intensity purposes. The space group was
established as Paju, since there was no exception to the (h01)
ebsences when h was odd. Of the (OkO) reflections, both
(020) and (040) were observed.

Measurement of Den51ty and Number of Molecules Qer Unit Ce;_.

The den51ty (d) was found by flotatlon of small crystals
in a solution of silver nitrate at 20°C. The value
cbtained was 1.496. The number of molecules (n) per unit
cell can now be calculated using the formula n = VAN/M,
where V is the volume of the unit cell; N is Avogadro's
number = 6,023 x 10 ; M is the molecular weight of tﬁe
compound. In this way n is calculated as 2,024, and rounded
off to the nearest whole number i.e. 2. The calculated
value of the density, using n = 2, is found to be 1.477 which
is in good agreement with the measured value of 1.496.

Measurement of IntenSLtles.

ALl three zones, i.e. (h01), (hkO) and (Okl), were
explored in detail by moving-film methods. Long exposures
of the equatorial layer lines for crystals rotated about the
a, b and c axes'were obtained., The multiple film technique
(41) was used in the correlation cf the intensities, all of whick

were estimated visually. The total range of intensities




covered was about 6,000 tc 1. The absolute scale of F
values was not obtained directly, but by correlation with the
calculated F values. Since this involves a scattering curve,
the scale may no£ be quite accurate., This, however, will
not affect the pesitions cf the atomic centres, but only the
vertical scale of the contour maps. The atomic scattering
factor used was based mainly on absclute measurements obtained
from anthrécene(42).

Small crystal specimens were employed. The two
specimens used in the (hOl) zone had crocss-sections of
O.lQmm by 0.22mm, and 0.3l mm by 0.45mm. These crystals were
both sufficiently long tc cut completely through the X-ray
beam. In the (bk0) and (Okl) zones the crystal specimen
had the more extreme cross—seétion of 0;25 me by 0.9 mm. In
these cases, the crystal was completely bathed in the X-ray
beam. No absorption corrections were applied. n
absorption correction was applied to the (hkO) zcne
originally, but the discrepancy in this zone improved con-
:slderably on removal cf this correction factor.

The observed values of the structure factors for the
planes (200), (001) and (20I) are considerably lower than the
calculated values, This is probably due to extinction.




The (001) plane observed in the (Okl) zone gave s better

agreement, and this was adopted as most likely to be correct.

In the‘(hOl) gone not only had the (001) plane a lower
observed value of the structure factor than in the (Okl)
zone, but all the (001) planes were decidedly lower. Since
the agreement in the (Okl) zone between F obs. and F calc.
was better, it was decided tc adopt these observed values as
correct. However the final Fourier analysis had included
the values obtained from the (hOl) zcne. Instead of
repeating the analysis, the maximum possible shift of any
atomic cc;ofdinate was calculated, assuming that this would

arise when all the increases contributed in the same

direction at one point,

¥ obs, for (0kl) - F obs. for (hOl)

Thus S ‘ -
‘ Area of prcjection

= 0,021 electron per A%

Taking the greatest distance between two subsequent contour
lines at a peak on the electron density diagram (this value
being 0.1164), the greatest possible shift of any individual
atomic centre of the 16 atoms in the asymmetric unit would be
0.116 x 0.021A = 0.0024A.  This is well within the probablg
experimental error in the position of atomic centres, which
will be of the order 0.02 cr 0,03A.
Trial Ahalxsis |

v-ffdﬁ.fﬁe—tracing of the small-spacing planes of strong



intensity, an approximate estimate of the atomic positions wasg

»

calculated. The first trial structure was obtained by assuming

obtained. From this the orientation of the molecule was

the ovalene molecule to be planar, and to consist entirely of
regular hexagons of side 1.39A. Knowing the orientation of the
molecule and the mclecular dimensions, the co-ordinates of the
atoms‘can be calculated. A refinement of these atomlce
positions was carried out, using the double Fourier Series
methods, |
Fourler Agalzsi

The electron density on the ac plane (010), was compmted

at 1,800 points on the asymmetrlc unit from the series

o(%2) = g . 5 F(ROD) cos2ll (8 + )

‘R -
The a-axis was divided intc 120 parts, and the c-axis into 60
parts, the intervals along a belng 0.1624., and along g

0.169A., and the summation was carried out by means of three-
figure strips (43). The positions of the contour lines

wefe obtained by graphical interpolation of the summation :
totals, by making sections of the rows and columns. The final§
cdntour map cbtained is shown in Fig. 8

Calculatlon cf the Orlentation

In order to calculate the orientation it is necessary to




assume some distance in space of the molecule. In this case
it was assumed that the distance LN was that of a similar
distance in a regular hexagon of side 1.434A; i.e. LN = 1.43‘/3 A.
It is also necessary to know the angles which the I and M
molecular axes meke with the a crystallographic axis, i.e.

’7,_ and ’7,4. The complete orientation of the molecule may then
be obtained from the relations

(1) coslzx._-i- cosz‘H.+ cos =1 (7) cosWi = cos XL tanl,

(2) 'cos”Xﬁ cos™ i+ cosy=1 (8) coswm= cosku tan u

(3) cos'\u # cos¥ + costwn= 1 (9) ‘-H_= 51.3°

(4) cos YLcoskm+ cos Yl cosWm + cosWi coswm =0

(5) cos 'Xbcos'lu + cos % cos% + cosW,, cosWy =0

0]

(6) cos NycosXu + cos Py cosWu + COS Wy COSWN

The value of Y, is obtained from the relation sinY, = r/R,
where r = length of LN in projection and R = the real length of
LN, In actual fact the distance used was that joining the mid-
points of LL' and NO, since this line will lie along the L
molecular axis., |

Wheh equations (7) ahd (8) are taken in conjunction with
the equations relating orientation, monoclinic cc-ordinates and
recteangular co;ordinates (See later), and also the fact that

La (L molecular co-ordinate of A) = L, and My = - My due to




the molecular symmetry, the following relations may be

derived.

tan, = (zy+ 2q)sing tan,= (zy— 2a) sing
Y TEF K,) ¥ (2, ¥ 2,)c088 (x;- %) + (2,- z,)cosp

.From these relations it is possible to calculate several values
cf ’ﬁand’qn for different pairs of atoms (e.g. A and J; B and I;
etc.) The mean value was the one finally used. Thu‘sf"z_is
found to be 24.85%% 0.25°, and Mutc be - 77.9° £ 0.45°%

The results of the celculation, i.e. the orientaticn cbtained,
are given in Table 1.

Cc—crdlnates of Atoms znd Molecular Dimensicns

- -

If all the hexagcns in ovalene were regular, no distortion
effects would be seen. This is not so, however. Atoms, which
would be expected to lie on a straight line, if the hexagons
.were regular, are ccnsiderably displaced. This effect was
alsoc noticed in ccronene. The finally accepted model of |
ovalene was that whose molecular co-crdinates are given in
Table 4. When these co-—ordlnates are combined mth the
crientation angles according to the relatlons

x'=1 cosX_ + M cosXy x = x' - zlcotB
y =1L cosY, + M cosh z = z! cosec/.’:
2'= L cosWe + M cosWm

.We o’ptain the rectangular co-ordinates (x', y, z') referred




tc the z and b crystal axes and their perpendicular ¢!, or the
monocliﬁie cr&stal co—-crdinates. The latter are coliected in
Table 3‘under column (a), and also plotted in Fig. 15 which is
the contour map‘of the asymmetric unit. | '

Figure 15.
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Structure Factors.

V-

The co-ordinates of Fig. 15 and Table 3(a) were used in

vthe final calculation of the strucfure factors, which arev

shown in the following Table under F calc. The agreement

betweén the Ccbserved and calculated values of F,‘expressed

in the usual way as a sum of all the discrepancies divided by
the sum of the measured structure factors, is 15.2% for the

| (hbl)‘reflections, 14.3%% for the (hkO) reflections and 12.9%

for the (0k1l) reflections. The oversll agreement between the

Observed and calculated values of F for the three zones is

14.8%. This is of about the order usually encountered in

such investigations.
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Measured and calculated values of the structure factor. (Ovalene)

hkl

800
400
600
- 800
10,00
12,00
14,00
16300
18,00
20,00
22,00
24,00
001
002
003
004
005
006
007
008
009
00,10
00,11
00,12
20,12
20,11
20,10
209
208
207
206
205
204
203
202
201
20T
202
203
204
205
208

23in®
0.164
0.328
0.492
0.656
0.820
0.984
1.148
1.312
1.476
1.640
1.804
1.968
0.158
0.316
0.474
0.632
0.790
0.948
1.106
l.264
l.422
1.580
1.738
1.896
1.949
1.789
1.631
1.477
1.318
l.161
1.003
0.849
0.694
0.540
0.594
0.257
0.196
0.317
0.460
0.610
0.764

0.920 -

F
meas.
55.5

44.9

2.0

AA
0 ) b o O 0 =
HFOONTONNUOEDHWONDTH KON Tk
e @ & 6 o o & & 0 & & & o & & 5 6 o P & O ¢ o

COOIFNOHONNAICRINHPROHNOWRWO HWO

LI -J0
o o o

R
cele.
+69.6

.
~3

) -

e & o & o » o

trd++0 40+

W 3
PRI IROUVIOHAOCOHMFDEONIPNDFROOOUION
L ] [ ] L ]

L 4

b

1 + R ] + :'li ++ + +'+ +1

® & & & & & ¢ o o ¢ o o

]

* o o

COCNFIOVTIHFOPORUERPUOFRFONDWNDARPRPOODONIFNDODO O

e o o

-

hkl
207
208
209
2010
2011
2012
40,11
40,10
409
408
407
406
405
404
403
402
401
40T
402
403
40%
405
406
407
408
409
4010
4017
4012
401%
60,11
60,10
609
608
607
606
605
604
603
602

601 >

60T

28in®d
1.078
1.233
1.390
1.548
1.701
1.860
1.854
1.698
1.542
1.388
1.234
1.082
0.932
0.786
0.645
0.513
0.401
0.326
0.392
0.502
0.634
0.773
0.920
1.071
1.220
1.376
1l.528
l.682
1.840
1.992
1.929
1.778
1.623
1.474
1.325
1.179
1.037
0.900
0.771
0.654
0.557
0.478
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60

10, Og
10,04

23iné
0.513
0.588
0.694
0.808
0.951
1.090
1.233
1.380
1.530
1.679
1.830
1.984
l.864
1.709
1.572
1.429
1.290
1.156
1.028
0.908
0.802
0.718

04637

04652
06706
0.784
0887
1.004
1.131
l.268
1,407
1.546
1.689
1.840

14988

1.965
l.822
l.681
1.547
1.413
1.285
l.161
1.0562
0957
0.878
0.798
0.803
0.838
0.899
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hkl
10,05
10, ’08
10, ' o7
10 0B
10, )
10, ’0I0
10, ’oIT
10, '0TE
12, J09
12,08
12,07
12,06
12,05
12,04
12 03
12 02
12, ’01
12, ‘oI

12,03
12, ‘0T
12,05
12,06
12,08
12,08
12,09
12,010
12,0IT
12, 'oTE

14,08

14,07
14,06
14,05
14,04
14,03
14,02
14,01
14, YoT
14 02
14, ’0%
14,oI
14,05
14,06
14,07
14,08
14 o§
14, oI‘
14,oII
14,012

281iné
0.980
1.084
1.197
1.319
1.448
1.585
1.719
1.863
1.935
1.801
1.670
1.542
1.422
14308
1.203
l1.114
1.042
0.959
0.956
0.978
1.026
1.094
l.176
1.279
1.388
1.506
l.616
1.763
1.902
1.925
1.799
1,678
l1.562
1.453
1.358
1.274
1.205
l1.121
l1.112
1.115
1.158
l.214
1.286
1l.372
1.470
1.579
1.695
1.818
1.944

F
mesos,
34

7 .4
5.7
< 2.8
4.2

< 2.5

19.2

10.85

< 2-7
& 28
< 2.1
< l.4

F

eale.
- 244
- 8,9
~ 65
- 3.0
+ 5.8
- 4.8
- 4.6
+ 5.5
- 9.1
+ 1.0
~ 0.4
+ 246
+ 347
+ 3.7
- 2e4
- Be8
- 9,0
- 58

+2649 o




F F
hkl 23ing® meas. c . . 1
16,07 1.930 < 1.5 + i%g 2gkér6 fs;ga e he
16,06 1.816 < 2.1 + 049 2o0s Iiose < 1.1 - ou
16,05 1.705 ‘12.6 -12.2 22708 1.o19 < 1% 1 ou
, 604 17.1  -17. . . .
16,03 1.513 < 2.8 + 2o S50 180 17ie +1ms0
16502 1.436 < 2.8 - 0.1 22705 1.760 5
16,01 1.369 5.0 - 2.9 22,03 1780 < g'g - %'3
; 1.288 < 2.7 + 1. , B 3+ 2.
g Lt il ma D id td
6,05 1.280 2 - 06 1. 1+ 5.
19°% 1502 3.6 - ae 2005 llaes <1 - ou
16,05 1.349 < 2.8 - 3.1 20k 1loss s1 -1
16,06 1.414 6.9 + 8.2 22'05 1.0%e <1.0 - 203
16,07 1.484 25.1 -24.2 2007 1.oas © s I8
%g,gg 1.568  40.5 364 2403 ot % C8%
; .669 < 2.5 + 0. . 6 - 1.
16,010 1.774 51 1o 2% 1.2 <ie 1af
16,0IT 1.888 < 1.7 + 0.1 2405 liore ‘108 hai
18,06 1.962 < 1.3 + 1.1 52’08 1.928 108 1o
18,05 1.855 < 1.9 + 0.5 23 o fa oW
18004 1.757 10.6 - 8.5 040 0. 83s s o
18,05 1.671 < 2.5 + 4.0 060 Tioee <o 1o
18,02 1.597 < 2.7 + 0.8 11 ooass k3 rEa
18001 1.532 4.8 - 4.4 310 0.807 o206  —40.t
180T 1.448 4.0 - 2.9 oo oiir e Tene
18’02 ].439 < 2’8 N 1.0 410 00412 8l.6 4'82.6
18,03 1.434 2.8 + 1.7 51 0555 1m0 o118
18,08 1.450 < 2.8 - 0.3 210 o258 1n.8 ek
18,08 1.450 <28 - 0.3 610 0.592 11.6 + 9.0
18,08  1.539 < 2.7 + 0.4 510 oos  alE T on
18,07 1.602 < 2.7 + 1.8 810 oltos 3 1 5%
18,08  1.678 18.9 -17.3 Yo o.e8s &1 1 iw
18,05 1.764 3.9 - 3.6 13730 om0 < ata 25
18,09, 176t 5.9 - 3.8 100 0.959 < 4.4 - 06
16°0TF 1.960 2.6 v 2.8 %2,1,0 1.038 < 4.7 + 0.3
20,04 1.914 2.8 + 3.0 18379 1es < g3 i
20,06 1914 2.8 + 3.0 14,10 1.195 < 6.1 - 1.6
20,05 1,830 < 2.0 + 1.1 15,1,0 1.280 12.5 +11.7
20,01 1.694 < 2.5 - 4.8 190000 Ti5ce  29.8 rZe.0
20’0.1. 1.614 34.5 +28.2 17,1,0 1.435 28¢3 +24,1
20,01 l.git saep e 18,1,0 1.508 11.4 + 9.9
20’03 1‘592 < 5.7 + 0.4 5 ,1,0 10597 5.2 + 0'9
20,03 1.9z < 2.7 v 0.4 0,1,0 1.670 < 4.9 =~ 3.3
20,05 1.6350 < 2.6 + 1.8 1’ 1imae S44 -3
20,06 1.676 < 2.5 - 2.6 21100 1e938 <55 r 04
20,07  1.730-—< 2.3 - 0.3 20°1’0 1988 < o9 13
gg,gg 1.798 6.4« 74 5361’0 %’22? <20 08
, ‘875 . . L) 1509 - k
4.4 + 3.7 220 0u67  oco 4 5eg
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F F F P
2sin® megs. cale. hkl 28ine mees . calec,
0703 4.3 ks o 605 840 10468 £ 504 -~ 3!6
00734 608 - 406 940 19505 < 504 - 209
o.vgs 3.8 + 2.2 10,4,0 1.552 <& 5.3 + 0.3
0.823 7.4 - 5.2 11,4,0 1,591 < 5.2 + le4
0.874 < 4¢1 + 0.8 12,4,0 1.646 < 5.0 + 2.8
0.928 < 4.3 ~ 049 13,4,0 1.690 < 4.8 =~ 2.8
0.989 4.5 + 7.8 14,4,0 1.748 < 4.4 -~ 0.5
L A (R RS IS

° . - . . . + .
1,184  10.9 +11.4 17,4,0 1.916 5.6 + 5.0
1.249 21.4 +18.3 18,4,0 1.978 < 1led + 2.6
1,322 11.5 + 9.9 150 1.645 < B+0 + 045
1,393 < 5.4  + 3.6 280 1.654 < 5.0 + 2.8
1.466 < 5.4 + 2.3 350 1.661 <4.,9 + 1.2
1,538 10.6 - 8.0 450 1.677 44,9 + 2.0
1.612 < 5.1 + 1.2 550 1.693 4.8 + Bl.l
1.689 < 448 + 3.5 650 1,720 4.6 =~ 5.1
1.766 £ 4.3 = 0.6 750 1.738 4.5 + 5.2
1.842 ¢ 3.8 - 1,2 850 1.772 < 4.3 = 3.0
1.918 < 2.9 + Qa6 950 1.798 < 4,1 + 0c1
1990 < 0.9 =~ 0.4 10,5,0 1.835 < 3.9 - Ool
0992 18.4 +18.5 11,5,0 1.873 < 3.5 + 0ol
00998 4,5 + B4 12,5,0 1.906 € 3.2 + 4,2
1.016 9.7 =107 13,5,0 1.956 < 2.2 + 6.5
1.040 < 4,7 = 1.7 011 0365 < 245 = 1.3
1.066 645 + 8.8 012 04457 9.3 +10.8
1.101 < 4.9 - 0.8 013 0.578 8.2 - 8.7
1.138 < 5.0 = 3.2 014 0.715  36.7 +36.3
i-égg < g.% - g.g 3%5 0.856 13.8 +11.3
1.782 < 5.3+ 2.6 017 190 <l s

* . - [ 018 X ) - [
1.392 < 5.4 - 146 019 i.ig% <2g.g -52.:
i°450 < 5.4 - 2.0 0,1,10 1.614 < 5.2 + 2.4
1.2%2 : g.% - 0.9 0,1,11 14770 < 4.4 + 0.3
17646 < 8.0 1 oi8 0e1% Giay S BB vl
1.704 < 4,7 . 3.1 022 0.730 7.9 - é'g
1776 6.7 - 4.4 023 0.814 17.9 +17.4
1.842 8.0 + 5.0 024 0 . i

914 27,4 +3046

1.813 4.3 - 542 025 1,030 < 4.7 + 146
%:ggg < é.g + g.g 82? 1,156 < 5.1 + 1.5
10328  12.1 +11.2 028 i.fgg : §°2 . g.o
1.338 12.7 =12.5 029 1.568 < 5.6 - g
1.354 11.5 +11.5 n o - 8.2
1.375 5.4 X 0,2,10 1.712 £ 4.8 - 1.6
1oa0m < 5-4 - gog 0,2,11 1.860 < 3.7 + 0.8
1.406 < 5.4 - 3. 031 1.000 1740 <=17.9
432 5e - 140 032 1,037 < 4.8 - 1.8



F F
hkl 23ine meas. calce
033 1.095 < 5.0 - 245
034 1.176 <K 5.2 - 345
035 1.266 < 5.4 - 30
036 1.371 < 546 + 2.3
037 1.486 < 545 + 0.8
038 1.607 < 543 - 1.9
039 l1.734 < 4.7 - 0eb
0,3,10 1.866 < 3.7 - 04
0,3,11 1.997 < 1.8 - 0.6
041 1.329 < 546 + 05 -
042 1.354 < 546 - 17
043 1.404 < 5.6 + 346
044 l1.460 1044 - 6e7
045 1.540 17 3 -15+4
046 1.628 < 5.2 - 049
047 1.725 < 4.7 - 547
048 1.828 4.0 - 46l
049 1.942 < 2.5 « Ol
051 1.657 < E.l - 13
052 - 1.678 < 540 + 047 ’
053 l.716 1344 +1249
054 1.769 < 4.4 + 1ol
055 1.826 < 4.0 - 2.1
056 1.900 < 3.4 = « (.6
057 - 1.986 < 2.1 + 0.4
A‘ 201 -

061 1.982 5.0




+. . Part 2.

The Crystal Structure of Perylene (A Quantitative X-ray Investigation)|

Introducticn

Perylene (Fig. lé),.ié-é‘céndenSed—ring hydrocarbon. The
cell dimensions and space group have already been recorded (44).
This work has since been repeated by White and separately by the
author, A simpler unit qell has nqw"been chosen.
The molecule, presuming it to be planar, has a centre of
symmetry and three planes of symmetry at right angles. Since
Figure 16. * there are four molecules of
perylene per unit cell and the
space group is Pg, (axial lengths
11.35A; 10.87a; 10.31k) the
molecular centre does not lie at
the origin of the unit cell.
Because of this, good resclution of
all the atoms as in the cases of
ccronene (12, 31) and ovalene,
canmot be expected. The
resoclution of the atoms on the mcst favourable projection will be
only partially complete due to overlapping cf mclecules, as in
the pyrene (10) and 1:12 benzperylene structures (13). Hence
the estimation of the atomic centres will probably not be as

accurate as those in the previous structure analysis (i.e.




cvalene), and i1t is doubtful if it will be possible to obtain
values for all the bond distances.

| The investigaticn was carried out with the purpcse cf
cbteining experimental values of as many of the bond lengths
as possible for comparison with those predicted. Also, if a
sufficiently good refinement of the structure is obtzined by
the two-dimensicnal Fourier methods of analysis, it will
enable a possible analysis by the three-dimensional Fourier
methodé.

erstal Data

Perylene, CeoHiz » M, 252.3 m.p., 266°- 268°

d. calc. 1.341 d, found 1.322

monoclinic prismatic, a = 11.35%0.024, ¥ = 10.87%0.03a,
g: 10.51%0.0%4, 8 = 100.8%0.2°.

Absent Spectra - (h01)4when h is odd; (Okd) when k is odd.
Space Group - Cf.,‘ (Paya)
Fouf molecules per unit cell., Molecular symmetry centre.
Volume of the unit cell, 1,2494°
Absorption coefficient for X-rays, A = 1.54A,M = 6.96 per cm.
Total number of electrons per unit cell = F(000) = 528,

The crystals are square plates which cleave parallel fo

the sides. The a and b crystal axes are the diagonals of

the square, and the c crystal axis is almost perpendicular to




the plane of the plates. These specimens were most
unsuitable for intensity measurements in the investigation of
the (h0l) zone. By extremely slow crystallisation from

amyl acetate, it was possible to'grow a crystal considerably
thicker in the c¢-axial direction, and which could be cut to
give an almost regular pilece of crystal suitable for intensity

measurements.

Crystal Structure.

The asymmetfic crystael unit consists of one complete
‘molecule, and 1t is reasonable to assume, as a first
epproximation, a regular planar structure in accerdance with
the chemical evidence, Now the Q;axis in perylene 1is
appreciably larger thean the correéponding axis in pyrene
(9.24A) and smaller than the b-axis of 1:12 benzperylene
(11.884). This suggests that there are two perylene
molecules accommodated in one Q}axis translation as in the
case of these two compcunds, bdt tilted at an angle tc the
(010) plane which is rather more than the corresponding tilt
in the pyrene structure and slightly less than in the 1:12

benzperylene structure.

It is necessary now to proceed by triasl and error
methods in the first instance. A tilt of the molecular plane

to (010) of about 56° being assumed, there remain five more




degrees of freedom to be fixed, viz., two more 5rientation
angles and the free translations x,, ¥y, and z, of the molecular
centre along the three crystal axes from the origin (the
molecule being assumed‘planar, the molecular céntre,is then
the centre of symmetry, i.e. the centre of the central |
hexagonal ring). ‘

An inspection of the (hOl) zone, by moving;film methods,
showed that the following Small;spacing planes gave strong
reflections:- (204); (800); (10,000); (805); (8039).

It was also noticed that the reflection from the large-spacing
(201) planes was almost too wesk to be visible. Since the
perylene molecule probably contains an inherent centre of
symmetry, it seems that the molecular centre slmcst lies on a
line one-quarter of the way between the (201) planes. Use
was made of this fact in investigating the structure of
1:12 benzperylene (13) (Fig. 17). Rotation photographs taken
Figure 17. about the corresponding axes of
this compound and perylene show a
remarkable similarity in intensity
distribution, which can only be

due to a very close, three-

dimensional similarity in structure.

In 1:12 benzperylene the (201)




reflection was recorded, since the two additional carbon atoms
make appreciable contributions to this reflection, but it was
assumed that the molecular centre cf 1:12 benzperylene would
also lie in the same relative position as that of perylene, i.e.
on a line one—duarter of the way between the (201) planes.

An approximate orientation of the perylene meclecule can
be obtained from the small-spacing planes, which gave strong
reflections. The centributions from most c¢f the atoms must
be in phase for these planes and, from a diagram similar to
- that used for ccronene and ovalene, an orientation of the
molecule was obtained which accounted for the enhancement of
these reflections. This fact taken in conjunction with the
molecular centre lying one-quarter of the way between the (201)
planes fixes the remaining five degrees of freedom. Assuming
regular hexagons of 1.414A for the moclecular model to begin with,
values of 37.5° for x, and 8.0° for z, are obtained.

Calculations of the (hOl) structure factors on the above
basis led to fairly gocd agreements with the cbserved values,
and it was possible to refine the atomic parameters from this
stage by the application of double Fourier series methods.
Three successive Fourier analyses of the (hOl) zZone were
carried'out.

The first analysis was carried out by White. 57




Areflections were included. The discrepancy between the
caleculated and observed values of the structure factors for
these 57 planes, after the analysis had been completed, was
approximately 19%. The crystél used by White had the
extreme dimensions of 0.85 mm. by 0.24 mm. It was now
that the attempt to grow better crystals, in order to obtain
a better moving-film series for intensity estimation, was
made, A more uniform crystal (dimensions of 0.35 mm. by
0.38 mm.) was obtained. Another meving-film series was
taken, and the intensities re-estimated. This time 80
reflections were observed, and the discrepancy between the
calculated and observed values of the structure factors for
these 80 reflecticns was 22.5%.

In the second Fourier analysis 74 reflections were
included, 6 being omitted because the values of the phase
angle were doubtful. The discrepancy between the observed
and calculated vélues of the structure factors, after this
refinement had been completed, was 22.5%. Since there
was no reduction in the disgrepancy, and the resolution of
the atomé was not very good, leaving ample scope for
alternative positions of the atomic centres, other estimates
of the positions of the centres had to be made. Booth!s

‘Method of locating maxima (45) was used.
i




The following is a short account of this method. Since
Fourier syntheses give density values at equidistant points,
usually 1,/60th of the unit-cell side, the information can

be assumed to be in the form xJ1 01 1] 2
: dlold,l d,

where d represents electron density, and 4,2d,>0
Assume that d = ax® + bx
then a = (d,- 2d)/2 and b = - (d;- 4d,)/2.
The value cf x which makes d a maximum is given by
- b/2a = (4, - 44,) /(2d5- 44,)
(r - 4)/(2r - 4) ﬁhere r = dy/4,

]

X

I

Since 0€d,€4d,, thenO< r< 1.

Booth has tabulated values of x for the whole range of r,

and hencé, if d, and d, are known then x 1is obtained from a
Table. It can be seen from the above explanation, that the
method simply makes use of the gradients at either side of the
peak. The procedure then, to obtain the positicn of the
centre, is to teke three electron densities along a row

d,; dp; d3 (in that order) such that dg is the greatest. Then
subtract the smallest value (d, or d;) from the three values |
leaving one value zerc, The maximum point can then be
cbtained as above. This is then repeated for gnother row

and two columns, and so four points are cbtained. The




intersecticn of the two lines joining the two points on the
rows and the two points on the columms is then taken as. the
pcsition cf the centre.

New values for the centres of the atoms were obtained.
The new z cc-ordinates improved the discrepancy between the
ocbserved and calculated values of the structure factor of the
(001) planes but the new x co-crdinates considerably worsened
the discrepancy between the observed and calculated values of
the structure factors of the (h00) planes. These new z
co-ordinates were adcpted as being correct, but the new
x co-ordinates were abandcned for the old values, This
accepted set of co-crdinates was ncw used for calculating
structure factors in the (h0l) zone, and the discrepancy
between these calculated values and the cbserved values for

the 80 planes cbserved became 19.1%. There were several

sign changes in the 80 structure factors calculated, but of the

74 included in the Fourier analysis only one, (405), changed
in sign, |

In the final refinement of the structure 79 reflections
were included in the Fourier series, representing all the
reflections which could be cbserved with ccpper-Kg radiation,

except one. In the moving-film series used for estimating

intensities towards the latter part of the work, the (201)




planes appeared very weakly. The calculated value of the
structure factor for these planes was extremely small, and
hence its sign was very dcubtful. This was the one cbserved
réflection which was omitted. The discrepancy between the !
cbserved and calculated values of the structure factors, after
this refinement had been completed and the positions of the w

atomic centres re-estimated, was 16.9%. The projection of

the structure cbtained from this final synthesis is

reproduced in Fig. 18.

Figure 18.

Projection on (010) plane.




Only 11 of the 20 crystallographically independent
atoms are separately resclved, the others being obscured by

overlapping effects of adjoining molecules, as shown in

Fig. 19.

Figure 19.

Projection on (010) plane showing overlapping -
of perylene molecules.




Because of the centre ¢f symmetry in the molecule the
x and z co-crdinates of the unresolved atoms can be cbtained

from a knowledge of the co~crdinates of the resolved atoms

(see experimental section). These positicns are in

accordance with the observed double pesks in Fig. 18.

Orientation, Cc-ordinates snd Dimensions.
By assuming & plenar molecule, with molecular axes

|
|

L eand M at right angles end meeting at the mclecular centre,
|

(see Fig. 19) it is possible tc celculate the orientation of |
ﬁ
the molecule as explained in the experimental section. The |
|
i

finally accepted orientation is shown in Table 6, where

it

XL, LVL,,WL,; XM P) q}n,wm; /XN ,L}/,;,'u,.; are the angles which
the mcleculer exes L and M and their perpendicular N, make |

with the g and b crystal axes and their perpendiculer c!'.

-~

Table 6.
Ao = 83.3° cosk= 0.1173 Xu=55.4° cosk,= 0.5681
Y, = 89.2° cosl= 0.0138 Yo = 35.0° cosYy= 0.8192 |
W, = 6,8° cosw= 0.9930 Wm= 94,.5° coswn=~0.0785

Xw=144.5° cosky=-0.8146
Wu= 55.0° cos¥h= 0.5733
Wy = 84.,9° ccsew= 0.0883
Fig. 18 (the projecticn on the {(010) plane) ellowsof a

direct measurement of the x and z crystal co-crdinates of




scme of the atoms, viz., A, B, C, D, E, F, H, I, J, P, Q.
(see Fig. 19). These are the atoms vwhich are separately
regclved, and bond distances between these atcms clcne can
be measured directly. Due tc the high meclecular symmetry
however, these are sufficient to give a measure of every type
of chemically equivalent bond in the molecule, except GH and
QR. The remaining unresolved atoms can be assigned
co-ofdinates using the molecular symmetry. This then allows
of a measure of these two bond lengths, but the accuracy of
this measurement will be much less than fcr the others.

The y co-ordinates can be calculated by assuming the
molecule to be planar and knewing the corientation and also
the free translation, y, , of the molecular centre along the
b erystal axis. This latter was fcund by trial and error.
The values cbtained fer the yécc%ordinates were tested by
calculating structure facters in the (hkO) zone., This
zone 1s extremely sensitive to the tilt of the planar
molecule and yéco—ordinates were calculated fer various
values of this tilt. At a tilt of 54.7°(W.), the
discrepancy between the observed and calculated structure
factors in the (hkO) zcne was 16.3%. Trials of making
this tilt 1° more and 1° less made this discrepaney worse.

One trial, however, which made this tilt greater by 0.3°,




reduced the discrepancy in the (hk0) zone to 14.1%. This
was the result finally accepted.

No direct measurement of the y;co~crdinates is possible,
since no resclution of the atomic positions can be obtained,
either from projections of the (hkO) or of the (0Okl) zones.
For example the structure, viewed along c' (i.e. perpendicular
to the g and b crystal axes), weuld give}anxend view of the
moleculés as depicted roughly in Fig. 20.

The co-ordinates of the atoms are collected in Table 7.

Figure 20. Under the cclumn headed (b) are
the x and 2z co§ordinates directly
\\X\_._._Sxi:\\ measured for the 11 resclved atoms.
As the molecule has a centre of

/// ' symmetry, it is possible to

)L\\ -\ average the lengths of chemically

equivalent but crystallographically
distinct bonds, and hence, under
_column (a), are the co;ordinates of the atoms after this
naveraging. These are the co;ordinates finally accepted
as they are probably more correct. Since the molecular
centre does not lie on the origin of the unit cell, the
asymmetric unit congists of cne complete molecule i.e.}20
atoms.. The position of all the other atoms in the unit cell

may be derived from the operations:-




(x,7,2); (-%,-¥,~2); (x + a/2,-y + b/2, 2);(-x+a/2,y +b/2,-2).

Table 7.

Atom X, A. 2Tx/a Vs he 2My /b Z, A Mz/e
a (a{ () (a{ (a) (a{
A 2.922 92.7¢ =0.500 - 16.6° ).889 135.8°
B 3.410 108.,2° 0.499 16.5° 136 110.2°
C 2.980 94.5°  0.502 16,6° 6 59,9°
D 2.097 66.5°  0.463% 15.3° -1 223 - 42,7°
E 1.636 51.9°  0.420 13,9° -2.689 - 9%,9°
F 0.764 24.2° -0. 5§ - 19. -3.224 -112.6°
G 0.287 9.1° -1.586 = 52.5° -2.480 - 86.67
g 0.730 23.2° -1.566 - 51.9° =1,020 =~ 35.6
I 1.646  52.2°0 =-0.510 - 16.9° -0.43%0 - 15.0°
J 2 105 66.8° -0.490 - 16.2° 1.085 37.9°
K =0.582 -18.5° =2.593 -~ 85, -3.,030 -105.8°
L -1.070 -33%3,9° =3.,591 -118.9° -2.298 - 80.2°
M -0.640 -20,3%3° =3.,594 -119.0° -0.828 - 28.9°
N 0.243% 7.7° =3.554 =117.7° 2.082 72.7°
0 0.704 22,3° =3.511 ~116.5° 3 547 123.9°
P 1.576 50.0° =-2.494 - 82,6 142.6°
Q 2.053 65.1° -1.506 -~ 49.9° g 116.6
R 1.610 51.1° -1.526 - 50.5° gg 65.6 |
S 0.694 22.0° -2, 581 - 85.5° 45.0 _
T 0.235 7. 4 -2.602 - 86.2° -o 226 - 7-9,

(m olecular centre)

Table 7 (contd.)

Atom X, A Ze Ao
(b) (b)
A 2,928 3,890
B 3.411 3,153
c 2,979 1.690
D 2.100 =1,220
E 1.633 =2,692
F 0.753 =3.222
H 0.730 =1.020
I 1.645 =0,.43%0
J 2,106 1.085
P 1.582 4.081
Q 2,052  3.339




The molecular dimensions and bend distances can be
calculated from the observed crystal co-ordinates by
combination with the orientation angles of Table 6. Below
are the bond distances cbtained between the resolved atoms

before corresponding pairs cf bonds were averaged.

AB = 1.3784 EF = 1,384A
BC = 1.4464 DE = 1.459A
cJ = 1.380a DI = 1.386A
AQ = 1.386a PQ = 1.367A
IJ = 1.499A
HI = 1,4484

The mean values of these bonds are collected in Fig. 21(a).
These bond distances are the values obtained from the averaged ‘
co;ordinates.

The apparently good agreement is really spurious. Use
was made of this molecular symmetry in plotting the
co-ordinates in the final contour diagram (Fig. 18), since
even the resolution of the separately resolved atoms was
not very good, and it was difficult to decide the exact
centres of the peaks. Fig. 21 (b) shows the bond lengths
calculated from the Kekul€ structures, but these will be

discussed later.




Figure 21(a). Figure 21.(b).
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Distances found. ;
N nd , Distances calculated. "

The atcomic co-ordinates with respect to the mclecular
axes L, M and N are given in-Table 8. Also in Table 8 are
the atomic co-ordinates with respect to ancther set of
mclecular aexes L' and M!'. For ease of working (as
explained in theqexperi&ental section) it was found useful
to imagine the molecule mcved parallel to itself down the
b;axis, until the plane of the molecule passed through the

origin of the unit cell. Then molecular axes L' and M!' were

chosen parallel to I and M respectively, but meeting at the

S




cell origin instead of at the molecular centre.

Atom

=4

B
C
D
E
F
G
H
I
J
X
L
M
N
0
P
Q
R
S
T
U

L,A.  M,A.

3,518 1.218.
2.391 2.448

-2.801  2.448
-%,518 1.218
-2.878 o
-1.434 0
-0.749 1.277
0.749 1,27
-3.518 =1.21
-2.391 -2.448
-1.439 -2.47
1.439 -2.4Y7
2,891 -2.4
3,518 -1.218
2.378 0
1.434 O

(molecular centre)

Obtained from the averaged cryst%l co-ordinates, i.e. the

The molecular cc-~-ordinates in the above Table are

N, A.

ojolelojoololojolojolololololoololoNeN®)

L', A.

4,08
3,45
2.006
-0.872
-2.951
-2.311
"'O . 67
1.316
-2.951
"'2. 24:
-0.38%72
2.006
3.438
4,085
5.445
2.001
1.316
-0.182
0.567

co-ordinates under heading(a) in Table 7.

Intermoclecular Distances

the b-axis, where there is a perpendicular distance of

3.47A between the twoe molecules related by the centre of

The closest approcach of adjacent melecules cccurs along

M?,A.

3.020
4.25%0
4,278
4,278
4.2%0
2,020
1.802
1.802
3.079
3.0g9
0.505
-0.674
-0.674
- 0.645
0.585
1.302
1.802
0.526
0.526
1.302

symmetry at the origin. Fig. 22 shows the normal

!
i
|
i
!




projection of one of these molecules in the plane of the other.

Figure 22,

The normal projection of two parallel molecules{

Tﬁis diagram has a similar staggered arrangement of the
atoms as in the corresponding projections for other
hydrocarbons such as coronene, ovalene and 1:12 benzperylene.
The clcsest apprcaches between atoms of different molecules

lie in this direétion. The closest apprcaches are from

atom D on the standard molecule to S' on the inverted molecule,




e e e e

and from H to J' where the distance is 3.49A. DBetween atoms
F and Q', and bétween atoms K and B! the distance is 3.50A.
A1l other'pairs of atoms are separaéed by very much more
than 3.5A.

In other directions the distances are greater., Along
the a-axis, from L on the standard mclecule to E,on the
mclecule at (x - %), (-y - 2), 2z and from M on the standard

molecule to D,, the distances are 3.70A. From B on the

standard molecule to X, on the molecule at (3 - x), (3 + ¥),~2 |

the distance is 3.71A. In the c-axis translation, P on the
standard molecule is 3.,86A from F, on the moleculé at

X, ¥, (2 +1). Some cther intermolecular distances are
tabulated below. All these distances are taken from the
atom on the standard molecule to the atom on the translated

meclecule (denoted by subsecript).

Molecule at_L&-‘x) (1 +y),— z. Mlecule at(x-2%); (-y-2); z.

B to L, = 3.85a L to D, = 3.73A
C to L, = 3.g3A L to F —— f 5AA
CtO Mz = 30 SA M to I, = . 2AA
C te T, = 3.894 N to B, ="5.7/A
D to N, = 3.884 N to ¢ = 3. 5A
D to & = 3.76A 0 to A, = 3.

E to 0z = 3.91A 0 to B, = 3 79A
E to P, = 3,98A

Apart from these and a few other distances between atoms on

the standard molecule and the molecule related by the centre

of symmetry at the origin, all other intermolecular E

distances appear to be greater than 4A. These intermolecular




distances are of about the same magnitude as is usually
encountered in hydrocarbon structures
Discussion of Results.

There were discrepancies between the unit cell chosen

by Hertel and Bergk (44) and the simpler unit cell chosen
for this work. The c-axis previcusly chosen was measured
as 13.65A, This axis corresponds tc the [101"] diagonal in

the simpler unit cell, and its length was measured as

13.844 (¥0.0%4). A summary of the axial lengths obtained

are shcwn below,

Hertel and Bergk Simpler Unit Cell
g—aﬁs - lO 3A | c-axis 10.31A
g;ams 10.84 g-axi's 10.874
c-axis  13.65 [10T] -disgonal 15.844.
[103] 11.2A gcalc.) _g;axis 11.354.
- "diagonal 11.3A (fcound) : v

A check on the simpler unit cell was made by measuring the
[110] diagonal. This was found to be 15.75% 0.054., and
agreed very well with the a and b axial measurements,‘ from
which [110] calculates to 15.72A.  The new values were
those accepted. |
There is a large variety cf bond lengths found within

this molecule, but the most siriking result is the length of




the bonds joining the two naphthalene groups, i.e. 1.50A.
Unfortunately there 1s only &ne measurement available for this
bond. Atcms I and J are completely resolved, but atoms S

and T are concealed by the cverlapping effects. However the
resoluticn of atoms I and J is very good and the error in

the estimation of this bond length 1s probably no mcre than

*0.03A.

However due to the overlapping effects and subsequent

bad resclution of the atcms, the accuracy of this analysis
will not be as good as that of the cvalene analysis.
Nevertheless the estimated values of the bond lengths can be,
averaged in various parts cf the molecule, and although the
apparent agreement is spuricus, the errors in the finally
accepted values cf the bond leﬁgths are probably no more than
¥0.03A cr *0.04A.

The Booth cerrection has nct been applied to this
compound. Since the resoclution was not very gcod it is
deubtful if the Fourier synthesis on the calculated value$
of the structure factors would give resclution much better
than this. -

The results cbtained in this investigation have been

compared with those predicted by theoryQ The agreements

in the case of perylene are nct nearly as good as those




cbtained with previous hydrccarbons.

The bond distances have been calculated from the

non-excited Kekulé structures (see Fig. 23).

Figure 23.

CE
2R
el

The 9 Kekul€ structures cf perylene.

There are nine of these stable valense-bond structures;
and it is clearly seen that in no structure is the bond
joining the naphthalene groups a double bond. Hence this
bond has zero dcuble bond character, i.e. it is a pure single
bond (1.544) | This agrees remarkably well with the
cbserved value of 1,50A. It is also obvious that the




Kekule structures for perylene are simply a combination of
the Kekul€ structures for two naphthalene groups (since
these groups are joined by an invariant single bond, the

non-excited structures are independent). Thus the

calculated bond lengths of perylene by this methced are
similar tc those calculated for naphthalene with a pure . |

single bond'joining the two naphthalene groups. Fig 21 (b¢ ﬁ

shows the values cbtained for the bond distances in perylene
‘(calculated from a kncwledge of the percentage double bond
character, and the Pauling-Brockway curve). These may

be compared with the measured values (Fig. 2la). The

mean deviation cf these predicted values from the
experimental values is 0,028A.  The maximum deviation

4of any cne bond is 0.045A.

A comparison of the measured boend lengths in the
naphthalene grcup of perylene with those obtsined from the
three-dimensional analysis of the naphthalen structure (15 )
is given below. Bonds which are chemically different. in
perylene are chemically equivalent in naphthalene, and
so0 have the same value for the bond length in the latter case.jEg

The agrement is very poor, and even though thel-' |
accuracy in the perylene measurements is not very high, thé

magnitude of the discrepancies indicates that these




differences are real.

Perylene Naphthalene

AB = 1.38a , ;
CJ = 1,38A 1.354A0r 1.363A. g
AQ = 1.3754 5
JR = 1.454A 1.420A or 1.421A. ;
i

BC = 1.45A 1.3954 j
QR = 1.445A |
1.395A |

The bond lengths of perylene have also been obtained
theoretically by the method of molecular orbitals
(Coulson, C.A,.; unpublished communication). Once again
the agreement is very pcor. The results are shown below -

alongside the experimental values.

Bond Molecular Orbitals X-ray Results
AB 1.387a 1.38a
BC 1.401 1.4
cT 1.398 1.3
JR 1.423 1.45
*QR 1.422 1.445
AQ 1.416 1.375
1J 1.444 1.50

* bond which could not be directly measured

The mean deviation of these predicted values from the
experimental values is 0.030A, and the maximum deviation of
any one bond is 0.056A.

The diamégnetic susceptibility of perylene in powdered

ferm has been measured (46), Two values were obtained,




using the mass susceptibility of naphthalene and that of
purified water as standards, and the two results gave the
susceptibility per molecule of perylene as - (171*1) x 10‘“.
Now if the molecule of perylene is considered to consist of
two naphthalene nuclei ccmbined at both the pefi—positions,_
the magnetic susceptibility of the perylene molecule may be
calculated from that of naphthalene and hydrogen.

Thus:— Xu(Perylene) = 2Xw(Naphthalene) - aX (Hydregen)
where'X"==diamagnetic susceptibility per molecule

This value is then obtained as -171.8, which is in complete
agreement with the measured value. This indicates that the
perylene mclecule consists of two naphthalene nuclel playing
a predominant role, and the central ring formed by joining
the peri;positions has a speclal structuré for which no
correction to the dismagnetic susceptibility has to be made.
It seems probable then, that the bonds joining the peri-
positions are longer than usually observed in polycyclic
arcmatic hydrocarbons. This latter point is in keeping with -
the results obtained from the X;ray investigation, and the
results obfained from the diamagnetic susceptibility suppqrt
thé interpretgtion of the perylene molecule by the non-

excited Kekulé structures.




Perylene has also been shown to have a small dipole
moment (47) indicating that there is no true centre of
symmetry.  The absqﬁgtion spectrum of perylene (48) also
tends to indicate that the perylene mclecule is not completely
planar., No evidence has been obteined in the investigation
of perylene by X-ray diffraction methods tc suppcrt the idea
of a non-planar structure, On the contrary, the very good
agreement between the observed and czlculated values of the
structure factors in the (hk0O) zone, supports the fzet that
the perylene molecule is planar, as far as the czrbon atcms
are concerned. No information can be cbtzined regarding
positions of hydrogen atoms however, and it may well be that
the hydrogen atoms adjscent to the bends jeining the two
naphthalene groups are forced cut cf the plane. This
cculd then explain the smell dipcle moment, and the results
from the abscrption spectra.

Experimental

Determination cf Crystal Data and Intensities.

The X-rzy work was carried cut photcgraphically by
means of rctation, oscillation and moving-film methcds,
copper Ky radiation being empleyed throughout. The moving-
film photcgraphs were used to determine the space group, amd

for intensity purpcses. The space group was established




as Pgla, Since there was no exception to the (hOi) absences
when h was odd. Of the (0kO) reflectiohs, six were observed
and there was no exception tc the (0OkO) absences when k was
odd. _

Thé density was found by flotation of small crystals
in a solution of silver nitrate, The highest value obtaineﬁ
was 1.322, and was in good agreement with the vglue of
1.341 calculated for four mclecules in the unit cell.

Twe zones (h0l) and (hkO) were explored in detail by
mcving;film methods. Long exposures cf the equatorial layer
lines for crystals rotated abcut the b and ¢ crystal axes
were cbtained. The estimates of the intensities were made
visually snd the multiple film technique (41) was used in the
correlation of intensities. The total range of intensities
cévered was 5,000 to 1, which is just abcut the order usually
encountered in the investigation of hydrccarbon structures.
An apprcximately absolute scale of F values was obtained by
correlation of the dbserved data with the calculated F values.
Since this involves a scattering curve, the scale may not be
quite accuraté. This, however, will nct affect the
positions of the atomic centres since4all the atoms are of
the same kind,'but only the vertical scale of the contour

maps. The atemic scattering factor used was based mainly




on absclute measurements obtained from anthracene (42).
The crystal speclmen used in the inﬁestigation cf the
(h0l1) zone was small and uniform. It had a cross-section of
10.35 mm. by 0.38 mm. Nc absorption correction was applied.
In the investigation of the (hkO) zone the crystal was in the

form of a square plate - the cross-section was 0.85 mm. by

0.90 mm. Since the dimensions were uniform and the absorption

cocefficient wasgnall (M = 6.96 per cm.), no absoprtion
cerrection was applied.

The observed values of the structure factors for the
planes (001) and (002) are rather lower than the calculated -
values (10% and 20% lower respectively). This is probably
due to extinction, and so in the final Fourier analysis,
these planes were included as thelr calculated vajues. 1In
the (hk0) zone one plane has probably an inaccurate measured
F value. The (110) plane, which has & very small 2sin®, was
partially cut off the film used. Due to this and also to

the fact that the intensity is strong, the measurement of the

intensity is probably inaccurate.

Trial Analysis and Fourier Analysis
From a tracing of the small-spacing planes of high
intensity and the sbsence of the (201) planes, an approximate

estimate of the atomic positions was obtained. The




orientation of the molecule and the free translation of the
molecular centre from the crigin in the ac plane (x, and z,)
were obtained. The first trial structure was obtained from
these data and the assumption that the perylene molecule was
planar and consisted cf regular hexagons of side 1.41A. A
vrefinement of the atomic positions obtained was carried out
using the double Fourier Series methods.
The electron density on the ac plane was computed at

900 pcints on the asymmetric unit from the series

Z 2: F(hOD) cos 277 (B2 + 12)

plx,z)=

acsnB

The s—axis was divided into 60 parts (intervals of 0.1894)
and the g;axis inte 60 parts (intervals of 0.172A). The
summatiohs were capried out by means cof three-figure strips
(43). The pocsiticns of the contour lines were cobtained by
graphical interpeclation of the summation totals by making
sections of both rows and columns. The contour map
resulting from the final refinement is shown in Fig.,18;
three;quarters of the unit cell being included.

Calculatlon of Molecular Orientation and Co—ordinates.

In order te calculate the orlentatlon it is necessary
to assume some distance in space of the molecule. In this
case it was.assumed that the distances BO and CN were.the

same as in a regular hexagonal structure of side 1.41A. The




mean projection distance of BO and CN was measured as

2.823A, and in space it would be 4.884aA. Since BO and CN
are pérallel to the M molecular axis, sin Ym= 2.823/4.884
(Yyis the angle which the M molecular axis makes with the

b crystal axis). Hence Yh = 35.3°, It is also neces.sary ‘

to know the tangents of the angles which the L and M
molecular axes make with the a crystal axis (tanl, and tanlu
respectively). If the molecule has a centre of symmetry
and is planar, it is unnecessary to measure these angles.
The tangenté of these angles éan be calculated from the
rectangular co;ordinates (see later) of certain pairs of
atoms. The lines joining such atoms as AF, IJ, etc. should
be parallel tc the L molecular axis, and hence the tangent

of the angle which these lines make with the a-axis should

be the same as the tangent of the angle which the L molecular

axis makes with the a-axis.

e.g. from atoms A and F, tan_= (2} - zL )/(x} - =)
Similarly for fhe tan"lm, take atoms such és A aﬁd P,-which
when jeined give a line parallel to the M molecular axis

Thus from atoms A and P, tanlw = (z' - zp)/(x' - x')

In this way a serles cf values are obtained which can- be
averaged. Thus tanT,is found to be 8.4646 % 0.1181, |
and tanm to be 40.1382 ¥ 0,0024. With these dataand the




nine trigonometrical relations given in Part I‘(see page 45)'
the complete orientation of the molecule can be calculated
with respect to the crystallographic axes a and b and their
perpendicular c!'. | |
The rectanéular co-ordinates (x', Y, z')>referred to the
a and b crystal axes and thelr perpendicular c',of the
resolved atoms can be obtained from the crystal co-ordinates
using the equations |
x = x' - z'coth and z = z'cosecs
Using theseprect;ngular co-ordinates iﬁ conjunction with
the 6rientation, the w=ordinates of the atoms with respect’
to meolecular axes L' and M! (previousiy defined), can be
~obtained from the féllowing equations:—- |
x! = L' gos X + M' cosXm
z; = L; cosbw, + M; cos WM
The L! énd M' co-ordinates of U (the molecular centre) -
can nOW'be obtainéd~by once again using the molecular
symmetry. It is obvious from a study of the mclecule that
the following relationships will hold.
From atoms A and F :- Ly = (L} - Ly)/2 + Lt = (L} +L')/2
From atoms A and P - Ez, = (Mi - Mp>/2+ M' = (M}, +M})/2
Also note than M}, = M} ; M} ; M§ ; ML .

Thus using only the co~ordinates‘of the resolved atoms, znd
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obtainihg first their rectangular co-ordinates and then their
L' and M! molecular co;ordinates, a set of values can be
oétained for L} and M!. Thus L} is found to be
0.567%0.004A and M! to be 1,802 * 0.0104A. From these
values the crystal co-crdinates of the mblecular centre can .
be obtained. The values obtained are x, = 1.171A and
z, = 0,429A.

By subtracting the values of L} and M}, from the L!
and M' co-ordinates of the resolved atoms, the L and M
molecﬁlar co;ordinates of these atoms can be obtained (note
that the L and M mcleculezr co—ordinates cf the molecular
centre are zero). From a study of the molecule it can be
seen that there is a distinct relationship between the
molecﬁlar co;crdinates cf scme cf the atoms.
Thus Lg = Lp = ;LF =;LKand.Mn = Mg = -Mp = -Mg. This can
be repeated for several sets of atoms. The values obtained
for the resclved atoms can be averaged, and values of the
L and M molecular co§ordinates of unresclved atoms can be‘
cbtained from the use of the symmetry elements shown above,
In this way the L and M molecular co-crdinates of all the
atoms are obtained, and from them the crystal co-ordinates

of all the atoms are cbtained using the fcllowing equations.




x! =L cosXe + M coskm + N coskn + xl X = x!' - zlcoth
y =Lecosl +m cosy + N costfy + vy z = z' cosec/3
z! =1, cosw_+ M cosm+ N coswwn + zl,

Note!that since the mclecule is planar the N moclecular
co;ordinates are all zero. The free translation along the
b-axis (i.e. ¥,) was found.by trial and error., The value
finally adopted was y, = -1.564A.  The moncclinic crystal
co-crdinates finally adopted are ccllected in Table 7 under
column (a) and the positicns cf the resolved atcms are

plotted in Fig. 24, the prcjecticn on the ac plane.

Structure Factors

The co;—ordinates collected in Table 7 under columm (a)
were used in the final calculation cf the structure factors,
which are shcwn in the fcllcwing pages under F calece. The
agreement between the cbserved and calculated values of F,
expressed in the usual way as a sum cf all the discrepancies
diw}ided by the sum of the measured structure factors, is
16.9% for the (h0l) reflections and 14.1% for the (bkO0)
reflections. In the (h01) zone 80 planes were cbserved qui‘,
of a total possible of 150, and in the (hkO) zone 50 planeé

were observed out of s total po‘ssible' of 160.
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Figure 24,

“190@A¢
T oOMAd

TN &

Projection on the (010) plane showing
co-ordinates assigned to the resolved
T : atoms. o




Measured and calculated values of F (Perylehe).

F F
(hkl) 231in® meas. cale.
200 002'7'7 3404 +5409
400 0.553 10.7 + 5.8
600 0.830 7«3 + 4.4
800 1,106 27 .3 =21.8
10,00 1.383 20.0 -20.1
001 0.152 7804 +77 «5
002 0305 87 .7 -85 ¢5
003 0457 302 + 2840
004 0.609 3440 «30.1
005 0.762 1846 =21.8
007 1,066 4.5 - 39
009 1.371 9.1 . + B4
00,10 1523 12,0 +11.9
00,11 1.675 T 440 w 3.6
208 1.299 69 + 8.9
207 1l.151 4 .4 - 84,0
206 1,004 17 .4 -20.0
2056 0.858 21.5 + 204
204 0.715 60.0 + 5645
203 0577 Sel - 23
202 - 04449 70 - 3l
201 0340 3«5 - 140
201 0.290 608 +64 .6
202 0372 18.2 ~16.4
203 C+488 24 40 +17,.,9
207 0620 2.9 + 9.6
205 0760 19.7 -24 48
207 1,050 9.9 -11.7
208 1.197 77 -14 ,2
406 1.154 6e5 +11.6
405 1.022 5.9 + 35
404 0.896 3 &'l - 52
403 0.782 245 t 4,3
402 0680 Be9 =11le3
401 0.600 268 -24 ,1
40I 0+545 370 +35 .4
40‘2- 06580 1645 + 96
403 0.648 4.6 - 4,8
405 . 0.854 2e7 + 2.0
408 0976 8.8 +10.1
408 1,240 7«8 + 6.5
409 1379 1048 + Tel
608 1,597 SebH * 443

606 14347 7 0 + 240




10,01
lo, dI
1o, 05
10, ’0¢
12,04
12,03
14,01
020
040
060
080
0,10,0
0,12,0
110
120
130
140
150

22ino
1.227

" Qe871

0.815
00829
0870
06933
leCl6
1,116
l.222

14339

l.464

1,724 -

1,564
l.456
1360
1,273
1.200
l.144
1.115
1,160
1,220
1.296
1.385
1.692
1.708
1.826
l.612
1.536
l.419
14363
1,450
1,508
1.872
1.800
1.913
O«284
04567
Ce851
1.135
l.419
1,702
0.198
0316
0.448
0.584
0723

meegs .

11.5

30 o4
11,9

57
7«8

23.1
10.8
10.0
48.8

7 «3
4942
44,2
2944
2904
1245




F F
{(hkl) 234ine mease calc.
160 0.862 12.6 - 14.9
1,11,0 1.567 2046 =27 o3
1,12,0  1.708 1042 - 88
210 04311 61e9  + 6047
220 0396 101.0 . =117 .2
230 " 04508 1543 + 1547
240 04632 12,2 - 14,1
260 0896 1360 + 12.4
280 l.168 11l.1 + 1248
290 14307 17 3 + 122
2,12,0 l.724 16.4 + 19.2
310 Ce439 4642 -47 6
. 320 04503 4847 + 4242
550 0823 7 «9 - G0
380 1.208 €5 + 945
390. 1344 12.8 + 108
3,12,0  1.752 8B - 940
530 04813 226 - 14,9
540 04895 7«5 + 76
610 0.842 2246 + 1643
620 08378 Ee2 + 740
630 0933 10«0 + 132
670 1.298 8BS + 113
710 0.978 25 ¢35 + 208
720 1.009 10.4 + 47
780 1.200 1043 + B846
760 1.289 648 =, 9.9
790 - 1e602 9.8 - 20
810 14115 210 + 2041
820 1,142 8.9 ¢+ 4.6
850 1314 83 - 128
910 1253 1044 - 1849

10,2,0  1.414 6e9  + 445




» Part Je

The Crvstal Structure cf QOctamethylnaphthalene (A anntltative
X—ra&AInvestlgatlon)

Intrcduction.

Octamethylnaphﬁhalene (Fig. 25), C, Hp,, has recently
been synthesised by Abidir and Cook (unpublished). The
structure of this compcund was studied with a view to

«x+ investigating the planarity of the mclecule. Hexamethylbenzenelé
‘has been shown to be planer by Lonsdale (27), and Brockway and.f
Robertson (8). |

Figure 25.

CHy(*)  CH;(-)

CHy() CHs )

However the intramclecular distance between the methyl groups
attached to the o«&positions in‘octamethylnaphthalene is
considerably less than the intramolecular distance between two

adjacent methyl groups in the hexamethylbenZene molecule,

and it is doubtful if these two methyl groups can be




accommcdated in the same plane as the naphthalene nucleus.

The mclecule, presuming it to be completely plénar,
would have a centre of symmetry and three two-fcld axes of
symmetry at right angles, If however, the methyl groups
iﬁ the m}positions are displaced from the plane, one up
cut of the plane and the other docwn out of the plane
(see Fig. 25; (+) denctes up and (-) denctes down), the
centre of symmetry is destroyed but the three twcfold axes
of symmetry remain. There is ancther possibility where
tﬁc methyl groups directly opposite each cther are both up
cut cf the plane and the cther twec down, but the fofmer.
proves to be the case. |

Since the only difference between naphthalene and
cctamethylnaphthalene is in the substituticn cef 211 the
hydrcgen atcems by methyl groups, it will be of interest to
compare the results cbtained for the bond lengths in both
cases. _ ‘

The purpose of the investigaticon has already been
mentioned, but it was &lsc intended to refine the structure
sufficiently by the usual two-dimensional methods of
analysis to gnable a possible analysis by the three-
dimensional Fourier metho@s. In this case it has been

shown that a full three-dimensional analysis will be

Emss
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necessary before the structure is ccmplétely known.
Crystal Data. 5 |
Octamethylnaphthalene, C Hyy, , M, 240.4. m.p. 1f{4°
d,calc. 1.109 d, found 1.089
orthorhombic, a = 16.66 * 0,034, b = 11.31 % 0,014,
c = 7.64 * 0.034.
Absent Spectra - (hkl) when h + k is cdd
(h01) when h is odd and 1 is odd
(hk0) when h is o0dd and k is odd
(0x1l) when k is odd and 1 is odd
Space Group - Ceca (D% ).
Four molecules per unit éell;
Molecular symmetry - three twofcld axes at right angles.
Volume of the unit cell, 1,439.6A°

Absorption coefficient for X-rays, A= 1.54A, M = 5.44 per cm. ||

Total number of electrcns per unit cell = F(000) = 528.
The crystals tend to be flat plates with no well-defined
cleavage.

These were the better-developed crystals. The others

| were simply clusters of very small needles: One of the

specimens used was a small, almcst square plate, with the
c-axial diréction perpendicular to the plate. The only

face which was well-developed and could be identified was




the (001) face.

Crystal Structure

The mcst prominent feature of the crystal structure
is the space group, Ceca , which has 16 asymmetric ﬁnits.
Since there are only 4 mclecules in the unit cell, this
means that the asymmetric unit is ocne-quarter of a mclecule,
i.e. 4% carbon atoms and 6 hydrogen atems. In this space
group if there are only 4 mclecules per unit cell, then the
mclecules lie at special poesiticns. The mclecular centre
of cctamethylnaphthalene is the centre of the central bond
in the naphthalene nucleus. This mclecular centre must
lie at the crigin of the unit cell, i.e. at (000). Then to
| cbtain the position cf ancther mclecular centre, the |
operation (330) is applied. Now to obtain the pcsiticns
cf the remaining twc mclecular centres, the operatioﬁ
(0%3) is applied to each of the first two.

’NOW‘fOr octamethylnaphthalene it 1s necessary to
proceed by trial and error. If, as a first approcximation,
the molecule is assumed te be planar, then it is appafent
from packing considerations that the molecular plane must
lie in the (001) plane. The molecular plane cannot be
tilted out of the crystal plane because of the space group

symmetry, as will be shown, and since the length of the

e




c-axis is cnly 7.64sa, then it is obvicus the molecule cannot

be accommodated either in the (100) or in the (010) planes.

If the symmetry cf the space group around the origin is
L@

@1 ° '
up cut of the plane and (-) down cut cf the plane. Now I

considered, then it is as shown where (+) denotes
consider the molecule whose mclecular centre lies at the |
crigin. This supplies four asymmetric units. If that L
melecule was tilted in sny way, the symmetry requiréd by the
space group could nct be retained.

Having decided that the molecule prcbably lies in the
(001) plene, then, in order tc fulfil the requirements of the

space group and have cne—-guarter of the mclecule as the g

asymmetric unit, the central bond of the naphthalene nucleus

must lie along either the a axis or the b axis (see Fig. (26)
- the dotted lines represent the a and b crystal axes).

Figure 26.

R




This gives two possible positions of the molecule -
one in which bond AF lies.along the a erystal axis, and cne
in which bond AF lies along the b crystal axis. The
asymmetric unit then consists of the four carbon atoms
at B, C, K and L, cne-half the carbon atom at A and the
six hydrcogen atoms from the methyl groups at K and L.
Assuming regular hexagens of side 1.40A for the
naphthalene nucleus and a length of 1.50A for the bonds
BK and CL, & trial structure was obtained with bond AF
lying aleong the b crystal axis. The cc-crdinates of the‘
carbon atoms were found, and structure factors calculated
for the 8 axial planes (200) - (16;00). No good agreement
was cobtained between the observed and calculated values of
F, but a line synthesis was done using these 8 planes and
thus procjecting the contents of the unit cell on to the
- g}axis. No peak was observed at the origin, as shculd
have been the case.

The mclecule was now turned through 90°, i.e. bond
AF lay along the géaxis.' Using the same dimensions for
the moclecule, structure factors for the 8 a-axizl planes
were again calculated. This time the agreement between
the observed and calculated values of the structure factor

was 22%. The atomic scattering curve used was that based




mainly on absolute measurements obtained from anthracene

(42). The line synthesis obtained is reproduced in

Fig. 27 and ﬁhe F vzlues used are shown below. It was

decided that this was the correct position for the

molecule. |

Planes included. (200) (400) (600)  (800) (10,00}
F cale.  +154.8 ~41.9  -56.3 -105.3 -12.5
F obs. 166.8 70.9  42.6  100.9  20.9

(12,00) (14,00) (16,00)
+33.4 -23.1 -21.4
22.0 14,2 10.7

Figure 27.

Figure 28 shows the projection of the contents of the unit
cell on te the (001) plane; the molecules drawn with

broken lines being cut of the plane by a translation of c/2.




It is apparent from this diagram that sll the atoms of the

asymmetric unit will not be resolved in the electron density

diagram due to overlapping effects of different molecules.

Figure 28.

A Fourier Series in the (hk0O) zcone was now carried |
out. 35 reflections were included in this refinement, éut |
of a total possible of Y1. Since there are so few
parameters.to be found (two for each atom except A, whose
y co-crdinate is zero, i.e. nine in all), the atoms were

meved until the best agreement between the cbserved and




calculated values of the structure factors was obtained.
The discrepancy for the 35 planes inciuded was 23.7%.

The atomic scattering curve used was that used in tﬁe
investigation of naphthalene (15). The projection of the
structure obtained.fromAthis synthesis is reprocduced in .
Fig. 29. Thig is the projecticn of one;half the unit cell.
The key diagram to this projection is shown in Fig. 30.

As Was expected cnly twc cf the five carbon atoms were
resclved. Note that the carbon atom at C, however, is
bleccked by C' - the equivalent atecm con emcther meclecule,
Since the x#co-ordlnates of these atoms are equal, a ridge
is formed between them (see Fig. 29), from which the

ridge peak can be accurately measured, thus giving the
X—co;erdinate cf C, The remaining co;ordinates were
simply fcund by putting the atoms in varicus positions in
accordance with the observed double peak, until the
best‘agreement was obtained between the cbserved and
calculated values of the structure factors. It was
assumed however that bond BK would be parallel tc the
a;axis, i.e. the y;co;ordinates of atoms B and K are the
same, The agreement between the observed and calculated
F values was now 21%. There were two sign changes. The
planes (420) and (460) changed sign. Further

investigation of this zone was carried out, and will be




|

Projection cn to the (00l1) plane. The

contents of half the unit cell are . :

included., Contours at intervals of ‘j‘P

lelectron per A2, The one electron ‘
line is broken.
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Figure 30.
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Projection down the c-axis showing positions
of atoms and overlapping effects.
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described later under the heading "Difference Fourier
Syntheses".
An investigaticn of the (h0l) zone by the double

Fourier Series methcds was now carried out. If the

molecule is completely planar, and lies in the (OOl) plane,‘
then no rescluticn of any of the atoms may be expected, with ﬂ
the exception of the methyl group in the &-pcsiticns,

2% planes were included in the Fourier analysis of the
(h0l) zone, which has a maximum possible number of planes
of 46 up to a 2sin@ = 2, Assuming the molecule is
completely planar, i.e. the z co-ordinates of all the atoms
were zerc, no good agreement could be cbtained between the
cbserved and calculated values of the structure factors for
the 23 observed planes. ‘ Now, as was stated previously,
‘there 1s a possibility that the methyl group in the
aépqsition is displaced from the molecular plsne. A
trial structure, giving this methyl group a z cc-crdinate
of 32° but leaving the remainder of the structure planar,
i.e. 2 co;ofdinates zero, gave a discrepancy of 24% between
F obs. and F calc. for the 23 observed planes. The signs
of the terms for the synthesis in the (hOl) zone were “
taken from these values. The projection of the structure

obtained from this synthesis is shown in Fig. 31 - four
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asymmetric units being shown. Directly above the electron

density diagram is a key diagram showing how one complete

molecule of octamethylnaphthalene is projected in this zonej;

the letters denoting the positions on which the various

that the methyl group in the of-pcsition is displaced from
the molecular plane. In actual fact the z cc-crdinate
adopted for the carbon atom at K was 34.2°. Using this
value for this co-crdinate, and nct changing any of the
cthers, the discrepancy between the cbserved and calculated
values of the structure factors for the 23 planes observed
in the (hOl) zone was reduced to 20.6%.

Considering the number of parameters invclved in the
calculation of the structure factors; and the number of
planes cver which the discrepancy was taken, the value
| quoted seems rather high. Attention was turned to the
methylbgroup attached to the A-position of the naphthalene
nucleus. This grcup was unresclved on both the electron
density maps which have been reprcduced., Trials were now |
made of mcving this methyl grocup cut of the mclecular plane,
and it was found that this movement considerably reduced the
discrepancy Between F obs. and F calec. in the (hOl) zone.

Eventually, at a position where the z co-crdinate of this

b1
uff
i
il
A
|

carbon atoms fall. It is gquite apparent from this projectknﬂ
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Figure 31,

Prcjection down the b-axis showing one complete
molecule of cctamethylnaphthalene. Each contour
line represents a density increment of approx—
imately one electron per A?, the one electron
line being dotted. The diagram above the contour
mag shows the alternate displacement cof the
methyl grcups, the naphthalene nucleus being i
assumed planar, f




group (i.e. at L) was 18°, the discrepancy between the
cbserved and calculated values of the structure factors for
the 2% planes observed in the (h0l) zcne dropped from
20.6% to 11.8% This undcubtedly suggests that this méthyl
group is diSpiaced from the molecular plane also. So far
the planarity of the naphthalene nucleus has been retained.
This may not be so, however, and will be discussed later.
The electron density was computed at 225 pcints in the
(Ckl) zcne by the usual Fourier methoeds. 17 reflections
were cbserved in this zone, out of a toctal possible of 33,
No gcod rescluticn of the atoms was obtained in this
projection, except of the carbon atom at A. The remaining
fdgr atoms projected tc give one large electron density
mass. The y and z co-ordinates of the resclved atom A
are Zero, i.e. atom A lies at the origin in this zone.
Hence no infermation was obtailned frem this projection, and

it has nct been reproduced.

leference Fourler ;yntheses and Effects of Hydrogen Atoms.
The discrepancy of 21% between the cbserved and :
'éalculated velues of the structure facters in the (hkO)
zone was considered to be rather high. Sc far cnly the
carben atoms have been positioned, but there are alsc six

hydrogen‘atOms in the ssymmetric unit. These hydrogens
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then constitute 18% of the scattering material, and will
undoubtedly have some measureable effect on the structure
factors,

It was decided then to do a difference or error.
synthesis on the (hkO) zcne, i.e. a Fourier synthesis using
as coefficients (Fo - Fe), where Fo, is the measured value of
the structure facter and F, is the calculated vzlue of the
structure facter for all the carbon atoms. This is
equivalent in effect to a Fourier synthesis on F, (calculated
the usual way) from which the electron density, @ , is
ocbtained at a number of points. From this, peint for point
has been subtracted 2, the electron density obtained from‘a

Fourier synthesis con Fe.

e 3% (FomFe)om 2T (8) o 21 =p-p
Thus from th;“éiectron densities at a number of points
cbtained frem observed data has been subtracted the electron
densities at these seme peints due to the contribution of the
carbon atoms. Since no accocunt has been taken of the
hydrocgen atoms, the resulting electron density diagram should
be, in part, the result of their electron density
distribution. This method has been employed by Cochran (49)
in the refinement of adenine hydroechloride. Cechran (50)

has also given an account of some properties of the (Fo - Eh)
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synthesis,

It can also be shown that with a ﬁell resolved atom,
whose chosen CO;ordinates are in error, the difference
synthesis will give two areas, one of positive and one of
negative density. In order to minimize the difference
between the measured and calculated values of the structure
factors, the atomic co-ordinates must be moved away from the
negative area toward the positive area. Thus the difference
synthesis can alsc be used to refine atemic positions, The
difference synthesis also has the property of giving
co;ordinates corrected for the terminaticn of series error;
It should be noted however that wrong scaling cr a wrong
scattering curve will introduce spurious effects in a
difference synthesis. .

in (F, - F.) synthesis was done in the (hkO) zone of
octamethylnaphthalene. The projection (of the asymmetric
unit) bbtained is repreduced in Fig. 32C. There are some
fairly Well;defined peaks at the 1 - 1.5 electron level
which will probably be due toc hydrogen atoms. Apart from
these however, the electron density diagram 1s comparatively
flat, indicating that there are no great errors in atomic
co;crdinates.: It is possible though, that some effects

have been blocked by the effect of the hydrogen atoms;
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Figure 32.
| A -
% %

The projection of the asymmetric unit on to
the (00l1) plane, showing positions chosen
for the resclved atoms.

Projection on the (001) plane, with the
contribution due to carbon atom at L removed.
Positions checsen for resclved atoms are shown.

Difference synthesis of (hk0O) zone, showing

positions chosen for hydrogen atomg. Contours
at intervals of 0.5 electron per A%
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No direct, accurate measurement could be obtained for
the positions of the hydrogen atoms. vHowever, approximate
poesitions were obtained in the following manner. It was
assumed that there would be no free rotation of the methyl
groups, due to steric hindrance. It was also assumed that
theAC;H bonds of the methyl groups would be 1,084 long, and
that the four bonds (i.e. 3 C-H bonds and 1 C-C hond) cn
the methyl groﬁp would adecpt tetrahedrsl positions. These
latter zre probebly not ccompletely accurate, but are a
sufficient eppreximaticn. The pcsiticns of the hydrcgen
atcms were now cbtained, using these assumptions and at
the same time attempting to fit the pesiticns tc be observed
peaks on the electron density diagrem. The positions
adopted for the six hydrcgen atoms are shown on Fig. 32C.

The contributicns of the hydrogen atoms tc the structure
factors weré calculated in & similar menner tc that adopted
in thé investigation of the structure of hexamethylenediamine
(51) i.e. only reflections with a sin® less than 0.6 were
considered to have an appreciable ccentribution frem fhe
hydrcgen atoms. For 1arger;angle reflecticns the
contribution will be sc negr to zerc, that it mey be
neglected. AIn these calculations a scattering curve for

hydrogen was assumed of similar shepe to -the scattering
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curve used in considering the centributicns of the carben
atoms, but of one-sixth the height. |

The effect of including the hydregen ccntributicns
in this manner prcduced twe phase changes in the struecture
factors. These were in the planes (420) and (460). |
however, the structure factors cf these two planes had
chaﬁged sign after the Fcurier series perfcrmed on the
(hk0) zone, so that the effect of the hydrogen atoms was
simply to change the sign back to the original. The effect
of including the hydrogen atcm contributions led toc a very
marked reduction in the discrepancies between the observed:
and calculated values of the structure factors in the |
(hkO) zone - a reduction of 5.3% cver the 35 cbserved planes.
This undcubtedly indicates that}the hydrogen atoms do have
a considerable effect on the structure factors, and this
reducticn of 5.3% would probably be even greater if more
accuréte positicns were cbtalned.

In the projecticn on the (001) plane, the carbon atom
at B was nct resclved, due te the close apprcach of the
methyl group, L', frem another molecule (see Figs. 29 aﬁd
30). Now the discrepancy in this zone is 21% of which it
has been shown that at least 5.3% is contributed by the

hydrogen atoms. This low discrepancy means that the
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pcsitions cf the carbon atoms &re placed fairly accurately.
However, 1t had been assumed that the'y-co-ordinates of B
and K were the same. There is a possibility that the
methyl groups in the &-positions are forced slightly
éutwards (as well as up and dbﬁn), in which case the y
cc;ordinates cf B and K would not be the same.

Tc investigate this possibility; it was assumed that
the position selected for the methyl group at Lwas correct.
Now in order to resolve the atom B, the atom I (or L')
must be removed from the structure., If F_ is the ”
contribution of atom L tc the structure factor (calculated)
and Fg is the measured value of the structure factor, then

(Fo - E ) is the structure factor of a structure from

which atom L has been remcved. If a Fourier synthesis is -

now performed on (F, - F_), then an electron density
diagram should be obtained in which atom B is resolved.
This.diagram is reprcduced in Fig. 32 B alongside the
actual projection on the (hkO) zcne 32 A. |
This method i1s very similar to one used by Whittakef
(52) in the investigation cof the structure of Bolivian
Crocidolite. In this case the contributions tothe
electron denéity of two oxygen atoms were removed in order

to resolve two silicon atoms. The method employed here
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however, was to assign co;ordinates to the oxygen atoms,
ahd then tc assume that these atoms woﬁld have circular
symmetry in projection, with a radial distribution of
electron density similar to that of ancther resolved oxygen
atom in the structure. The distribution cf electron
density due tc these oxygen atoms was then subtracted from
the projeciion peint by point in the vicinity of the
silicon atems. This differs frcem the method adepted here
in that, once the cc;ordinates of L had been decided, the
electron density at points due to L was obtained by

performing a Fourier summation. This doeg involve a

scattering curve hcwever, and some errors may be introduced

here. The scattering curve used however gave remarkably
good agreements, and s¢ these errors are probably small.
Note that this is exactly the same as the difference

synthesis technigue. Thus:-

+ o8 +68 k
P = 22 Focn2lT%E cn2l &
—od —od
P‘. = -‘.Z“*% FL wzwgé‘mﬁﬂ%
.ol —

: , , Y. Lx %‘L
-0 = — —F. 2T & e 2T %
Henc’e’ Pe-f = .éz; (Fo > ) e
The y co-ordinate obtained for atom B in this
projection cn the (001) face did show a shift' (see Fig.
32B), which was of the order of‘O_.O6A, i.e. the difference

between the y co-ordinates of B and K, which had been
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assumed to be equal, was 0.06A. - The cc-crdinates of the
resclved‘atoms A and K did not changé by any more than
0.01A in the twe projections (c.f. Figs. 32A and 32B) i.e.
removing the contribution of atcm L has not greatly affected
- the cc;crdinates of the previcusly resclved ztoms. This
is to be expected however, since atoem L is at = consideraﬁle
distance froem atems A and K. The remcval of the
centribution of I will have more influence on the atom
nearest it, i.e. atom B. However it is dcubtful if as
large an errcr as 0,06A would be introduced. One other
point to note is that if the co;ordinates cf L are
accepted as being cerrect, then these new co-ordinates of
B are mcre in accordance with the position of the double
peak (Fig. 32A), than were the previous cc-ordinates. If
these new co-crdinates of B are adopted, then the
discrepancy between the cbserved and calculated values of
the structure facter for the 35 planes observed in the
(hk0) zone falls from 21% to 20%.
Co;ordinates and Dimensions.

Fig. 324 (the projection cn the (001) plane) allows
of direct measurement cof the x and y crystal co;ordinates
of twc of the atoms, viz. A and K. As previously

mentioned; it alse allowed of direct measurement of the x
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crystal cc-ordinate of atem C., The x and y co-ordinates of
atom B were those cobtained from Fig. 528 ~ the remaining

three parameters, i.e. the y co-ordinate of atom C and the

x and y co-ordinates of atom L having been obtained by trial

and errcr. These co-crdinates are tabulated below.

Atom Xy A 2mx/a. VA, 2y /b

A 0.690 14.9° 0 0

B 1.515 28.5° 1.241 39.5°
C 0.70 15.3° 2.400 76.4°
K 2.795 60.4 1.301  41.4
L 1.430 30.9° 3.745  119.2°

Nc direct measurement cf the z co-crdinates of the
atoms is possible, except in the cases of the carbon atomg
at A and K, due to the lack cf resclution in the projecﬁions
cn the (010) and (100) planes. The z co%rdinate cf atom
A must be zerc due to the symmetry required by the space
grcup. This atom was the cnly cne resolved in the
prcjection on the (100) plane (previcusly mentioned). The
x énd‘z co;ordinates cf atom X mey be directly measured

from the projection on the (010) plane (see Fig. 51). The

z co-ordinates of the remaining carbon atoms, i.e. B, C and

L, can only be obtained by trial and error.
As has been menticned already, the discrepancy

between the cbserved and calculated values of the structure

factors for the 23 planes cbserved in the (hOl) zone was
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20.6%, when atcm K was given a measured z co;ordinate of
‘34.20 and the remaining four carbon atoms were assumed to
lie in the (001) plane, i.e. their =z co;ordinates were zero.
If the methyl group at L (i.e. attached to the 8-pcsition
of the ngphthalene ring) was moved out cf the (001) plane,.
giving it a z co;ordinate of 4180, this discrepency was
reduced to 11.8%. Since the expressicn used fer calculating |
structure factors in the three principal zcnes, i.e,

(hx0), (0k1l) and (hOl) is a product of ccsines, it is
impossible to differentiate between & co-crdinate of - 18°
znd +18° without using three-dimensgicnel datz.  Hewever,
it seems more feasible for the methyl group in the Bposition
to be displaced in the opposite direction to that in the |
&-position thus giving an alternate up and down arrangement |
of methyl groups.

Further investigation into the z co;crdinates of the
unresolved atoms using trial and error methods, showed that
ancther situation was possible -~ one in which the
naphthalene group is twisted. If the methyl group in the
B-position is only displaced by an amount equivalent to
-12.2°, and the naphthalene group is twisted in such a way
that atom A Tremains in the (001) plane, atom B is moved up

out of the plane by an amount equivalent to 12.2° and atom
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C is moved down out of the plane by an amount equivalent
to —4.50, then this again leads to a reduction in the |

discrepancy between the observed and calculated values of the j

structure factors in the (hOl) zone from 20.6% to 11.8%.
This is equivalent to saying that the methyl group in the
A-position is pulling the carbon atom to which it is attathed, ;
.i.e. atem B, up out of the (00l) plane with it; and that ”
the methyl group in the,&positioﬁ is pulling the carbon atom
te which it is attached, i.e. atom C, down out of the (001)
plene with it. In other wcrds the strain due to the
displacement of the methyl grcups is being distributed
throughout the naphthalene nucleus, This possibility is
perfectly feasible,_and mcre probable than that the strain
is confined to the carbon;methyl bonds.

Another possibility, which was found to reduce the
discrepancy between the observed and calculated values of
the structure factors in the (h01) zone tc 12.2%, was one
in which the displacement of the naphthalenehgroup was not
so great. The 2z co;ordinates for these different‘positions
are tabulated below under the headings structure 1;
structure 2 and structure 3 and will be referred to as
such from now on. The positions of the carbon atoms, in

each of these structures, are completely defined by their - -
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z coc-ordinates ccmbined with the x and y co-ordinates

previcusly tabulated.

Structure 1. Structure 2. gStructure 3.
. Atom  z,A. 2NMz/c z, A 2Mz/c ZyA. oMz/c
A 0 0 0 0 0 o -
B 0 0 0.259  12.2° 0.127 6.0°
C 0 0 -0.095 -4,5° -0.049 -2.3°
K 0,726 34.2°  0.726 34.2° - 0.726 34,2°
L -0.382 -18.0° -0.259 -12.2° -0.318 -15.0°

On the basis cof these ce—~crdinates, the bond lengths within
the molecule were calculated. These are tabulated below,
along with some intramolecular distances.

Bond (see Fig. 30) Structure 1. Structure 2. Structure 3.

AF 1.384 1.38A 1.38A
AB 1.394 1.42A 1.40A
BC 1.31A 1.36A 1.32a
cD 1.424 1.43A 1.42A
BK 1.65A 1.55A 1.594
CL 1.57A 1.54A 1.554

Intramclecular Distance

KR (o~CH, to & ~CH; 2.984 2,984 2.98a
LM (8-CH; to 5-CH, 2.96A 2.91A 2.93A

The bond AF has the same length in all three structures,
as has thé'intramolecular distance KR. This arises because
the %, y and z co-ordinates of atoms A and K are difectly
measurable frdﬁ the projections on the three main zones.

The co;ordinates of atoms F and R (these atoms are siﬁply in

another asymmetric unit) may be derived from the space
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group symmetry. These distances are the only ones which
can be accuragely determined. | |

Since the z co-ordinates of the atcms are not
completely fiied,lno intermolecular distances have been
calculated. |

Positions of the Hydrogen Atoms.

The positions chosen for the hydrogeh atoms are
tabulated below, H,, H, and H, are the hydrogen atoms on
the methyl group at K, and H,, Hr, H, are the hydrogen atoms
on the methyl group at L.

Atom x,A.  2Mx/a Vs he 20y /b ZyA. 2Mz/c.
H 2.9 64.2° 2.1fg 69.5° 1.362 64,2°
H, 2.971  64,2° 0.41 13.3° 1.362 4,2°
H, 3.466  74.9°  1.301 41.4° -0.033 -3.,9°
H, 0.796 17.20  4.427 140.9° ~0.804 -3;.9”
Hs 2,351 50.8 3.594 114.4° -0.804 -37.9°
H, 1.652  35.7° 4.156 132.3° 0.715 33.7°

Thece positions were obtained in the menner already
explained. The contributions of the hydrogen atoms to

the structure factors in the (0kl) and (hOl) zones have not

been calculated.

Discussion of Results.

The most striking result of this analysis is the
undoubted nop;planarity of the octamethylnaphthalene
structure. There is no doubt tha£ the methyl greups,
attachéd to the o«positions of the naphthalene nucleus, are

displaced from the molecular plane. This displacement
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is considerable - the methyl group being displaced’by‘
0.726A. If the naphthalene nucleus was planar, then the
bond BK, i.e. the bond joining the methyl group to the
L-position, would make an angle of about 28 with the
moelecular plane. It has alsc been shcwn that there is
‘probably a slighﬁ strain cutwards, i.e, the bonds joining
the methyl groups to the carbon atoms in the £-positions
are not parallel.

It is also highly probable that the methyl group,
gttached to the Bpcsition of the naphthalene nucleus, is
also displaced from the mclecular plane. Co-crdinates.
for three possible positions ¢f the molecule have been
quoted, which reduce the discrepancy in the (h01) zone by
about 9%. In each of these three structures the methyl
group at'uuaﬂ;position is displaced by at least 0.26A.

No decision cen be arrived at regarding the nature of
the ﬁaphthalene nucleus. Structures 1, 2 and 3 give
discrepancies cf 11.8%, 11.8% and 12.2% respectively
between observed and calculated values of the structure
factors in the (h01) zone, and discrepancies of 10.5%,
1%3.9%4 and 12.2% respectively in the (0Okl) zone. There
were no chaﬁges in the phase angles of the structure

factors between any cf these three structures. A full
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three-dimensional analysis of this compcund will be

required before the structure is ccmpletely defined.
Undoubtedly a comparison between the cbserved and célculated
values of the structure factcrs for three-dimensional data
will iﬁdicate which structure is the mcre probable, but

the full three-dimensicnszl anelysis will be necessary to
cbtain accurate co;ordinates and bond lengths.

The bond lengths cbtained from combining the three
different sets of 2z cc;ordinates with the x and y
co;ordinates have been tabulated below., . Alongside are
the values cbtained fcr the bond lengths in the three- .
dimensicnal analysis of the naphthalene structure (15).

Also alcngside are the bend lengths predicted for
naphthalene using the percentage double bond character, i.e.
obtained from the three Kekuld structures. The carbon-
methyl grcup bcnds have been assumed to be 1.54A, which is

the usual value for a carbon-carbon single bond.

Structure : ,
‘ Kekule
Bond 1 2 - 3 Naphthalene  Structures

AF 1.384 1.38a 1.38a 1.395A 1.425
AB 1.39A 1.42A 1.40A 1.420A 1.42A
BC 1.314 1.36A 1.32A 1.359A 1.37A
CD 1.42A 1.43%A 1.42A 1.3954 1.424
BK 1.654 1.554 1.59A 1.54A

CL 1.57A4 1.54A 1.55A 1.54A
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Tt can be seen that the agreement between the bond

lengths obtained using the z co-crdinates assigned to
structure 2, give remarkably good agreement between these
‘measured fcr naphthalene, and those prediCted by the Kekule
structures. This is the structure in which the ring has
its maximum twist. The discrepancy between the cbserved
and calculated values cf the structure factors in the (0Okl)
zone is greatest using the z co-ordinates of structure 2,
viz. 13.9%. However only 17 reflections cut of & maximum
possible of 33 were observed in this zone, and toec much
stress cannot be laid on this discrepancy.

An examinstion cf structure 1, i.e. the structure in
which the naphthelene nucleus is assumed planar, shows that
the bond lengths which give extremely bad agreement are BC
and BK - each bond invclving atem B.‘ In crder to improve
this agreement, i.e. to make the Length cf bond BC 1.36A
and the corresponding length of bond BK 1.564, the x
co;ordinate of B would have.to be increased by O.1lA. Such
a shift is highly improbable, since the accuracy of the
atomic co_ordinates should be well within this limit.

No corrections, such as the correction for termination
of series, efc. have been gpplied as yet for cbvicus reasons

and so no estimation cf the accuracy of the co-ordinates and
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hence of the bond lengths can be made. The low
discrepancy between observed and calculated values of the
structure factor in the {nk0) zone probably means that
there is a high degree of accuracy in the x and y
co;ordinates. Since the z cc-ordinates have not been
determined positively, it is obvious that limits of errof
cannct be assigned to them.

The coQordinates qucted fcr the hydrcgen atoms are
procbably inaccurate. Nc attempt was made to c¢btain
really accurate co§ordinates, since the purpose of
positioning them has been attained, i.e. in showing that
the contributicon of the hydrogen atoms to the structuré
factors in the (hkO) zone was considerable,

Experimental

Determination of Crystg;;géta.

| “Cdpper‘Kd rédiation,lk==l.54A, was employed in all
the measurements. Rctaticn, oscillation and moving-film
photographs were used, the latter to determine: the space
group and for intensity purposes. The space grcup was
established as Ccca. The general absences required, i.e,
(hkl) absent when h + k is odd, were determined from
mcving;film phctographs taken about the first layer lines

cf crystals rotated about the a and b crystal axes. Thus
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(n11) is absent when h is even and (1kl) is absent when
k is even, |

The density was found by flotation of small crystals
in a solution of silver nitrate at 20°C. The value of
1.089 feund was in good agreement with that of 1.109
calculated for four mclecules per unit cell.

Measurement of Intensities.

A1l tﬁree zones, i.e. (hk0), (hOl) and (Okl), were
explcred in detzail by moving-film methods. Long
exposures of the equatorial layer lines for crystals rotafed
about the a, b and ¢ axes were obtained. The multiple
film technique (41) was used in the correlation of the
intensities, sll cf vwhich were estimated visually. . The
total range of intensities covered was 7,500 to 1. If
twe planes, (200) =nd (002) are omitted however, this
range falls te abecut 2,000 to 1.

An apprcximately ebsolute scale cf F velues was
cbtained by correlation cf the cbserved values with the
calculated values. Since this involves a scattering curve,
the scale may nct be quite accurate, but this will cnly
affect the vertical scale of the contour maps. The
atomic scattering factor used was that used in the three-

dimensional analysis of the naphthalene structure (14).
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An experimental scattering curve was made by dividing

the observed F values by the geometric structure factors

for the planes. This was found tc be almecst identical

to that used for naphthalene, and sc the latter was used,
Small crystal specimens were empleyed througheout.

The specimen used in the (hkO) zcone had a cross-section

of 0.12 mm by 0.35 mm, and that used in the (h0l) zone

a cross;section of 0.42 mm. by 0.46 mm. No abscrption

corrections were applied, since the value of the absorption

ccefficient was sc small (=5.44 per cm.)

Trlal Analy51s and I’ourler Analy51s.

The trlal analy51s of octamethylnaphthalone has
already been fully dealt with,

The electrcn density on the ab plane, (001) was
coemputed at 450 9011ts on the asymmetric unit from the
series P (X,y) = ;’5‘ Z Z F( H(O)wzw 0”27]-%

" The electron denslty cn the ac plane, (010) ,was

computed'at 450 peints on the asymmetric unit from the

series. pz) = aciZF(kODan'ﬂ' MZTT%

The g-axis was divided into 120 parts, the p-axis into

60 parts and the c-axis inte 60 parts. The intervals along

a were 0.139A, these along b were 0.189A and those along

c 0.1274. The summaticns were carried ocut by means of
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three-figure strips (43). The positions of the contecur

lines were obtained by graphical interpolation of the

summation totals, by making sections of the rows and
columns. The contour maps cbtained have already been

reproduced;

Co-crdinates of Atoms and Mclecular Dimensions.

| Thé cd;ordinaﬁeé cf the féédived‘étoms wéfe directly
measured, and the remaining ones obtained by trial and
error. Since the crystal axes are orthorhembic, the
melecular dimensions can be calculated from the crystal
bo;ordinates by a straightforward application of the
distance formula, i.e. if R is the distance betweeﬁ atoms

A and B, whose crystal co-ordinates are kncwn, then:-

2

2z
R* = (x,— %,)° + (74 - Va) + (25 - 35)

Structure Factors.

~ The x'and-y co-ordinates of the carbon atcoms listed
on page 113 were used in the final celculation of the
étructure facters. Considering the carbon atoms alocne,
the agreement between the cbserved and calculated values
of F, expreésed in the usual manner as a sum cf all the
discrepancies divided by the sum of the measured structure

facters, is 20% fer the (hkO) reflections.  When the

contributicn froem the hydrogen atoms, whose co-ordinates
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are listed on page 117., are included this discrepancy
becomes 149%. The agreements between cbserved and
calculated values of F for the (h0l) and (Okl) zones

depend on the set of z co-ordinates (page 116) used in
conjunction with the x and y co-ordinates chosen (page 113).

These agreements are as shcown.

zene Structure 1. Structure 2. Structure 3.
(h0ol1) 11.8% 11.8% 12.2%
(0k1) 10.5% 13.9% 12.2%

These calculated structure factors are listed in the
following pages. The F values fcr the (hkO) zone are
listed first. F(C) calc. means F calculated for carbon
contributions alone, andF(C,H) calc. means F calculated for
béth carbon and hydrogen ccntributions.  The values of F
meas. quoted are scaled using F(C) calc. and are not
absolutely correct for comparison with F(C,H) calc. The
F values for the (Okl) and (hOl) zones are then listed as
follows; F (1) calc. means F calculated using the

z co;ordinates for structure 1, F(2) calc. means F
calculated using the z co-ordinates for structure 2 and
So on. The values of F meas. quoted are scaled using
F(2) calc. ‘and are not absolutely correct for comparison

with F(1) calec. and F(3) calc.
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Measured and caleculated values of F (Octamethylnaphthalans)

(hkl)
200
400
600
800
10,00
12,00
14,00
16,00
18,00
20,00

18,4,0

460
660
860
10,6,0

281in®
0.185
0370
0+555
0739
04924
1,109
1.294
14479
l.664
1.849
0.272
04545
0.817
1.089
l.362
l.6%4
1,506
06329
0.459
0.618
0.787
04963
l.142
1.322
1l.504
1.686
1.869
0576
0659
0.778
0.918
1.073
1l.236
1.404
1.576
1.751
1,928
0.838
0,897
0.988
l1.102
1.233

F
mnease
169.7

7041
43.1
10C.4
2246
21.9
14 .2
10.8
< €3
< 4.8
5848
82.4
2065
23 «3
1943
< 845
< 4,1
4843
5.0
107
7«0
Se7
64
740
6e9
a2
4.6
2949
6963
337
2640
21.8
501
13.8

AANNAANA

< 5.7
6.7
19.3
5.4
15.9
< 6e3
13.2

F(C)
calce
+177.1
- 538
- 571
~ 9746
- 2543
283
1243
2042
67
4.2
54.0
72.0
1549
24 7
31e6
5.1
4¢3
44 .4
0«6
2543
904
C.8
342
3el
4,1
247
- 241

NN S S L B B O 3R B SN DN SN A BN Y

F(C,H)

calee.
+161.5

- 671

- 4647
«109e3

- 2345

- 2746

5%¢

897
2042
2545

++ i

4343
65
238
S5
2e2
3.1

4+ttt

352
7549
2341
223.2
24 .5

'+ ++

2045
5.8
17 45
1.8

+ 1 14



(hkl)
002
004
006
008
202
402
602
802
10,02
12,02
14,02
16,02
18,02
20,02

(hkl)
12,6,0
14,6.0

F(C,H)
cale.

- 046
- 244

F(C)

meas. cales

13 47 - 3.4

< 609 - 202

< Ge2 - 543

6.‘7 - 402

11.8 - 37

< Bed - 5e2

< 647 + 1207

1349 ~ 1143

11.1 - Bed

< 668 4+ 75

£, 6'2 - 2.5

< 4.9 - Q.7

< 143 + 048

Oe3 + 13.6

< 740 + 23

< 740 + 1.6

< 68 - 1246

< 645 - 11,1

< 547 - 142

< 4,4 - 4,1

< 645 + 1.9

< 6.5 - 2.1

< 5.9 - 8.4

4543  + 2.8

<4,5 + 5.8

<2.0 + 0.7

(1) F(2) F(3)

calee calee. ealce.
+265.9 +2654.9 $268.8
+ 74.8 + T73.4 + 78.1
+ 219 + 1842 + 23.4
+ 14,5 + 9.0 + 13,9
+137el +13645 +138.6
- 164 - 1747 = 18,2
- 6547 = 66el = 67.5
= 56e¢7 = 65¢3 = 67.0
= 17e5 = 163 - 1648
+ 107 4+ 1le1l + 11l.4
= 649 = T3 = 649
- 14,0 =~ 14,6 - 14,.4
-~ Be9 =~ 940 = 942
- 20l - 1.9 - 2.1
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F F(1) F(2) F(3)
(hkl) 28in® mease calce ealce calee.
204 0.827 77«5 + 8242 + 80.0 + 83¢1 -
404 0887 16e4 + 1545 + 1340 & 1344
604 04979  42.1 - 5249 = 53.1 = 554
804 1.094 171 = 24,7 =~ 22s1 - 24,9
10,04 14226 < 947 = 8¢9 =~ 6ol = 7al
12,04  1.371 97 = 1341 = 1240 = 116
14,04 1.524 < Te?7T = 0ol =« 1le0 + 062
16,04 1.684 < Be5 =~ B5e8 = T3 - 68
18,04 1.848 L 6e5 = Bo7 = Be8 - 962
206 1l.224 23:8 + 355 + 3246 + 35.8
406 1265 14,3 + 14,3 + 129 ¢ 12.7
606 1,332 < QT = 2246 = 21le2 = 24.2
806 l.418 <, Q.7 - 9.8 - 6.1 - 94
10,06 1.522 £9e8 = Ba0 = 5eZ « 643
12,06 l.641 <B8e8 = 145 = 143 = 1342
14,06 1772 < Tedk = 03 = 240 =~ 0e5
16,06 14910 <5e83 = 068 =« 240 = 1.6
208 l.624 <90 + 1le7 + T7e9 + 1lla0
408 1.654 <Be8 + 662 4+ 643 4 5.8
608 1,705 <Bed w 069 + 244 <« 048
808 1,774 <Teh = 6407 + 05 = 640
10,08 1.859 L 6ed = Tab = 6l = 6.8
022 - Q486 30ed = I7e2 « 4069 « 39.2
042 0.678 257 = 2505 = 24,7 = 2642
062 0.911 9.0 + 14,6 & 1940 + 1646
082 l.161 17.2 + 136 + 1lle4 + 12.9
0,10,2 l.420 1807 + 23«1 4 2147 + 2246
0,12,2 1.685 <10el - 2.8 - 146 - 2.2
0,14,2 16948 < B¢l = 1ledl =~ 10 - 1.l
024 0.851 144 - 1540 = 2261 = 1901
044 06973 24,6 + 19.1 + 22.5 + 1846
064 l.148 <10e9 + Te5 + 1746 + 11.9
084 1358 <1le7 + 1le0 = 540 = 145
0,10,4 14583 1147 + 123 + 77 4 1140
0,12,4 14822 < 806 = 0.2 + 2¢3 4 0e9
026 14240 <1143 = 2.8 - Bel = 543
046 1.327 1546 + 165 4 21e2 + 1648
066 l.460 <117 - 17 + 100 ¢ 5_01
086 1.628 <10e9 + 23 = 44 « 03
0,10,6 1l.822  Beb + T 4+ 34 + 642
028 10636 <10e9 + 2.0 - 1lud + 045
048 1703 <10.1 + 32 + 7.0 + 44
068 1.808 < Bab = 4.8 + led - 2.4
088 1.946 < 541 + @0 4+ Le0O + 3.7
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- Appendix.

The Unit Cell Dimensiocns and Space GrouQ,of Benzfurazane Ox1de.f

The structure cof benzfurazane oxide, C, H, Ny Oz, is
unknown.- It is known that the nitrogen atoms are attached
tc the crthe positicons of the benzene riﬁg, but nc cther
informaticn was available. It was proposed to investigate
the crystel struecture using Z-ray diffraction methceds, with
a view to oBtaining the mclecular structure.

Copper K radiation, A = 1.544, was employed in all
the measurements. Rctation,cséillation and meving-film
photographs were used, the latter to determine the space
group, which was established as P1 or PI. The density of
the ¢rystals was measured by flotaticn of small crystals in
a solution of silver nitrate at 20°C.  The denéity found,
1.466 was in extremely gcod agreement with that of 1.459
calculated for four meclecules in the unit cell.

Crystsl Dats.

‘Benzfurazane Oxide, C, H, N, Op. M, 136.1 m.p. 69°~ 70°

d,calc. 1.459  d,found 1.466
triclinic, a = 10.76%0.02A & = 99.2°
| _}i = 7.83 +0.034 B =95.5°
c=7.51%0.018 3= 94.0°

Space Group - Pl or PT
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Four molecules per unit cell. Molecular symmetry, not known.
Volume of the unit cell, 619.5a |

Total number of electrons per unit cell = F(000) = 280.

The values of the angles of the unit cell were obtained

from a direct measurement cf the ab, bc and ac diagonals
'of‘the‘unit cell. Rotation photographs were cbtained about
these three diagonals, from which their lengths were

measured.

These were found to be:— [101] = 13.70 ¥ 0.03A

b1
p1d

The values for the}angles obtained using these values for

H

13.74 £ 0,034
11.68 * 0,044

the diagonals have already been listed. These were in good
agréement with the reciprocal values obtained from the
moving-film phctcgraphs. The recipreocal values for the

unit cell are listed below.

g% = 0.0937. *= 80,4°
v* = 0.1298 B*= 83.9°
. c* = 0.1357 - ¥*= 85.1°

Since there are four molecules per unit cell, and the
crystal is trieclinic, no furthe: work has been attempted on

this compcund as yet,
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