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BUMMARY,

The orystal structures of a number of molecular
complexes formed by 4:4'-dinitrodiphenyl with various diphenyl
derivatives are described. The general type of structure is
undoubtedly the same for all the complexes examined and the
typical arrangement may be taken as that in the complex of
4:4'=dinitrediphenyl with 4«hydroxydiphenyl, the structure of
which has been fully determined. As shown in fig. 7 the
dinitrodiphenyl molecules form layers in face-centred array
and lie one above the other with a spacing of about 3.7 A.

The arrangement of these molecules alone is such that a set

of tubular cavities, also in face-centred array, run through
the structure, In the complexes these cavities are eccupied by
the other component molecules, the hydroxydiphenyl molecules in
the case considered, which thus lie nearly normal to the planes
containing the dinitrodiphenyl molecules and are seen end-on
in fig. 7. In the other structures examined geometrical and
symmetry conditions require that the individual molecules
should be tilted in varying degrees, but the type of structure
gtill remains essentlially the same.

It is shown that the ratio of the components in these
complexes is determined by the length of the molecule other than
dinitrodiphenyl, and that in no cese is it necessary for the
intermolecular distances to be shorter than those found in

erystals of ordinary arometiec nitro-compounds.



A bonding mechanism in terms of dipole attraction
between the component molecules is shown to be consistent with

all the observed data.

Of interest are the periodic distortions which appear
to occur in the erystal lattices of the complexes of 4314'~
dinitrodiphenyl with 4«iodo~, 4«bromo- and 4-chlorodiphenyl.
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INTRODUCTION.

The problem of the conaztitution of molecular
complexes derived from nitro-compounds and certain unsaturated
hydrocarbons and their derivatives has, in recent years,
attracted considerable attention and many hypotheses have been
advanced with regard to the nature of the bonding.

Thus Bennett (15) end Hammick (16) have suggested
that the components are united by covalent bonds while Weiss (17)
has attributed complex formation to "a eomblex molecule, essentially
ionie in character, which is formed from the two components by
an electron transfer from the unsaturated hydrocarhén to the
nitro-compound.” In more recent years, however, the tendency
has been to regard complex formation as being due to the
interaction of di{poles (18-22), and this idea has been
supported by the crystallographic studies of Powell and Huse (12).

In the present work a orystallographic study of a
series of complexes formed by 4314'=dinitrodiphenyl is
described and a possible bonding mechanism for these complexes
is discussed in terms of the interaction of dipoles.



THE MOLECULAR COMPLEXES OF 434'-DINITRODIPHENYL,

A large number of molecular complexes of
434'~dinitrodiphenyl with various diphenyl derivatives have
been prepared and snalyzed by Dr. W.S. Rapson and Mr. E. Theal
Stewart (1) of the University Chemistry Department, and are
listed in table 1.

43:4'«Dinitrodiphenyl has been found to exhibit
great seleetivity in the formation of molecular complexes,
which have been isolated only with 4-gubstituted and 4:14'-
disubstituted diphenyls. Diphenyl derivatives with strong
electron~donating substituents such as -% or «0H in one or
both of the grtho positions have falled even to generate colour
on admixture with 4¢4'«dinitrodiphenyl in solution. Ko
evidence has been obtained of compound formation between
232'«dinitrodiphenyl and any of a large number of simple diphenyl
derivatives which have been applied to it.

The compounds of 434'«dinitrodiphenyl with bengidine
and its tetramethyl derivative appear to be by far the most
stable of those studied. They are much more intensely
coloured (table 1) than those with 4-aminodiphenyl, 414'=
dihydroxydiphenyl, 4~hydroxydiphenyl, and 4:14'-dimethoxy-
diphenyl. These in turn are much more deeply coloured than the
remaining complexes listed, all of which have approximately the

same colours as the substances from which they are derived.

[714.].-. &



Molecular ratio of
4314'-4initrodiphe-
nyl to the other
somponant.. .

[ T
Molecular complex of Colour
4314'-dinitrodiphenyl
with:
KNiN'N'=Tetramethyl- Dark-red. 411
bengidine.
8teel-grey 1:1
Benzidine Red 4:1
4-Aminodiphenyl Orange 3:1
4:4'~Dihydroxydiphe~ Orange=yellow 321
nyle
4-Hydroxydiphenyl Yellow 3:1
4:4'9bimathox{ai- Canary-yellow 782
phenyl.
434'«Discetoxydi~ Creenm 531
pheny
4-Acetoxydiphenyl Cream 431
4-Jododiphenyl Palee~yellow 732
4-Bromodiphenyl Pale-crean ?
4-Chlorodiphenyl Pale-cream ?
4=Fluorodiphenyl Cream 3:1
Diphenyl Pale~yellow 3:1

M.P.
‘c

233
224"
240°

220
249°

229

217
225 °

191 =221
192° =220°
192" -220°

191 =221



In almost every case, these lightly ecoloured complexes melt with
decomposition (over approximately the same range of temperature),
in@icating that they are less stable than their more deeply
ecoloured analogues, In the cases studled, no complex formation
has been observed between 4314'=dinitrodiphenyl end diphenyl
derivatives with electron-acceepting groups in para position.

In thisizz:las, therefore, it appears that electron~donating
substitueﬁks favour, and electron-accepting substituents inhibit,
compound formation. Of interest from this point of view is the
formation of a highly coloured and stable ecompound from
4=nitrodiphenyl and NiN:N'iN'«tetramethylbenzidine (which
contains strongly electron-donating dimethylamino groups).

This compound is the only known stable and easily prepared
molecular complex formed by a simple mononitro derivative,

and is the only compound formed by 4«nitrodiphenyl which was

isolated.

The erystal structures of most of the molecular
complexes listed in teble 1 have been examined, and suitable
erystals were grown by slowly cooling a solution of the complex
in acetone contalining a slight excess of the more soluble
component., Many attempts wefe generally necessary before a
suitable batch was obtained.



CRYSTALLOGRAPHY.

Ihe optical properties.
It was generally possible to select crystals that

were clear and free from flaws and in most cases a very

complete optical examination was possible.

With one exception all the complexes examined are
monoclinie and show straight extinction on the (100) face.
Wherever possible the monoclinie angle,/3, was determined from
goniometer measurements; in many cases, however, no crystals
developing a (001) face could be found and the monoclinic angle
was then determined from a Welssenberg photograph taken with
the crystal rotating about the symmetrical axis.

The complex with tetramethylbenzidine is trieclinie
and ths aNMes were chosen so that the angles between the
reciprocal axes, X = 49°421, 3'= 68°91, ¥’ 71°%0', could be
measured direetly on the goniometer, and the angles of the

actual corystal cell were calculated from the relations
» e *
eos /3 cos ¥ — cos X
caso<=

> *
siuﬁ sén X

ete.

All the crystals are very strongly doubly refracting
and are optically positive. In most cases under the polarizing
microscope a biaxial figure containing the acute bisectrix, which
is nearly perpendiculer to (100), may be obtained. By
measuring the separation, 2D, of the poles of the figures, it

['170.34 ¥



IABLE 2
QPTICAL PROPERTIES OF GOME OF

434'-DINITRODIPHENYL.
Com‘;lex' of B8ystem and Cell Optie Principal
43:4'-dinitrodiphenyl prominent angles. axial refractive
with: faces. angle indices.
= (%V)
4:4'-Dihydroxydiphenyl Monociinie /3-95° o( 1.62
§100§ {110f 1.63
b’ = 199
4~Hydroxydiphenyl onoel nic 4-99°39 45° - 1.59
100 110 /.3 1.64
001} = 2.03
4-~Iododiphenyl Monoclinie 4-100° 34 - 1.62
{100} {10/ A= 1.65
Y- 2.13
4~Bromodiphenyl Monoelinie 3~100° 37° /= 1.60
{100t {110 A= 1,64
?f= 2, 39
4-Chlorodiphenyl llonocl e 4~100° - -
{1008
Diphenyl noclinis 4- 99" 30 - -
y ?002 {220} A
Benzidine Monoelinie ,3-120°28 - -
100¢ {.no{
001) {101
NNiN'N'-Tetramethyle Triclinie «-127.0 6 = -
benzidine f100f {010% 3-103°39
001 ~ y=95"45



The eomplex with hydrexydiphenyl.

optic, axis
e

ﬁ (alon, b) = l"f

Pig. 1.

Dirsetiona of she refraetive indices and the optte
sxes tn the unit eell.



was possible to calculate the optic axial angle, 2V, from
P

sin V = EZ‘
where K 18 a constant for the mieroscope and can be determined
using a known biaxial mineral, and/J 1s the intermediate refractive
index.

The prineipal refractive indices A and /4 were
determined by the immersion method in solutions of methylene
iodide and sulphur and using sodium light, Since solutions of
refractive index high enough to determine X in this way were

not avallable, 1t was calculated from the relation
_ 1/‘(1__ £
{-M V X ﬂt-— Y{

For the complex with hydroxjdivhenyl the directions

of the principal refractive indices are shown in fig. 1.
For the other complexes whose refractive indices are listed in
table 2, the corresponding directions are very similar to those
shown in fig, 1, with the exception that « is parallel to and ¥
is perpendicular to g in each case,

dhe unit cells,

The axial lengths were determined from osecillation
photographs taken about the various axes and are listed in table 3.

The density, 7 , of each erystal was measured by the
method of flotation, using a mixture of chloroform and carbon
tetrachloride, and the number, n, of complex groups per unit cell
was then calculated from

P vel. of uniF call

nhn s
Mass of ‘tydrojc.n atom x M.W, [T’“jl [0



'«DIN D
Complex of Cell dimensions in A. Density Caleculated
434'=dinitrodiphenyl a e in gm./ number of
withs C.C. complex
groups in
the unit
L M
4:4'-Dihydroxydiphenyl 20.0 18.65 11.3 1.45 3.98
“HydrOWdiphenyl 20-06 9-46 11, 13 1. 43 1,99
4-Bromodiphenyl 20.0 9.5 ? 1.52 ?
4-Chlorodiphenyl 20.0 9.5 ? - ?
Diphenyl 19.9 9.50 11.0 .43 1.98
Benzidine 0.2 11,15 11.5 l.44 4,05
NNsN'N'-Tetranethyl- 19.1 1:4.,8 22.0 1.43 2.02

benzidine



The space-groups will be discussed together with the
structures, since in only one case was the space-group
determined uniquely from the systematic absences. The routine
methods and the apparatus used in the determination of the unit
cells and space-groups are described in Appendix 1,

10
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DESCRIPTION OF THE STRUCTURES.

As it was not practicable to undertske Fourier
analyses for all the complexes prepared, the structure of only
one of them, the complex hetween 414'~dinitrodiphenyl and
4~hydroxydiphenyl, was determined in detaily and approximate
structures were worked out for the complexes of 414'~dinitro~
diphenyl with diphenyl, NN:N'N'=tetramethylbenzidine, benzidine,
4314'=d1hydroxydiphenyl, 4-iododiphenyl, 4-bromodiphenyl and
4~-chlorodiphenyl. Comparative photographs have eslsc been
taken for the complex of 414'«dinitrodiphenyl with 4-fluoro-
diphenyl, but an approximate structure has not been worked

out for 1it.

The structures of all these complexes are closely
aimiler and the typicel arrangement may be teken as that in
the complex of 434'+«dinitrodiphenyl with 4-hydroxydiphenyl.

As shown in fig. 7 the dinitrecdiphenyl molecules form layers
in face~centred array and lle one above the other with a
spacing of about 3.7 A. The arrangemant of these molecules
alone is such that a set ef tubular cavities, also in face-
centred array, run through the structure. These cavities are
occuplied by the other component molecules, the hydroxydiphenyl
molecules in the case considered, which thus lie nearly normal
to the planes containing the dinitrodiphenyl molecules and are
seen end~on in fig. 7« In the other complexes geometrical

and symncetry considerationg require that the individual molecules



should be tilted in varying degrees, but the type of structure
still remains essentially the same.

In all these complexes there is no evidence for
localized bonding between the units in the erystal structure;
there is sufficient space in the unit cell in each case for
the molecules to pack without intermolecular approaches closer
than those observed in erystals of ordinary aromatic nitro-
compounds. This 1s reflected iﬁ the densities of the complexes
(table 3), which are all of the same order as those recorded
for nitro-compounds such as pedinitrobengene (1-64), g~dinitro-
benzene (1-57) and 4i14'«dinitrodiphenyl (1-4%).

14



1, DETAILED ANALYSIS OF THE COMPLEX OF 434'«DINITRO~

DIPHENYL WITH 4-HYDROXYDIPHENRYL.

Ihe space-group.
The dimensions of the unit cell are
8=20-06 A, Dp—9-46A, g-11-134, ,7-99°39',
and this cell contains two of the somplex groups (C H;C, H OH)
(0, N-C(H,C, H X0, )3

Reflections of type hkl occur only with h+k even.
The cell, therefore, has the g-face centred. Reflections of
type 0kO ocecur only with X even, and reflections of type hOl
only with h even. The space-~group may, therefore, be either
Cas 51/,_, or Cm+ There are only two of the complex groups
in the unit cell, and each such group econtains only one molecule
of hydroxydiphenyl and an odd number of molecules of dinitro-

/3

diphenyl. The general position is four-fold in the space-group C;

and eight-fold in ﬂ,z/,,, s 80 that each molecule of hydroxydiphenyl,
and at least one molecule of dinitrodiphenyl in each group,

must lie in a special position. In the space-group £, this
special position can only be a two-fold axis. Each of the
molecules concerned might have a two-fold axis, but in the

case of the polar molecule of hydroxydiphenyl this can only

be the long axis of the molecule. The length of this molecule,

allowing for the approach of the next molecule along the two=-
fold axis, can hardly be less than 11-8A; and, since the length



7

of the b axis of the cell, parallel to which the two-fold axes
of the spcae-group Ci lie, is only 9-46 A this would appear to
exelude the possibility of this space-group, In the space-
group‘g{/,, since the general position is eight-fold, the odd
molecules in the complex group must lie both on a two-fold axis
and a mirror plane. In the case of the hydroxydiphenyl molecule
this 1s impossible; for its only possible two-fold axis lies

in its only Possiblo nirror planes of symmetry, while in the
space~group the two-fold axes are perpendicular to the mirror

planes. The space-group must therefore be (,, (gi ).

Packing eonsiderations lead, as will be shown in
the next section, to the conclusion that the hydroxydiphenyl
molecule has itself to lie completely in a mirror plane; and,
as there appears so far to be no case in which a benzeneAring
has been definitely shown to 1lie in a mirror plane, it was
decided to test the crystal for pyro~electricity. The method
used was substantially the same as that described by Orelkin
and Lonsdale (2), exeespt that instead of an electroscope an
electrometer valve, the circuit for which is deseribed in
Appendix 2, was used. The sensitivity of the apparatus was
tested using rochelle salt and p-dinitrobenzene, which are
inown to be polar, and, on introduetion of the liquid air,
the galvanometer spot was thrown off the scale in each case,
Using rock-salt as a control, maximum deflections of about 3 em.

were observed,

When a crystal of the complex of dinitrodiphenyl



D)

with hydroxydiphenyl was gripped across the b axis maximum
deflections of the order of Ml cm. were observed on introduction
of the }iquid air in repeated experiments. This small deflection,
when the difficulty of holding the erystal in exactly the right
direction is taken into account, may be taken as showing an
absence of polarity in the b direection, which is econsistent

with the existence of a mirror plane perpendicular to the b axis.
When the crystal was gripped across the ¢ axis, under similar
conditions, deflections of about 10 cms. were observed, whilst
across the g axis the deflections were about 20 cms; These
small, but positive, results indicate that the g and g directions
are polar, and that there is no centre of symmetry; which is

consistent with the space~group Cue

In the space~group C, the general position is four=
foldy it 1s therefore necessary so to arrange the complex
groups that each has a mirror plane of symmetry, thus reducing
the number of groups in the unit cell to two, and at the same
time to pack the molecules into the avallable space. Each
molecule of 4-hydroxydiphenyl and at least one of the molecules
of 4:4'd1n1trod1pheny1‘must now lie on a mirror plane in such
2 way that this plane is also a symmetry plane of the molecule.
In the case of the hydroxydiphenyl molecule, the OH group must
lie in a mirror plane, but the plane of the benzene rings
themselves may be sither in the mirror plane or at right angles
to it. Three~dimensional cardboard mocdels were made of the two



¢
types of component molecule and these were packed into the unit
cell with due regard to the symmetry conditions. A coplanar
configuration of the benszene rings in diphenyl was assumed for
these models and the dimensions were taken from previous work
on p-dinitrobenzene (3), 414'~dinitrodiphenyl (4) and resorcinol(5).
With normel distances of approach between adjacent benzene rings
in neighbouring molecules only one arrangement was found to be
possible. The hydroxydiphenyl molecules have to lie cdmpletoly
in the mirror planes with their greatest lengths approximately
in the direction of the g axis; whilst the dinitrodiphenyl mole-
cules have to lie across the mirror planes, so that the terminal
carbon atoms of the bengzene rings and the nitrogen atoms are in
the mirror planes and the other carbon g#oms and the oxygen atoms
are reflected across these planea._ In order to get the most
economical packing, the dinitrodipﬁenyl molecules must lie with
their greatest lengths inclined at about 11 to the g axis, thus
interleaving with one another. The type of arrsngement arrived
at will easily be understood on reference to figs. 5 and 7, and
was indeed very close to the final structure. Confirmation of
this type of arrangement is given by the refractive indices, and

by the diffuse spectra due to thermal vibrations,

The direection of vibration of the light vector for the
largest refractive index (X in fig. 1) 18 nearly parallel to the
planes of ali the benzene rings (see fig. 5). The direction of
vibration for the intermediate refractive index,J , is parallel
to the planes of the benzene rings of the three dinitrodiphenyl
molecules but is perpendicular to the planes of the benzene rings
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of the hydroxydiphenyl molecule; while the direction of vibration
for the smalleat refractive 1ndex,a(, is parallel to the planes

of the benzene rings of the one hydroxydiphenyl molecule but
nearly pe;pondicular to the planes of the bengene rings of the
three dinitrodiphenyl molecules,

Lonsdale (6) has shown that the shape of the.dirruso
spsctra, due to thermal vibrations in the crystal, depends on
the type of structure. In Appendix 3 it is described how with
a layer-lattice structure the spectra from planes parallel) to the
layers of atoms are accompanied by large and nearly circular
diffuse reflections, while with a chainelike structure the spectra
from planes perpendicular tc the direction of the chains ere
accompanied by diffuse streaks. It is possible for a structure
econtaining long flat molecules to produce both types of diffuse
spectra, and this is the case for the complex between dinitrodiphe-
nyl and hydroxydiphenyl. The dinitrodiphenyl molecules all lie
in planes approximetely parallel to one another thus producing
& layer-lattice type of structure while they are alsc auffi&iently

long to have a chain-~like nature.

It i1s found that the spectra 003, 203, 113, and 113
have very pronounced, and more or less circular, diffuse reflec~-
tions accompaenying them, indicating that the dinitrodiphenyl
molecules asre not greatly ineclined to these planes, It 1s also
found that the spectra 10,01, 302, 911 end 911 have very pronounced
diffuse streaks accompanying them, indicating that the lengths
of the dinitrodiphenyl molecules are nearly perpendicular to

[pare 20



The eomplex wish hydroxydtiphenyl.

“Z- 2o

Laue phetograph taken in & eylindrieel cemers, with
the srystel mounted with the ¢ axis verttiesl, and using
unfiltered eopper radtatton tnetdent at 65 %o &',

The two broed diffuse aress sceompany ithe speeirs 118
and 118. The strengest stroshs scoompany the spsetrs 802
end 10,01. 10,01 shows stresks due to both the X and 3

readtation.

1%
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The eomplex with hydroxydiphenyl.

-~ ~203
-
- // .
C T L 003
- ////
> Qq
Iig. 3.

The broken ltnes tndteste the direetions tn the untt
eell oy the planes producing broad ditrfuse reflections, and
are thus epproximetely parsllel to the moleeules lying in

layers,

The eontinuous lines indieste the direstions in the
unis eell of planes produeing diffuse streaks, and ars thus
spproximetely perpendteulsr to the chain lengths of the

moleoules,
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these planes. A number of less pronounced ghosts corresponding
to similar directions in the unit cell have been observed. The
directions in the unit cell of some of the planes giving
pronounced diffuse spectra are shown in fig. 3 and may de
compared with the actual structure as shown in fig, 5. A
photograph showing both types of ghost 1s reproduced in fig. 2.
It is also significant that the spectrum from the planes (020),
in which 1ie all the hydroxydiphenyl molecules (see fig. 7),
also has a pronounced diffuse reflection accompanying it, which
is not eircular but is considerably elongated owing to the
influence of the dinitrodiphenyl molecules,

For the accurate determinstion of the structure the
method of double Fourier series first developed by Bragg (7)
was used. The preliminary structure promised a reascnable
resolution of many of the atoms when projected on the ac plane,
whilst a projection on the &b plane, although offering no actual
resoluticn of the atoms, prcmised sufficient information to fix
the y coordinated.

In neither case is there a centre of symmetry, and,
putting the summation equations in such a form that only positive

values of hy k and 1 need be consldered, we get, for the space-

group Cim

‘o(xz) =-:-—:::ZE:(M) + 7 ég {{F(l\ol)lf-os[lﬁ(%+%) = S_(kol)] - (I)

+ [FEdeaf2m(CAe e 1) 5(':“)]}]
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where f(xz) 18 the density of the projection parallel to b on the
¢ plane, and

P (x,) = E—IF [F(oo::) ' 4-':22 {(F(kko) casEZTf(‘—{f) ~32Ako)]} .;05,27;‘(%!,ﬂ ,_{OZ)

where r(xv is the density of the projectlon parallel to g on the
ab plane. The numerical factor in front of the summation signs
must be halved if either h or ) are zero in equation(l) and if
either h or k are zero in equation@) ‘F(LOJ,), and [F(MO)‘ are
observable quantities but the phase differences ) have to be
calculated using the positions of the atoms assumed in the

preliminary structure.

In the space-group C,, the coordinates of equivalent
polnt positions are
xyz 1 xth , yth,6 z
Xy Xt . y+¥, 2

S8ince there are only two complex groups in the unit
cell this means that nct all the atoms in a group are symmetrically
independent of one another. For the purposes of structure factor
calculations, only those atoms in a complex group which are not
connected by symwetry relationships need be considered.
The Structure PFactors for atoms in general positions sre given by
F= L+ 1B

where ?

/4[‘\01) = 4-5’{7&(05177(‘.‘&14—% -
B (ko) - 4—2{fs:nzir(gz.+%)} } (3)
A (hko) = & S w2 (%) f.os.z.r(/_g)} o
B(U(") = Lf‘ é{f Stn -Z?T(!‘{-) Cos ),;7(%1_)% } (Lf‘)
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f 4s the appropriate stomic scattering factor of the atom whose
coordinates ere (xyz) and the sum is to be taken over all the
independent atoms In the complex group. In the case of stoms
lying in the mirror planes the factor of 4 in equations(3)and (¢)
must be halved in order to avoid counting such atoms twice.

The phase differences sre calculated ﬁ'om

5. = +&n—' % S (5—)

In order to evaluate the Fourler series it ws
necessary to determine the structure factors {r(nn;# and
‘?(h&ﬂ)‘ for all spectra of appreciable strength, For this
purpose two corystal specimens were cut to approximately cublc
dimensions with a side of 0-2 - 0¢3 mm., and were set for
rotation about the b and g axes, the crystals being completely
immersed in the beam of Cu K,o( radiation. For such small crystals

corrections for absorption may be nearly neglscted.

As no ionisation spectrometer was avallable, the
relative intensities of the specira were measured by means of
a microphotometer as described in Appendix 4(a), and an attempt
was made to put these relative values on an approximately absolute
scale by comparison with a kmown erystal, p-dinitrobenzene, as
described in Appendix 4(db).

There i1s in this case, however, & more reliable
means of standardisstion, The y-coordinates of a large number

of atoms are fixed from space-group and packing considerations.
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Since the hydroxydiphenyl molecules lie in the mirror planes,
and the dinitrodiphenyl molecules across the mirror planes,

the only atoms whose coordinates are not fixed are the oxygens
of the nitro-groups and some of the carbons of the dinitro-
diphenyl molecules, which are reflected, however, across the
mirror planes. The dimensions of the benzene ring and the
nitro-group are known from previous work, and thus the y co-
ordinates of these few atoms can also be fixed without making
many assumptions. This means that the structure factors IF(Q&O){
can be calculated with considerable accuraecy. (A rough
temperature correction for the wvarious atomic scattering factors
was made as described in Appendix 5 and used in all subsequent
structure factor ecalculations). If the observed values for
lF(QkG)( are then adjusted to fit these, a correction factor

to reduce all F values to an approximately absolute scale can bde

obtained.

Agreement between the absolute F wvalues as caloulated
by both methods was almost exacty this is satisfactory, but
the closeness of the agreement must be considered as largely
fortuitous. The calculated and adjusted observed values of
lF(OkO)'are shown in table 4,

Evaluation of the Fouriler series for the projection on the g¢ plane.

Since the calculation of structure factors according
to equntions(3)promised to be a very laborious process, for the
first approximation the following assumptions were made:
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(a) That, if the OH group be left out of account,
the structure has a centre of symmetry at the origin., This
assumption is consistent with a reasonable packing, and the
relatively small polarity observed in the a and ¢ directions
suggests that it may not be far from the truth.

(b) That the dinitrodiphenyl molecules lie parallel
to one another end areevenly spaced with a separation of ;& in
the ¢ direction. This is borne out by the s trength of the 003,
203 and particularly the 208 spectra.

(¢) That the dinitrodiphenyl molecules are completely
planar, although to get the best packing it is necessary to tilt
the nitro-groups slightly away from the plane of the benzene rings.

The structure factor calculations were thus consi&orably
simplified, while the agreement betwesn l!(obs.# and lr(calc.ﬂ
was on the whole quite good,

The phase relationships for the various spectra were
calculated as follows: since a centre of symmetry had been
assumed for the whole structure, excepting the OH group, the
value of B was given by the position of this group alone. The

pagpitude of A was taken from
A= ﬂ/;zaa) -B

while the gign of A was taken as being that of its calculated

value, The phases were then calculated aceording to the

expression (5).
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TABLE 4
OBSERVED AND CALOULATED STRUCTURE FACTORS FOR _THE
QOMPLEX _WITH _HYDROXYDIPHTNYL.

bkl | F(obs.) | | P(cale.) | Bkl | F(obs.) | | F(cale.) |
200 60 60 13,30 13 7
400 113 103 14,40 33 15
600 97 65 14,60 13 4
800 54 33 15,30 21 15
10,00 35 27 15,50 17 13
12,00 8 7 16,20 10 7
14,00 27 16 16,40 17 13
16,60 10 10
020 300 318 17,10 12 8
040 35 42 19,10 8 12
060 80 76
080 149 134
0,10,0 66 56 bbl 12 20
10, 002 24 28
- & - 003 213 - 181
130 139 112 004 29 10
150 81 51 gus 1 29
170 27 26 D 34 e
s ol . 007 32 14
220 27 12 00,12 B B
240 99 85
260 68 55 201 42 18
280 23 4 . 202 63 25
310 89 52 203 22 33
330 52 41 204 17 17
350 58 55 205 39 18
370 47 38 206 18 15
390 20 5 208 19 7
420 130 120 %09 37 54
440 102 74 20,10 19 4
460 39 12 20T 35 13
4,10,0 15 29 202 41 26
510 112 86 203 180 151
530 95 86 201 37 59
550 100 82 205 53 64
590 16 18 208 107 241
620 41 22 207 14 47
640 29 19 401 26 14
710 115 80 402 22 28
730 9 9 403 90 126
750 27 25 404 28 28
820 27 16 405 34 59
840 11 6 406 14 28
910 43 43 408 13 14
930 21 20 40T 91 79
950 18 19 402 42 33
990 12 12 403 24 24
10,20 19 18 401 52 33
10,40 10 12 405 29 30
10,60 12 15 408 25 104
11,10 11 13 408 12 12
11,30 12 13 209 17 23

13.10 10 7 40,12 — 55



hkl

601
602
603
604
607
601
602
603
606
607
608
801
802
803
804
805
806
807
808
80T
802
803
801
807
808

80,10

10,01

10,02

10,05

10,06

10,07

z d 2 A E ﬁg gg_o_ggtgnuegz.

| F(obs.) | | F(eale.) |
12 11
114 91
56 73
18 32
21 11
113 97
59 44
14 43
28 46
14 30
28 30
74 58
148 105
60 79
27 42
75 58
21 27
30 28
17 2
50 35
52 48
90 83
55 65
17 52
32 4
37 4
42 26
47 36
20 4
21 20
16 18

hkl

10,01
10,03
10,08
10,09
12,01
12,05
12,07
12,08
12,01
12,02
12,02
12,07
14,01
14,02
14,0T
14,02
16,01
16,02
16,04
16,0T
16,02
16,07
16,08
16,0,10
18,01
18,02
18,04
18,02
18,0,10
20,02
20,05

[ F(obs.) |
190
85
15
26
19
16
26
28
59
19
15
42
40
39
81
37
28
17
19
15
47
53
20
17
23
18
26
34
20
18
23

| F(cale.) |

123
106
13
14
15
42
12
29
21
7
44
67
14
52
68
26
11
7
10
3
33
12
3
2
17
26
28
20
16
19
13

26
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The series (1) was now evaluated using the method of
Lipson and Beevers (8) and taking the precaution mentioned in
Appendix 6. The projection so obtained was fairly clean with
1ittle false detail, except around the position of the hydroxy-
diphenyl molecule. From this projection, inproved values of
the x and & coordinates were éstimated. For most atoms there
was little change, but a tilt of the nitro-groups away from the
plane of their benzene rings had appeared. Except for the OH
group, there was no departure from a centre of symmetry at

the origin for the structure.

The structure faectors were recalculated,still
assuming this approximation to a centre of symmetry, but without
other simplification. The values of A and B used in determining
the phase relationships for the summation were obtained in the
same way as before, and the series was again evaluated. The
projection so obtained was much cleaner, and showed better
resolution than the first, but there was little appreciable
change in the positions of the peaks, even those of the nitro-groups.

The observed and calculated structure factors are
shown in table 4. The agreement on the whole 1s excellent and
generally it is only for spectra with sin© greater than 0-95 that
any serious discrepancies are found. As no differential
corrections for the temperature motion were msde for the
different spectra, one would expect the observed values for
those spectra, particularly the higher orders, which are most
affected by thermal vibration, to be somewhat lower than the
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calculated values. Such spectra will be produced by those
planes which most nearly contain the dinitrodiphenyl molecules
and so have the largest vibrations mpproximately perpendicular
to them. These spectra are mainly 003, 006, 203, 406, 206
and 40,12, and it is found that the calculated values for 006,
406 and 40,12 are far too high.

The contour diagram drawn from the final values of (a(xz)
for the projection on the g¢ face viewed parallel to b is shown
in fig. 4. This contour diagram may be interpreted with the
hid of the key diagram shown in fig. 5.

In all projections where there is no centre of
symmetry the observed ecoefficients ,F‘ must be combined with
phase differences S‘that have to be calculated, according to
equatiunf?i from assumed date. In the present instance the
assumptions made have led to no inconsistencies, and there
is no reason to believe that they can represent any marked
deviation from the truth. Only the position of the OH group
has been used to determine B, since a centre of symmetry
was assumed for the rest of the structure. Bz is generally very
small compared with F?obs.), the magnitude of A thus depends
mainly on observation, the gign only being determined from the
assumed positions of the atoms. It is significant that the
benzene rings of the hydroxydiphenyl molecule appear in the
projection as clearly as can be expected, although their position
rarely affected the sign of j which was determined almost

[ 73« 31
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The eomplex with hydroxydiphenyl.
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of the

Contours at intervals of

The dotted ltne

to the ae plans,

d axtes on

is the

2

eleotrons per A

approximately 2

2

eleetron eontour,



30

The eomplex with hydroxydiphenyl.

Fig, 8.

Projeetion of the strueiture in the direetion of the
b axis on %o the se plane. The moleeules denoted Dby broken
ltnes lie /2 above or below these denoted dy unbroken linss.
Double oirelee indicate two stoms superimposed upon one

snother by refleetton eeross the mirror pleanes.
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entirely by the dinitrodiphenyl molecules. It is also satisfactory
that the tilt of the nitro-groups to the plane of the molecules

has emerged in the course of the summations and was not assumed
initially. Probably the most convincing eonfirmation of the
proposed structure, however, is the excellent agreement between

'F(obs.)’ and ,F(calc.)l .

Evaluation of the Fourier series for the projection on the Q_g plane.,

From the previous projection the x coordinates of the
atoms can be estimated while, as has already keen shown, the
y coordinates can be fixed from the preliminary structure with

some accuracy.

The structure factors F(hkO) were calculated according
to the expression(ﬂ assuming as before a centre of symmetry for
the structure, with the exception of the OH group. The values of
'F(obs.)l and ,F(cale.) are ineluded in Table ).’:l- The agreement
is excellent. The phase relationships were calculated in the

same way as for the ac¢c projectiony thus the value of B was given
by the OH group alone, and the sign of A was taken as being that
of its calculated value while its magnitude was calculated from

|A] = JRiy-3

The series(2) was then evaluated using, as before, the method

of Lipson and Beevers. The contour diagram and key diagram

corresponding to values of (J(xy) are given in figs., 6 and 7.
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The eomplex with hydroxydiphenyl.

Fig, 6.

Fourier projeation of the itmcture in the direetion
of the ¢ axis on te the ad plene. Contours st intervals of
2
spproximately 2 eleetrone per A . The dotted line is the

2 eleotron eontour.



The eomplex with hydroxydiphenyl.
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rig, 7.
Projectton of the struocture in the direetion of the
¢ axis on to the eb plene. The dinttrodiphenyl molecules
denoted by black olroles are at height 20/8, those denoted
by plain oiroles are at height o/8, and thoee denoted by

shaded oiroles at hetlght Og.
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From the a¢ projection the x and z parameters wers
estimated as followss

(a)
of the position of Cg q from the mnire of the peak in which

The displacement

they are unresolved from C5; was assumed to be the same as the
displacement of C,o , from themntre of the peak in which they
are unresolved from C,2 « If the side of the lsnzene ring 1s
1-40A this dilpliconent is approximately 0-134, and ssuming the
benkene ring to be a regular hexagon, the positions of all the
carbon atoms in this ring can be fixed. An estimate was made of
the sort of displacement to be expected, taking into account

the height of the peaks produced by the separate atoms, 0.7A apart,
and the approximate resolving power shown in the projection, and
agreement was good. A similar displacement was calculated for
the unresolved 073 - N; peak and the position of the two
oxygen atoms fixed at about 0.20A from the centre of the peak,
and directly away from C;2 . The position of the nitrogen atom
was then fixed by assuming a C - N distance of 1.53A, as found
by James et.al. (3), and placing the nitrogen along the line
Joining C;; to 02,3 This preocedure was repeated for the other
benzene rings and nitro-groups. The benzene rings in each
dinitrodiphenyl molecule were assumed to be coplanar and the
slight deviations from this shown by the projeetion were
neglected,

Here two benzene

rings, regular hexagons of side 1.40A, were adjusted so as to

[_?Q.]Q 3(



The atoms denoted by bars in the figures 5 and 7 are
to be taken as derived from their corresponding atoms listed
below by the operation of a centre of symmetry at the origin,
The actual deviation from this was very small and has been
neglected.

g U 0007 0 .ggg
«0 0 .

A SN N
Cs -.032 0 <260
Cs -, 04 0 ) 132
CT L 03 . 500 0010
Cg +073 «628 .018
Cq «073 «372 .018

/o . l“ . 28 ] 036
CH * 144 * 372 0036
Cn 179 «500 +045

3 +069 - 500 36
Cry .%gg .6§g .g‘;é

'8 ® » .
cl‘ ] 176 0228 0402

a v176 ™ ’72 +402
A S B

9 i * .

C2 - 04] .628 » 324
Cz -y 041 .272 324
Ciz -,112 «628 298
Cz3 bad 112 .372 .238
cl‘f -y l‘? » 500 [ ] 2 6
0 .048 0 445
0;. «285 «600 »103
0 3 . 285 +400 » 103
0 ¢ c317 0600 0430
05‘ 0317 .400 0430
(4} (4 -~y 253 . 600 . 235
07 el 253 « 400 .23

N ] [ ] 2 6 L ] 500 0088
N-z u2 8 a 500 0427
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give the best fit with the resolved peaks C,, C,, C;y and
E}, E}, 5}, while having a linear arrangement of the atoms
Cey C/y E}, E;. The OH peak is resolved.

The estimation of the y parameters from the ab
projection presented no difficulties.

A list of perameters is given in table 5.

The packing of the molecules in this structure is best
1llustrated by fig. 7. It may be deseribed as a face centred
arrangement of dinitrodiphenyl molecules all lying across the
mirror planes (020) and nearly in the planes (206), thus inter-
leaving with one another (as shown in fig, 5)3 the long holes
thus left in the structure are filled by the hydroxydiphenyl
molecules lying nearly end to end in the mirror planes with their
lengths nearly normal to the planes containing the dinitrodiphenyl
molecules. Each hydroxydiphenyl molecule is thus surrounded by
twelve dinitrodiphenyl molecules all approximetely equally
spaced from it. In these circumstances it is Impossidle to choose
any particular group of individual molecules as representing the
'complex molecule', the discrete existence of which mut be
doubted. With a view to 1llustrating the molecular dimensions
of the individual components in the strueture, however, a group
of three dinitrodiphenyl molecules and one hydroxydiphenyl molecule,
which may be taken as representing the repeating unit of structure,
48 shown in fig. 8.

[gege 3%



The asomplex with hydrexydiphenyl.
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An unusual and striking feature of this structure is
that certain groupings must be perfectly symmetrieal. Thus the
benzene rings of the hydroxydiphenyl molecules have a plane of
symmetry in the plane of the rings and the lenszene rings of the
dinitrodiphenyl molecules have a mirror plane passing through the
terminal carbon atoms and perpendiecular to the plane of the rings.
It, therefore, seems reasonable to infer that gach benszene ring
possesses both types of mirror plane. The nitroegroups must also
possess a plane of symmetry, passing through the nitrogen atonm,
and across which the two oxygen stoms are reflectedy this suggests
that the unequal N - 0 distances observed by James et al., (3) and
by van Niekerk (4) in pedinitrobenzene and 4:4'-dinitrodiphenyl

respectively, may not have been a reel effect.

The molecular dimensions of greatest interest are
those of the nitroegroup., A distance of 1.90A is found between
the two oxygen atoms which are reflected across the mirror planey
and, since the distance between the carbon atoms of the benzene
ring, similarly reflected across the mirror plane, is 2.,42A
(which agrees well with the corresponding dimension, 2.425A, for
a regular hexagon of side 1.40A), this is probably a fairly
accurate determination. This distance of 1,90A 1s somewhat less
than the 0 = 0 distance in the nitro-group found by other workers,
namely 2.14A in pedinitro benszene (3), 2.00A in 414'-dinitro-
diphenyl (4), and 2,174 in m=~dinitro benzene (9). Unfortunately
the positions of the nitrogen atoms cannot be fixed with accuracy,
but by assuming a C « N distance of 1,534 a value of 1l.10A is
obtained for the N - 0 distance in the nitro-groups.
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This may be compared with the values 1.25 and 1.10 A for
p-dinitrobenzene (3), 1.21 and 1.14 A for 414'-dinitrodiphenyl
(4) and 1,20A for m-dinitrobengene (9]. The tilt of the nitro-
groups away ffom the plane of the benzene rings, varying from 5°
to 110, seems to be due to packing considerations, and 1s such as
to give a reasonable belance between the 0 to 0 and 0 to CH
distances between interleaving molecules, without making any of
these distances abnormally short.

Also of interest are the C - C distances, between the
benzene rings in the diphenyl part of the molecules, of 1.48 -
1.49 A; these may be compared with the values of 1.48A obtained
by Dhar (10), and 1,42A by ven Niskerk (4). The present values
are not very accurate but suggest that the diphenyl link is nearer
1.5 than 1.4 A,

None of the intermolecular distances, the most
important of which are shown in fig. 5, are abnormally short.
The distances between oxygens in neighbouring nitro-groups sre
3.8, 3.3, 3.7, 4.3 A between 0; and 05 fLand 0; , O¢ and O ,
5} and 05 4 respectively., Some of the 0 to CH links betwsen
neighbouring dinitrodiphenyl molecules are 3.2, 3.4, 3.4, 3.6,
3475 3.8 A between Os and C,; 4 Os and G54 O; &nd €, 4 O¢ and Cp,
0, and €34 O¢g and C, , respectively; while some similar links
between nitro-groups and hydroxydiphenyl molecules are 3.4, 3.4,
3.8, 3.64 347y 348 A between O( and C; , O and C¢ , O3 and C;-,
0¢ and Cz 4 0, and Cs y O, and E;, respectively. The closest
C to C distances are quite normal, namely 3.6, 3.6, 3.8 A betwesn



Cs and Cz,y C,send Czz, Cy and Cpz, respectively. The closest
intermolecular approach of all is that between the OH group and

one of the nitro-groups, i.e. 3.0A between O, and of.

The short intermoclecular distances are thus those
between oxygen atoms of nitroe-groups and carbon atoms of benzene
rings, but 1t is unlikely that these would provide a mechanism for
the formation of the complex, since the approach of the nitro-
groups to the benzene rings of the hydroxydiphenyl molecule is no
closer than their approach to the ngene rings of the dinitroe
diphenyl molecules; in fact the latter values are, on the whole,
smaller. Moreover, as shown in table 8, these distances are of
the same order as those observed in corystals of ordinary aromatic
nitro compounds such as pedinitrobenzene (3), medinitrobenzene (9),
434'~dinitrodiphenyl (4) and pieryliodide (11), and are all,
therefore, compatible with ordinary van der Waal's forces. These
results are thus in agreement with those obtained by Powell and
Huse (12a) for the eomplex between g-trinitrobenzene and
p-iodoaniline.

There 18 a possibility of weak hydrogen bonding between
the OH group and the oxygen atoms of one of the nitro~groups., The
OH to O distance is 3.0A, and corresponding NH to 0 distences in
urea have been attributed to hydrogen bonding. This, however,
cannot provide a bonding mechanism in this complex where the ratio
of dinitrodiphenyl to hydroxydiphenyl is 311,
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2. THE COMPLEX OF 434'-DINITRODIPHENYL WITH DIPHENYL.

As shown in table 3 the unit cell dimensions for this
complex are almost identicel with those for the similar eomplex
with 4-hydroxydiphenyl just described; and this unit cell also
contains two of the complex groups (C,H,;C H-)('0;NC,H, C, H,NO,)3 .
S8ince comparative photographs for these two complexes are very
nearly identiecal and the thermal vibrations in each produce
diffuse reflections accompanying corresponding specetra it seems
probable that they both have very ¢losely similar structures.
This is confirmed by the very close agreement shown in table 6
between the observed values of F(hOl) after allowance has been

made for the extra OH group.

The 10l spectra for the diphenyl complex were recorded
by Dr. J.l. van Niekerk of the University Physics Department on
a Weissenberg photograph taken with a crystal mounted about the
b axis, and the intensities of these specira were measured by him
on the microphotometer. The values of F(J0l) thus obtained are
compared in table 6 with the correspending values of F(hOl)
observed for the complex with hydroxydiphenyl, from which the
ealculated contribution of the OH group has been subtracted.

In this diphenyl complex reflections of type hkl occur
only with h+ k even, h00 only with h even and Ok0 only with k even.
The space-group may therefore be Czy €m oOr Cafn, and all these
space~groups are spatially possible, It should be possible to

distinguish between the space-group possibilities from observation
Lra9e 43



mmal g.(mgh
observed for observed for

2o§

the complex
with diphenyl)

the complex

with hydroxy-
diphenyl but
with the cal-
culated con-
tribution of
the OH group
subtracted),

72
109
;
27
26
28
35
219
22
49
32
:
76
24
35
29
40
177
41

59
114

0
19
28
88
35
14
42
21
110
62
25

120
68
24

42



¥3

of the pyro-electric effect but single erystals large enough to
make satisfactory measurements have not been obtained. However,
whichever space~group is correct ,only the finer details of structure

can be affected.

If the space-group is either C,, or _gz/.‘ it should
be noted that, since there are only two complex groups in the
unit cell, it is then necessary for the diphenyl molecules to lie
completely in the mirror planes and for the dinitrodiphenyl
molecules to lie across the mirror planes, as was found to be

the case for the hydroxydiphenyl complex.

Assuming the space-group g_;,{,. a Fourier projection of
the unit cell along b onto the g¢ plane was made by Dr. van
Niekerk, and the contour diagram thus odbtained was found to be
closely similar to the corresponding contour disgram for the
complex with hydroxydiphenyl, the conly significant difference
being that there was no peak corresponding to the position of
the OH group.



A comparison of the unit cell dimensions (table 3)

for all these complexes suggested that the structures might be
similar to that of the complex with 4~hydroxydiphenyl. Assuming
this similerity), and taking into account the symmetry elements
of the possible space-groups, it was found that the molecules
could be packed into the uait cells so as-to give reasonable
structures, These approximate structures were then tested by
observation of the strength of the more important spectra and
by observation of the diffuse reflections due to thermal
vibrations, Further confirmation was then obtained by taking
photographs for the various complexes about gtructurally
equivalent directions; these photographs show very striking
similawity.

In this section the spproximate structures will
first be described and then compa&red with that of the complex

with hydroxydiphenyl.

Spectre of all types occur =znd the space=group may
be aither P; or P7. The unit cell contains two of the complex
groups [01 NC,H,C¢ R,lﬂz]l‘_ BCH3 32 NCoHo C¢ H, N(CH; )2:] +« The approximate
structure described here neither specifieally contains nor

excludes a centre of symmetry; it need not be materially altered
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to fit either space-group. Fig 9 shows a projection of the unit
cell along a onto the h¢ plane. The tetramethylbenzidine molecules,
seen end-on, are shown lying along g and there are two such
molecules, one above the other, in the distance . 8ince there
-i8 no halving of the unit cell there must, however, be some
difference in orientation between successive tetramethylbenzidine
molecules in the g direction. These successive molecules,
therefore, are probably inelined differently to the a axisg
they must, however, still lie very nearly in the (0ll) plane in

order to account for the very great strength of the spectrum 01ll.

Each dinitrodiphenyl molecule shown on the projection
(£ig. 9) represents eight molecules lying parallel to one another
and separated by 1/8 g or 3.784, Of course, if the tetramethyl-
benzidine molecules are inclined to the g axis, then the eight
dinitrodiphenyl molecules will not lie exactly above one another
as shown. In order to account for the great strength of the 01l
spectrum they must, however, all lie with the long axes of the
moleculeg very nearly in the (0ll) plane as shown. If the planes
of the mnzene rings of these molecules are very nearly
perpendicular to the (01l) plane the dinitrodiphenyl molecules
will interleave with one another as shown in fig. 10, which is a
projection of the structure along the axis [Oii] onto the plane
(011). 1In this projection the dinitrodiphenyl molecules, lying
across the (01l1) planes, are seen end-on, and the tetramethyl-
benzidine molecules are seen sideways-on, It will be seen that
the dinitrodiphenyl molecules lie in the (16,11) planes; and,

E?mgc- 11’7



The oomplex with tetramethylbenzidine. (B).

Fig. 9.
Projeotion of the struocture itn the direotion ¢f the

@ axtie onto the be plane. IThere are 2 teiramethylbenzidine
moleoules, seen end-om, in the distance g. Faoh dintiro-

diphenyl moleoule represents 8 such molecules in the
distance &.
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__Projecetion of the atructure in the direotion of the
[0117] axis onte the (011) plane. The dinitrodiphenyl

molecules are seen end-on and the tetramethylbenzidine
molecules sideways-on.
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as would be expected from such an arrangement, the spectrum

i@,ll and the spectra 800 and'ﬁll are found to be very strong.

Spectra hkl occur only with h + k even, and hOl
oceur only with h and ] evenj; the space-groups C. and g;yg
are therefore possible, but it will be shown that C. is the more
probable. The unit cell contains four of the complex groups
(0,8, B, C R N0, |, [H,NC,H,C,H, B, [. Fig. 11 shows a projection
of the unit cell, which is g face-centred, along b onto the gec
plane, which 1s also a glide plane with translation 4g. The
benzidine molecules lie along b and are thus seen end-on, Each
dinitrodiphenyl molecule shown on the projection represents
four molecules lying parallel to one another and separated by
2k or 3.71A. These dinitrodiphenyl molecules must all lie with
their long axes very nearly in the (402) planes, while the benzidine
molecules must lie almost wholly in these planes;y this is
necessary in order to account for the very great strength of the

402 spectrum.

It will be seen from fig. 12, which is a projection
of the structure along the axis (102] onto the gb plane, that the
dinitrodiphenyl molecules lie parsllel to the a¢ plane and are
contained by the planes midway between the planes (080); this
is necessary in order to account for the great strength observed
for the spectrum 080, as woell as for the spectra 241 and 241,
With this arrangement, which 18 consistent with the space~group
Cey 4t will be observed (fig.12) that the dinitrodiphenyl

[pe1e 41
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The eomplex with benaidine ().
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Fig. 11.

Projection of the structure in the direction of the
b axte onto the ge plane. The denxidine molecules are seen
end-on. BZaoh dinitrodiphenyl moleoule represents 4 such
molecules in the diastance D.
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axis onto the ad plane. The dinitrodiphenyl moleocules
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are seen end-on and the benxidine moleoules stdeways-on.
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molecules in adjacent (402) planes interleave with one another.
If the space-group were _(_:.z/,_ the two-fold axis parallel to )
would mske it necessary for djacent dinitrodiphenyl molecules
in adjacent (402) planes to have the same D eoordinates, and no
interleaving of the molecules is then possible. This would
mean & ¢loser than normal approach of the molecules tc one
another, and the spectrum 040 should then be strong, whereas

it is actually very weak indeed as would be expected from the

arrangement shown in fig. l2.

Spectra hkl of all types occur, while hO] occur
only with ) even and OkO with k even; the space-group is
therefore fixed uniquely as P, /Q. The unit cell contains four
of the complex groups [0,NC(H,G H,NO, [, [OHC,H,C(H.OH]. Pig. 13
shows a projection of the unit cell along ¢ onto the gb plane;
the symmetry elements are included in the diagram. The special
positions given to the molecules are the only ones which satisfy
the symmetry conditions and at the same time give a structure
¢losely similar to that of the complex with hydroxydiphenyl
shown in fig. 7. The dihydroxydiphenyl molecules seen end-on
are shown lying directly along g, but the length of this axis
(11.3A) 413 not sufficient for this, since the length of a
dihydroxydiphenyl molecule, allowing for the approach of the next
molecule and even assuming hydrogen bonding between adjacent
OH groups, is approximately 12.8A., These molecules must,
therefore, be inclined to g, but, in order to account for the



very great strength of the 040 spectrum, they must lie almost
wholly in the planes midway between the (040) planes, as shown.

Each dinitrodiphenyl molecule shown in fig. 13
represents three molecules lying parallel to one another and
separate& by 1/3 ¢ or 3.76A. Since the dihydroxydiphenyl
molecules are inclined to g, the dinitrodiphenyl molecules
cannot lie, as shown, directly one above the othery in order
to account for the great strength of the spectrum 040, however,
they must lle with their long axes very nearly midway between
the (040) planes. These molecules do not lie parallel to the ab
plane, but, as for the complex with hydroxydiphenyl, are
probably inclined to it so that their lengths lie in the (206)
planes. This 13 shown in fig. 14, which is a projection of
the gtructure along the mis [30]J onto the be planej the
dinitrodiphenyl molecules are then seen end-on and the dihydroxy-
diphenyl molecules sideways-on. The ¢ coordinates of the
dinitrodiphenyl molecules were chosen in the only possible way
to account for the great strength of the sgpectra 113 and iiS;
it was then found that in order to get interleaving of the
molecules, and consequently better packing, it was necessary
that they should be inclined to the (206) planes as shown in fig.l4.
The spectrum 206 should then be very much weaker for this complex
than it was for the complex with hydroxydiphenyl where the
dinitrodiphenyl molecules are practically contained by the (206)
planes, and this was found to be the case. This arrangement is
not very satisfactory but, in spite of many triels, it is the
only one which could be found to fit the observed data.



Ths complex with dihydroxydiphenyl (D).

srew  ayis

ot oW ’

Fig., 13.

Projectton of the struoture tn the direetion of the
¢ axte onto the ab plane. The dihydroxydiphenyl molsculss
are seen end-on. ZLKaeh dinttrediphenyl moleoule repreasents
3 such molecules in the distance g.

Iig, lé.

Projeetion of the structure in the direoction of the
[801) axts onto the b¢ plane. The dinitrodiphenyl molecules
are seen end-on and the dihydroxydiphenyl moleoules
eldewvayes-on.



The oseillation photographs for these complexes are
abnormal and a large number of spots on these photographs are
diffuse and elongated in the } direction instead of being
sharply defined. These diffuse spectra sre probably the result
of periodic errors in the s tructure, the nature of which will be
discussed in the next sectlion. In osecillation photographs about
the ¢ axis for these complexes only the Oth, 7th and 1l4th layer
lines consist of sharply defined spectra; all the other layer
lines consist of diffuse spectra. The layer lines are evenly
spaced for the iodo complex, but irregularly spaced for the
bromo and chloro complexes. Only an approximate value can
therefore be assigned to the g spacing for the complexes with
bromo~ and chlorodiphenyl and there 1is of course no true unit
cell for these complexes. In this section, however, these
abnormalities have been disregarded and the diffuse spectra
have been treated as normal spectra and indexed in the usual

manner.

Except for the irregularity in the spacing of the layer-
lines about the g axis for the bromo~ and chloro« complexes, the
dimensions of the erystal cells sre the same within the errors
of measurement, The unit cells contain two of the complex
groups [011704 H,Cc B,,,!IO,]-, [xcgn,e;x;j 1y where X represents the
helogen atom. The space-groups may be L2y Cu, OT Q%ﬁn. The face-
centring of the structure already accounts for the presence of

two complex groups in the unit celly if there were to be &



two~f0ld axis as well, the molecules would have to lie in
special positions in order to avold a further doubling. We

need consider only the polar hslogen molecules. As these
molecules lie with their lengths nearly along ¢ and with two
molecules in the distance g, they must be so aranged that the
one molecule i3 derived from its neighbour by operation of the
two-fold axis, which must be parallel to b. This means that the
molegules must lie so that the halogen atoms are alternately
adjaecent to and opposed to one another; pairs of halogen atoms
are then spaced along ¢ at intervals of approximately 25.8A
instead of being spaced singly at intervals of 12.3 - 12.9A as
they would be if the molecules lay end to end, Now, the
arrangement of the layer-lines on rotation photographs for the
bromo~- and chloro~complexes about the ¢ axis is such as would
appear if a set of planes of spacing 3.69A (probably corresponding
to the dinitrodiphenyl molecules) had been modified by some
periodic distribution (probadly corresponding to the halogen
molecules) repeating itself in a distance 12.3 - 12.7A in the
direction of the g axis. A similar arrangement involving a
modifying distribution with a repeat of 12,94, will explain
corresponding photographs for the iodo complex. This question
is further discussed in the next section. It appears likely,
therefore, that in all these complexes the halogen molecules lle
end to end approximately along g¢; the possibility of a two-fold

axis is then excluded, and the space~groups are probably C,.

Fig. 1% shows a projection of the structure of these
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The complex with tedodiphenyl (X). [l_
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Projeotion of the structure tn the dtreotion of the
¢ axis onto the ad plane. There are 2 lododiphenyl molsculee
seen end-on, in the distanee ¢. Zawh dinitrodiphenyl
molecule represents 7 such moleoules in the distance ¢.
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Fig. 16.

rojectton o7 the struoture in the direction of the
(701] axis onto the be plane. The dinttrodiphenyl

molecules are seen end-on and the todediphsnyl moleoules
stdewagys-on.
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complexes along ¢ onto the ab plane, The halogen monlecules
lying along ¢ are seen end-on, and there are twe molecules in
the distance ¢. Each dinitrodiphenyl molecule represents seven
molecules lying parallel to one another and separated by 1/7 ¢ or
3.69A., If the space-group 1is G, in order to avoid deubling

the number of complex groups in the unit cell, it 1s necessary
for the halogen molecules to lie exsetly in the mirror planes
{020) and for the dinitrodiphenyl molecules to lie across thess
nirror planes as shown. This 1s supported by the very great
strength of the spectrum 020. It will be seen from fig. 16,
which 18 a projection of the structure along the axis [70@] onto
the bg plane, that the dinitrodiphenyl molecules lie practiecally

in the planes (20,i2); this is necessary in order to account for
the great strength of the spectrs 20,13, 115 and 117.

For the s ake of brevity it i3 convenient here to refer
to the complexes of dinitrodiphenyl with hydroxydiphenyl (A),
tetramethylbenzidine (B)’ benzidine (C), d4ihydroxydiphenyl (D),
and the halogenated diphenyls (ilodo-, bromo- and chlorodiphenyl)
(B), by the lettors in brackets.

The great similarity between the fully determined
structure of the complex (A) and the approximate structures
just described for the comploxes (B), (C), (D) end (E) is
parsicularly apparent if fig. 7 is compored with figs. 9, 11,
13 and 15. Comparative photographs taken with the crystals

mounted about the vertical axes of these figures show very

Crge 51
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Comparative photographa.

. =
(a).

(d).
Fig. 17.



Comparative photographe (oontinued).

(C)o

(d).

Fitg. 17.
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Oomparative photographe {continued).

fe).

Jeissenderyg zero-layer level photographs taken for :

(a) The complex
the ¢ axis.

(d) The oomplex
adout the g

(e) The complex
b axts.

(d8) The complex
about the ¢

e} The ocomplex

the e axts.

with hydroxydiphenyl (A), rotating about

with tetrameihylbenxtdine (B), rotating

axtis.
with benxidine (C), rotating about the

with dihydroxydiphenyl (D), rotating

axte.
with tedodiphenyl (B), rotating adout

Fig. 17.
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great similarity indeedy Weissenberg photographs, showing only
the zero layer-line, and taken with the erystals rotating about
these axes, are reproduced in fig., 17. Further photographs
taken with the crystals rotating about other structurally

equivalent axes also show considerable similarity.

In all these structures the dinitrodiphenyl molecules
lie across one of the crystal planes while the other component
molecules lie jip this plane with their lengths nearly normal
to the planes of the benzene rings of the dinitrodiphenyl molecules.
These crystal planes are, for the complexes (i), (B), (C), (D),
and (E) respectively, the planes (020), (011), (402), the planes
midway between (040), and the planes (020), (see figs. 7, 9, 11,
13 and 15). These planes contain, therefore, a very large
number of #oms, namely four carbon and two nitrogen atoms for
- each dinitrodiphenyl molecule, and gl]l the atoms in the other
component molecule., It is found that in svery case the spectrum
arising from these planes is exceedingly strong, and 1is the
strongest spectrum appearing in each photograph of fig. 17.

The fourth order spectrum for these planes, namely the spectrum
080, 044, 16,08, 0,16,0 and 080 for the complexes (A), (B), (C),
(D) and (E) respectively, is also found to be very strong indeedj
this is to be expected since gll the atoms of the dinitrodiphenyl
molecules now have a nearly meximum contribution (see figs. 9,

11' 13 and 15).

The separation of the equivalent planes (020), (01l1),
(402), (040) and (020), in the complexes (i), (B), (C), (D) and

L3~ &l
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hydroxy-
diphenyl

1 dinitrodipheny
‘fe‘f’rnma‘ﬂlyl-
benzidine isbmew

dihydroxy-
aelhyd= diphenyl
bengzi-

dine,

10&0- 9
bromo-

or chloro-
diphenyl.

Separation
(d) of the
planes con-
taining the
molecules
other than
dinitro-
dipheny 1.

d(020)
4,73

S8eparation
of like
molecules
in the above
planes.

Length of

the axis

along which e
the mole-
cules other 1l.13
than dinitro-
diphenyl lie.

Approximate
length of
the above
molecules.

20.1

11.7

Separation
of the dini-
trodiphenyl
molecules
along the
above axis.

3.71

d(o1l)
4.70

30.2

15.2

3.78

a(402)
4.77

d(040)
4,66

19.1 20.0

14,8 11.3

14.0 12,8

3071 3076

d(020)
4.75

20.0

$
approx. 25.8

12.9(10d0)
12.7(bromo)
12.3(chloro)

3.69
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(E) respectively, should be very similar and is found to be
always about 4.7A. (sece Table 7) The distance between the
molecules, lying in these planes, which are separated from one
another by dinitrodiphenyl molecules should also be similar
and is found to be always about 20A (again see Table 7).

In all these complexes the molecules other than
dinitrodiphenyl lie approximately along one of the prineipal
axes, namely the ¢, a, b, ¢ and ¢ axes, for the complexes (i),
(B), (C), (D) and (E) respectively and are nearly normal to all
the dinitrodiphenyl molecules, which are separated by approximately
3.7A in this direction. The length of this axis must, therefore,
be sufficient to accommodate the right number of dinitrodiphenyl
molecules and should be comparable with the length of the other
component molecule. This is shown to be the case in Table 7.

As with the eomplex (A) pronounced diffuse reflections,
some of which are reproduced in figs. 18 <« 20, have been observed
for all these complexes and provide a useful check on the proposed
structures. The strongest gireular difruﬁzlﬁﬁgloctions are found
to accompany the spectra 800 and 811, 24%4 113 and 113, and 117
and 117 for the complexes (B), (C), (D) and (E) respectively.

The directions of the planes corresponding to these spectra

have been drawn in on figs. 10, 12, 14 and 16 and will be seen to
be nearly parallel to the planes of the benzene rings of the
dinitrodiphenyl molecules. The strongest diffuse gtresks are
found to accompany the spectra 055, 11,10, 10,01 and 10,01 for
the complexes (B), (C), (D) and (E) respectively. The

E r«xg-!. 65.



The complex with tetrameithyldenxidine (B).

re 8.

Laue photoaraph, taken in a eylindrical camera, with the
oryatal mounted with the g axis vertical, and uaing unsriltered
oopper radiation inctdent perpendicular to 9_*2

The strongest diffuse streak acoempanies the speotrum 055.

The bdroad diffuse areas accompany the spectra 800 and 811.
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The ceomplex with benzidine (C).

rtg, 19.

Laue photograph, taken in a oylindrical comera, with the
oryetal mounted with the b axils verttcal, and using unfiltered
oopper radiation incident at 10° to g_*.

The strongest diffuse streaks aocompany the spectra 11,1'5
and 11,70.

The droad diffuse areae acoompany the spectra 241 and 241,
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The complex with dihydroxydiphenyl (D).

Ztg. 20,

Laue phetograph, taken in a oylindrical camera, with the
erystal mounted with the ¢ axie verttoal, and uaing unftltered
cepper radiation tnetdent at 65° to g*.

The estrongeet diffuse streck acoompanies the spectrum 33, 01.

The broad diffuse arecs accompany the spectra 118 and 113.
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direction of the planes producing these spectra have been
drewn in on figs. 9, 11, 13 and 15 and will be seen to be
nearly perpendicular to the lengths of the dinitrodiphenyl

molecules,

Further confirmation of the relation between the struc-
tures of the complexes (A), (D) and (E) is given by the similarity
both in direction and magnlitude, of the principal refractive
indices (see Table 2).



The complex with hydroxydiphenyl. é¢

Lig. 2.

15° ssotllation photograph, with the erystal mounted with
the ¢ axis vertical, and using Ouk, radtation inoident intttally
parallel to g*.
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The complex with tododiphenyl.

Fig. <£2.

15° esctllatton photograph, with the erystal mounted with
the ¢ axie verttocl, and using Ouky radiation inetdent initially
parallel to g*.
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The complex with bromediphenyl. ¢

o 28

15° osotllatton photograph, with the oryetal mounted with

the ¢ axie vertiocal, and using Culy radiation incident inttially

parallel to g*.
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The ocomplex with ohlorodiphenyl.

rig., 24.

15° osotllation photograph, with the orystal mounted with
the ¢ axis vertieal, and using OuX, radtation inctdent inittally
parallel to g*.
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The complex with hydroxydiphenyl.

15° osetllatton photograph, with the erystal mounted with
the b axts vertical, and using Cuky radtation tneident initially

parallel to g_*.



The complex with tedodiphenyl. "

Fig. 28.

15° osotllation photograph, with the erystal mounted with
the b axie vertioal, and using Ouk,, radiation ineident tnttially

parallel to g_*.
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IOLECULAR

MOLECULAR COMPLEXES OF 434'-DINITRODIPHENYL WITH
4-10D0~, 4-BROMO- AND 4-CHLORODIPHENYL.

In the previous section, where the approximate atructure
to which these complexes conformed was described, it was mentioned
that the oscillation photographs are abnormal, showing alternation
of sharp and diffuse spectra. Some photographs are reproduced
in figs. 22, 23 and 24 and fig. 26. In figs. 21 and 25 are
reproduced corresponding photographs for the complex with 4-
hydroxydiphenyl, showing the similarity in the two types of

structure.

Photographs taken with oscillations about the ¢ axis
show sharp and clear Oth, 7th and 14th layer-lines but all the
intermediate leayer-lines show spots that are more or less diffuse,
with elongations along the layer lines, The diffuseness of the
spots on any one line appears to be about the s ame, but it varies
markedly from line to line, Careful inspection shows that in
the photograph from the icdo complex (fig. 22) the spaeing of
the layer-lines is quite uniform; with the bromo complex (fig. 23)
and particularly with the chloro complex (fig. 24) the spacing
of the diffuse intermediate layer-lines is not uniform, but the
lines are arranged in groups, themselves evenly spaced about the

sharp layer-lines.

Oscillation photographs about the b axis show sharp
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and diffuse spots also (fig. 26) and in every case the diffuse
spots are those that would lie on the intermediste layer-lines
in photographs about the ¢ axis. The diffuse spots are not,
however, always centred exactly on the layer lines, but show
marked displacements above and below them; the degree of this
displacement appears to be a property of the individual ecrystal,

since it varies in photographs obtained from different specimens.

A careful study of photographs taken with oscillations
about different exes shows the elongation of the diffuse spectra
to be always parallel to b § this is very apparent in fig. 26.

There is no marked elongation in other directions.

In the approximate structure of these complexes the
dinitrodiphenyl molecules lie parallel to one another and
separated by 3.69A in the direction of the g axis (see fig. 15).
If the structure consisted only of such regulsrly spsced molecules
a rotation photograph taken about the ¢ axis would show widely
spaced layer-lines corresponding tc this distance, In the actual
complexes the pattern repeats itself nearly every seven layers of
the dinitrodiphenyl molecules, there being approximately two
helogen molecules in this distance, so that intermediate layer-
lines make thelr appearance.

80 far as the irregular specing of the intermediate
layer-lines in the photographs about the g axis 1s eoncerned,
the arrangement is exactly that to be expected of a series of
optical ghosts accompanying the sharp layer-lines, such as would.
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appear if a set of planes (consisting of dinitrodiphenyl
molecules) of regular spacing 3.69A had been modified by a
periodic error of spacing repeating in the direction of the

§ axis in a distance of 12.7A in the case of the lromo complex

and 12.3A in the case of the chloro complex, that is to say, with
twe repetitions in s distance a little less than that corresponding
to seven layers of the dinitrodiphenyl molecules. Had the error
repeated itself exactly twice in seven layers, that is in a
distance of 12.9A, the ghost leyer-lines would have exactly
divided the spacing between the Oth and 7th layer<lines and
between the 7th and 14th layer~lines, as in fact they do within

the errors of measurement for the iodo eomplex.

On the actuel photographs for ths bromo and chloro
complexes the departure from regularity 1s very plain to the eye.
For the chlorgcomplex the measured spacings of the layer-lines
in the reciproesl lattice spsece, as determined by means of the
Bernal chart, snd using CuKy radistion, are shown diagrammatically
in fig. 27. The notation used in the figure has the following
significance. Let p be the order of a spectrum from a series
of regularly speced planes, Suppose thesze plsnes to be displaced
periodically, a complete pericd of the displacement cecourring
every Q planes., Then additional spectra of order pt m/Q make
their appearance, and these are the optieal ghosts, We denote
any spectrum by the symbol (n,m), the spectra from the undisturbed
planes being those of order (§,0). When the planes are periodically
displaced, the spectra of order (p,0) still appear, but those
with mfo also appear. In the photographs from the bromo and

[page 76



The oomplex with ehlorodiphenyl.

Beraal Chart - n.m
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Diagrammatie representation of the posttion of the layer-
ltnes as they appear on an osctllation photograph taken with
the orystal mounted with ita ¢ axie verttoal (ftg.24).
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chloro complexes the positions of the layer-lines correspond
to a value of Q rather less than 34.

The positions of the layer-lines may thus be
explained in detail by the assumption of a periodie error in
spacing. As a working hypothesis, the occurrence of the halogen
molecules at regular iniﬁrvull might be supposed to impose a
variation of spaeing on‘tho sheets of dinitrodiphenyl molecules
which are separated by 3.69A. It i1s significant that the error
periods, as determined by direct measurement from the photographs,
are 12.9, 12.7 and 12.3, which are the lengths, as closely as can
be determined from the available data, to be expected for the
molecules of 4~i0do~, 4-bromo- and 4-chlorodiphenyl respectively.
If this hypothesis is correct the ratio of dinitrodiphenyl to
iodo-, bromo- and chlorodiphenyl in the complexes should be 3.50:1,
3+4431 and 3.33:1 respectively. Unfortunately it has not been
found possible to perform the chemical analyses with sufficient
accuracy to confirm this. On the view that the intermediate
layer-lines are ghost spectra due to a periodiec error in a
fundamental spacing, we should expect the ghosts accompanying
the zero layer-line, the ghosts (0ig), to be very weak, although
not in prineciple absent, while in the actual photographs these
spectra are quite strong. It must, however, be remembered that
the structure contains the regularly spaced halogen molecules,
which, considered alone, would give a set of spectra in the
positions of the spectra (0Ot p) so that in any case these would

be expected to ocecur.



77

Another point requiring consideration is the
diffuseness of the lines. An elongation of the spectra along
2 would be produced by a crystal having only a small extension
in the } direction, but this would make all the spots equally
diffuse, which is not observed here whore the diffuseness varies
with the order, g, of the ghost. The explanation of the
diffuseness is therefore probably to be sought in random faults
occurring in the p direction of the nature of those discussed
by Wilson (13), which are superposed on the framework of a
fundamentally regular lattice structure.

A simplified model that will give an adequate
explanation of the effects actually observed has been produced
by Professor R.W. James of the University Physics Department (14).

The crystal is assumed to consist of layers of
dinitrodiphenyl molecules, all exactly alike, placed one above
the other in the array represented in fig. 15, and this array is
assumed to persist coherently throughout the crystal. Through
this structure the chains of halogen molecules pass transversely
to the dinitrodiphenyl molecules and psrallel to the g axis of
the erystal. The halogen molecules lying in any one chain are
assumed to maintain an unchanged regular sequence through the
erystal. In any one (020) plane the structure is supposed to
be without faults, corresponding atoms in the different halogen
chains all having the same ¢ coordinates, so that the eonsequent
periodic displacements of the dinitrodiphenyl molecules are all
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in phase. It is suppcsed, however, that in different (020)

planes there may be relative displacements of the halogen
molecules so that in passing from one (020) plane to the next
there may be a sudden change in the g ecoordinetes of corresponding
halogen molecules. It is assumed that there is a éortain
probability that within any distance measured parallel to )b

such a sudden change, or fault, may occur., The simplest possible
assumption is made, that there are two possible sets of
coordinates for the halogen molecules.

The probability that two (020) planes separated by
a given distance shall have the same or different ¢ eoordinates
is calculated and the interference function for the crystal
is worked out, considering the scattering due to the dinitro-
" diphenyl molecules alone, with the periodie errors imposed on
their scattering by the halogen molecules and neglecting for
the time being the scattering by the halogen molecules themselves.
For this purpose, the model 1s still further simplified, each
unit of the structure being replsced by a scattering point,

It is shown that the diffuseness of the ghost
maxima is governed by a factor which is a function of @, the
order of the ghosty and the form of this factor suggests that
the spots on the ghost layer lines might show sharp nueclel with
relatively diffuse wings., On the actual photographs a number
of such spots are in fact to be seen, whieh may be some
confirmation of the view that the effects observed are due to
‘an irregularity of the same general nature as that discussed.



The ghosts accompanying the zeroc layer-line are
esctually much stronger than would be expected from the analysis
of this simple model. It must be remembered, however, that in
this model the scattering from the halogen molecules themselves
is neglected. It has, howevey been further showm by Professor
James (14) that scattering from the halogen molecules alone,
assuming the same probability of faults in the structure, would
produce a set of layer-lines having the same positions, and the
same variation of diffuseness with order, as those predicted
for the ghost apectra of zero order. The relatively strong
spectra actually observed in these peqitions esn thérafore be
mainly ascribed to this cause, the true ghosts being those
accompanying the higher orders.

It is not possible to specify the exact nature of
the irregularities in these structures, but it 1s tempting to
essociate the distortions which appear to be produced ih the
regular arrangement of the dinitrodiphemyl molecules with the
gize of the halogen atom introduced by the other component.
Thus tho ghost spectrsa sre most intense in the iode complex
and weakest In the chloro complex, which corresponds to large
distortions in the iodo complex and small distorticns in the
chlore ecomplexs In this connection i1t 1s interssting te note
that oseillation photographs for the complex of 4314'~dinitro=
diphenyl with 4-fluorodiphenyl are perfectly normel with no trace
of any diffuse spectray in fact, the photographs exhibit greet
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great similerity with corresponding photographs for the complex
with dihydroxydiphenyl previously described.

:Alternationa of sharp and diffuse spectra on the
same photograph have also been observed by Powell and Huse (12b)
for the molecular complexes of hexamethylbenzene with pieryliodide,
-bromide and ~chloride. They suggest that errors are due to
the alternate layers, consisting each of one kind of moleeule,
not being completely regular so that sometimes two adjacent
layers of the same type of molecule may exist. Also, in each
layer of pileryliodide, ~bromide or ~chloride there are thres
ways of pneking the molecules and they suggest that all three

ways are actually used in a random manner.
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THE BONDING MECHANISM.

The following are the significant points arising from
the x«ray studies:
1. In the detailed analysis of the complex of 4:4'e
dinitrodiphenyl with 4-hydroxydiphenyl it was shown that all
the molecules ere approximately equally spaced from one another,
and, as shown in table 8, none of the intermolecular distances
are shorter than those normally found in erystals of ordinary
aromatic nitro~compounds, bonding in which is generally attributed
to van der Wasl's forces. Thmw s in agreement with thase
of Powell, Huse and Cooke (12a) who found no evidence for
localized bonding in the molecular complex of ge-trinitrobenzene
with p-icdoaniline. The complex of 4314'«dinitrodiphenyl with
diphenyl has been shown to have an almost ldentical structure to
that of the complex with hydroxydiphenyl, and in all the other
complexes examined there is no necessity to assume intermolecular
approaches any closer than those listed in table 8; there is
sufficlent space in the unit cell in each case for the molecules
to pack quite normally, This is reflected in the densities of
the crystals (table 3) whieh are all of the same order, and are
no higher than those recorded for the aromatic nitro-compounds
listed in table 8.
2. In the complexes of 4314'-dinitrodiphenyl with 4-iodo-,
4«bromo~ and 4-chlorcdiphenyl periodic distortions appear to be

produced in the regular arrangement of the dinitrodiphenyl
[ Py 33
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molecules., The magnitude of these distortions may depend on

the size of the halogen atoms and they are no longer present in
the complex with 4«fluorodiphenyl. Further, in these complexes
random faults in the positions of the ilodo-, bromo- and chloro-
diphenyl molecules appear to occur. It i1s diffiocult to interpret
the significance of these results, but 1t should be noted that
these complexes are amongst the most lightly coloured and least
stable of the series of complexes examined. Powell and Huse (12b)
have also observed random faults in the complexes of hexamethyle
benzene with pieryliodide, ~bdromide and =chloride. 8uch faults
are only possible where there is weak bonding between the two
kinds of molecule.

3. In all the complexes examined very pronounced thermal
vibrations occur as shown by the strong diffuse reflections
sccompanying certain spectra, This is an indication of
comparatively weak bonding between the "layers®™ of atoms concerned,
4, In complexes conforming to the type of structure

found for all those examined, the number of 4:4'= dinitrodiphenyl
molecules that can be acecommodated for each molecule of the

other component depends on the length of this latter moleculs.

In table 9 are listed molecular ratios calculated on this basis
for a number of complexes, along with the ratiocs sctually
observed. The agreement between the observed and caleulated
values is very striking. The integral ratio observed in the
majority of cases is a normal requirement of erystal structure
and is rreserved by a slight tilting of the molecules, Of
particular interest are the complexes with bromo- and chlorodiphenyl

[p~3= F5
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Complex of Approximate Number of Molecular
4:4'-dinitrodiphenyl length of the molecules of ratio of
with: other com~ 4314'«dini- the com-

ponent mole- trodiphenyl ponents

ecule. separated by found by

(allowing 3.7A that analysis.

for the can be ac-

approach of commodated

the next at right

molecule angles to

in an end- each mole-

on posi- cule of the

tio%ii other com-
434'-Discetoxydiphenyl 17-18 2.6-4,9, 511
NN:N'N!'-Tetramethylbenzidine 15.3 4.1 4:1
4=Acetoxydiphenyl 14,0-14.5 3.8-3.9 431
Bengidine 13 . 9 3 . 8 4:1
434'=-Dimethoxydiphenyl 14,.8-15.3 4.0-4,1 7:2
4-Bromodiphenyl 12.7 3.4 ?
4-Chlorodiphenyl 12.3 3.3 ?
4:4'-Dihydroxydiphenyl 12.8*' 3.5 331
4-Aminodiphenyl 12.2 3.3 3:1
4-Hydroxydiphenyl 11.8 3.2 3:1
4-Fluorodiphenyl 11.7 3.2 3:1
Diphenyl 10.7 2.9 331

* hydrogen bonding is here assumed between

adjacent OH groups.



for which the crystallographic evidence suggests that the

molecular ratio of the components is 3.4431 and 3.33:11 réspectively.
It seems clear, therefore, that in these ecomplexes the molecular
ratios in which the components unite are determined solely by

geometrical and not by chemical considerations.

Discugsdon.

From the crystallographic evidence it is certain that
weak intermolecular forces, of the same order as van der Waal's
forces, must be operative in these complexes. The possibility
of covélent bonding, as advocated by Bennett (15) and Hammick (16),
would necessitate localised intermolecular approaches of the
order of 1.5A. This is definitely execluded since none of the
observed intermoleculsr distances are less than 3.0A. Similarly
the variadle ratios, which seem to be determined solely from
geometrical considerations, encountered in these complexes are
against the hypothesis of integral electron transfer, as
advocated by Weiss (17).

It appears, therefore, that the stability of these
complexes may be accounted for by the interaction energy due to
the mutual polarization of the molecules, a conclusion which has
been reached by seversl workers, namely Briegleb (18), Pauling (19),
Gibson and Loeffler (20), Hammiek (21) and Sutton (22),

It 13 well known that the phenomenon of molecular
attraction has its origin in three main effects (23). Thus there
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are attractive forces between the different molecules as a result
of :+ (a) the “orientation" effect, attraction between the
permanent dipcles in different moleculesy (b) the "induction®
effect, attrsction between the permaenent dipoles of one molecule
end the induced dipole in an adjscent molecule, and (¢) the
“dispersion” effect, statistical attraction arising from the
repidly fluectuating dipoles due to the motion of the electrons
and atoms in the molecules. The potential energy, U, arising

from interaction of each of the three types may be represented by
Uorieatation ( Uo) = -—%/3 /&7._6"_’_

Uinduction (Ur) = ~ X4 /r¢

Udispersion (Up) = — % hvz o /6
where « 18 the dipole moment of the molecules, « is the polarisabi-
1ity of the molecules, ¢ is the distance between the molecules,
h 1s Planck's constant, K is Boltzmann's constant, ; is the
characteristic frequency of the molecules and T is the absolute

temperature,

It should be noted that these equations apply only
to interaction between identical molscules, but it may be taken
that they will have the mme form when applied to interaction

between the unlike moleeules,

For simple compounds, ccnsisting of only one type of
molecule, Uy 18 generally very much greater then Us or Uz,
although U, may become large for highly polar compounds, Ur is
nearly elways very small, It la, however, to be expected that
if molecules with intense localized dipoles are brought into
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proximity with highly polarizable molecules, the "induetive"
attractive forces may become considerable. The value of a(,llz
for interaection between the two types of molecule will be large,
Ur will then become appreciable, and this increase in binding
energy may be sufficlent to account for the formation of a

solid complex,

It must be emphasigzed that the total binding energy
in sny molecular crystal is given by the sum of the “orlentation",
®"induction® and ‘dispersion® effects. It i2 not envisaged that
in these molecular complexes the value of Ur is greater than
the others, but merely that it is large enough to account for
the existence of the two unliike components in the cne compound.
The values of U, and Up may still be larger than the value of Ur ,
but they do not depend for their magnitude on the presence of
unlike moleculesy that is, the values of Uo and (J» are not
enhanced by the presence of the two types of molecule, whereas

this presence may mean an increase in the value of Ur,

In compounds containing highly pclar groups it is to
be expected that the value of U, should be large, since it
depends on /“’?‘. This is strikingly i1llustrated by the
existence of solid, though nonecoloured, complexes obtained

between different nitroe-compounds (24),

At the present time it is not possible to carry out
calculations of the binding energy in molecular complexes with

any degree of accuracy. In order to treat the distortion of
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an electron distribution in thq presence of polar reactants it
is necessery to have more information about the anisotropy of
the polarizability of molecules and bonds. Briegled (18b) has,
however, made calculations of the binding energles in some mole~
cular complexes ¢f g~trinitrobenzene, assuming an approach of
3.0A between the nitro-groups (#- 4D) and the hydrocarbon whose
polarizability was celculated from the molecular refractivity,
and has cbtained values of the order of 2Kg.~cals. for the
gun.~mol. heats of interaction. While these results are in
agreement with other experimentally determined heats of interaction
(18b, 16b, 21, 15b), which are of the order of 1l-5 Kg.-cals.

they must be considered as being only very approximate.

The application of the ideas outlined above to the
formation of molecular complexes between nitro~compounds and
aromatic hydrocarbons is supported by the following data:

1. The nitro-group has one of the highest group
dipole moments. In this connection it is very significant that
similar complexes are formed by nitroso-eompounds (25), quinones
(17v, 25, 26), liquid 80, (27), aromatic acid chlorides and
nitriles (15¢). It will be observed from table 10 that all these
components contain highly polar groups.

It is of interest to note that a highly coloured
complex has recently been obtained with 434'-dicyancdiphenyl and
benzidine. It is hoped to obtain further complexes of
4314'~dicyanodiphenyl, and perhaps of 4:4'«dilsecyanodiphenyl
(the group moment of the ~NC grouping is 3,9D).

[peye O



IPOLE .
GROUP Dipole moment (debye unifs)
When group | When grou
attached to attached zo

aliphatic nueleus. aromatic nucleus.
> 80, 4.4 5.1
«NO2 3.2 4.0
-NO - 3.2
~CN 3.5 3.9
Se=0" 2.8 3.0

*The dipole of the »>C=0 grouping is not very
large but it has been observed that in quincnes the dipole
moment is much larger than can be calculeated using a
value of 3.0D for the H>C=0 growping.

Also in acid chlorides (-<oCl) the effect
of the C - Cl 1inkage, which hsas & moment of 1l.7D, i3 to
reinforce the effect eac-:o link,

+the
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Anderson (26) has investigated the erystal structures
of some molecular complexes involving quinones and the evidence
is that in thesé complexes also there are no abnormally short
intermolecular distgnces.

2« Aromatic hydrocarbons eontain a conjugated double
bond system and so have & disperse distribution of electrons in
the 7 7 bonds; such an electron distribdution should be compara-
tively mobile and so easily pelarized. Polarizability may be
roughly determined (28) from measurements of refractivity,
according to the Lorentz-Lorensz relation. It is found that
compounds containing conjugated double bonds show optical
exaltation, that is they have unusually high molecular refrac-
tivities. This 1s regarded as indicating the increased polariza-
bility of the electron systenm.

The aromatic nucleus itself, however, does not show
optical exaltation, probably for reascns of symmetry since
exaltation appears again in aromatic compounds with unsaturated
side cheins and in condensed ring systems. It 1s, however,
emphasiged by Sutton (22) that values for the polarimability
obtained by using ordinary macroscopic fields, such as light
fields, may not always be applicable to the discussion of short
range intermolecular attractions where the flelds sre very intense.
For instance, the fleld at 34 axially from & mathematical dipole
of 8D is 67« 10‘ volts/em. It is possible therefore, as Sutton
suggests, that the unsaturated aromatic-ring system may have

abnormally high polarizability in very strong localized fields,
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Of interest are the results of Briegleb (18a) who
has found that the binding energy in complexes of g-trinitrobenzene
with various hydrocarbons depends in a marked way on the structure
of the hydrocarbon, and these binding energies are greater the
greater the optical exaltation shown by the hydrocarbon. The
binding energy of the complex is high if the hydrocarbon system
is completely conjugated but decresses as soon as the conjugation
1s interrupted.

When considering the queation of the polarizabllity

of the arometic hydrocarbon it is interesting to note that aﬂ%ﬁ‘“""
complexes with nitro-eompounds ere apparently more stable 1if
electrone-repelling groups are introduced into the hydrocarbon

and less stable if electron-attracting groups are introduced,
indeed in the latter case it is generally impossible to isolate

a crystalline complex. It is tempting to suggest that the
introduction of an electron~repelling group into the hy dr ocarbon
leads to a greater availability of electrons in the aromatic
nucleus, implying a greater polarigability of the molecule.
Considerable care must, however, be exercised in interpreting

the effect of substituents on the stabllity of these complexes
since geometrical effects depending on the size of these
substituents will undoubtedly be of importance in determining

the approach of the molecules to one another. *

As far as the production of colour in these complexes
is concerned, it is not possible, without a quantum mechanical
treatment methods for which are not yet fully developed, to



attempt to describe the mechanism involved. The production of
colour depends on the existence of suitable intervals between

the avallable electron energy-levels, and it 1s to be expected
that variations in these energy levels will accompany the distore
tions in the electron systems of the molecules which must occur
during the formation of these molecular complexes, or when the
unlike molecules approach closely in solution. It is not
necessary, as was suggested by Gibson and Loeffler (20), to
postulate incipient "chemical" action in order to sccount for the

produetion of colour either in solution or in the solid state.

To summarise, it may be said that the tendency to
formation of these complexes 1s probably determined by the
increase in the "inductive" attractive forces, with a consequent

increase in binding energy, as the highly poler groups of the one

92

component approach the polarizable nucleus of the other component.

The final stability, however, of the soclid complex, il one 1s
formed at all, and the molecular ratic of the components, must
depend largely on geometrical considerations, that 1s, on the

nature of the crystal structure the complex is able to assume.



APPENDIX 1.

Two Machlett x-ray tubes emitting CuK, radiation
were used throughout this work and were supplied by the eircuit
shown diagrammatically in fig. 28. They are rated to operate
at 50 KVP, and 15 mA. but were generally operated at about
35 KVP., and 10-12 mA. The CuK radiation was partly absorbed
by a filter of Nickel foil. The presence of Nickel as an
impurity in both anticathodes was shown by the appearance of
extra spots on the films corresponding to the NiK( wavelength,
and it was therefore necessary to exercise care in indexing the

spectra.

The rotation camera, made by Unicam Instruments
Cambridge, had a diameter of 60.0 mm. and was equipped with
goniometer arcs and a collimator and telescope system. In
addition to the 5°, 10° and 15° cams originally fitted to the
camera, extra cams of 30 and 50° were constructed and adapted

for use with the ¢ amera.

The Weissenberg camera, constructed in the workshops
of the University Physics Department, was of undistorted scale,
having a diameter of 57.) mm. and a travel of 21° /mm. It was
also equipped with goniometer arcs and a telescope system and
gave a total rotation of 190'.
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Conslderable care was always exercised in choosing
good crystal specimens. Single erystalz of sultable size were
first selected under a binocular microscope and in general had
to be cut to approximately uniform cross section (about 0.2 mm.)
about the desired axesjy the final selection was made under a
polarizing microscope where flaws show up very clearly. The
crystals were mounted on the sharp point of a bakelite holder
with a speck of Cenada balsam. The setting of the crystals was
generally done using reflections from faces about the zone axes;
when no faces were avallable, however, the settlng was adjusted
by trial and error from the dbpe of the layer lines on the

photographs.

The unit cells of the crystals and the indices of
the spectra were determined using the standard reciprocal-lsattice
methods developed by Ewald (29) and applied by Bernal (30) to
graphicsal indexing. The reciprocal~lattice point hkl is
regarded as being located by the cylindrical coordinates {-f'/
where f is parallel to the rotation axis,.f is perpendicular to
the rotation axis and ¢ is the angular coordinate. The unit
cells and general indices hkl may then be determined by
measurement of the fffcoordinates of the spectra on rotation
photographs using a Bernal chart. The reeciprocal-lattice points
having the same'iifcoordinates may be determined graphically.
The indices of partieular spectra of the type hOC, hOl, etec.,
may best be determined by measurement of the f?ﬂcoordinates of
the spectre on Yeissenberg photograrhs using the f?fscales
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described by Buerger (31) and employing a similar graphical
method,

Where it was not possible to determine the monoeclinic
anglo,&?, from goniometer measurements, Weissenberg photographs
were taksn with a crystal rotating about the b axis and the

angular separation of the hHOO and 00] spectra measured.
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APPENDIX 2.

The erystal was gripped between copper terminals in
a manner similar to that described by Orelkin and Lonsdale (2).
Changes in potentisl may be produced across the crystsl when it
is immersed in liquid air; if the crystal is contained in the
grid circuit of an.electrometer valve, changes in the ancde
current may then be produced which will cause deflections of a
balanced galvanometer in the anode c¢ircuit. The circuilt which
was used was self-compensating to allow for changes in the
filament current and 18 shown in fig., 29. The electrometer
valve used, when operated with the grid at -3V and the anode + 4V
with respect to the filament, and using a filament current of O-l
amPs 4 pnased‘a grid current of only ldﬁ*amps. A negligible
current wgs therefore passed through the erystal. For efficient
operation it was necessary to shield both the electrometer
valve and the grid circuit. It was slso necessary for a drying
agent such as P,045 to be introduced into the tube containing
the crystal.
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grid leak
‘l 10,000 megs

rig, 2.

Diagrammgitce representation of the apparatus used for

measuring the pyro-eleetrto sfrect in orystals.
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APPENDIX 3.

The thermal vibrations which occur in crystals at
ordinary temperatures cause random irregularities in the structure
which diminish the intensities of the main spectra but leave
their sharpness unaltered. At the same time the general scattering

1s inecreased.

It was first predicted by Faxén (32) and Waller (33),
who treated thermal vibrations as displacements due to a series
of elastic waves in the eryatal, that the effect of these thermal
vibrations would be to produce an extension of reflecting power
of the reciprocal-lattice points. The reciprocal-lattice points
would then be surrounded by a cloud of week reflecting power,
the shape of which depends on the velocity of the elastic waves
in various directions in the crystal. The effect of this
extension of reflecting power is to produce diffuse extra
reflections accompanying the Bragg maxima on x-ray photographs.
This was first studied by Laval (34) and has recently been
extensively studied by Lonsdale (6).

The dependence of the extra intensity in the
neighbourhood of the reoiprocalalaétiec peints upon the nature
of the crystal is of great importaence., Although it is possible
to caleulate the detalled distribution of the intensity function
about the reciprocal-lattice points for only very simple crystals,
1t is possible to reach qualitative conclusions using the
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following data:

1, Elastic waves propagated along a given direction in a crystal
will cause extension of the reflecting power of each reciprocal-

lattice point along the direction of propagation.

2+ The intensity of reflecting power at any given point depends
on the square of the cosine of the angle between the radius vector
of that point in ree¢iprocal-lattice space and omr the direction

of the atomlc movements, that 1s on the polarization of the waves,

From these simple considerations it is possible to
arrive at general conclusions concerning the extra reflections

from "layer" and “chain® structures (6a).

Laver structures.

The atoms in the layer planes of a stfucture such as
graphite, mieca, ete., are more firmly linked than in other
erystal planes. Such structures will yield most readily to
displacements perpendicular to the layer planes and the preferred
- modes of vibration of the atoms are therefore perpendicular to

these planes.

Suppose the layer planes to be the planes (100),
then the vector from the origin to the reciprocal-lattice point
100 1s always parallel to the direction of maximum vibration
whatever the direction of the wave. For instance, maximum
contributions will be given by longitudinal waves travelling
along (100] and also by transverse waves travelling along [001]
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and [010] , but which are polsrised along [100].

The reciprocal-lattice point 100 will thus show a
maximum extension of reflecting power in every direction in
reciprocal space and will be nearly spherical. The reciprocal-
lattice point 100 will then be cut by the sphere of reflection in
a circular section and, on a Latte photograph, the spectrum 100
will be accompanied by a large nearly girculgr diffuse reflection.

Chaln structures.

In long chaln compounds the compressibility along the
length of the c¢hains is much smaller than that at right angles
to the chains. Therefore longitudinal vibrations along the chain
axis cannot cceur to any marked extent. If the chain axis is the
axis [100] then no extension of reflecting power along [}Odl for
the reciproeal-lattice points 100 1s to be expected.

Transverse vibrations perpendicular to the chain lengths
are however permitted, and if such waves are polerised along [}Oél
they will give maximum contributions, There will thus be a disce
shaped extenaion of reflecting power, in all directions perpendi.
cular to the chain lengths, about the reciprocal-lattice point

100, The intersection of this by the sphere of reflection will

be more or less linear and the spectrum 100 will be accompanied
by a diffuse gtreak.

It has been shown (35) that with a structure
containing long flat molecules both types of diffuse reflection
may be observed, and useful information as to the orientation

of the molecules is thus obtainable.
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APPENDIZX 4,

(a)
As no ionigzation spectrometer or integrating photometer
was avallable the relative intensitiles of the spectra were dster~
mined by measuring the density or amount of blackening of the spots
cn the rotation photographs with a travelling microphotometer.
A typical photometer trace of éne of the films is shown in fig. 30.
The zero~line is the trace obtained when no illumination falls on
the photoelectric cell. The indexing of the peeks on the traces
was done by taking a trace of a Bernal chart and transferring it
to tracing papery by plaelng this over the traces of the films,
the value of § for the various peaks could be read off directly,
and the corresponding indices assigned to the peaks.

The variation in intensity with the height of the
peak was dectermined by Dr. J.N. van Niekerk of the University
Physics Department (36). The method used was to make a series
of standard wedges of known exposure from the direct x-ray beam;
these were then photometered and the relationship between ) (the
distance from the zero-line to the trace) and J (the intensity
in secs. of exposure) obtained, A graph of ] against ) was drawn
using these values and from this intensity cw:ve the reiative
intensities of the spectra, appearing on the photometer curves

for the fiims,; were determined as followss

[ pag= o4
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Fig, 30.

A typteal miorophotometer trace, showing the epectra
appecring on the zero layer-1ine of sfilm P29, which ie an
oeotllation photograph taken with a orpstal of the ocomplex
with hydroxydiphenyl rotating about the ¢ axise.
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Values of h, and ) were measured, where h is the
distance from the zero-line to the top of the peak and h o, is
the distance from the zero~line to the background on which
the peak occurs. The corresponding values of ], and ] were
found from the intensity curve and the relative intensity of
the spectrum is (J - J,)» The relative intensities of the
spectra appearing on the trace shown in fig. 30 are given in
table 11.

8ince no Welssenberg camera was available at this
stage, many oscillation photographs were necessary in order to
get the full rotation required for the crystal (90° or 180°),
and, althopgh care was taken to expose and develop the films
for the same length of time, it was impossible to record each
£1lm tinder exactly the same conditions. For each film, therefore,
oscillations of 15° were given to the erystal, which was then
turned through 10° for successive films until the full rotation
had been obtained. In this way some spectra were common to
each successive palr of films and these spectira were used to
standardize the films in terms of one another, The standardiza-
tion of two successive films in this way is shown in table 12,

When meking these intensity observations many low
order spectra were overexposeds any peaks with h {0.5 cm, were
assumed to be overexposed. It was therefore necessary to take
further Tiims with reduced exposure times to include these strong
spectra as well as other spectra of determined intensity, by
comparison with which the strong spectra could be expressed

on the same scale.
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IRACR P29 SHOWN IN FJIG. 30.

index. h h ) § I I=I
Tons.) (ems.) (sees.) (secs.) (secs.;
1.15 1% 7 58

L.H.8. 110 4.7 3
2;0 4.7 1.2 lg 71 56
20 5.65 4.8 14 6
420 6.05 1.4 6 64 58
130 5.85 1.1 g 75 68
0 5.7 4.45 9
0 6.25 3.0 4.5 31.5 27
2% 6.25 2.8 4 30
4 6. 3.15 2.5 12 ] 27
150 6.79 4.g 1.5 15
0 6.9 5.85 1 6
¢ 7.1 4,25 0 19
O 7.3 609 "105 205
060 7.7 2-25 «3.5 23-5 32
0,I0,0 7.95 55  «4,5 3 7.5
R.H.S, 110 4.5 1.0 17 g9 62
310 4.5 0.95 17 2 65
510 6.1 1.2 6 71 65
420 6.0 0.66 7 106 99
30 6.9 1.6 1 58 59 ?
20 7.3 60?5 -105 105 3
9].0 704 6.2 "2 5 7
10’00 704 6.7 -2 2 4

E

110 and 110, 310 and 310 530 and 530
should, of course, have {he same intensity.
530 is "however far stronger than 530 and
is also stronger than the value of this
spectrum on other films; it has probably
therefore coinecided in position with a &
spot of some other spectrum.
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TABLE 12,

8pectra common Intengé;y on Intensity on Factor
(secs,) (secs.) )
310 mean value 60 55 1.1
510 63 57 1.2
820 3 2.5 1.2
910 7 6.5 1.1
10,00 4 4 1.0

prean l.1
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It is posaible to reduce the relative intensities
to an approximately absolute scale by comparison with a known
crystaly pe-dinitrobenzene was chosen as the standard since
crystals of convenient shape are easily obtained, the absorption
coefficient for this is nearly the same as that for the complex
of dinitrodiphenyl with hydroxydiphenyl, and the absolute
intensities of its spectra have already been measured (3).
A photograph with a crystal of the complex rotating about the
¢ axis and set to include a representative set of spectra was
taken, one side of the film being shielded by lead. A crystal
of p-dinitrobenszene, having approximately the same size as the
complex crystal, was then set to rotate about the b axis; the
other side of the film was then exposed under as nearly as
possible the same conditions for the same length of time,
This procedure was repeated using different spectra and the
films were measured up on the microphotometer. In comparing
the intensities of the two sets of spectra, absorption effects
may be neglected sineetzﬂtkas virtuslly the same for the two
different crystals., The main difficulty is to make the necessary
correction for the size of the two erystels., Owing to the
manner in which the intensities were measured they are probably
not proportional to the volumes of the crystels, as would be
the case had integrated intensities been used; since only peak
intensities were measured it seems probable that an increase
in eross section of the erystal, as presented to the x-ray beam,

would result mainly in an increase in the size of the reflected
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spots without any grest increase in their peak intensity.

The intensitlies may, therefore, be assumed to be proportional

to the mean thickness, §, of the erystala. Neglecting absorption,
the expression for ], the intensity as measured on the

mierophotometer, thus becomes

&
1 = [GR) A ()] Fey

. 1~Ef__9_i_£

<

where V. is the volume of the unit cell.

The ratio I (eomplex) /{ (p~dinitrobenzene)
may then be calculated and a factor is obtained by whiech the

observed ralative intensitles may be multiplied in order to

placé them on an absolute scale.
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APPENDIX 5.

The theoretical values of £ calculated by James and

Brindley (37) are for atoms at rest, There is, however,

considerable thermel motion in soft organie crystals so that it

i3 necessary to reduce the theoretical value of £ to allow

for this. Values of £ for carbon have been obtained experimen-

tally from the accurately known strueturés graphite, hexamethyle

benzene and anthracene and are quoted, for various values of

5“‘% by Robertson (38). If these experimental values of £

for carbon are compared with the theoretical values obtained
Fasparinentel = Flhoombial x 2

Thus in all caleulations of structure factors in the present

by James end Brindley it is found that o si.‘e-)’-
2 S

work the £ values obtained experimentally for carbon were used,

whilst for oxygen and nitrogen the £ values of James and Brindley
=3 ( a‘sﬁ)*
were reduced by the factor < x .
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APPENDIX 6.

When using the method of summing double Fourier

series described by Lipson and Beevers (8), care must be taken

to see that the summation equations have the right form.

The equations worked out by Lipson and Beevers have

2 2 F(“() &+ U (hx+ ky)

which means that the structure factors would have to be calculated

the form

in the form o T
Fok) = SF< & FLA-D

It 1s more usual, however, to calculate structure

factors in the form
{ (hxr K
F(k) = S f < o des or . F: A +iB

and that is the method whiech has been adopted in this work.

The summation equaticns must then have the fornm

: £4 Fi) < 1)

and will therefore be somewhat different to thoss given by
Lipson and Beevers, in the case of a erystal which has no
centre of symmetry, although the method of summation remains

exactly the same.



Ii

ACKRNOWLEDGEMENRNKT S8,

I wish pertieularly to thank Professor R.W. James
and Dr. W.8, Rapson for their constant personal interest and
invaluable advice throughout the course of this work. To
Professor James I am furfher indebted for the use of his as
yet unpublished manuscript of the second volume to "The
Crystalline State"; and to Dr. Rapson and Mr, E. Theal Stewart
I am in debt for the preparation snd analysis of most of the

complexes,

I also wish to thank Dr. P,C., Carman for the helpful
discussions I have had with him on the question ¢f bonding
in thess eomplexes, I am grateful to Professor F, Walker for
the use of apparatus in the Geology Department, and to Mrs.
F.C.M, Mathias for help in the measurement of the optical
properties of the erystals. I am also grateful to Mr. R.D. Linton
for being ever ready to undertake the construection of new

apparatus,

To the Beit Railway Trust Board of 8, Rhodesia I
an indebted for a research fellowship, which enabled me to
complete the major portion of this work.



"l

BIBLIOGRAPEY,

(1) Rapson, Saunder & Stewart, J.C.S5. (1946) 1110.
(2) Orelkin & Lonsdale, Proc, Roy. Soc. (1934) Ala4, 633.
(3) Jemes, King & Horrocks, Proc. Roy. Soec. (1935) A}53, 225.
(4) ven Niekerk, Proc. Roy. Soc. (1943) Al8], 314.
(5) Robertson, Proec. Roy. Soc. (1936) AL57, 79.
(6)a. Lonsdale, Proc. Phys. Sec. (1942) 54, 314,
b. Lonsdale & Smith, Proc. Roy. 8oec. (1941) Al79, 8.
(7) Bragg W. L., Proc. Roy. See. (1929) Al23, 537.
(8) Lipson & Beevers, Proc. Phys. Soe. (1936) 48, 772.
(9) Archer, Proc. Roy. S8oc. (1946) A188, 51.
(10) Dhar, Ind. J. Phys. (1932) Z, 43.
(11) Huse & Powell, J.C.8. (1940) 1398.
(12)a. Powell, Huse & Cooke, J.C.8. (1943) 153.
b. Powell & Huse, J,C.8. (1943) 435,
(13) Wilson, Proc. Roy. Soc. (1943) Al8l1, 360.
(14) Jemes & Saunder, Proc. Roy. Soc. (1947) series A4, in the press.
(15)a. Bennett & Willdis, J.C.8., (1929) 258.
b. Baker & Bennett, Ann. Rep. Chem. Soec. (1932} 28, 138+
¢. Bennett & Wain, J.C.8. (1936) 1108,
(16)a. Hammick & Sixsmuth, J.C.8. (1935) 580.
b. Hammick & Young, J.C.8. (1936) 1463,
¢, Hammick & Hellican, J.C.8. (1938) 761.
d, Davies & Hammick, J.C.8. (1938) 763.
(17)a. Weiss, Nature (1941) 147, %12.
b. Weiss, J.C.8. (1942) 245,



13

(18)a. Briegled, Z. Phys., Chem. (1935) B3l, 58.
b. Briegleb & Kambeitz, Z. Phys. Chem. (1936) B32, 305.
¢, Briegleb, "Ahrens SammRumg Newsens" (1937) part 37.
(19) Pauling, Proc. Nat. Acad. Se. (1939) 2%, 577.
(20) Gibson & Loeffler, J.A.C.S. (1940) 62, 1324.
(21)a. Hamilton & Hammick, J.C.8. (1938) 1352.
b. Hammick & Yule, J.C.S. (1940) 1540.

(22) Button, Trans. Far. Soc. (1946) - “On the apglication of
dislectric measurements to chemistry®« in the press.

{23) Melwyn-Hughes, "Physical Chemistry", Cambridge University
Presa'(l9gg), 363368, ;

(24) Hammick, Andrew & Hampson, J.C.8. (1932) 171.
(25) Pfeiffer, "Organische Molekulverbindungen® (1927).
(26) Anderson, Nature (1937) 140, 583.
(27)a. Hil1, J.A.C.8. (1931) 53, 2598.
be Foote & Fleischer, J.A.C.8. (1934) 56, 870.

(28) Douglas Clark, "The Fine Structure of Matter", Chapman &
Hall {1938), part 2

(29) BEwald, Z. Kryst. (1921) AS6, 148.

(30) Bernal, Proc. Roy. 8oc. (1926) All3, 118.

(31) Buerger, "X-Ray Crystallography", Wiley & Sons.(1942).

(32) Paxén, 2. Phys. (1923) 17, 266.

(33) Wwaller, "Dissertation Uppsala® (1925).

(34) Laval, Bull. Soc, Frang. Min, (1939) 62, 137.

(39) Lonsdale, Robertson & Woodward, Proc. Roy. Soc. (1941) Al%gz

(36) wvsn Niekerk, "An x-ray Study of the Internal Structure of
CQr!ain Crystals, with Speclal Reference to

4:4'~D1n1trod18henyl", Thesis presented tc the
University of Cape Town (1941).



(4

(37) James & Brindley, Phil Mag. (1931) 12, 81.
(38) Robertscn, Proe. Roy. 8ce. (1935) Al50, 110.

General references.
Bragg, '.H. & Wol. "The Crystalline State®, Bell & Sons
(1933), vol. 1

Jamesa, R.WN., "The Crystalline State", Vol. 2, in preparation.
Buerger, M.J., "X~Ray Crystallography®, Wiley & Sons (1942).

"Internationale Tabellen zur Bestimmung wvon Kristalle
strukturen®, Gebriider Borntraoeger (1935).

Lonsdsle, K., "SBtructure Factor Tables", Bell & Sons (1936).





