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INTRODUCTION

The first chapter of this thesis, a survey of struc-
ture deteruminations of organic molecules by diffraction
methods, introduces an experimental part which deals with
an electron difiraction study and a crystal structure de-
termination of biphenylene and various investigations of
arsenomethane, A theoretical part of the thesis deals with
the radial distribution method, which is of great impor-
tance in electron diffraction. Many of the results derived
there are applicable also to the Fourier and Patterson pro-
jection methods frequently used in crystal structure analy-
sis.

(1)



A SURVEY OF STRUCTURE DETrRMINATIONS OF ORGANIC MOLECULES

BY DIFFEACTION METHODS,

The question: "¥hat is the structure of a molecule?!
may be broken up into three consecutive parts. (1) What is
the topological configuration of the atoms in a given mole-
cule (e.g. have the carbon atoms in naphthalene the configu-
ration of two joined six-rings, of a five-ring joined to a
seven-ring, or still another configuration)? (2) What is the
geometrical shape and symmetry of the molecule (e.g. has
naphthalene a puckered or a planar configuration)? (3) What
are the exact dimensions of the molecule (e.g. what are the
bond lengths and angles in naphthalene)? In the past, the
first of these questions was of prime importance to the che-
mist, who, using his characteristic methods, succeeded in
answering it for an enormous number of meclecules, In meore
recent years the second ana third questiohs have.become of
equal interest, since it has become possible to correlate
important properties of mclecules with their sizes and shapes.
For example, planarity and interatomic distances are, for
many molecules, closely related to quantum mechanical reso-
nance between various electronic structures, which in turn
determines many of their macroscopic properties. The methods
of the classical chemist did not, in general, permit him to
answer these questions. In the last thirty Years powerful
new methods have however been developed making possible com-
plete>structure determinations of molecules. These methods
have confirmed most of the topological configurations assigned
to molecules by the classical chemist, and in some interesting
cases have complemented his methods to advantage. In addition,
by leading to complete determinations of structure, they have
provided much insight into the relationship between the mac-
roscopic properties of a substance and the structure of its

(2)



molecules.,

Of prime importance among these new methods is the
diffraction of X-rays and electrons. Since the first cry-
stal structure determinations by X-rays in 1913 by the
Braggs, and the first structure determination of mclecules
by electron diffraction in 1930 by Mark and Wierl, a host of
molecules have yielded tneir structural secrets to an attack
by diffraction methods. 1In the following paragraphs an at-
tempt is made to describe how diffraction methods have served
in the past to answer the first and the second questions re-
garding structure for some molecules of organic natﬁre.

X-ray diffraction method.

At first it was questionable wkether or not elucidation
of crystal structures would give information about the struc-
ture of molecules, since, in generalization of the structures
of rocksalt, zinc blende and other miherals, it was contended
by Grothl and his school that no such things as molecules in
crystals existed. Others, like Tuttonz, went so far as to
hold that even in the rocksalt crystal molecules of NaCl, al-
though not definitely identifiable, still existed. Indica-
tion of the existence of independent groups of atoms in cry-
stals was first obtained by WyckoffB, who established the oc-
currence of carbonate groups of the same dimensions in the
minerals calcite (CaCOB), rhodochrosite (MnCOB), and siderite
(FeCOB). Even more conclusive was the determination of the
crystal structure of nexamethylene tetramine by Dickinson and
Raymond4, which showed the existence of independent molecules
in this crystal.

The fundamental problem of a structure analysis with
X-rays 1s to determine the position of the atoms in the unit
cell of the crystal, while the chemical problem is to deter-
mine the position of the atoms in the molecule. Even for the
simplest case in which the unit cell of the crystal contains



only one molecule, the crystal structure problem is the more
complicated one, since in addition to a determination of the
relative positions of the atoms in the molecule a determina-
tion of the orientation of this molecule in the unit cell is
required. In most cases there is more than one molecule in
the unit cell, which further complicates the crystal struc-
ture problem., If the approximate location of the atoms in the
molecule is known beforehand the two problems can often be se-
parated by the application of the method of mclecular struc-

ture factors5

s but such knowledge is not always available, and
certainly was not at hand in the early days of crystal struc-
ture investigation.

Often only a partial investigation of the crystal structure
is required to give a great deal of information about the mole-
cules involved., Information about approximate size and symme-
try may sometimes be obtained from a determination of the unit
ocell ana space group of the crystal. In any given case, howe-
ver, it cannot be told beforehand whether or not X-ray methods
will give any useful information, nor how much labor would be
required to obtain it. _ 4

A promising start in the elucidation of the topological
configuration of organic molecules was the complete determina-
tion of the crystal structure of hexamethylene tetramine by
Dickinson and Raymond4, as early as 1923. 1In this investiga-
tion three out of four proposed structures were eliminated,
and the fourth definitely established as the correct one.
Support was given to the methods of the classical organic
chemist by the determination of crystal structures of cyanuric
acidé, cyanuric triazide7, cyanuric tricyanamide8, and mela-
mineg, which contain the heterocyclic six-ring of sym. triazine.
The establishment of the crystal structure of dicyandiamidelo
settled the question of the structure of this molecule, for

which essentially two formulae had been proposed.



Cf more interest to the organic chemist were, perhaps,
the results of the X-ray investigations on caleciferol (Vita-
min Dz) and reiited substances., X-ray examinations of ste-
rols by Bernal pointed clearly to the fact that the older
formulae for these compounds could not be made to fit the cry-
stallographic cell. This, and serious chemical defects of the
old formula for the sterol skeleton, led Roserheim and King12
to propose a new structure (Fig.l), which showed satisfac-
tory agreement with the X-ray data. Only a little modifica-

12,13,14 to make it com-

tion of this new formula was required
patible with all the chemical evidence., The general trans na-
ture of the skeleton was made more certain by an examination of

15

cis- and trans-hexshydrochrysenes™”, while X-ray observations

on oestronlé(Fig.l) provided some useful clues in the estab-

lishment of its structure. A study by Crowfootr7

cn bufagin
gives support to the view that this toad poison principle con-
tains the aetiocnolane ring system (Fig.l). Further investi-

gations by Bernal and coworkers have been recently summarizedlg.

14,19 contri-

X-ray investigation of ascorbic acid by Cox
buted substantially-toward establishing the structure of this
vitamin (Fig.l). Cox and Goodwin succeeded shortly thereafter
in completely determining the crystal structure of ascorbic
acid.

X-ray umeasurements on rubrene20 were compatible with the
formula originally developed for this dye. For chnemical reasons
this formula was later replaced by another (Fig.l) which could
be made to agree with the X-ray data alsozl. The proposed struc-
ture seems, however, unlikely, since for it the phenyl groups ap-
pear to be too close together, even if twisted out of the molecu-
lar plane. By a partial analysis of the crystal structure of caly-
canine (Fig.l) Hargreaves and Taylorzg recently succeeded in ru-
ling out twelve of thirteen proposed formulae, Whether the formula
favored by the X-ray data, or still another one, compatible with

these data,'is the correct one, can only be established by a com-



plete crystal structure determination, or by further chemical
investigation.

At this point mention should be ﬁade of the crystal
structure determinations of phthalocyanine (Fig.l) and some
of its metal salts by Robertson23. The simultaneous investi-
gation of crystals of phthalocyanine and of its nickel salt
enabled nim to determine the structure of botnh from X-ray
data alone. Tinls determination is therefore a proof of the
structure of tnis complicated molecule whicn is entirely
independent of the cnemical wmethods which establish its struc-
ture,

X-ray diffraction methods have become an important tocl
in the determination of tne structure of high pélymers such
as proteins, cellulose, starch, rubber and artificial poly-
mers. Convenient summaries on this subject have recently ap-
pearedzA.

An early start was made on the question of the spatial
arrangement of groups which may be attached to a carbon atom,
by the determination of the structure of diamond, in 1913,
by W.de. and W.L. Bragg25. This structure revealed a tetra-
hedral environient of the carbon atoms and thus supported the
notion of the tetrg?edral carbon atom of van't Hoff and LeBel.
For a time, the conviction among crystal structure investi-
gators that the carbon atom should be tetrahedral in wmost sub-
stances was so strong, that the structural elements in graphite,
naphthalene and anthracene, and derivatives, were believed to
be puckered six-rings. This misconception was furthered by
the erroneous belief, prevailing at first, that a molecule can-
not have higher symmetry in a crystal than is imposed upon it
by the space group elements of the crystal., Since this syume-
try in naphthalene and anthracene is that of a center of in-
version, the picture of puckered rings was a natural one,

Tie correct structure of graphite was established in 1924



by Hassel and Mark26, and by Bernal®’

s, Who showed indepen-
dently that graphite consists of infinite planar honeycomb-
like sheets of carbon atoms., The first crystal structure

of an aromatic compound to be completely elucidated was that
28 showed in 1929 that, with-

in experiaental error limits, the nexamethylbenzene molecule

of hexamethylbenzene., Lonsdale

was planar and had six-fold symmetry. The structure determi-

29

nation of crystals of nexachlorobenzene by the same inves-

tigator, and of anthracene, naphthalene, durene, benzoquinone,

30

chrysene, and other molecules by Robertson” in a series of

brilliant investigations soon followed. All of these aroma-
tic molecules were found to be planar. No complete analysis

on benzene has been carried out so far, but the X-ray evi-

31

dence points to a planar molecule also,

Methane derivatives with four identical substituents

32

sucn as tetrametnylmethane showed tetrahedral symmetry.

The generality of tne nétion that a carbon atom carrying
four groups always has a tetrahedral configuration was for

some time seriously jeopardized by an investigation, by Mark

33

and Weissenberg””, on crystals of pentaerythritol, which

seemed to indicate that the central carbon atom in this com-

pound had a four-fold symmetry axis. At first this claim was

34

supported by other investigators s but later examinations

showed it to be untenable. The complete structure of penta-
erythritol, showing the tetrahedral configuration of the cen-
tral carbon atom, was worked out by Llewellyn, Cox and Goodwin,
by Hughes, and by Nitta and Watanabe?s,

The partial structure determination of cubic crystals of

36

hexanydrobenzene hexachloride and hexabromide by Hendricks
and Bilicke, and by Dickinson and Bilicke, who established the
positions of the halogen atoms, indicated that the saturated
six-ring is puckered and has the chair rather than the tub

37

form. Further attempts to determine the crystal structures

of cyclohexane and derivatives supported the notion of a stag-



gered six-ring built of tetrahedral carbon atoms. Complete

crystal structure determinations on trithioformaldehyde38

39

and trioxymethylene showed that these molecules contain
puckered heterocyclic six-rings of the chair form, while
methaldehyde was shown to contain an eight membered, puckered
heterocycle which has a four-fold symmetry axis.

X-ray diffraction data of crystals of various aliphatic

41 42

compounds, particularly of nonacosane and pentatriacontane
indicated the zig-zag nature of the hydrocarbon chain, Some
doubts as to the generality of this conclusion were raised by
‘the results of X-ray investigations on crystals of a nuuber

43

tions seemed to sinow that the nitrogen and carbon atoms were

of alkylammonium halides™, which by space group considera-
collinear. It was pointed out by Pauling44, however, that the
notion of staggered chains of carbon atoms which rotate about
their long axis is quite compatible with the X-ray data, and
that there was therefore no need to assume linear hydrocarbon
chains in these substances. This explanation was later sub-

stantiated by the observation45

that X-ray photographs made
of amylammonium chloride powder at liquid air temperatures
indicated a zig-zag chain, which was no longer rotating about
its axis. The staggered nature of the aliphatic chain, with
all carbon atoms in a plane and bond angles approximately
equal to those expected for tetrahedral carbon atoms, was re-

46

cently confirmed by Buan™", by a three dimensional Fourier
analysis of X-ray data from crystals of long chain hydro-
carbons.

The spatial arrangement around a carbon atom with a
double bond and two single bonds was elucidated first by the
structure determination of crystals of urea47. From space
group considerations alone it was found that the molecule is
planar and has a two-fold symmetry axis. Similar results

48

were obtained for thiourea™ , but in this case a complete



structure determination was required to determine the entire
symmetry of the molecule. The essential coplanarity of two
single bonds ana a double bond attached to a carbon atom was
later found in many other compounds, '

Two double bonds attached to a carbon atom have been
found to be collinear in the following structure determina-

49

linear groups 0-C-N, and in boron carbide

tions., Calcium cyanamide
50

has linear groups N-C-N, sodium
51 the
linear configuration C-C-C occurs. Of interest here is the

isocyanate

linear configuration of the azide group found in cyanuric
triazide7. A single bond and a triple bend attached to the
same carbon atom are collinear also. A good example of this

52

. is tolane”™, in which the four central carbon atoms (as well

as the two end carbon atoms) are in a straight line. A struc-

53

ture determination on diphenyldiacetylene indicated that an

analogous configuration obtains in this molecule., Another
example is the configuration found in di-n-propylcyan gold54
which shows squares with gold atoms at the corners and CN
groups along tie sides.,

X-ray diffraction methods have been instrumental in the

recognition of cis-trans-isomerism., A good example is affbrded

by the case of cis- and trans-azobenzene. The crystal structuress5

of both isomers were worked out shortly after the discovery of

56

the cis-form Tnese crystal structure determinations, as

57, served to identify the

58

two isomers., In analogy to stilbene””, trans-azobenzene is ex-

well as dipole moment measurements

pected to be planar and was found to be so. The same might be
expected for tne cis-azobenzene were it not for steric hin-
drance of the two phenyl groups. The X-ray analysis showed
that the phenyl groups are indeed twisted out of the coplanar
orientation. A preliminary investigation on diflavylenezo
(Fig.l) proved this compound to have the trans configuration.
It was found that most conjugated systems are essentially

planar. The condensed aromatic systems cited earlier are exau-
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ples. Further exauples are anthraquinone59, resorcinoléo,
stilbene58 cxalic acid in the dihydrateél, acenaphtheneé)2

2
ana isatinéj. Dipnenyl, terphenyl eanu quaterpheny164 were

reported to be plenar despite possible steric hindrance,

while sym. triphenylbenzene65

was feund to be non-planar,
with the three phenyl groups rotated around the bonds con-
necting them to the central benzene ring. The cyanuric acid

6,7,8,9

derivatives mentioned earlier were found to be planar

also. A condensed aromatic system reported to be not en-
tirely planar is fluoreneéé.

The guanidinium ion is ancother interesting planar com-
plex which in addition has & three-fold symmetry axis showing
the equivalence of the three nitrogen atoms. This was shown
by a complete structure analysis of crystals of guanidinium
bromide and guanidinium iodideé7, In the latter case a three-
fold axis of the space group of the crystal goes through the
central carbon atom of the ion.

A partial analysis of crystals of m-dinitrobenzene68
indicated that tne two nitro groups are rotated by 90° out of
the plane of thne molecule, the nitrogens remaining in the
plane., Since the reason for this is hard to understand, fur-
ther investigation on this substance seems advisable, Other
deviations from planarity of an aromatic nitro compound which

69 and

remain unexplained were reported for p-dinitrobenzene
for 4,4'—dinitrodiphenyl7o, for which complete structure de-
terminations were carried out., According to these investiga-
tions the woclecules are planar except for the nitro groups.

In p-dinitObenzene ocnly the oxygen atoms lie outside the plane
of the molecule, but in 4,4'-dinitrodiphnenyl the whole nitro
group is displaced from this plane. A determination of the
crystal structure of picryl iodide7l indicated that the two
ortho nitro groups are rotated out of the plane of the mole-
cule, the nitrogens remaining in that plane. The para nitro
group is coplanar with the benzene ring. A complete structure

determination of m~tolidine225hows that the phenyl groups are
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twisted against each other,

& very interesting question is whether it woulc be
possible to establish the structure of an optically active
molecule from X-ray end some adaitional data without invol-
ving, however, a theory of optical activity. This would be
of importance since doubt has been expressed72 as to the
validity of structure assignuments made on the basis of pre-
sent theories., Some claims have been made by Clark and co-
workers to have established, from X-ray data alone, by space
group considérations, the optical asymmetry of phenylsmino-
acetic acid73 and of derivatives of diphenyl74. However,
sericus mistakes were discovered in their deductions by

75

Pauling and Huggins76, completely invalidating their work,

If Friedel's law holds, which makes the X-ray data ap-
pear as if the crystal from which they originate had a center
of syumetry, it is, of course, not possible from a considera-
tion of X-ray reflections alone to maske a decision as to
which of the twe enantiomorphic structures represents, say,
the d-crystal. It should, however, be possible in favorable
cases to make sucn a decision if some further information is
available, as for example, if a detailed theory of develop-
ment of crystal faces, of etch figures or of similar proper-
ties were available, and the nabitus of the crystal under
consiceration nas no symietry of tre second kind (wirror planes,
inversion center, or inversion axes).

Electron diffraction method.

The method of electron diffraction on vapors is in gene-
ral simpler and less laborious than is the X-ray method for
crystals. In addition it usually can be predicted, frou a
consideration of the various structures proposed for a mole-
cule, whether or not electron diffraction permits a convin-
cing assignment. Flectron diffraction patterns are essen-
tially a representation of the distance spectrum of a molecule.
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If therefore, for a given substance, two or more structures
are proposed whose distance spectra are similar, a decision
between them will be difficult, if at all possible. In general
the larger a mclecule the more structures with similar dis-
tance spectra, and the harder it will be to achieve a unique
interpretation of the electron diffraction data. Fortunately,
this difficulty does not appear in the crystal structure method.

Simple organic substances whose topological configura-
tions have been cleared up by electron diffraction are diazo-
methanel and methylazidez. The first of these molecules is
planar, with a linear CNN group, while the second involves a
linear NNN configuration. The ring structures which were pro-
posed for these molecﬁﬁes are ingorrect. The molecules gfa

2

have been shown to have a chain structure. Flectron dif-

azomethanel, of dimethyldisulfide” and of carbon suboxide
fraction on formic and acetic acid5 indicated these compounds
to be dimers, involving hydrogen bonds,

An interesting case of structure assignment by electron
diffracticn is that of piryleneé, which shows this substance
to be l-methyl-2-vinylacetylene. This conclusion was later
supported by chemical evidence. Another example is provided
by gpiropentane7 (Fig.l), which was recently synthesized and
whose structure was first assigned on the basis of its Raman
spectrum and cnemical properties. An electron diffraction
investigation, undertaken shertly afterwards, proved the cor-
rectness of the structure assignment. The identification of
a2 substance as spiropentane by electron diffraction had been

7

claimed earlier’', but the basis of these claims appears

doubtful in the light of newer evidences.

Electron diffraction experiments on ethylene ozonidelo
proved this molecule to have a five-ring structure and pro-
vided strong evidence that the sequence of atoms in this five-
ring is C-~0-0-C~0-. An investigation on the bicyclic hydra-

Zine derivative l,2~trimethylenepyrazolidinell (Fig.l) con-
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firmed the assigniient made previously by chemical methods.
In all cases investigated of substances involving four

substituents on a carbon atom. the tetrahedral arrangement

was founa. Fluoro-, cnloro-, bromo-, iodo- and mixed halo-

13

gen methanes™ may serve as examples,

Six-membered saturated ring systems are all found to
be staggered. Examples are dioxanell’l4, trioxanell, and
cyclohexanels. It is, however, very hard to decide whether
the six-rings of these molecules are of the tub- or the
chair-form, 1,2,4,5—tetrabromocyclohexane16 was reported
to have the chair-form and evidence for the chair-form for

cyclohexane15 17

itself was recently claimed, Paraldehyde
was shown to contain a six-membered staggered ring of alter-
nate oxygen and carbon atoms, while diffraction patterns cn
metaldehyde seemed to be incompatible with any single confi-
guration, which suggested that the eight-ring, found in the
crystal structure investigation, is very flexible. Planar
five-rings accounted for the scattering of cyclopentanel8,
tetrahydrofuran@lg, methylene ethylene dioxidell, and pyra-
zolidinell, but some tests indicated that moderately puckered
rings would explain the observed scattering as well.

Aromatic alicyclic and heterocyclic systems like ben-
20,21 23, hexamethylbenzene24

21, pyrazinezl,

zene s quinonezz, naphthalene and
many other substituted benzenes, pyridine
furanzl;lgyrroleZl <1

Planar models of butadiene-l,321, glyoxa12€ and dimethylgly-

, and thiophene™ were found to be planar,
oxa125(disregarding hydrogen atoms) account for their elec-
tron diffraction patterns, and planar rings were compatible
with the diffraction data on cyclopentadienezland dioxadienelg.
Examples for the linear configuration of two double bonds,
and a single bond and a triple bond, are provided by the fol-
lowing: ketenezé, allene27 28
fidez9 30

lene30

s carbon dioxide™ , carbon disul-

carbon suboxidel’4 methylacetylene
> 2
30,31

, dimethylacety-

, diacetylene R dimethyldiacetyleneBo, propargyl-
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32 30,33 3331

halides”™™, methyl cyanide ,and cyanogen

The question of cis- trans-isomerism has been attacked

by electron diffraction also. It cannot always be answered

satisfactorily. For example, in the case of butadieneZl no

decision was made on the basis of electron diffraction data,

o Sh

An identification of cis- and trans=Z-butenes was success~

ful while an identification of c¢is- and trans-2,3-epoxybu-

tanes34 was at first erroneous but was later rectified by a

more complete investigation35. There are no difficulties in

distinguishing between cis- and trans-acetylene dihalide536
because of the larger weight given the decisive distance by
the heavier atoms. An electron diffraction investigation

on meso and racemic 2,3—dibromobutane537

, and on glyoxal and
' dimethylglyoxa125 showed thnese molecules to have the trans
configuration. 4

Electron diffraction has been applied to the question
whether the eclipsed or the staggered orientation of two te-
trasubstituded carbons,which are joined by a single bond,pre-
vails. Investigations of ethylene cihloride, chlorobromide,

- . - . 38
and bromide, l,l,z-trlcnloroetnane,3

39

propylenebromide, sym. tetrachlcroetnane

41

guration obtains. The evidence available on cyclohexane

243 dibromobutanes,

40

show that in these molecules the staggered confi-

, and hexamethy-

letnane

points to the staggered configuration. Of interest here is
also the planar zig-zag configuration of aliphatic hydro-
carbon chains in crystals.

Examples of the type mentioned in the above two sec-
tions will be found in the experimental part of this thesis.,
in electron aiffraction investigation on the vapor of bipheny-
lene proved the structure previously derived for this coim~-
pound by Lotarop to be correct, and in particular ruled out
.an alternative formulation. The molecule was found to Dbe
planar. An X-ray study of crystals of biphenylene showed
already in its early stages that at least one out of three
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molecules must have a center of symmetry, Finally, a com-
plete elucidation oi the crystal structure confirmed the
correctness of thé formulation of biphenylene as dibenz-
cyclobutadiene, For arsenomethane electron diffraction
indicated that the molecules may be five-membered puékered
rings of (ASCH3)5.
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An Electron Diffraction Investigation of Biphenylene

BY JURG WASER AND VERNER SCHOMAKER

W. C. Lothrop' has synthesized an aromatic
hydrocarbon Ci.Hg to which he assigns the struc-
ture (I) and the name biphenylene. It was
thought worth while to establish the structure
of Lothrop’s biphenylene by other than chemical
means. In this we have succeeded, mainly by
the electron diffraction investigation described
below. Our work confirms structure (I) and in
particular rules out structure (II)

0 0¥

which has been proposed by W. Baker? and sup-
ported by C. A. Coulson.® Biphenylene and its
derivatives synthesized by Lothrop are thus the
first molecules of definitely established structure

(1) W. C. Lothrop, THis Jour~nar, 63, 1187 (1941);
€1942).

(2) W. Baker, Nalure, 150, 211 (1942).

(3) C. A. Coulson, ibid., 160, 577 (1942).

64, 1698

to contain the interesting aromatic four-ring.
They should prove very valuable for studies of
orientation effects due to conjugation and to
strains of the bond angles (Mills—Nixon effect).

Our investigations were carried out with a 1.5-g.
sample of the compound, kindly given to us by
Dr. Lothrop.

Electron Diffraction Investigation

Procedure.—The electron diffraction investi-
gation was feasible because of the relatively high
vapor pressure of biphenylene. It was carried
out with the use of the high temperature nozzle,
which had to be heated to around 200°. The
wave length of the electrons used, A = 0.0615 A.
was determined by transmission pictures of gold
foil (ap = 4.070 A.). Of the sixty pictures which
were taken at nozzle-film distances of about 10
or 20 cm., about a fifth showed satisfactory rings,
some out to about s = 25 A.~L man

In principle, the problem of an electron diffrac-
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tion investigation by the visual method is the
correlation of the observed features of the diffrac-
tion pattern with the corresponding features of an
appropriate theoretical intensity function. In
this study we have used functions of the form*?

I'(s) = C Z/—Z:—%—’-sin(sm)
L]

in which s = (4x/\) sin (¢/2), ¢ is the angle be-
tween direct and scattered beam, the 7;; are the
interatomic distances and the Z; are constants
representing the scattering powers of the atoms.

From the appearance of the rings and their
measured positions the visual curve (solid Z, Fig.
2) was drawn in accordance with our experience
with the visual method to correspond to the gen-
eral characteristics of curves of the type of I'(s).
(The position and height of the first peak were
actually taken from the theoretical functions
which were calculated after the rest of curve Z
had been drawn.) The curve Z was used for the
calculation of the radial distribution function de-
scribed below and for a preliminary analysis of the
theoretical scattering functions calculated for
various models of the molecule. After this pre-
liminary analysis the pictures were carefully re-
examined and directly compared with the calcu-
lated scattering curves. Modifications of the
original curve Z, as suggested by this reéxamina-
tion, are indicated by dotted lines. For example
it was found that features 6, 9 and 15 must corre-
spond merely to small inflections of the curve.

The Radial Distribution Curve.—With the
aid of the original visual curve (solid Z, Fig. 2) a
radial distribution function

rD(r) = K [sin(sr)I'(s) ds
was obtained. This integral was approximated,
with the introduction of a convergence factor
exp.(—as®), by a sum’®
ssin(sir)I'(s)e™ asf As )

taken in steps of As = 7/10 out to s = 27. The
~value of ¢ was chosen so that the exponential had
the value 0.10 for the last term in the sum.

This radial distribution function R (Fig. 2)
confirms the general structure (I) assigned to the
compound by Lothrop. E. g., the peak at 1.42 A
corresponds to the average bonded C~C distance,
while the peak at about 2.1 A. corresponds to the
diagonals of the four-ring and some C-H dis-
tances, and the peaks at 2.44 A. (1.73 X 1.41) and

(4) L. O. Brockway, Rer. Modern Phys., 8, 231 (1936).
(#) R. Spurr and V. Schomaker, Tris JOURNAL, 64, 2693 (1942).
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at 2.78 A. (2 X 1.39) represent the meta and para
distances of the six-ring, respectively. The dis-
tance spectrum of model D (cf. Table I) is shown
below the radial distribution curve R (Fig. 2).
It is seen that the agreement continues to be satis-
factory out to large distances. From a more de-
tailed examination of the curve R one would ex-
pect an average six-ring C-C bond distance of
1.41 A. Parameters e and « (Fig. 1) are interre-
lated in a somewhat complicated fashion; for
a equal to 120° one finds e to be about 1.46 A.
If we examine now structure (II), proposed by
Baker, we find its distance spectrum to be in com-
plete disagreement with the curve R. Let us
e. g., take a model like P (Table I) as representa-
tive, consisting of a regular hexagon and two regu-
lar pentagons with a C-C bond distance of say
1.42 A. The peak at 1.42 A. is accounted for in
this way, while the meta and para distances of
the six-ring have perhaps not enough weight and
the peak at 2.1 A. is only accounted for by some
C-H distances. Serious trouble however arises
from the ten diagonals of the pentagons, having a
length of 2.30 A. The curve R has no peak at all
near this distance. Any reasonable modification
of this model would also give rise to pentagon
diagonals centered around 2.30 A. At larger dis-
tances the agreement is entirely unsatisfactory
for model P and for modifications of this model.
Structure (II) is therefore ruled out.

Theoretical Intensity Functions.—Theoretical
scattering functions I’(s) were calculated for

TaBLE I

DISTANCES ¢ AND ANGLES « FOrR MobeLs A 10 J (ALL
Oruer C~C Bonp DisTaNces ARE 1.39 A.)

¢ 119° 120° 121° 122°
1.39 A C
1.44 B D H
1.48 G 1
1.50 E
1.52 ]
1.54 F
DISTANCES ¢ TO € AND ANGLES a ¥oR MopELs K 10 O
Model a b ¢ d '3 a
K 1.41 1.38 1.41 1.41 1.45 118°
L 1.41 1.38 1.41 1.41 1.45 121°
M 1.41 1.38 1.41 1.41 1.45 124°
N 1.38 1.40 1.38 1.41 1.47 122°
(o} 1,38 1.40 1.38 1.41 1.47 124°

Model P consists of a regular hexagon and two regular
pentagons with a C-C bond distance of 1.39 A. The
bonded C-H distances in all models are 1.08 A, These
models are all about 1.5%, too small and the theoretical
curves are shown in Fig. 2 with the corresponding change
in scale, :
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fifteen centrosymmetric, planar models with
Lothrop’s structure (Table I, curves A to O, Fig.
2), and for a single model representing Baker’s
structure (curve P, Fig. 2). The ratio of the scat-
tering powers of carbon and hydrogen, Z¢/Zy,
was assumed to be five. In models A to J only
the distance ¢ and the angle « (Fig. 1) were varied,
while a, b, c and d were kept at 1.39 A.

b.c

lad )a|

Fig. 1.

In models K to O the distances a, b, ¢ and d were
varied also; for models K to M the distances
were taken from a simple valence bond treatment
of the molecule,® while the distances of models N
and O came from a molecular orbital treatment”
(see below). Curve P was calculated for a regu-
lar hexagon and two regular pentagons with a C-C
bond distance of 1.39 A. The C-H bond dis-
tances were assumed for all models to be 1.08 A.
at directions bisecting the angles of the rings.
(All of these distances were found to be somewhat
too small and were finally increased by 1.5%;
this has been accounted for in the final drawing of
the intensity curves.)

The molecule was taken as rigid except for the
C-H distances. For the bonded C-H terms the
temperature factor exp(-bs?), b = 0.0022, was
used. For the non-bonded C ... H terms the
effect of the appropriate temperature factor exp-
(—b's?), b’ = 0.004, was obtained by plotting two
curves for each model, the upper oneout tos = 17
where exp(—b's?) = 0.3 including these terms, and
the lower one beginning at s = 8 where exp(—5's?)
~ 0.8 omitting them. Out to about s = 8 the
intensity function is well represented by the upper
curve, from s = 17 on it is approximated by the
lower curve, and in the intermediate region it is
found by interpolation.

In the discussion of the resulting intensity
curves (Fig. 2) all features except 2, 3 and 18 were
helpful. Comparison between the calculated
intensities and the pictures ruled out model P, as
was to be expected from the disagreement of its
distances with the radial distribution curve. No
reasoriable variation of the C-C distances of this
model could possibly improve curve P, which
looks so totally different from the visual curve Z.

(6) L. Pauling, “The Nature of the Chemical Bond,” second
edition, Cornell University Press, Ithaca, N. Y., 1940, p. 174.
(7) C. A. Coulson, Proc. Roy. Soc. (London), A169, 413 (1939)."
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Of the models A to J, with equal ring C-C bond
distances, A, C, D and I are about equally good.
Models B, E, G and J are unsatisfactory and pro-
vide upper limits of the distance e for various

choices of the angle . Models M and O are
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TasLe IT
AGREEMENT BETWEEN OBSERVED AND CALCULATED ¢ VALUES, (¢ = 15s/7)
Obs. D L N
Max. Min. [0 q /a0 q /P q /2 q a/q0
4 25.3 25.9 1.024 26.1 1.032 25.9 1.024 25.9 1.024
7 36.1 36.3 1.006 36.3 1.006 36.3 1.006 36.6 1.014
8 46.0 47.0 1.002 46.7 1.015 46.8 1.017 46.6 1.013
11 59.5 59.9 1.007 59.6 1.002 59.4 0.998 59.6 1.002
11 65.1 66.8 1.026 66.9 1.028 66.5 1.022 66.9 1.028
14 83.2 84.2 1.012 83.7 1.006 82.4 0.990 83.8 1.007
14 88.9 90.0 1.012 89.9 1.011 89.6 1.008 90.0 1.012
16 96.5 98.4 1.020 98.9 1.025 97.9 1.015 99.0 1.026
16 101.3 102.1 1.008 102.4 1.011 100.6 0.993 102.6 1.013
Av. 1.015 1.015 1.008 1.015
ad. 0.007 0.009 0.011 0.007
very unsatisfactory and serve to give an upper « (Fig. 1). In order to provide a guide to the

limit for a at 124°. (In these two models the
ring C-C bond distances are not all alike.) Lower
limits for the parameters e and « are not provided
by our intensity curves, but a value for ¢ smaller
than the ring C-C bond distances can safely be
ruled out on the basis of the same knowledge of
molecular structure which prompted us to dis-
regard non-planar and unsymmetrical models.
Similatly a value of o smaller than say 118° is
very improbable, as the strains in the molecule
would tend to make « larger than 120° rather
than smaller. As to models K to O, it is seen that
L and N represent the scattering about equally
well (N is perhaps somewhat better), although
the ring C-C distances in the two models do show
interesting differences. E. g., b is the smallest
ring distance in model L, while b and d are the
largest ring distances in model N. On the basis
of the present pictures it is therefore not possible
to make any exact statements as to the different
ring bond distances.

Table II gives the g values (¢ = 155/x) for
the nine most easily measured features and the
values calculated from models D, I, L and N.
The ratio ¢/qgo and its average for each of these
four models are also given. It is seen that the
respective models have to be enlarged by 0.8 to
1.5%. The best agreement with all of them and
with A and C is reached with the following choice
of distances: average ring C-C bond distance =
1.41 = 0.02 A., bridge C-C distance ¢ = 1.46 =
0.05 A., C-H distance = 1.10 A. (assumed), angle
a = 121° = 3°,

Quantum Mechanical Calculations

If we assume that structure (I) is planar and
centrosymmetric, we still are left with six parame-
‘ters, e. g., the five distances ¢ to e and the angle

values which might be expected for these five
distances, some quantum mechanical calculations
were carried out.

The distances of models K, L and M were ob-
tained by superimposing the five unexcited va-
lence-bond structures of the molecule with equal
weights.> From the double-bond characters thus
found the distances were obtained by interpolation
betywreen the values 1.20 A. for acetylene, 1.33 As
for ethylene, 1.39 A.® for benzene, and 1.54 A.
for ethane. The resonance energy of structure
(I) also was calculated by the valence bond
method,® taking into account only the five unex-
cited structures with the redult 2.093 «.* The
resonance energy of the molecule which was found
by the molecular orbital method!® is 4.505 8.1
The two results give a ratio of o/ = 2.22, which
agrees with the same ratio for benzene, provided
the resonance energy between umnexcited struc-
tures only is taken in the valence bond method.
On the basis of the molecular orbital treatment
the “bond order”” p of the various bonds was
calculated with the result p, = 0.691, p, = 0.621,
p. = 0.683, pg = 0.565, p. = 0.263 (the ethylene
double bond has p = 1, the single bond, p = 0).
From these values the distances for models N and
O were obtained by interpolation between the
values for various C-C distances given above.
In all these calculations no account was taken

(8) W. S. Gallaway and E. F. Barker (J. Chem. Phys., 10, 88
(1942)) recently found the higher value of 1.35 A. for the ethylene
C-C bond. The correct value of the benzene C-C bond distance
also may be somewhat higher than the one chosen here. For models
K to O this may possibly account for the increase in size which was
finally required.

(9) L. Pauling, J. Chem. Phys., 1, 280 (1933).

(10) L. Pauling and E. B. Wilson, “Iatroduction to Quantum
Mechanics,” McGraw-Hill Book Co., Inc., New York, N. Y., 1935,
p. 381.

(11) The same value for the resonance energy was found by C. A,
Coulson.?
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of the strain of the four-membered ring (¢f. how-
ever Coulson, ref. 3).

Both sets of distances had to be increased some-
what to make the corresponding intensily curves
agree more closely with the observed scattering.
It is interesting to note that the two methods give
even qualitatively different results for the vari-
ous distances. If, however, we were to replace
our somewhat coarse valence bond treatment by
the more refined method of Penney!? we would
probably obtain the same results as we did using
Coulson’s method. The results of these two
methods agree in all cases which have been carried
through so far.

Discussion

As pointed out above, our investigations give
conclusive evidence that biphenylene has the
structure (I) proposed by Lothrop. It is, how-
ever, not possible at this stage to give precise
values for all of the structural parameters.
Average values only have been found for the ring
distances, and the distance e between the two
rings and the angle o (Fig. 1) have been fixed
only within wide limits. It is therefore impos-
sible to draw any very definite conclusions about
such details of the electronic structure of the mole-
cule as the double bond character of the bond ¢ or
the distribution of the strains of the bond angles.

In collaboration with Dr. Chia-Si Lu a crystal
structure investigation of biphenylene is being
carried out, and will be described in a later paper.
The following preliminary results have been ob-
tained. The monoclinic unit cell contains six
molecules of biphenylene and the space group is
very probably C.p-P2;/a. The general position
in this space group is fourfold; in addition there
are four twofold positions with the point sym-
metry C;. Therefore, if we assume the above
space group assignment to be correct, at least
two of the molecules must have a center of sym-
metry. This makes highly improbable any
structure of biphenylene which has no center of
symmetry.

Because structure (II) is definitely eliminated
by, our investigations of both the vapor and the
ggtal, it scems worth while to discuss briefly the
ments given by Baker in favor of structure
; and against structure (1). It is no doubt
m that structure (1) is considerably more
e ‘(12) W. G. Penney, Proc. Roy. Soc. (London), A168, 306 (1937).
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strained than structure (II) and probably less
stable, as pointed out by Baker? and Coulson,?
but it must be remembered that a reaction does
not necessarily lead to the most stable of all pos-
sible products. Although cyclobutadiene has
never been prepared, cyclobutane, cyclobutenes,
cyclopropane and cyclopropene!® have been pre-
pared, showing that strain is no unsurmountable
difficulty for the existence even of unsaturated
four-rings or three-rings. Baker’s catalytic re-
duction experiments resulted in . the absorption
of about three molecules of hydrogen per mole-
cule of biphenylene. Since he expects a molecule
of structure (I) to yield biphenyl upon catalytic
hydrogenation, Baker used the above result as
an argument for structure (II). But this result
is as easily explained on the basis of structure (I)
by the assumption that one of the six-rings be-
comes completely saturated without damage to
the four-ring. Although a reliable prediction of
the course of hydrogenation of biphenylene (struc-
ture (I)) could hardly have been made, the ob-
served reduction of one of the six-rings in prefer-
ence to a splitting of the four-ring is at least not
surprising, inasmuch as hydrogenation of cyclo-
butene can be made to give cyclobutane rather
than a straight chain butylene or butane and the
hydrogenation of polynuclear aromatic hydro-
carbons often stops at a stage such that the re-
sulting molecule is partly aromatic and partly
alicyclic (e. g., naphthalene, anthracene, phenan-
threne).

We are indebted to Dr. Linus Pauling for help-
ful discussion and criticism, and to Dr. W. C.
Lothrop for the sample of biphenylene.

Summary

1. An electron diffraction investigation of bi-
phenylene has been carried out, substantiating’
the formula (I) assigned to this compound by
Lothrop and leading to the following distances and
angles for the molecule (Fig. 1) average of a, b, ¢, d
=141 = 002 A, e = 146 = 0.05 A, C-H =
1.10 A. (assumed), a = 121° = 3°.

2. Quantum-mechanical calculations of the
resonance energy and relative bond strengths in
biphenylene have been made.

RECEIVED MARCH 26, 1943

(13) M. J. Schlatter, THis JOURNAL, 68, 1733 (1941); Demjanow
and Dojarenko, Ber., 56, 2200 (1923); Bull. Acad. Sci. Russ., [6] 297
(1922).
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THE CRYSTAL STRUCTURE OF BIPHENYLENE

In an earlier paperl, which reported on the electron
diffraction of bipnenylene molecules, ClZHS’ the configu-
ration of the carbon atoms in these molecules, as suggested
by Lotarop's synthesisz, was confirmed, and values for
various interatomic distances were assigned. 1In addition
resonance energy and bond strengths were calculated. The
present investigation deals with the crystal structure of
biphenylene, and provides furtner proof that the compound

investigated is indeed dibenzcyclobutadiene.

Unit cell and space group.

It was found that sublimation of biphenylene under
controlled conditions resulted in sharp needles, which
were, however, much too thin for X-ray work. Recrystalli-
zation from n-propyl alcohol gave satisfactory crystals,
They were prisms, 1/4 - 1/2 mm. thick and 2 - 3 mm. long,
with side faces belonging predominantly to the forms {110},
{310}, {100}, and {010}. The straw-colored crystals had no
distinct cleavage and showed no abnormal birefringence.
Due to their appreciable vapor pressure at room temperature
their faces disappeared within a few hours on standing in
open air, and the crystals evaporated completely within a
few dayse.

All X-ray photographs showed a rather large temperature
factor. Rotation and Weissenberg photographs about the
three crystallographic axes led to the following dimensions
of the momoclinic unit cell: a4, = 19.60 ¥ 0.03 k., by = 10.50
t 0.02 k., ¢y =5.84 ¥ 0.02 h., § = 91%0" I 20'. The absence
of (hOt) reflections with odd h and of (0k0O) reflections with

(28)



odd k indicates ng - le/a as the probable space group.
Rough density measurements by fleotation 1n an aqueous so-
lution of potassium iodide gave p= 1.24 g./cc. Hence there
are six molecules per unit cell, the calculated density

being f 1.25 g./cc.

Intensities of (hkO) and (hOf) reflections were esti-
mated from Weissenberg photographs taken with unfiltered
Cu K radiation, using the multiple film technique.3 The
specimens chosen for diffraction work were small enough to
make absorption corrections unnecessary. It was very dif-
ficult to obtain satisfactory visual intensity correlations
between different (hO¢() feflections due to their varying
sizes, as for these reflections the axis of rotation of the
crystal was perpendicular to the needle axis., It was not
possible to cut a crystal sufficiently short so that its
length would approximate its thickness. Since there is no
similar difficulty for (hkO) reflections, the intensity
values obtained for them should be much more reliable than
the ones for (h0f) reflections. No quantitative intensity
data for (Okf¢) reflections were collected, since a Fourier
projection along the a axis was not expected to show any
resolution.

The relstive intensities obtained were corrected for
the Lorentz and polarization factors with Lu's chart4 and
the scale of their square roots was adjusted to approximate-
1y absolute scale by comparison with the values calculated
from the final structure. These experimental structure
factors are recorded in the second. columns of Tables I and
II in the order of decreasing spacing, except that the values
for (hO¢) and (nhO¢) have been grouped together.

Determination of the structure.

In the space group ng - P2l/a there are four sets of



-30-

Table I
, (1)
(nkO)IFost Fcalc. (ko)
301 34 40 - 970
020 51 87 15.3.0
320 62 99 680
330 50 69 390
620 o) 7 980
040 11 11 15.5.0
340 19 =23 12.7.0
630 0] -2 690
910 0 4 18.0.0
640 0 -8 18.1.0
920 31 31 18.2.0
350 23 13 0.10.0
930 35 -20 15.6.0
650 32 14 18.3.0
060 41 40 3.10.0
360 0 1 990
940 29 27 12.8.0
120000 30 "25 180400
12.1.0 0] -4 6.10.0
120200 15 - l5.7.0
660 32 =32 18.5.0
950 15 =10 12.9.0
12.3.0 13 9 9.10.0
370 0 8 3.11.0
12.4.0 16 16 21.1.0
960 0 -1 15.8.0
670 0] -8 18.6.0
080 0] -8 21.2.0
15.1.0 0 0 6.11.0
12.5.0 12 8 21.3.0
380 0 =5 12.10.0
150200 0 1 18.7.0

¥) cf. also Table II
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(hOe) |F0b3.|
200 5
00L 26
201 6
201 37
400 5
401 18
401 19
600 37
002 0
601 26
601 32
202 10
202 38
402 42
402 13
800 0
801 0
801 3
602 11
602 8

10.0.0 6
003 5
203 13
203 11
802 5
802 44

10.0.1 5

10000_]; 6
403 34
403 28
603 0
603 17

12.0.0 30

10.0.2 43

10.0.2 4

12.0.1 7

12.0.1 6
803 7
803 15
004 0
204 13
204 13

12.0.2 O

12.0.2 4

14.0.0 0
404 12

404

(2)
Fcalc.

3
-31
-5
47
1
19
14
-40
0
23
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two-fold positions with the point symmetry C,: 000, 2303
3200, 030; 00%, #%3; and 0%, 0%4%; and sets of four-fold
general positions: % (x y z, 3+ x 3 - ¥y z). As there are
six molecules in the unit cell, at least two must have cen-
ters of symmetry with these centers placed in the set of
two-fold special positions. The special positions 000,

£%0 may be chosen without loss of generality. The conside-
rations of the next paragraph rule out special positions for
the other four molecules, which accordingly are placed in the
set of general positions. All atoms will thus in general oc-
cupy four-fold positions.

The reflections (hk0) show a very distinctive feature.
Except for a few, all of which are very weak, only reflections
(hk0O) with h=3n appear. The reflections (hOf) show no simi-
lar regularity. Assuming in a first approximation that all
reflections (hkO) vanish unless h=3n ("h=3n rule"), atoms
have to be grouped in triplets, the.partners in each triplet
occupying the following set of positions: Xyzz)x+§yzz, x+
/3 yzB. The part of‘the structure factor due to each trip-
let then becomes zero unless h=3n. ‘

The seventy-two carbon atoms (and the forty-eight hydro-
gen atoms, which, however, will be neglected) thus fall into
groups of twelve atoms, the positions of which are interre-
lated either by space-group operations or by the requirements
of the "h=3n rulem"., The coordinates of such a set of posi-

. R 7 e L - i _ 5 1
tions are: X, y; Zy, Xy ¥; zl,n_2 + X 3 Y1215 5 X, 5+

Z i | SR S -z! .2 ! 2 _
Y1 215 3 T X ¥y ¢ t Zl’_3 1Y1T z} 353 1 XVqT +szl ’ 3
X,F1T = 895 ¢+ X3 = qT + 29, ¢ - X3 + VT = 23'5 0 + X %
- yqr o+ zl',~§ - x z + V1T - 2Z", with r=%(22-23), z1'=%

(zz+z3). These positions can be grouped, as has been done
above, into pairs about six centers of symmetry with the para-
meters 000, £30, 30 r, 30T , ;% ?,f % r. Since the magni-
tudes of the x parameters ana of the y parameters relative
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to these centers are respectively the same, these cenﬁers
must be the centers of the six molecules in the unit cell,
Assuming that the molecules in the general positions have
the same size and shape a2s the ones in the special position,
1' with Zq:

(a) the molecules at 000 and % O r are parallel to each
other, thus zl'zzl; (b) The orientation of the molecule at

% O r results from the orientation of the molecule at 000

there are two possibilities left to relate z

by a mirror operation by a plane perpendicular to the ¢ axis.
Then zlfw-zl, since the ¢ axis is almost pérpendicular to the
a axis.

In the present approximation the orientations of all
six molecules are interrelated. This makes possible the ap-
plication of the method of the molecular structure factor.5
In this method, the size and the shape of the molecule are
assumed and its Fourier transform is constructed., If the
orientations of all molecules in the unit cell are interre-
lated, then the molecular structure factors, read off from
a chart of the Fourier transform, are related to the struc-
ture factors of the whole unit cell, The problem is then to
orient the reciprocal lattice of the crystal with respect to
the system of axes of the Fourier transform in such a way as
to account for the observed structure factors.

In the case of biphenylene the Fourier transform has an
especially useful form.. Since the molecule may be assumed
to have a center of symmetry and to be planar, the transform
is real anda essentially twe-dimensional. The model chosen
for the calculation was suggested by the electron diffraction
investigationl. It consists of two regular (& =120°) co-
planar hexagons of carbon atoms with bond lengths a=1.40 A.,
joined by two bridges, in ortho positicns, of lengths b=1l.46 k.
(Fig.1). The use of the Fourier transform reduces the origi-
nal fifty-four parameter problem, involving the placement of
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Figure 1

eighteen carbon atoms, to a four parameter problem, in
which three parameters characterize the orientation of the
molecule and the fourth one is the parameter r.

Reflections (hk0O) are especially suited to determine
the orientation of the molecules since in this case the
relationship between moleculsr and crystal structure fac-
tors does not involve the parameter r, and does not dis-
tinguigh between the possibilities (a) and (b). After a
few trials, general agreement between calculsted and ob-
served structure factors was obtained, resulting in the
determination of mcst of the phase constants. These phase
constants combined with the observed structure factors were
used in the calculation of the Fourier projection
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f(x},y) = ¢ Z Z Fiko ©OS 27T (hx + ky).
h Xk
This czlculation was carrggd out w%gh use of Lipson-Beevers
strips at intervals of 180 and Zo ° The plot of the
final projection obtained with the signs calculated from
the final choice of paraweters (Table 111, assignment No. 1)

is shown in Fig. 2. Due to the apprroximation involved, the

N

Figure 2

Fourier projection ¢(x,y). Dots (®) indicate parameters of
assignment No.l.



- 37-

length of the a axis of the unit cell of the projection
is egual to-lao, ana the projection shown corresponds to a

3
superposition oif tiie mclecules at OOO,§ Cr, %O r., Fig. 3
0T - —
1
%
+ 747 90l 314
423 577 000
!
b,loes!
loo ! 0 423 a7 ST o1 |
| 314 ! i
|
Loasi. - . _ _ _
0167 ,00 0.5 0833
Q,
Figure 3

View of xy projection of unit cell of crystal (parameter
assignment No.l). Numbers given to three decimal places
are 2 parameters of center and of highest atom for each
molecule. Section enclosed within broken lines indicates
area represented in Fig. 2.

shows the actual unit cell of the crystal viewed along the
¢ axls and its relstion to Fig. 2.
Tne knowledge of tine approximate orientations of the

meclecules and the observed values of FhOE were used with



the Fourier transform to decide between the alternatives
(a) and (b), and to determine the parameter r. It was
found that the arrangement (a) could not account for the
observed (n0€) intensities. For testing the arrangement
(b) it proved nelpful to determine the probable range of
the parameter r in the following manner., Paper models of
the xz projections of the molecules were constructed to
scale ana manipulated over a plot of several unit cells,
The packing was tested for each value of r chosen by esti-
mating the intramolecular distences. General agreement
between observed structure factors and the Values calcu~
lated from the Fourier transform was obtained for r=0.43,
which was in the expected range. The signs of the Fhoe
obtained in this manner were combined witn the experimental

[FhOeland a Fourier projection

?(x,;) =c Z_E % Fpoe €08 2 T (hx +(z)

was calculated. The summations invelved were evaluated with
the aid .of International Business iiachine Corporation mac-
hines and a set of punched'cards,7 sixty-six lines parallel to
the ¢ axis and eighty-six lines parzllel to the a axis being
chosen. Fig. 4 shows a plot of p(x,z) obtained with the
final choice of signs explained later. Twenty-six of the
thirty-one peaks are resolved, although not all completely.
"The x parameters of tne various resclved peaks agree well
with the x parameters of the peaks in f(x,y) (Fig. 2). Fig.
5, a aiagram of two unit cells of the crystal viewed along
tne b axis, explains the relationship between the peaks of
?(x,z).

An interpretation of the peaks of p(x,z) was sought in
the following mauner., The two crystallographically different
kinds of molecules were assumed to have the dimensions sug-
gested by the electron diffraction workl, a coplanar molecule
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Figure 4

Fourier projection ¢(x,z). Black dots (®) indicate parame-
ters of assignment No. 1; crosses (+) represent parameters
of assignment No. 2.

with a=1.40 A., ®=121°, and b=1.46 A. (Fig. 1). The orienta-
tions of the molecules relative to each other, and the para-
meters of the centers of the molecules in the general posi-
tions (pgr and space group equivalents) were chosen so as to
agree with the requirements of the "h=3n rule" (pz%; q=0).
Parameter values for a2ll carbon atoms were then found by
matching these molecules (by trial and error), as closely as
possible to the maxima of f(x,y) and of f(x,z). The final



choice for the parameters is recorded in Table III (Assign-
ment No.l) and dots in Figs. 2 and 4 indicate their positions
with respect to the maxima of ¢(x,y) and of @(x,z). Figs. 3
and 5 were drawn with these parameters, which were also used
for the calculation of structure factors Féi% and Féé%. ‘These
structure factors are recorded in the third columns of Tables
I and II. Robertson's atomic scattering factors for hydro-
carbon38 were used in these calculations. The agreement be-

tween [F [anleobs|is reasonably good, but not entirely satis-

factoryc?lzétempts to orient the molecules in the general po-
sitions in a different way (abandoning the "h=3n rule") failed
to give improvement.

In principle the projection F(x,z) can be used to discard
the "h=3n rule®, The reasonable assumption could be made that

the molecules have the symmetry D, -mmm, The molecules in the

general positions would have thei;hcenters at pqr and corres-
ponding positions (with pe!%, q=0), and in general would have
size and shape different from the molecule with center at 000,
Parameters xyz could be determined (except for the small addi-
tional constant q in the parameters y) by a least-squares fit
of such molecules to the maxima of f(x,z), using the symmetry
conditions as auxiliary conditions. These parameters could

then be used to determine the signs of all F and a complete

projection f(x,y) could be constructed, 0
An attempt to obtain refinement along these lines was made.,
For simplicity, it was further assumed that the six-rings of
biphenylene (Fig. 1) are regular hexagons., Although these as-
sumptions are probably not strictly valid, they can be used as
a basis for a second approximation. The two kinds of biphenylene
molecules were fitted to the maxima of f(x,z) by trial and error,
rather than by a laborious least-squares treatment. The resul-
ting parameters are recorded in Table III (Assignment No. 2),

and the crosses in Fig. 4 indicate their relationship with the
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Tables

III

Parameters

Assignment No. 1

u

0.029
0.077
Molecule 0.127
with center
at (000): 0.128
0.080

0.030

0.3838
0.413
0.461
0.480
0.410

Molecule - 0.382

with center

at (pgr): 0.304
0.256
0.206
0.205

0.25838

0.303

Center (pgr): 0.333

v

0.011
0.003
-0.094
-0.179
-0.171
-0.074

-0.074
-0.171
~0.179
~-0.094
0.008
0.011
-0.011
-0.003
0.094
0.179
0.171
0.074

0.000

w

-0.140
-0.314
-0.294
-0.107
0‘067
0.047

0.380
0.367
0.547
0.734
0.747
0;567

279
0.099
0.112
0.299
0.479
0.466

0.423

Assignment No. 2

u

0.029
0.073
0.122
0.126
0.082
0.038

v

(-0.003)
(-0.026)
(-0.119)
(-0.189)

(~0.1686)

(-0.073)

(-0.089)
(-0.181)
(-0.183)
(-0.111)
(-0.019)
(0.003)
(-0.003)
(0.019)
(0.111)
(0.183)
(0.161)
(0.089)

(0.000)

-0.147
-0.319
-0.294
-0.097
0.075
0.050

0.370
0.348
0.526
0.724
0.746
0.568
0.278
0.100
0.122
0.320
0.498
0.47¢

0.423
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peaks of Q(x,z), which they approach more closely than do
the parameters of assignment No.l. It is seen that the y
parameters are not in good agreement with the y parameters
of assignment No. 1 corresponding to the maxima of ?(X,Y).
Tne C-C bond distances obtained for the two kinds of mole-
cules for assignment No. 2 do not agree well with each

other nor with the electron diffraction resultl. (The va-
lues are a=1,37 A., b=1.58 A. for the molecule with center
at 000, and a=1.39 A., b=1l.44 R. for the molecule with cen-
ter at pqr). Nevertheless the parameters obtained were

used to calculate a set of structure factoxs Féé% which are
recorded in the fourth column of Table II. Some improve-
ment over the values of Fééz is noted. The Fourier projec-
tion shown in Fig. 4 was made using the signs of the Fég%
(omitting a few terms with uncertain signs), since the para-
meters used to calculate the Fégg correspond more closely

to the maxima of Q(x,z) than do the parameters used in the
c%igulatio?zgf the Féé%. In most instances the si%gi of(z)
Froe and Fhoe are the same, With few exceptionsthocdehoe(
whenever the signs are different, so that the signs of these
Fégé are probably correct. The remaining values Fégz, for
which the signs are less certain, appear starred in Table
II, and nave been omitted from the calculation of e(x,Z) of
Fig. 4. There are few of them and their magnitudes are s0
small that their omission is not expected to change the po-
sitions of the maxima of Q(x,z) appreciably. A Fourier pro-
jection involving all the certain phase constants of the
F(l) was carried through also, but only very slight shifts
in the positions of the peaks of ((x,z) were observed. Struec-
ture factors for reflections (0k€) were alsc calculated with
parameter assignment No. 1 and show qualitative agreement

with intensities estimated from a Weissenberg photograph.
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The lmprovement from Féé% to,Fégz is not good enough
to make parameter assignment No., 2 significant, or to sug-
gest in which direcfion furthér improvement should be
sought. The resolution of g(x,z) is not suffiecient, nor
are the observed FhOC believed to be accurate enough to
justify any further attempt at refinement.

Assignment No. 1 of parameters was finally adopted,
It corresponds to the following orientations of the mole-
cules at (000) and at (pqr). Let w be the direction per-
pendicular to u and v (Fig. 1) so that ﬁ,v,w form a right
hand system. Let x and y be the directions parallel to
the a and b axes of the unit cell respectively, and let z
be directed normal to both, so that x,y,z form a right hand
system. Then the angles between u,v,w and x,y,z are as

follows:
Molecule at 000 Molecule at pqr
u v w u \'2 w
x 36.12 90.02 53.82 37.62 91.82 127.5°
y 117.1° 50.85 51.3° 117,17 50.87 128.77
z 111.9° 140.8° 59.3 66.1° 39,3 60,9

The parameters adopted are not entirely correct, since
for them the "h=3n rule" holds, while experimentally there
are some infractions. These may be an indication that the
two molecules are not exactly of the same size and shape or
that their orientations and the positions of the centers
differ sligntly from the ones demanded by the "h=3n rule",
In addition, the general agreement between the‘ngic‘and the
[Fobs\is by no means perfect. However, with fifty-four para-
meters to dispose of, it may be considered to be reasonably
satisfactory. No probable erroré can be given for the adop-~
ted parameters, since the reliability of the observed FhOC
is not known. It is, however, likely that most atomic posi-
tions are correct to within 0.1 . A few may be in error
by a somewhat larger amount, as is suggested by calculations
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of intermolecular distances.

Discussion.

The results of this investigation prove beyond doubt
that the substance in question is dibenzcyclobutadiene.

The parameter values are, in addition, good enough to
establish the packing arrangement of the molecules in the
crystal. A packing drawing (Fig. 6) of the crystal was
constructed in the following manner. The proper carbon
atoms were provided with hydrogen atoms at C-H distances
of 1.08}., and in directions bisecting the corresponding
7 of 1.85 1.
for carbon (half thickness of an aromatic molecule), and of

C-C-C angles. ©Spheres with van der Waals radii

1.20 &. for hydrogen were drawn about the centers of the
carbon and hydrogen atoms of a molecule and intersected with
each other (cf. bottom molecule in Fig., 6). The resulting
van der Waals representations of the molecules, drawn in
correct orientations and positions, constitute Fig. 6, which
is a view of the crystal along the b axis. Two layers of
molecules are drawn in Fig. 6. The complete bottom layer
is shown to illustrate the interactions within one layer.
The next layer is related to. the bottom layer by a glide
plane a, parallel to and at a distance of ébo from the first
layer. It is represented by tnree molecules only, since
these three suffice to illustrate the interactions between
the two different layers. The next layer, (not shown) is a
replica of the bottom layer, translated by bo in the direc-
tion of the b axis.

To gain an understanding of Fig. 6 comparison with Fig.
5 will prove helpful. The space group elements indicated in
Fig. 5 are useful also in finding different views of the same

interaction,
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On the following two pages will be found

Figure 5

Two unit cells of crystal viewed along b axis are shown
(parameter assignment No.l). Numbers given to three de-~
cimal places are y parameters of carbon atoms. Molecules
drawn with solid lines haVe centers at y=0, those drawn
with broken lines have centers at y=3.

Figure 6

Packing drawing of crystal, viewed along b axis. Roman
numerals correspond to Roman numerals of Fig. 5.
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The following contacts are reccgnized in the bottom
layer of Fig. 6. Molecules forming ribbons parallel to
axis interact like II and II' at A. There are three
o* In two of them (Rl and Rl') the
molecules are tilted in one direction from the ¢ axis; in

tae cO

such ribbons per unit a

the third (RZ) this tilt is in tne opposite direction., Rib-
bons of the same kind, Rl and Rl', interact in the following
way: the benzene ring of molecule IV! partly overlaps the
benzene ring of molecule VI at B, and VI and I' contact each
other edge on at C., The interactions between the two dif-
ferent kinds of ribbons are of a different type. A hydrogen
atom of VII points towards the center of the six-ring of IV
(D). The same kind of contact (not shown) takes place between
II' and III', while III' and II interact in an analogous man-
ner atvE, and the corresponding interaction between I and II
is again not shown in Fig. 6.

The second layer again consists of ribbons of two kinds.,
12 which is related

' by a glide plane a, while X is of a

Molecules VIII and IX belong to a type R
to ribbons Rl and Rl
type R, related in a similar manner to the ribbon R,., It is

2 - 2
seen that the ribbons of the type R, in the top layer (repre-

sented by molecule X) stretch acrosg the ribbons Rl and Rl'

of the bottom layer and inversely, providing thus a very com=-
pact packing. 1In detail the interactions between the two
layers are as follows. A hydrogen atom of mclecule VIII
points towards the six-ring of molecule I at F, while another
hydrogen atom of VIII interacts with molecule I at G. A third
hydrogen of VIII interacts with a carbon of II at H, and the
hydrbgen attached to this carbon of II interacts in an analo-
gous manner (not shown here) with the carbon of VIII that car-
ries the hydrogen first mentioned. Molecule IX lies edge on
over the six-ring of VII at J and K. It makes contact with

molecule V behind L, a contact of the same nature as the inter-



action at H, while another hydrogen atom interacts with
molecule III at M. A hydrogen atcm of molecule X polnts
towards tne six-ring of III' at N in a fashion already
encountered at D, E and F. The interactions of X with
IIT and I' at O and P respectively represent the back
views of interactions already mentioned. The interaction
at 0 corresponds to interaction H while P corresponds to
L. ©Still another hydrogen atom of X makes contact with
III' at Q. .

The two crystallographically different kinds of mocle-
cules in the unit cell require discussion of the environ-
ment of representatives of each. A molecule with center
at 000, as represented by X in Fig. 6, has fourteen neigh-
bors. Four of these belong to the ribbons Rl and Rl' of
the layer below, four to analogous ribbons of the layer
above, and six to the same layer (e.g.II, Fig. 6), of which
two are in the same ribbon as the molecule considered. A
molecule with center zt pqr as represented by IX in Fig. 6
has fourteen neighbors also. Four of these belong to the
layer below, while six belong to the same layer (e.g.III,
Fig. 6). Since molecules IX and VIII are related by a
'space group center the interactions of molecule IX with its
four neighbors of the layer above are analcgous to the inter-
actions of molecule VIII with the layer below., One of these
four interactions, the one between VIII and VI, is weaker
than the other three, since this interacticn is mainly one
between hydrogen atoms.

The following table gives statistics of the intermole-

cular distances encountered.
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Distances between molecule with molecule with
center at 000 center at pqr
and its neigh- and its neigh-

bors bors
Co-oC 3-7“308 E.. 6 3
3.6-3.7 k. 2 8
3.5-3.6 L. p 0
C...H 3.0-3.3 4. 30 31
2.7-3.0 &. 24 21
2.6-2.7 k. 2 3

HcocH 2'3- 6 KO 4 6

The calculated packing distances in general agree with van
der Waals distances found for crystals of other aromatic
hydrocarbonsg. Some distances are somewhat short, the two
worst kinds being carbon-hydrogen distances of about 2.65 1.
Both these contacts could be improved by bending the C-H
bonds in question by a few degrees in the plane of the mole-
cule. A change in the carbon parameters would, of course,
change these distances also, so that no real significance
can be attached to their shortness.

O0f interest is the overlapping of the six-rings of
molecules IV!' and VI at B. The distance between the planes
of the two molecules is 3.55 E. which may be compared with
the value of 3.66 &. found for hexamethylbenzenelo; the in-
terplanar distance in the latter case is partly determined
by the size of the methyl groups. The distances involved
in the interactions between hydrogen atoms and benzene rings
of tne type D,E,F and N are quite short, For example the
interaction at N involves C...H distances of 3.1, 3.0, 2.9,
2.9, 2.9, and 3.0 X. while the distance between the centers
of the six-ring and the :hydrogen atom is 2,6 A. This dis-
tance is short enough to show that the van der Waals repre-
sentation of benzene rings by domes, as suggested by Mackll
is inappropriate. The crater-like characterization as used
in Fig. 6 represents the actual conditions much better.

The closely knit packing of the biphenylene crystal
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accounts satisfactorily for the fact that no pronounced
cleavages were observed. The packing is different from

that characteristic of napthalene anc anthracenelzi

I wish to express my thanks to Professor L., Pauling
for suggesting this problem; to Dr. Chia-Si Lu for his
collaboration in the beginning stages of this investi-
gation, and to Dr. V. Schomaker for discussion and valu-
able suggestions. The tracing of the Fourier projections
(Figs. 2 & 4) by Dr. Schomaker and Mr. J. Donohue, and
the assistance given me in calculations and drawings by
my wife, are also much appreciated., I am indebted to Dr.
WeCes Lothrop for the sample of biphenylene.

Summary.

The crystal structure of biphenylene is based on a
monoclinic unit cell with dimensions a0=l9.60 t 0.03 3.,
by=10.50 * 0.02 ., cy=5.84 ¥ 0.02 K., B=91%0" ¥ 207,
containing six molecules. The probasble space group is
s
space group centers. Approximate values of the fifty-four

- P21/a. The centers of two of the six molecules are

parameters for the carbon atoms are evaluated for planar
molecules of dimensions suggested by an electron diffrac-
tion investigationl. The packing of the molecules is
discussed.
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ON ARSENOMETHANE

Introduction.

Arsenomethane ((ASCHB)n) was first prepared by Augerl
by the reduction of sodium methylarsenate with hypophos-
phorous acid. He purified the resulting yellow oil by
- vacuum distillation. The product had the following pro-
perties. It was not miscible with water. and was slightly
soluble in alcohol, quite soluble in boiling acetic acid,
and very soluble in benzene., It had a very'strong, garlic-
like odor. It was not attacked by alkali, but dissolved
slowly in nhot sulfuric acid, forming sulfur dioxide and
methylarsenious oxide. Air oxidized the oil itself slowly,
and the substance in benzene solution rapidly. Traces of
hydrochloric acid caused rapid transformation of the yellow
oil into a solid brick red to dark brown modification. The
initial action of nitric acid was similar, but it was fol-
lowed by rapid oxidation of the resulting mixture of the
two modifications.,

Denn2 reported having obtained the red modification of
arsenometinane by three methods, by reduction of methylarso-
nic acid with zinc and hydrocnléric acid, by heating dimethyl-
arsine in a sealed glass bulb at reduced pressure, and by
reacting methylarsine with methylarsenious oxide. Zappi3
obtained tne red modification by reducing methylarsinedichlo-
ride with zinc and magnesium, while Paneth4 prepared a mixture
of both modifications by the reaction of méthyl radicals upon
an arsenic mirror, ‘

The following cryoscopic and ebullioscopic determinations
of the molecular weight of arsenomethane have been reported.
Augerl found the values 300-340 from freezing point lowering

in benzene. The formula weight of AsCH3 is 90. Auger neg-

(52)
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lected, however, to account for the effect of the solubility
of the carbon dioxide which was used to provide an inert at-
mospnere. Correction for this by Steinkopf, ‘Schmidt and
Smie5 led to n=5, in (AsCHB)n, rather than the value n=<4
reported by Auger. These authors carried out additional mo-
lecular weight determinations in two solvents using a nitro-
gen atmosphere, and obtained the results listed below. They
convinced themselves that the solubility of nitrogen was too

small to necessitate a correction,

solvent g arsenomethane/g solvent M.W. Method
Benzene 0.0450 428  Cryoscopic
0.0374 425
0.0335 436
Nitrobenzene 0.0364 463
0.0180 468
Benzene 0.0297 440 Epullioscopic
0.0464 469
0.0386 436
0.0741} | 443}
0.1167 461
0.0394} 436}
0.0822 446
0.1214 464
M.#W. for (ASCH3)5 450

Values connected by braces were obtained by increasing the
concentration in the same solution by successively breaking
small bulbs containing-(AsCHB)n. The molecular weights ob-
tained in this way indicate that n~5., The.ebullioscopic
values, h6wever, show a slight increase of the molecular weight
with concentration, which was ascribed to oxidation of tne ar-
senomethane, This explanation would seem to be based on a
misconception, unless the authors tacitly assumed that oxida-
tion is accompanied by polymerization or precipitation. It i1s
possible thnat an equilibrium between different states of asso-
ciation manifests itself in the data, but the data are not
conclusive, since the boiling point elevation in bennzene may
not vary linearly with the concentration., This is indicated
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by a similar trend in the case of salicylic acid amylester,
woilch was used as test substance by Steinkopf and his co-
‘workers.

Measurements or the boiling point elevation were also
made by Palmer and Scott6 who, using benzene and carbon di-
sulfide as solvents and nitrogen to provide an inert atmos-
phere, obtained the following results on the yellow form
and on a mixture of the yellow and red forms.

g arsenometinane Molecular
/cc solvent weight

yellow form of 0.2177 483
arsenometnane in 0.0846 ‘ 469
carbon disulfide 0.0802 469
mixture of approxi-

mately equal parts 0.0187 491
of red and yellow 0.0070 461

form in benzene.

These data indicate n =5 but are not sufiiciently accurate
to show whether or not an equilibrium is at hand between
different association states.

Steinkopf and Dudek7 reported that heating arsenomethane
to 27000. under atmospheric pressure caused decomposition in-
to arsenic and cacodyl ((CH3)2AS-AS(CH3)2), which distilled
at 155-164°C. Valeur and Gailliot® found that the yellow
form of arsenomethane has a density of 2.159 at 1500., and a
melting point of lOOC. It decomposes into arsenic, cacodyl
and methylarsine when heated in a sealed tube to 200—25000.
Ihe boiling point observed by these authors, 190°%. at 5 mm,
appears very nigh compared to others recorded in the litera-
ture: 190°C. at 15mm 1, 193-200°C. at l5ma %, 190°C. at 13mm >
and 178°C. at 15mm ©°,

The present study includes an investigation of some of
the properties of arsenomethane, particuiarly of the trans-
formation between red and yellow modifications and of the
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vapor density oi the compound, an X-ray study of powder
samples of the red modification, anda electron diffraction
experiments on the vapor.

Preparation and properties of arsenomethane.

The arsenomethane used in this investigation was pre-
pared by the action of hypophosphorous acid6 on sodium
methylarsenate, which had been prepared by refluxing an
aqueous solution of sodium arsenite with methyliodide. The
arsenomethane was distilled in a high vacuum and was stored
in vacuum-sealed ampoules. An analysis indicated 13.22% C
and 3.34% H (calculated for AsCH, 13.35% C, 3436% H).

The bright yellow o0il remained clear during a period
of six months, although a thin layer of the red modification
deposited very slowly on tne walls of the ampoules., Tne oil
was observed to ignite spontaneously and burn with a pale
blue flame when exposed to air over a large surface, as when
spread on filter paper or asbestos.

If the yellow o0il was left standing in econtact with air
for a period of weeks, a red solid slowly formed. Wicroanaly-
sis of a saumple of this material showed 9.68% C and 2.91% H,
indicating oxidation by air, and X-ray powder photographs
proved to be essentially identical with powder photographs
of arsenious oxide. This material is therefore not a pure
substance but a mixture, probably of (ASCHB)n and As,0, and
other oxidation products.,

Addition of traces of hydrochloric acid induced rapid
transformation of the yellow o0il to a solid modification of
dark violet color. #icroanalysis of a sample of this sub-
stance showed 13.43% C and 3.35% H, corresponding closely to
AsCH3 . Powder photographs with X-rays were taken of this
AsCH3 modification alsc. They will be discussed later.

Various experiments were carried out with samples of

the yellow modification sealed in glass ampoules. Dipping

”,
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into liquid air or a mixture of dry ice and alcohol caused
the yellow oil to solidify into a pale yellow glass. War-
ming to about lOOC. induced partial melting, whereupon

some crystals usually sppeared. The crystalization then
proceeded, until, after some minutes, the whole sample had
crystallized., The melting point of the crystals was 12°¢.
The oil could be supercooled considerably; for example, it
stayed liquid for hours in a mixture of salt and ice at -10°.
the yellow crystals, kept at 4°C., turned orange within an
hour, and very dark red within a day. A liquid sample on

the other nand showed no change after two weeks storage at
400. This behavior of the crystals seems strange and may
possibly be due to a small amount of impurity and incomplete
erystallization, so as to leave a solution containing the
impurity in high concentration., If in this higher concen-
tration the impurity (possibly a small amount of the red
form in solution which precipitates on concentration; see
below) induces the transformation, the behavior described
above may result. Some support for this explanation 1s given
by the observation that the crystals always appeared some-
what moist., On melting, the orange or dark red crystals
produced a turbid mixture of yellow oil with very fine red
‘particles in suspension, which.could be filtéred off. The
red material so obtained yielded the same X-ray diffraction
pattern as did the red modification obtained from the yellow
0il with traces of HCl. When the above mentioned turbid
mixture was heated for an hour or more at lOOOC., the con-
version of the yellow oil to the red modification proceeded
substantially, while heating of the yellow oil at 100°C. for
the same or a longer time produced no change. No evident
change was effected by heating the material at 100°¢. in am-
poules which contained, besides the clear yellow cil, some of
thé red modification clinging to the walls or even in the
form of larger particles suspended in the liquid. It appears
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that the-conversion of the yellow to the red form is cata-~
lyzed by the red form and thet the surface available is of
importance. It was not investigated whether inert particles,
such as finely ground glass, would produce the same effect.
Eeating in ampoules at 180-20500. caused the red modi-
fication or mixtures of the yellow and red modificatiors to
revert to the yellow oil, which then remained yellow for
weeks at room temperature. At 180—20500. the yellow modifi-
cation is thus the stable form, while at 100°C, and below the
red modification is the more stable. No attempt was made to
find a definite transition temperature, however, since 1t is
not even certain whether or net the red modification is a
unifcrm substance., Heating at 205—21500. caused an irrever-
sible change of the ampoule contents. Bubbles appeared and
a precipitate formed; meanwhile, the coler darkened turning
first red and then black. No attempt was made to identify
the decoumposition products. If the yellow modification con-
tained some of these decomposition products at room tempera-
ture, considerable change to the red form occurred within a

few hours.

Vapor density determinations.

The all glass apparatus shown in Fig., 1 was used to mea-
sure the vapor density of arsenomethane in the following way.
A sample, sealed into a small, thin-walled glass bulb, was
inserted into the 300 ml bulb A, which was then sealed off at
B. After the whole system had been evacuated, the constric-
tion at C was sealed off and the sample bulb was broken by
shaking. Tne bulb A was then placed in a heating bath which
was brought to the desired temperatures. The manometer D,
observed through the telescope E, was used as null-instrument,
the pressure in the bulb being read at F after the pressure
difference at D had been adjusted to zero by manipulation of
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Figure 1

the stopcock @. The one-liter bulb H served to minimize any
abrupt pressure changes. Mineral oil was used as heating fluid
at first, but for later experiments a eutectic mixture of LiNO
NaNO,, and KNO3 10 was adopted to achieve higher temperatures,
The wmanometer D was filled at J with a low melting alloy con-
sisting of 54 parts Bi, 28 parts Sn and 20 parts Cd.(Mercury
proved to be unsatisfactory.) This alloy was not entirely sa-
tisfactory in that it tended to stick to the glass,

The working temperatures were limited by the deposition.

of traces of a brown mirror which began at 250-270° C. Despite

3’

the appearance of such a mirror the pressures measured at decrea-
sing temperatures satisfactorily reproduced those obtained at
increasing temperatures., After codling the bulb to room tempera-
ture arsenomethane condensed unchanged in pale vellow droplets.
The results of the two best runs are reproduced in the first
three columns of Table I,
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Table I

Concentration TQK. p mm Hg n p! mm Hg n't

194 mg/l 421
443
463
473
483
506

112 mg/1 428
Llpdy
452
456
463
479
488
493
525
543

—~~
~
1

(1.8) . -

L

- 909 -
12.32
1z.7
14.5

b b e
L]

[ ] [ ]

I EEEN

W ww
e o o
ON00 0

P~

e o o

~~
O OONMOO OOWMNMOOWm
i

Z
i

b= e e
e - e - [ ) * L ] L ] L ] *
W W
00 0o\ B~

. L] L] [ ] [ ]

The pressures reported are averages of several readings
taken during periods of abcut an hour. At the lower temperatures
the pressures are saturation pressures, which should therefore
be the same in both runs but azctually differ by about 4 mm. The
values p' were calculated for the runs at the higher concentra-
tion of arsenomethane by subtracting a correction corresponding
to 4mm of residual gas at 4500 K. Fig. 2 shows a plot of log p
versus 1 for the pressures measured in the run with 112 mg/l

T .
and of log p!' versus 1 for the run with 194 mg/l. The strzight

line indicates a heatTof vaporization of aH = 14.7 kcal/mole,
a boiling point at 760 mm of 64,0° K.(367° C.), and a value of
Trouton's constant of 23 cal/deg.mole. All these values are of
course only approximate.

Values for the average state of assoclation, n in (ASCH3)n’
calculated from the pressures are shown in Tgble I. These values
provide strong indication that a temperature and concentration

dependent equilibrium between different association states
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exists, irrespective of whether or not the above mentionged
pressure correction is accepted. The establishment of such an
equilibrium, possibly involving a pentamer and lower association
states, 1s the main result of the vapor density measurements.
The sources of error in the present apparatus (particularly the
msnometer D), causing e.g. the large discrepancy between the
saturation pressures in the two runs, made it impossible to ob-
tain any quantitative information about the equilibrium. For
this reason it was not thought worthwhile to continue the mea-
surements with this apparatus,
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X-ray Diffraction Study.
Samples of the violet solid obtained by subjecting the
yellow form of arsenomethane to a trace of HCl, and samples

of the red modification obtained from crystals of the yellow
form in the way described in a preceding section, yielded

the same powder pattern with Cu Ky radiation. The estimated
intensities and the positions of the lines on the diffraction
photographs were used in the computation of the radial dis-

tribution function 6ien
rD(r) = cZ 8in 20; exp('% .5 h%(6:)) 1(8) de sin 2wh(8;)r.
1 + cos™ 26;
6;-8
Here h = 2sin 0 ,) denotes the wave length, 206 is the angle

2
of reflection and the exponential function 1s a convergence

factor. The integrals in the sum represent the integrated in-
tensities of segments of equal heights of the powder lines on
the film, which in the experiment had been arranged cylindri-
cally about the powder sample,

The resulting function rD(r) is represented by curve R2
in Fig. 3. The broad feature between 1.6 and 5 K., corres-
ponding to interatomic distances, is unfortunately not well
resolved., It however clearly contains a peak at 2.4 A. cor-
responding to an As-As single bond (expected value 2.42 A.ll),
and another peak at 3.8 A. corresponding, for an Agf.}As dis-
tance, to a bond angle of about 105°, A third peakfsand indeed
even others, may be present between these two.

A radial distribution function for which the convergence
factor was omitted was calculated also. The result showed
slightly improved resolution, but also the effects of breaking
off the Fourier series at a point where the coefficients were
still large (cf. chapter on radial distribution method).

No detailed conclusion about the structure of the red
form of arsenomethane can be drawn from this analysis of the

radial distribution function. The important item, however, is
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the peak at 2.4 A. which shows clearly that whatever kinds
of molecules are present in this red modification, a predo-
minant number of them contain As-As single bonds.

Electron Diffraction Investigation.

An electron diffraction investigation on the vapor of
the yellow modification was carried out with the use of the
high-temperature nozzle which had to be heated to about 200°¢.
The diffraction pictures were made in the usual way,'with an
electron wave length of 0.0609 A., at a film distance of about
10 cm, or, for a few pictures, of about 20 cm. After some of
the runs the material remaining in the nozzle was investigated
and found to comnsist of unchanged arsenomethane, The inside
of the trap in the electron diffraction machline became covered
after a while with what appeared to be the red modification.
Both these facts indicate that the diffraction pictures ob-
.tained are characteristic of arsenomethane and not of some de-
composition product like cacodyl. Noreover, all the pictures
showed identical patterns, which also makes it improbable that
decomposition occurred to any marked extent.

From the appearance of the rings and their measured posi-
tions the visual curve V (¥ig.3) was drawn. Except for the
first and second features, and in minor respects the other
features out to about g=50, the pictures have the appearance
characteristic of molecules involving one distance only. The
spacing of the rings corresponds to a distance of 2.42 A.,
the distance expected for the As-As single bond.

The visual curve V was used in the calculation of the
radial distribution function

S

rD(r) = fsin(sr)I(s)exp(-asz) ds

[

(cf. chapter on the radial distribution method)., The integral
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was approximated by the sum

T 2
g sin(yg ;7)1 (q )exp(-a'qi) 4 q ,

which was taken out to qileO in steps agq=1(qg= %gs). The
value of a! was chosen so that the exponential had the value
0.03 for the last term of the sum,

The main feature of the resulting radial distribution
function (R, in Fig.3) is the peak at 2.42 k., whi?h corres- -
ponds to the As-As single bond. The peak at 1.98 A, is in
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exact agreement with that expected for an As-C single bond,

the sum of the covalent radii being 1.98 K.ll

. The very
broad feature with center at 3.44 A., corresponding to an
average bond angle of 900, must represent the nonbonded
As...As distances, but it must also include some of the non-
bonded As...C distances. Assuming a C-H distance of 1.0C8 i,
and a tetrahedral configuration of the CH3 groups, the shor-
test As...H distances would be expected at 2,55 A., within
the region covered by the peak at 2.42 A. (The radial dis-
tribution curve does not go to and remain at zero for values
of r smaller than 1.98 f. because the features 1 and 2 of the
visual curve V were somewhat overemphasized causing a sine
wave with decreasing amplitude in rD(r) with its first maxi-
mum at about 0.5 A.).

Assuming that one kind of molecule is predominantly re-
sponsible for the electron diffraction pattern, the following
speculations may be made to explain this pattern. The ratio
of the area of the peak at 2.42 A. to the area of the broad
peak at 3.44 A. is 1.2. This value is close enough to unity
to suggest that each arsenic has the same number of unbonded
nelghbors at approximately 3.2 %. as it has bonded neighbors
at 2.42 A. This would be the case for a five membered ring
of As atoms (the most plausible example; the same would hold
e.g. for a cube) but would not be true for the square, which
at first sight is suggested by the observed bond angle. The
only pentagon with all angles equal is, however, the planar
one which has these angles equal to 108°, A pentagon with
average angle of 90° will not be planar and will give rise to
several diagonal distances because 1t cannot have all angles
"equal. The breadth of the peak at 3.44 L. would require the
notion of a pentagon with quite flat potential humps between
the different equilibrium positions, so that this pentagon
would carry out slow librations from one equilibrium position
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to the cthers., The pentagon is qgite unique in this re-
spect inasiuch as other configurations such as tetragons,
hexagons, heptagons, etc. can be constructed with equal
sides and equal angles for a whole range of possible an-
gles and not just for a certain definite angle. The breadth
of the peak at 3.44 A. therefore provides further support
for the assuuption of a pentagonal configuration of arseno-
methane, since it can be naturally explained wita this model.
A nuuwber of theoretical intensity functions

(@) =k Ll gin (X gr )
1] rij 10 *71j

were calculated in the following way. The As-As, As-C and
As...H distances were kept unvaried at 2.42, 1.98 and 2.55 R.
respectively. The same number of As-As bonds and three tiumes
as many shortest As...id distances as As-C bonds were assumed.
The effective scattering power of arsenic was taken to be
five times stronger tnan that of carbon, twenty-five times
stronger than that of hydrogen. The facts that the scatter-
ing powers of these atoms vary somewhat differeatly with g
and that the various distances actually correspond to tempe-
rature distributions of different widths were neglected. The
contributions to I'(q) of the nonbonded AS...As and AS...C
distances were introduced by wide teumperature distributions
with positions Tos halfwidths w, and areas a, close to those
suggested by the raaial distribution function. Curves, cal-
culated for the values of these parameters listed in Table II,
are shovn in Fig.3. The scale of the parameter a used in Table
I1 is such tnat a=1 means an equal number of As-As and AS...AS
distances. Only one of the curves (C) is shown beyond gq=2% in
Fig.3 since all the others are identical with it in this region.
Curves C, F and I reproduce features 1 and 2 correctly and are
in general satisfactory. Table III shows observed positions

YUops of the various features of the diffraction pattern, the
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Table IT

Table

qcalc.

m

e e .
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I1T

39.2

or &
3ok
3ehd
3ehty
34t
3edd
34k
3.20
3.32
3,40

q

calc./qobs.

(1.041)
(1.037)
(0.970)
(0.975)
0.987
1.000
1.000

- 1.000

Av,
a.d,

0.994
1.000
0.995
0.995
1.000
1.002
1.004
10003
0.998
1.007
1.004
1,003
0.995
1.001
1,000
1.007
(1.012)
(1.014)

1.000
0.004
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values q calculated for model C and the ratios between

calc.
them.

Curve A is of special interest, representing a model
winlch, like a tetragon, has only half as many AS...As dis-
tances as As-As distances, Curve A is not satisfactory and
such a model is therefore unlikely.

The calculated intensity curves tnus confirm the analy-
sis of the radial distripbution curve, indicating that imme-
diately after evaporation the arsenomethnane molecule is quite
possibly a pentagon with an average bond angle of 900, libra-
- ting from one equilibrium position to another. Some support
to the notion of a pentagon comes from the observation5’6
that arsenomethane seems to exist as pentamer in solution.
The establisnment of the equilibrium between different states
of association observed in the vapor density measurements 1s
then presumably a slow process.

Tne only definite conclusions from the electron diffrac-
tion experiments are the presence in the molecule of the
As—-As single bond with length 2.42 * 0.02 A. and of the As-C
single bond with length 1.98 i 0.04 K., and an As-As-As angle
of about 90°,

I wish to thank Professor L. Pauling for the suggestion
of the problem, and Dr. V. Schomaker for much nelpful dis-
cussion, particularly in the interpretation of the electron
diffraction patterns. WMy thanks go further to Mr. J. Renno
for help in the preparation of the compound, to Dr. G.Opoen-
heimer for microanalyses, and to Mr. W, Shand for help with
the vapor density measurements,
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Summary.

A study was made of some of the properties of arseno-
methane, which occurs both in a yellow liquid form and a
red solid modification, particularly of the transformation
between the two forms. Vapor density measurements strongly
indicated the existence in the vapor of an equilibrium be-
tween different states of association. X-ray powder photo-
graphs of the red solid revealed the presence of single-
bonded arsenic. An electron diffraction study of the vapor
led to an AsQAs distance of 2.42 * 0,02 K., an As-C distance
of 1.98 £ 0.04 K., and an average angle As-As-As of 90°, A
puckered five-membered ring structure is compatible with the
diffraction pattern.
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ON THE RADIAL DISTRIBUTION METHOD
IN ELECTRON DIFFRACTION

Introduction

There are two methods which may be used to correlate
experimental data from electron diffraction experiments on
gas molecules with the structure of these molecules.l One
of them, the "correlation method"z’3 consists in the theo-
retical calculation of the scattering pattern for various
molecular models, and comparison of the result with the
observed diffraction pattern. The other is the very elegant

nradial distribution methodn¥?7s0s7

which, by a mathematical
treatment of the observed scattering intensity, leads direct-
ly to a radial distribution function which represents the
interatomic distance spectrum. In principle the two methods
are equivalent, but in practice they do not replace each
other. One of the purposes of this paper is to point out
the nature of this lack of practical equivalence of the two
methods, and to derive several mathematical results pertaining
to it. In a first section, the difficulties in the use of the
radial distribution method which arise from the absence of
experimental data for scattering angles greater than a limi-
ting angle, are discussed in terms of the Gibbs phenomencn.
In later sections the elimination of these difficulties by
multiplication of the observed intensity function with a
suitable convergence factor is studied with the help of a
general theorem, which is also used in the investigation of
the effect of the multiplication of the observed intensity
function by a general modification function. As a final exam-
ple the relationship between the atomic scattering function
and the radial distribution function is considered.

In the following paragraphs the gas molecules are as-
sumed to consist of atoms of similar scattering powerj this
assumption will be discarded in the final section.

(70)



Tne reduced theoretical intensity function for the
elastic scattering of a monochromatic, uniiorm beam of
electrons by randomly oriented gas molecules used in this
laboratory (e.g.g)-has, for a rigid molecule made up of

point atoms of scattering power Zi’ the form

2.2
Itsi=c & — sin sry (1)
i ‘J
winere s = é—;Lsin §-,cfis the angle between direct and

scattered beams of wave length A, the rij are interatomic
distances, and the sum is extended over all pairs of atoms
in the molecule., In this reduced intensity function, a

)

factor of s°” has been omitted from the theoretical inten-

sity function. For a molecule giving rise to scattering
function (1) tnere can be written the radial distribution

function

.D(rl 3 %l 2:23‘ S(r-r,-j) = r D,'(r) *) (2)

in wiich §(r) is aefined by the two conditions

S(r)=o unless r=o ) and

o2
[801dr = 1. **) - G)

D(r) has infinitely narrow and infinitely hign peaks for
values of r winich represent interatomic distances. #ith it

the reduced intensity function can be expressed as

‘ ©_ 0o
I'ts) =éEI(s) = 12 g Qé-" sSinSvdv = V}: f’DL(r) smsvdv (4)
° [

3*) Do'(r) is an odd function of r.

¥*%) The function.é(r) is an essentially singular, improper
one (cf.e.g. J. von Neumann, iathematische Grundlagen
der Quantenmecianik, Berlin 1932, p.13), which is used
here formallyzoaly. Examglgsngor §-functions are:
lim n exp(-m“r°) or lim—4%ﬁr——— .
ho® nae
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from wnich, by Fourier inversion’

s
D;(I’J = r?’: [I'(S) gin srds | (5)
Expressions (4) and (5) are formal only, but may serve as
a basis for discussion. ,
The experimentally determined intensity function
I'(s) is usually better known for certain small ranges
of s in waich it, for example, shows more prominent fea-
tures tnan in others. To make use of this special in-
formation the visual method is admirably suited, and can
thus not be replaced by the less laborious radial distri-
bution method which requires the knowledge of I'(s) over
the whole range of integration., This is one reason that
the two methods cannot entirely replace each other, but are,
ratier, complementary in nature. The radial distribution
function narrows the choice of possible models, while the
visual method serves to analyse the remaining possibilities.
In principle, to evaluate the integral in (5), I'(s)
should be known ior the wncle intinite range ol s, but ex-
perimentally it can be determined for a finite range only.
In‘practice the integral may, however, be modified by a
convergence factor, which makes contributions from large
values of s negligible. Even when a convergence factor is
used, the integration is often not extended over the whole
range in which the resulting integrand has still a finite
value. Tais gives rise to certain effects closely related
to the Gibbs phenomenon, which will be discussed in the fol-
lowing section.

The Gibbs and related;phenomena.lo

The phenomenon discovered by Gibbsll and even earlier
by Wilbra‘naml2 is briefly the following. Suppose a sec-
tionally smooth %) periodic function f(x) which has a finite

%) A sectionally continuous function with a sectionally
continuous first derivative.
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number of finite discontinuities (e.g. Fig. la) to be ex-
panded in a Fourier series, Let Sn(x) be the approximation
obtained by extending the summation over the first n terms
only. If the Sn are plotted for increasing values of n, a
set of approximation curves is obtained which converge not
to the graph obtained by plotting f(x) and connecting the
discontinuities by straight vertical lines (e.g. Fig. 1b),
but to a graph obtained by plotting f(x) and connecting

the discontinuities by vertical lines which overshoot on
each side by about 9% of the discontinuity. If n is finite
the approximation curve Sn(x) has % or ggl waves on each
side of the discontinuity (e.g. Fig. 1d) and it is this
feature which is objectionable in the case of the radial
distribution curve.

It was found by Fejer13

that the Gibbs phenomenon does
not occur (e.g. Fig. le) if the Sn(x) are replaced by quan-
tities sn(x) which are the arithmetic means of the first n
sums Sn(x) *)
S0+ S(Xy 4 e + 8o

> _ (6)

It is interesting to investigate this behavior more

Sa(x) =

closely for the case of the special function (Fig. 1la)

foos3-% when 0cxed; floy=0; ftxeam= fon. (7)
Let
"
Qo .
S‘,,(x)= - * é.;(a“ s vx + basinwx), (8)

#) The summation method of Fejer is the application of
the summation method of Cesarei4 to Fourier series.
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Then AN .
.fr'-jf(%)cos‘l)fotx = 0, N=0,1,2""
°

W
by +&{ fon sinwrdx =g, w2123
[ 3

The sum thus becomes

n . X X
S, (x) = “”? ‘[wsvxdx Jz_wsvxdx.
Q=c ° o U=
Since
n Stn (h+3)X '
Z_ oS NX = - iy
Q=i pX slh';' X )

this becomes
*

sin (nh+3)X
S = 3 ISR -4

e SmgX
The difference Bn(x) between f(x) and Sn(x) consequently
has the form
)‘ [y
Sth(n+3)X
R“(X) = F(X)'Su(*) = g" S"—'—;—.'—“ cx
(]

2 Sin 3

The approximation is worst for values of x for which
‘Rn(x)l is a maximum. These values of x are given by

2

Zn4l 3 b= 2,3

X = X; =

If n increases without limit the Xy approach zero, at
which value f(x) is discontinuous. The crests of the
waves in Fig. 1d move towards the place of discontinuity
in f(x). The magnitudes of the Rn(xi) do, however, not
approach zero., 1In fact, it can be shown that the largest
of them, Rn(xl), approaches in the limit the value 0,2811,
wnich is about 9% of ¥, the magnitude of the discontinuity
of £(x) at x=0 (Fig.l!c€).

If on the other hand, the summation method of Fejer
is used, the following results are obtained., The approxi-

mation sums sn(x) (ef. (9)) are

(8a)

(9)

(10)

(11)



2 v+-' Sih N X
S, (x)-;;,Z S %) g'_ —. (12)
It is to be noted that (12) differs from (8a) by the in-
n-v+1

clusion of a factor s which, as will be seen, sub-

n+l
stantially increases the convergence of the series. In-

troducing (9) and making use of the formula

n . Sin® ntt
S sm(edx= 20 7 (13)
S;v\?,ﬁ.
s (x) becomes
n X . ntl 2
. S 5 7 _ X
Sal¥) = 2(h+1) S;( Sin -"X ) dx 2 (14)
Fing¢ally, since15
Frsin "My
2(nti) 4 Som Lx J 2
the difference r, (x) between f(x) and s (x)
wm B! 2
P ()= f00 - S0(x) 2 B0 —— (2 57 % ")
2 J.Lv;-u) S‘( S —;__-x 0‘-)‘
assumes the form
T . net
(%) ‘("“’g(sf«i‘i ) d x. (15)

The discussion of this result can be limited to the
interval 0¢x<W, as the behavior of rn(x) everywhere else
follows from symmetry and periodicity. In this lnterval
f(x)>0 and r (x)> 0, since the integrand is positive.

For the same reason T decreases monotonically from % to

0 as x varies from O to‘m « Thus the approximation curves

s (x) will never cross the curve of f(x) as did S (x) When
X—O, rn(x) = = for all values of nj s (O) will thus always

2 f§x2+f§-x2

be equal to 0-}10 2 , as required by the general
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- .
theory. Further r_ < in the interval con-

2(sin2 %)(n+l)
sidered, which means that for any finite positive X, how-
ever small, lim r =0. Thus sn(x) converges towards f(x)
in any interval ncot containing the discontinuity. There
are no oscillations near the discontinuity and no Gibbs
phenomenon. Fig. 1d is a plot of SZO(X) while Fig, le
shows 520(x)°

It is interesting in this connection to discuss the
following continuous function (Fig.z2)

T_¥ §&xe am-§

f"(x): > 2 {‘(g):f{x-rzﬁ‘)
T—: X ~Se vyt g
2

/\ S
~/ \/"

Fig. 2

sin V4
w4

so that the n—tn approximation s'(x) becomes
S!V\ \28 Sin XX

S (%) = i:
iy Q

This differs from (8a) by the in-
clusion of a convergence factor é%%ilé.and of course goes
over into (8a) for §+0.After some transformation

Again aq=0 while b?=

(16)

(17)

(18)



s' becomes

'
S, (X) ng. Y [cos (x-8§)% =cos(x+$IR] =
w x4 " xb S x+$ s
- =\ ' - L 2
T e vsds = z—%\}Zl[ds gwsvfolt = 5 Sdsf[z- s vt ]dt
xeg %8 e S
- _'_ 3;?\(“4"‘): N 19
"8 ,g_i“f(—r;:‘f‘?-i)‘“ | (a9)
t
.. (x)____ sfdsfsw;(n-tz) At
281in 3
The difference r'(x) between f'(x) and s'(x) is
s
i) < foo-sde = T —_jocs(‘_____'”‘“**”dt (20)
o ).Sw"

The form of this remainder is 51milar to (10) obtained

for the discontinuous function (7). The integral
s '

sin (n+xlt

5 g 4t (21)

° 16n 3

which causes oscillations is again present but because it

is averaged over the region x-§ts¢x+§ the situation is im-
proved. From the general theory of Fourier serles16 it is
known that sﬁ(x) converges uniformly towards f'(x), so that

if n becomes large enough the oscillations must die down.

. There is, of course, a relationship between the value of §

and the value of n beyond which oscillations become negli-

gible. Let the assumption be made that in order to obtain

a reasonable representation of f'(x) the integration has

to be extended over at least one maximum and minimum of

(21) on each side of x. For a given § then the relationship
2T

has to be satisfied, because the extrema of (21) occur for
21m
the values (11) Si= 5ol

As a further example, the representation of the func-
tion (Fig.3)
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o Ot X&X,-§ ov x;4sexgo°
Flx) = 4 (x-x‘,ﬂ)gh Xp-§ex & X, (23)
_Q—xo-g)? Xo & X & Xp+§

will be discussed. At the same time representation by a
Fourier integral rather than a series will be used., Func-
tion (23) looks more like the original D(r) (2) than do
the functions discussed so far.

Fig. 3
The Fourier ieyersion17 G(u) of FP(x) is
Cowf
JOBE fﬁus;mm - Véax(L:rL_) s X | (24)

In the limit 8-»0 where hé, the area of the triangle in
Fig. 3 is kept constant, (24) becomes G(u)= V— hésin ux ,
corresponding to a discontinuous F(x) with an infinitely
high peak at X=X e By Fourier inversion of G(u) the fol-
lowing representation of F(x) is obtained

o ub o\
2 2 . .
Fex) = —1—‘_-*[ 5 )gw\ux, smux duw . (25)
p 3
u8
sin—
The factor ’EZ'g can again be looked upon as a conver-
2

gence factor in this integral,
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The analog to a finite number of terms in a Fourier
series 1is a finite upper limit in a Fourier integral,
Let therefcore

—
[

T 1h S 0§ :
f‘Tit)e = &( u.S ) Smuky SuauX J‘w (26)
o'
which, after some transformatlon, becomes b ¥
=Kyt x+Xg x+ o .
Tl = ju”w,fmuaz fa,jwmdu(ay fmu_uu 4y [tz |
"'o*‘ T xEe o aoxg g¥Heh A ;x:.fs’a T
ﬂ{jdyfdifwuaa AQI(difw“W*fdgﬁz rurdu- dq{dt muzdu]. (27)
X-Xg o 0 x-Xg=§ o XéXg=§ X4x, 0 0

The inversion of the integratlon is Justifled by the ab-
solute convergence of the integrals involved. In (27)

occurs the integral T

fdzfmuadu f—“-‘—'-f Az—f_‘i‘-"hw $i(7y) (28)

the so-callea sine integral of Ty. This integral is close-

sin(n+3
Singx

©®), (21). In fact, the two can be shown to be identical
in the limit T~n+2awi§. Introdu01qﬁ (28), FT(x) becomes

ly related to éj dx, wnich was encountered before

x-Kp+ xeXotd
a; (x) = ,_[fxs.(n;)au"jﬂta fﬁ (tg)"‘g{ xiS«crg)de (29)

which is analogous to (19). The formula expresses an
averaging over the oscillations of the sine integral which
iélu If it is again
assumed that the averaging is to be extended over at least

has its extrema for Y=Yy where yy=

one maximum and minimum, the relation

— oy, | ~
e (30)
is obtained winich shoulc hold to insure a reasonably good
representation of F(x) by FT(X). This relation is analo-
gous te (22).
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The artificial temperature factor.
After the discussion of the effect of a finite inter-

val of integration on the representation of the function
(23) the analogous effect of a finite integration inter-
val in the case of the radial distribution function D'(r)
(2) will be briefly described.

Let

T
! = V2 (T ds .
DT(” V_‘r {L(S)Snsr‘ S (31)

sin sr
For the case of the diatomic molecule where I'(s)=C——E-——9
0

D&(r) can easily be evaluated. The result shows a wain
peak at r=r with maxima and minima of decreasing magni-
tude on eitner side. In the case of a polyatomic molecule,
which can be represeﬁted by a superposition of various di-
atomic radial distribution functions, these side peaks are
objectionable in the interpretation of D%(r). They may

be eliminated by multiplying I'(s) by a convergence fac-
tor. Two examples of convergence factors have been en-
countered so far; one is the factor I§§ suggested by the
Fejer method of summation (which, mutatis mutandis,applies
to the Fourier Integral Theorem alsolg); the other, the
factor i%%fé)‘encountered in formula (25), which would in
phe limit ' T»® give rise to a triangular shape of the peaks
of D&(r) (Fig. 3).

The convergence factor usually applied is, however, the
function exp(—asz), the so-called artificial temperature fac-
tor, which 1s suggested by the modification of the scattering
intensity by a factor of that form due to zero-point and tem-

perature motion of a moleculezo. A convergence factor of

21

this type was perhnaps first used by Welerstrass who used

the factor r™ (r<l) in his discussion of Fourier series.

A.sommerfeld used the convergence factor exp(-asz) in his

doctorate t'nesis22

s where he succeeded in cbtaining with its
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aid the first precise result concerning the validity
of the Fourier Integral Theorem., W.L. Bragg and J. West23
introduced the use of the artificial temperature factor
in the inversion of X-ray diffraction patterns, while

Ce. Dégard5 at the suggestion of Professor L. Pauling,
introduced it into electron diffraction work.

The effect of the artificiasl temperature factor
exp(-asz) is to replace the discrete peaks of D'(r) by
peaks of a form closely related to Gaussisn error curves
exp(-b(r-ro)z) with b= —%; . The consequence of exten-
ding the integration over a finite interval only,in this
case,was investigated by V. Schomaker6 who replaced the
lig%§—9§, which, for a
suitable choice of ¢, closely approximates exp(-asz) 2,

factor exp(-asz) by the factor

and the choice of which makes it possible to carry out the
integration in closed form. He investigated the effect of
the finite interval and the magnitude of a or ¢ on half
width and exact position of the main peaks, and the pro-
minence of the secondary maxima.

Modification of the intensity function in general.
The general question now arises: what is the effect

of any modification of the reduced intensity function (1)
on the radisl distribution function resulting from Fourier
inversion of the modified intensity function. Such a
modification may be inherent in the visual method of es-
timating reduced intensities, or it may have been intro-
duced, e.g. by a convergence factor, or a factor giving
specialweight to particulerly prominent features which
are easier to observe than others. Even the effect of a
finite integration interval can be reduced to this ques-
tion by asking for the effect of multiplication of 11(s)
by a factor equal to unity in the intended range of inte-~
gration and zero elsewhere.



~8/-

To give an answer to this question, a few formulae
from the theory of Fourier transforms have to be derived.
Let £ (x) be an odd function and g (x) an even function,
and let”*%4

)
R(t)=f§£ﬁg) smxt dx=- ¥(-t) be the sine transform of £,

QO
Ge(t),v;{gﬁe(x)mxt dx =Ge(‘t) be the cosine transform of €

The transforms of Ge(t) and Fo(t) are in turn

© @
fo(*) : V;-’-#fﬁ (Dsingtdt | G~ EfGe (t)eon xt At .
[/ 0

If now the sine transform of the product fo(x)ge(x), which

is an oad function of x, is formed

Blt) - gf (x) 3e(!) sumbxdx= % g( () sintx J‘G (wW)emxu due

v
* j@udw»ffd)swx@h4+smx&.4}dx

v !
Ge(‘“’) §+° (trw) +H (- u)?‘i‘* i~

"

j; (ulr (t-w)ou

2

!
=

Gc (t-u) % (w) da

‘ oo
Riel= 2= (6,00 §F, Cond Fotenw) o= gz ()6 Lo o)

is obtained. R(t) is known under the name of the resul-
tant or "Faltung®" of Fo(x) and Ge(x).

If on the other hand fo(x) and go(x) are two odd
functions and Fo(t) and Go(t) are their respective sine
transforms, it can similarly be derived for the cosine
transform of tne product fogo, which is an even function,

(32)

(32a)

(33)
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that oo o »

t):V%ﬁ.(})ﬁ.(X)aS-txd)l = LI %F (t+w)-Fo(t- u)fdu- f,(u)ié (t+u)- ,(t-u)}dw.

- °
A similar formula may finally be derived for the case

where f and g are even functions of x. *)
As a simple example of the result of a folding
operation the resultant of two Gaussian distributions

(Fig.4) Gr) = Ave”

will be calculated. These have maxima Ai at I=r.,
(1=1,2) and half widths
0.833
w;ﬂ—_""— ,ll=|,z
Va;
since exp(-0.833)2$%. The resultant GR(r) of G
is by (33a):

w
GR = .V":—'_;.TJG;(K) Gz(""“—)d‘“- =

ai(r-vi)t
t = "1

1 and G2

= ( r)l
- U."'. -a‘ "'u' 'Y
A|A\‘(‘e au( ) !

T
-

(34)

(35)

(36)

(37)

#*) All these formulae are applications of the following
general theorem??: if f(x), F(t) and g(x), G(t) are
two sets of Fourier transforms such that

P o2 .
:.tl — -ltx
fo- V“:%, {T(t)e 7 f(t)q-—ﬁ'-T-rffcx)e ol
-

L -it
400 - L fG(t) Lt G(t)-ﬁfq(x)e "
“

then
L I "

pe-)
( {gume d«r—‘*f () G (t-w)da
v *

'.Z‘u—

and

%

sibx

R@ye dt = {x)-9)

\
N

Vrr

qf’”“‘

In words: multiplication of two functions corresponds

to forming the resultant of their Fourier transform and
inversely. Formulae (33) and (34) are obtained from the

general case by making use of the specified symmetries
of £ and g.

(32b)

(33a)

(33b)
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The exponent can be transformed to

~(a+a,)[u-

and GR(r) becomes:

[r-(nen)]®

o+ a,(r-1)° ]1 a0,
a, +a, a,+a;

@ ,
AIA]. - %%: [V— (V.*Vi)r -(0.401..)[14- a"‘.*a‘(v-v‘-, ]7‘
—r— ! a.+tl,

Var A e

GR (V‘) =

G.aa_

G | AA, - [r4n+qf
U e
1(&.\“‘&;)

(r) is again a Gaussian distribution curve with its

max1mum at r--rl+r2 and proportional to the product of
the magnitudes of the maxima of G, and Gz. Its half

width is equal to
a
Wnp = 0933\,% :Vw."+w,_‘

To apply (33) or (34) to the present problem it is
noted that the reduced intensity function I'(s)(4) is the
sine transform of D'(r), and fo(x) can thus be identified
with I'(s). It is further noted that the actually calcu-
lated radial distribution curve, denoted by Dg(r), is the
sine transform of the product of I'(s) with a modifica-
tion factor M(s). Thus ge(x) has to be identified with
M(s), which is thus taken to be an even function of s.

If T(r) be the cosine transform of M(s)

T(r) =11—2F f M(s) consrds
/]
the formula
o°

D (r) v— (l (s) M(s) sum Srels = v..__.[D (w) {72"“)' ‘Uw')lz *)

is obtained. D (r) has maxima for values of r which are

equal or closely equal to the sum of the distances of the
maxima of D (r) and T(r) from the origin, provided D, (r)

and T(r) are of simple shape. Multiplication of I (s)

(38)

(39)

(40)

(41)

(42)

%) The term -T(u+r) appears, of course, to insure the
odd character of D (r).
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with several modifying factors calls fer several appli-~
cations of the folding operaticn.
1
Introducing D (r) from (2),(42) becomes

°
Ditr) e 5 L%y [ ) £ { T T e .
i
This means that if a reduced intensity function which
is really of the type (1) is inverted, then all peaks
of Dg(r) will have the same shape (provided that the Tyy
are large enough, so that T(rij+r) and T(rij-r) do not
influence each other). All secondary maxima and minims
have the same respective height relative to the magnitude
of the corresponding main peak, and the sameé position with
respect to it.

There is the other possibility of taking M(s) to be
an odd function of s and calculating the cosine transform
of the product of I'(s) and M(s) instead of the sine
transform, making use of (34). M(s) should, however, be
antisymmetrized only in the case that M(0)=0, as otherwise
the discontinuity of the resulting odd function at s=0 is

Do"(r) = —v‘%; %IZ; ZJ g T(V‘- r‘j) _T(V‘-& V‘;J'}-Y—,‘-

troublesome,

Examples of Modification Factors.

The following discussion will be limited to the form
of T(r). The function Dg(r) obtained by modifying the re-
duced intensity function by multiplying with the factor in

question and then inverting, consists of a superposition

of functions T(r) moved from r=0 to r=r s and of functions

13
~-T(r) at r=-rij. The result will be a:simple one only
when T(r) is of simple shape, and neighbouring peaks do

not influence each other too much.
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The effect of a finite integration interval may

be investigated with the aid of the following M(s):
| 0 S(SIé Swm

M) - go S, <lsl ¢ P

For this choice of M(s), T(r) becomes
s

()

Sm S,V

. 2 [

‘T&)=V§§Sms'd9=vi I —
(1]

r
This function is shown in Fig.526. The half width of
its main peak at r=0 is

W= 1.89

o
. sin 1'82 1
since 1.89 =5

To investigate the effect of the artificial‘tempe—
rature factor let (Fig.4)

ast

M@= e
for which (Fig.4)

v

_— T ~as® 1" 4
‘(V)=V;,-5°°59""- ds = 3=e
[

4o
This is & Gaussian distribution of half width

w s 1.666 Va .

The common result of both the artificial tempera-
ture factor and a finite interval of integraticn may be
obtained by carrying out the fclding operation twice,
using (43),(45) and (48). It proves, however, simpler
to invert directly

e-ast 6 £151 % S
M(s) =
[ Sus 4 8] ¢ P
the cosine transf?rm of which is
"y

Tir)= Y;—i,: fe " s ds,

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)
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Fig.4

SIN aX

o.x F i95
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To approximate the integral it is convenient to replace
l+cos cs

exp(-asz) by —-§———*-With appropriately chosen c. The
resulting distribution function was discussed by V.
Schomakeré, whose thesis should be consulted for the
interesting results.,

The procedure in these laboratories is to use an
artificial temperature factor (47) with a2 value of a such
that exp(-asﬁ)=0.lo. The main peak of the resulting trans-
form has a half width

wa 25
Sm
This procedure neglects 3% of the area of M(s), since
P
%:S.exp(-xz)dx=0.032 and exp(-(1.52)

KN

2Y=0.10.

Thne convergence factor suggested by Fejer's theorem
for Fourier series

ézgifi 6 ¢ 1ISl4 Sm
- m
M) = g 0 S &lsl ¢ 0@
leads to the cosine transform
S S SmT (2
t Y
—_— 2 Qw\"s | s —/ S ——
l(r):v:—;f S eon Srds = o ( r )
° ~” Py

This transform (Fig. 6) has the same general character as
the one obtained (51) in the investigation of the joint
effects of artificial temperature factor and finite inte-
gration interval. The primary peak of T(r), (54), situa-
ted at r=0, has the half width

2.78
S

W 2

(52)

(53)

(54)

(55)
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since (§£%—%$22)2=%. The magnitude of the first se-

condary maximum is about 4.7% of the magnitude of the
primary peakzé.

If sharper peaks of the radial distribution func-
tion are desired than are provided by modification of
I'(s) with an artificial temperature factor, the fol-

lowing function may be of use (Fig.é)
. 2
s Q4s
M(s) = ———

as

Its cosine transform may be obtained by making use of
(53) and (54) (cf. alsc (23)and (24))

w . iy 2a-1rl |y g2a
2 -
Sumas S
Torye VB[22 cogrsds - =
TJ) ag 0 vip 2a .

*

Tnis transform has the shape of a triangle with its

apex at r=0 and a base of the length 4a. The tip of

this triangle is provided by the contribution of very
large s, giving rise td a very small period of the

cosine in the integral for T(r). If, as in practice

is always the case, the integration has to be limited to

a finite interval, the resulting peak will no longer have
a sharp tip, but rather the maximum curvature of the co-
sine of the highest frequency occurring in the integral.,
The other feature of the peak, namely its straight-line
boundaries (which may be very useful in locating its exact
center), will however not be greatly disturbed as long as
the integration is extended to a point where the magnitude
of the modified I'(s) has become a small fraction of the
original I'(s). This demand entails a relationship be-
tween Sy and w=a, the half-width of the peak., If for in-
stance the integration be extended to the first or to the
second zero of M(s), the corresponding half widths w', wn
are respectively

(56)

(57)
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W'=—z;‘- whe 63
S S
These values do not compare very favorably with the ones
resulting from the procedure used in these laboratories.
They could be improved by further decreasing a, but the
resulting shape of T(r) would be far from triangular,
All convergence factors of the form a(§;§§§§)n have
cosine transforms which are different from zero in a fi-
nite region only (e.g. (44) and (45), (56) and (57)). For
the case n=3
Sin Q$)3

M(5)=a(—-—

as

which looks similar to the function iliustrated in Fig. 5
but has much less pronounced secondary features, the first
minimum being 0.010a. The cosine transform of (59) is

(Fig. 7) L(3-(E]) Irla

<0
T(V‘) s aV% f
L}

Sma 0613 ™ .
(2 msrds « 1T {3GaeclE1+ @)  acirtesa

0 lvi>3a .

el-
el
plw

Fig.7

(58)

(59)

(60)



and has a half width w=1.27a. This means that if the
integration in (60) is carried only to tne first zero
of M(s) (59) the resulting half width is
127 W 4.0
W= =
S Swm (61)

If tine integration is only extended to an upper limit S

such that M(sm)zo.lo M(0) and s @=1.98, the corresponding
half width is

W = 2.5
St (61&)
This latter procedure corresponds to the one practiced in
these laboratories (ef. above) and gives rise to the same
half width.
The following modification function gives rise to
slightly concave peaks, provided again that the integration
is extended over the wnole infinite range. This function
is N
M($) = —
a*+s’? (62)
whose transform is
RN by -alrl
T - E (2 ds = a V%
e o sSrids = a e
l (") = "; S; a\v*s\ 2 ‘ (63)
If the integration is extended over a finite range such
that M(s!)=0.10 or M(sg)=0.010, the corresponding half
widths w!, wh are respectively
| 2.0 w's 6.9
w3 2 ¢
Sm S (04)

One of the objects of this investigation was to find,
possibly, a convergence factor whicn would be more acvan-
tageous than the artificial temperature factor, producing
a radial distribution function with the maximum resolution
w=1.89/s_ (46) contained in the experimental data, but with
no secondary peaks. The various examples of convergence



factors (53)(56)(59) (62) indicate, however, that the arti-
ficial temperature factor is as profitable a convergence
factor as can be found, and that some resolution is always
lost in avoiding secondary mexima,

The following functiqn

L+ a(_os"(_s%w) Sp~ G Lisle $,+C

M (s) = l other wise
continuously boosts the features of I'(s) in an interval
of tne width 26 around s=s by a maximal amount of —= 100 %e
The corresponding cosine transform is the sum of the §-

function §(0) and of T'(r)

T O-V f(uws(’s ‘°T: ossrds

3 .
al2 ™ /a ot S, SinGr
r (T~ rtc?)

Tt(r) has in general a main peak at r=0, two side features

T(r) =

(65)

(66)

t r=t X minima or maxima dependi th i f EQ-TT
at r=-=, b'e epending on the sign of cos &I,

and many secondary features. The resulting Dg(r) has super-
imposed on the peaks of D!(r) (which is reproduced by §(0)),
the pattern of T'(r). The effects of a convergence factor
and finite integration interval complicate the result fur-
ther, so that it appears hardly feasible to investigate
with the aid of (65) what the effect would be of a specially
characteristic feature of I'(s) on the radial distribution
function.

The elastic scattering intensity function of fast elec-
trons by gas molecules contains a factor 5-5. For this
reason the intensities and positions of the features close
to the center of an electron diffraction picture cannot be
estimated very reliably. One is tempted to exclude these
features from the construction of a radial distribution

function by multiplying I'(s) by a function like
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2

bR -G.S
M(s)= s e
whose cosine trigsform is 2
— [ 2 -as* 2a -rt “fo
RGE Zlse cmsrds-= ' e
V;Tz 4T a

This transform has three extrema, one maximum at r=0
and two equally shaped minima at r=xVéa, 44.6% the size
of the maximum, Tihe peak has a half width

w = 087 Va

since (2—(0.87)2)exp(—(94%z)2=jl, and T(r) becomes O for

r=t\2a. T(r) has thus a simple shape, but unfortunately
the two deep minima impair the usefulness of (67) in
electron diffraction work. The effect of a finite inte-
gration interval which has been described previously also
adas complications.

A modification funection of the same type is

cor? (j§§%j£17r) O & (SIS,
Mis) - . ‘
‘ 0 Olhevwise
with the transform
S 3/2‘ S‘ S R
e iSun=25 ; ' uA wa ¥
T i/= i.{-'(m ™) ¢1jCosrd s =( 2T
(0 V-oz ( ™ ) J \ 42 Sw?"";}
This nas a primary waximum at r=0, two minima at rzt%g,
‘ "

half the size of the maximum, and secondary features of
rapidly decreasing amplitude. It is seen that M(s) (70)
also does not lend itself to application to the con-
struction of a raaial distribution function.

The atoiic scattering factor.

Expression (1) for I(s) contains the assumption that
the differences between the ggg of different atoms may be

neglected. In the following this assumption is no longer

mzde.

(67)

(68)

(69)

(70)

(71)
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-ag?

Mis)= s- e

S
~

whose cosine transform is
oo

[S 2
— 7 ( » -as 2a -r “
ICV)=v—(Se consSrds = ' e
v T a
This transform has three extrema, one maximum at r=0

\

4

and two equally shaped minima at r=tVéa, 44.6% the size
of the maximum., The peak has a half width

w = 087 Va
since (2-(0.87)%)exp(-(22H2-
r=tVZa. T(r) has thus a simple shape, but unfortunately

=1, and T(r) becomes 0 for

the two deep minima impair the usefulness of (67) in
electron diffraction work. The effect of a finite inte-
gration interval which has been described previously also
adds complicatiohs.
A modification function of the same type is
wz(sm 25 “) 0 € (81€S,,
RUEBE { o

m .
Olevw se

with the transform
S

/)
Ter) =12 iﬁ(m(s“'" sr) +1)corsred s = (2T)
[
This has a primary waximum at r=0, two minima at r=+;—

S S

r(eT? 52 r?

2
s &4
half tne size of the maximum, and secondary features of

rapidly decreasing amplitude. It is seen that M(s) (70)
also does not lend itself to application to the con-
struction of a raaisl distribution function.

The atoaic scattering factor,

Expression (1) for I(s) contains the assumption that
the differences between the ZEE of different atoms may be

neglected. In the following this assumption is no longer

made.

(67)

(68)

(69)

(70)

(71)
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The molecular scattering intensity of a rigid mole-
cule is given by the expressionl
{s .
sz’((s)r )Sm
T s
where the indices refer to the k-th atom of the kind 1

L(s)- vis s st e

and the €-tnh atom of the kind j. The prime on the second

sum means tunat terms where k=€ and i=J simultaneously shall

be omitted. In the reduced intensity function I(s) there
has been omitted a factor sh, where h is an odd (to make
I(s) odd) integer, arbitrary for the moment., The atomic

scattering factors fi(s) can be expressed as followsl
P .

‘ - i ' .
f - &'fswsv\f(v) R A A AN )

s’-

where Vl is the potential due to the atomic field of an
atom of the kind i, r is the distance from the center, Zi
is the nuclear charge and Fi(s) the atomic scattering fac-

tor for X-rays of the atom under consideration. Let
Diw = v D4 (r) - L S(e-vjd)

where k#f if i-J, and let

SJ(r) V—f f_ﬁs)_{_(ﬁ)_ u srds,

Then ;
: 64
T(s)_ %Z{G)a{((s) Y'D‘J(y) Smvdy = %f__s__.:__l
where

I:j(s):'vi S D, Nie) smsvdy,
The sine transform of I j(s) is
Diw-T3 f TU(s) shosr s
[4

Inverting I(s) the radial distribution function Bé(r)
is obtained o

5.(” = T:: g f(l,) Swmsvds

(72)

(73)

(74)

(75)

(76)

(77)

(78)
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which may be transformed into

D(r]-r foy‘_ﬂ_{_ﬁ—)— T'J\sj stnsrds

( ghet
- ¢ r
= L j;jDﬁ(«ﬂS‘U-M—SVW+M]W~

4

<

The function Do(r) is thus a superposition of peaks of
shape (75) characteristic of the pair of atoms iJ repre-
sented by the peak.

For tne case that h=-3, corresponding to inversion
of SBI(S), this shape of the peaks can be interpreted in
terms of the electric potentials in the atoms i and j.
Here Sij(s) becomes

Su(f)=‘{§ ys’(%ﬂ{wtﬂcwssrds.

(]

?
But S{(g): Q‘(\s;\ﬁgr(\r‘\/(")) dr)

the sine transform of which is
oo

Vo = ke s s (s fw)ds - Con

[
The right handa side of this equation represents the charge

c(r) which would have to be concentrated at the center of

the atom to produce tne potential V(r) at r,

C‘.V) = L(’.Z - J(M(V‘}dv - rf“('/d ]

-
where u(r) is the amcunt of negative charge in a shell of

thickness dr at r.
Application of (24) gives
. “ 5 . ¢ . .
S (r)= B ClmfCirau-Comw)dus g&'cm ¢ (u-mdus,
-

(79)

(80)

(81)

(82)

(83)

(84)
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the resultant of folding CY(r) into CI(r). ¥) The struc-
ture of (84) is that of e one dimensional radial distri-
bution function, with Ci and CJ centered at the origin.
The case h=-5, the inversion of S5I(s), has been
treated by Debye and Pirenne27, who started with the for-
mula for the scattering amplitude of a molecule
. %" itn-nox)

fis)= ;—,fp(:ie o v
where pis tne charge density in the mclecule, n and B,
are unit vectors in the direction of incident ana scat-
tered beams, r tine radius vector of the volume element dVv,
and averaging over all orientatiocns of the molecule has
yet to be carried out, This equation can be derived from
the usual onel, involving the potential V(r), by assuming
that tne charges of tiie nucleus are smeared out over a fi-

nite region. Debye and Pirenne obtained for the intensity .
i(s) scattered by randomly oriented molecules the expression

b .
. S sr
o(8)= < Jd(r} 2R girtdr,
s 112
[}

Here o

el s g [ $¥iCs) sin 57 ds
0

'
2T¢
is a radial distribution function defined by

d(r] :éf[)(r,)d\/. f{’ (ra) AL,

where r=l;l—gzland the integrations have to be carried
out as follows. Place a sphere of radius r in the mole-
cule and determine on its surface the average of the

. . . 1 .
cnarge density 41rj%(22)d112, where df12 is the diffe-

(85)

(86)

(87)

(88)

x) C(r) is formally an odd function of r as may be seen
e.g. from (82). The difficulty that C(0)=Z#0 which
arises from tne fact tnat V(r) has a singularity at
the origin is not serious, as in actual molecules the
nuclear cnarge is always smeared out over a finite
region.
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rential of the solid angle. Wultiply the result with

(>(£), the charge at the center of the spnere, and in-

tegrate, wmoving the sphere tinrougin tne whole molecule,
The function d(r) can be expressed as the sum

dir) = L dij(r) (89)
Y

over the contributions dij
i and J in the molecule. The atomic terms dii
the fact that i(s) (86) includes both atomic and molecu-

lar scattering. Since the experimental intensities ob-

of the various pairs of atoms

arise from

tained in the visual method contain only molecular scat-
tering3 the atomic terms in d(r) should be omitted. If
the charge distributions of the atoms have spherical sym-

metry the functions 4, j(r) may be expressed by the formula
® W T

d “(r)= ‘trj U L (Vwtewt- zV.meﬁ)Amp}ﬂej(ﬁw 2V W (4) du—m}iw (90)

where tne various symbols are explained by Fig. 8e

w=(rtewh2rwcos oL)V‘
v (rtew’oa; wcosp)*

Fig. 8



-1C0-

It is seen that (90) is much more complicated than (84)
and that (90) could not have been obtained by using the
folding tneorem, whicih corresponds to a one dimensional
distribution function, while (88) is a three dimensional
distribution function.

Starting with (85) the inversion of 371(3) could be
interpreted by the folding theorem in terms of r((n).
But all tnese interpretations have no application to the
actual practice of inverting a certain reduced visual in-
tensity function, since at the present it is impossible
to obtain accurate experimental knowledge of the molecular
scattering intensity. Indeed, the method used in these
laboratories is to represent the observed scattering by a
function of the type (1) involving sine terms with constant
coefficients. Interpretation of such an intensity function
in tefms of the actual charge distribution in the molecule
is, however, not possible.

All formulae derived in previous sections still apply
since (78) has the same form as (5) except that instead of
using (2) in (42), (79) should be used.

Summary.
The Gibbs and related phnenomena, which cause undesi-

rable secondary features in tihe radial distribution func-

tion are discussed and illustrated by several simple exam-
ples. The effect of convergence factors and Fejer's method

of summation are described. The "Folding" theorem for Fourier
transforms is derived and applied to the general discussion

of the effects of modifications of the reduced intensity func-
tion on the corresponding radial distribution function. Va-
rious special types of modifications are investigated. A
discussion of the effect of the atomic scattering factors of
different atoms is given.
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fn introauction illustrates witn exampl
past, aiffraction methnods nave sup. lemented
mical methods in deterwininz thne topological coniirurstion
of atoms in molecules, anc tne spatial arrangeusent of groups
attacheu tc & carovon atom,

An experimentael part records tne results of sn electron
cifiraction investigetion end & crystal structure determina-
tion of pipuaenylene and an account cf various investigations
onn arsenometrane, includin; an electron Giffrsction investi-
gatlon of its vapor. oipnenylene is cibenzcyclobutadiene,
as seemed probeple irom its syntresis. Interatoamic dis-
tences are reported and toe psckinz of tae molecules in the
crystal 1s discussed. =vidence is presented tnat an equili-
priuvw between ci.oierent states of association exists in the
vapor ol arsenometnane, pbut tast immecistely after evapors-
ticn toe molecule is propeoly a pentamer, Detziled iandivi-
cual sumwzries will be found on pages 27, 50, and 68,

a thneoretical part deals witn conversion and certain
otier proolems arising in tne radiacl districution method in
electron dirtrection. 4 wore Getaileu sumacry will be found
on pege 100,
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PROPOSITIONS

1) The folding theorem of Fecurier transforms is very useful
in tne ciscussion of radizl cistribution functions.

2) Tne expression for thne stomic scattering factor for elec-
trons ‘

£@,4) = - 222 [epix(p p 1) § (Dov,

where 4’(2) is the electrostatic potential function,can be
transicrmed with the potentizl equation into

' 872me2 o
£(F,9) = "Eﬁ'zm (z - F,9)),
S

where F(&’f) +j’e(£)exp(ik(go—g r))av

is the atomic scattering factor for X-rays and where no ave-
raging over &ll orientaticns in space has been carried out.

3) Inclusion of the scattering of hydrogen atoms in the
calculation of X-ray structure factors for crystals of long-
cnain ayarocarbons woulc doubtless have improved the agreement
between the obServed and calculated scattering amplitudes re-
ported by Bunn<,

4a) In a paper by Clark and Yohe3 on an X-ray examination of
crystals of poenylaminoacetic acid the heretofcre unchallenged4
statement was made that certain space groups demana the presence
of asymmetric molecules. This is not true since & given mole-
cule in a crystal can nave higner symmetry than is required by
the space group. It will have an asymmetric environment in
these space groups, but tnat need not have spprecisble effect
on tne wolecule's own symmetry.

If in addition a crystal with the specific space group
Csy-Pca, chosen by Clark and Yche for d- and l-prnenylsminoace-
tic aciu, contained enantiomorpnic molecules, it would have to
contain botn tne d- and the l-form in equal number, since the
space group has glice plenes, If Clerk and Yohe really inves-
tigateda crystals of d- and of l-phenylamincacetic acid, as they
claimed, their space group woulc appear to be ruled out on the
basls of all present knowledge on optical activity.

4Db) From X-ray date anc witin a detailed theory of development
of crystal faces, etch figures or similer properties it shoulgd
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be possible, in [lavorable cases, to decide which of two enan-
tiomorphic structures belongs to a given optically active sub-
stance., Tnis seems of importance since doubt has been expressed5
as to the validity of structure assignments made on the basis of
present theories oi optical activity.

5) The reason given by Sauter6 for contesting the reality of
certain maxima of the charge density shown by X-ray investiga-
tions to exist in certain regions of the lattices of magnesium
and ruthenium® crystals, is not valid. It is, however, not con-
tended that these maxima are necessarily real,

6) If in the first order Schrddinger perturbation theory s
degeneracy is not removed great care should be taken in the
choice of the combinations of the first order wave functions
used in the galculatiocn of the second order correction of the

energy (€.g¢7).

7) One reason for the statement made by Glockler and EvanslO
that their approximate quantum mechanical solution of the one-
dimensional double minimum problem is not valid for q&l, is that
the solution does not, in that region, satisfy a theorem by
Sturm ana Liouville wihich applies to exact solutions.

8) Two equivalent, cylindrical bonds of "strengths" 1,528
and forming a bond angle of 60° may be constructed by sp-hybri-
dization,

?) The chromatographic adsorption method could be apflied
to measure the rate of dissociation of hexaarylethanes. 1

10) Of all n-gons (n4) the pentagon is the only one for

which the following is true: the construction of an equi-
lateral, equiangular pentagon is possible for only two values of
the angle. For all other n-gons (excepting the trivial case of
the triangle) there is a whole range of angles for which an ana-
logous construction is possible., The pentagon under considera-
tion is planar, the possible angles are 108° and 36°,

X1) A basic knowledge of statistics should be reguired of any
candidate feor tine aegree of Dector of Philosophy.

X2) Tnere should be a ruling that Candidacy Examinations are
to be announced at least four weeks in advance so as to permit
adequate preparation.
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