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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)."

AN ELECTRON DIFFRACTION INVESTIGATION OF BIPHENYLENE

1453

==

N
>,

ik
P s

/
K
S
[
«
I
//J/
( \(/
.//’ -
o
<
\
(G

—
[
W
i
54}
o
N1

r, A

Fig. 2.
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
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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.