5
3
L
gk
i

X-RAY INVESTIGATION
OF

CERTAIN SUBSTITUTION
- PRODUCTS OF CYCLOHEXANE

P o =

it

7
'E 3
b
&

g At
il
B0
i

i
..'T"
=




DEPOSITED BY THE FACULTY OF

GRADUATE STUDIES AND RESEARCH

WWENSS -

LS BN 181

M-GILL
UNIVERSITY
LIBRARY

AcC. NO.U N A G G. A TE 1929

MIVEASITY SINOZRY






THE X-RAY INVESTIGATION

OF
CERTAIN SUBSTITUTION PRODUCTS

OF
CYCLOHEXANE

A Thesis submitted to the Paculty of Graduate Studies & Research
of LicGill University in part fulfilment of the requirements

for the Degree of Doctor of Philosophy

By

T. N. WHITE, M.Sc.

September, 1929,



Foreword and Acknowledgments

As an introduction, the writer would lize to give a brief
outline of the work which has been done in connection with the x-ray
crystal structure laboratory of the Physics Department of this
University since its beginning some three years ago. For, although
this thesis deals chiefly with the more recent research of the writer,
its value can perhaps be better estimated if it be considered in
relation to the more general scheme of research which has gradually
been evolved during the collaboration of Dr. A., L. Patterson and the
writer.

In the spring of 1926 the writer was given the privilege of
commencing the organization of this laboratory, and by the end of the
following summer the nucleus of an effective set of apparatus had
been formed, During the ensuing session it was possible to give
some slight assistsnce to Dr. G. S. Whitby in his research on certain
polymerised colloids, and the results of the x-ray investigation of
one of these has been presented elsewhere (l.Sc. Thesis). During

the summer of 1927 the writer concluded some minor investigations in

————

the X-ray Division of the Research Laboratory of Applied Chemistry of
the Massachusetts Institute of Technology, and so had the opportunity
of studying at close quarters the work which was being done there.

Prior to the commencement of this laboratory at McGill University,
Dr. Patterson had taken up an investigation of the 1owef w - phenyl
normal saturated fatty acids under Sir William Bragg at the

Davy-Faraday Research Laboratory of the Royal Institution.
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After the conclusion of his work there he spent a year at the
Institut fdr Faserstoffchemie, during which, among other things, he
devoted some time to the study of the problem of the determination of
particle size,

On the resumption of x-ray work at MeGill University, the
question arose as to what substances might best be chosen as a field
for research. Both Dr. Patterson and the writer had been interested
in the problem of organic structure and a survey was msde of the state
of knowledge in this field at that time. It appeared that the
aliphatic compounds were being studied with success by a particularly
capable body of workers and that attention might better be turned in
other directions. The most interesting highly complex substances,
such as rubber and cellulose, were also being studied with as much
success as such difficult problems admitted at that time, and it was
felt that progress in that field, which had been of prarticular
interest to both Dr. Patterson and the writer in their eariler work,
might best be advanced by the study of compounds of intermediate
complexity. Perhaps the most outstanding field which remained a%
that time consisted of the aromatic compounds. THere again, though
progress was slow owing to the complexity of the problem, excellent
work was being done. riost of the compounds which were being studied
were however of the unsaturated type, or partly saturated with heavier
atoms such as chlorine. ILittle work had been done on the saturated
compounds, and none on those saturated with the lighter atomic groups,
such as hydrogen and the hydroxyl group, such as the hydroxy

substitution products of cyclohexane. It seemed, then, that this
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might be an excellent field for x-ray investigation.

The writer here wishes to state that the burden of these con-
giderations lay almost entirely on Dr. Patterson, and that in this
respect he owes e particular debt, for at that time, due to the fact
that his attention had previously been devoted largely to development
of the laboratory, his knowledge of contemporary research weas
decidedly limited. All through his research the writer has bene-
fitted from this wider knowledge of the field possessed by Dr.
Patterson, and he feels that what success has been attained in the
work described in this thesis has been largely dependient on what he
has learned through this association.

In obtaining the substances used in this research, in the
detemination of some of their properties, and in their purification,
much assistance has been given by chemists., A particular debt is
due to Professor Whitby and Dr. Greenberg of the Department of
Chemistry of this University. They supplied two of the substances
and prepared a third, which would otherwise have been especially
difficult to obtain. It is é particular pleasure to acknowledge
the kindness of Dr. C. Anderson, of the Australien National Iiuseum,
in sending the specimens and a copy of the data of a crystallographic
examination which he performed more than ten years ago.

The writer would also thank Professor Graham of the Department
of iiineralogy for preliminary instruction in the use of the double
circle goniometer.

An interest in the work of the x-ray laboratory led

Mr. E. H. Johnson to give assistance in the taking of some of the

photographs of the quercitol series, and this aid is gratefully
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acknowledged.

The high standard set by the research, in the liacdonald Physics
Laboratory, of Dr. J. S. Foster on the Stafk Effect, has been a;very
considerable sburce of inspiration to the writer during his three
years of research here,

Finally, the writer Wishes to record his most sincere thanks
to Dr. A. S. Eve, the Director of the Macdonald Physiecs Laboratory,
for the interest he has taken both in the provision &f adequate

apparatus and in the general progress of the research.
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SUMMARY OF THE RESEARCH DESCE=IBED IN THIS THESIS.

1. Object

It having first been recognized that the series of hydroxy
substitution products of cyclohexane is of imporbtance in the study of
the structure of organic matter in the solid state, it was decided:

(i) To irvestigate the isomerism of the series with the purpose
of arriving at a tentative opinion as to its promise as a series for
x-ray examination.

(ii) To make a preliminary x-ray investigation of a few of the
available members which seemed to be most closely related in order to
see whether the opinion as to the promise of the series was well
founded.

(1ii) To push the investization rather farther in one or two
cases, both on account of the interest of the problem itseif, and in
order to arrive at a decision as to whether more detailed structure
investigations of complicated substences of this type are at present

to be regarded as problems capable of solution.

2, Results

A fairly thorough investigation of the literature has enabled
the writer to present a list of most of the known members of the
series, and considerable knowledge has been gathered as to the sources,
chief properties and special interest of the individual members.
It was decided after a consideration of the isomerism and chief

properties of a certain group of members that the series was a

promising one for x-ray investigation. In addition, on the
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assumption of either of the two configurations for the benzene ring
which experiment had already indicated as possible, a sound basis has
been established for the discussion of molecular models for the
isomers.,

(ii) The preliminary x-ray investigation of three of the hydroxy
substitution products of cyclohexane (inactive inositol, laevo inositol
and quercitol), and a methyl derivative (quebrachitol) of one of thenm,
has been successfully carried through, so that the crystal class,
dimensions of uhit cell, number of molecules per unit cell, space
group, and symmetry properties of the molecule are now known for all
four, Three of these have been shown to possess the same space group
and molecular asymmetry, while the fourth (inactive inositol) possesses
a different space group. The differences of the fourth are however
no greater than was to be expected from the consideration of isomerism
and chief properties, and the x-ray evidence has so far tenied to a
confirmation of the tentative opinion. The preliminary investigation
has also brought out several points of particular interest in individual
cases (e.g, molecular association in inactive inositol).

(iii) The x-ray investigation has been carried somewhat farther
in one case (quercitol), with the result that en indication has been
obtained as to the molecular oriemtation. The success of the method
of arriving at this result gives ground for the hope that the enhance-
ment principle, which has recehtly been brought forth, may usefully be
applied in a more detailed investisation of the structure of at least

this particular group of hydroxy substitution products of cyclohexane.
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In addition several improvements have been made in the epparatus

and technique of this laboratory.



I. INTRODUCTION.

6 1. One of the interesting features of organic chemistry is the
small number of elements which are required to form the vast number

of compounds which come within its range. There are simple compounds
like methane CHz, and complicated ones, of which phloroglucinol-

trimethyl ether 09H1205 is a moderate example, In a great many of

i
gl .
H-C-H | | Hee? S ¢-n
H - n |
f Fig. 1. | ( "f}c‘;‘ooc\ E//C\::c::
‘ Methane | Fig.2.
, CH Ph loro:lucino!-trimeth)
4 | Ether
| - GeHs(ochy)s |

them carbon, hydrogen and oxygen are the only elements, It is clear
that in such a science a knowledge of the relations of the elements
is of primary importance, and indeed progress in this science has
depended and still depends on the study of the reactions of each new
compound in order to determine which atom is linked to which in its
molecule, The very formulae which are used are so constructed as to
lay emphasis on this linkage relation. For instance the reactions
of methane are most easily interpreted by supposing that each of the
four hydrogen atoms is linked directly to the carbon atom, and has
little or no attraction for the other three hydrogen atoms. This

information, and the corresponding information for the much more




complicated phloroglucinol-trimethyl ether, is graphically shown by
the formulae in Pigs. 1 and 2, It must be emphasized, however, that
these formulae tell us nothing as to the arrangement of the atoms in
space, and indeed it may be said here that in no case has it been

possible by chemical means to do more than assign an approximate

space configuration to & moleculs.

6§ 2. The importance of the spatial arrangement of atoms in organic
substances was first emphasized by Berzelius%) who introduced the
ideas of isomerism, polymerism and metamerism, The fundamental
hypothesis of organic stereo-chemistry was made almost simultaneously
by Van't Hoffz)and Le Bels)in 1874, Van't Hoff's version (which
agrees most closely with modern ideas) is as follows:- The carbon
atom is supposed to possess four valency forces, directed toward

the vertices of a regular tetrahedron at the centre of which it is
placed. Any four monovalent radicals which are attached to the
carbon atom will therefore ©be held in a tetrahedral arrangement,
and if all four are the same, the group will possess tetrahedral
symmetry .

This hypothesis has been of great use in the study of optical
activity and isomerism. It was found that many optically active
organic compounds possess an assymmetric carbon atom - i.e. one
attached to four different radicals -« and the tetrshedral arrangement
provided an excellent model for the discussion of mirror image con-

figurations, Likewise it provided a satisfactory basis for the

discussion of geometrical isomerism. But not until the advent of
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X-rays in the field of chemistry was there any direct confirmation

of these ideas or hope of an exact determination of configuration. -

§ 3. When we come to consider just whet is the structure of s
molecule, i.e, the spatial arrangement of the atoms in the molecule,
we realize that this is an indefinite question.  Our knowledge of
the meaning of heat alone prevents us from viewing a molecule as a
static arrangement. The methane molecule under ordinary conditions
(gaseous state) is pictured as an agitated group of four light atoms
about a heavier fifth atom, the whole group moving with high velocity
and occasionally colliding with other similer groups. Even in the
liquid state the picture is not very much different, and the
opportunity for getting definite information as 4o the configuration
is decidedly limited.

In crystals, however, the molecules have linked themselves
together in orderly array, and while both atoms and molecules are
8till in thermel agitation, their motion is strictly limited to
regions comparable with their own dimensions. By the study of
crystals, therefore, we may hope to get some information both as to
the actual arrangement of the atoms in a molecule and as to the
magnitude and direction of the binding forces involved.

The discovery and early history.of the use of x-rays in the
determination of crystal structure has already received such thorough
and competent treatment4) that its inclusion here would be superfluous.
The firs$ structure5?etermination of interest in organic chemistry

was that of diamond and in this connection three things are

rarticularly to be noted:-



MODEL OF DIAMOND,

Ilorizontal planes perpendicular to the paper are (111) planes,

Fig. 3

(1) Each carbon &tom is surrounded by four others, at
the corners of a regular tetrahedron.

(2) It is possible to pick from the structure a
"puckered ring™ of six carbon atoms.

(3) The great rigidity and openness of the structure
would seem to indicate that the direction of the
binding forces of a carbon atom are particularly well

satisfied by the diamond arrangement,

i.e. that the carbon atom tends strongly to hold attached atoms in a
tetrahedral arrangement.

Evidence for a tetrahedral, or approximately tetrahedral arrange-
ment has been obtained with methane?)tetra—iodo-methane?)tetra—bromo—
methane?)tetra—phenyl-methane?)tetra—methyl-methane%O)tetra—nitro-
methane%l)penta-erythritol tetra—nitrate%a)penta-erythritol tetra-
acetate%s) None of the compounds of the type 034 which have so far
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been investigated have yielded any strong evidence for -a wide
departure from tetrahedral symme try .

The only other known crystalline form of pure carbon is
graphite. Its structure was for some time in doubt, but it was

14) 1¥)
finally settled by Hassel and lMark , and by Bernal independently.

Abb. 141. Graphit nach HassELund MARK.
Fig, 4.

It is to be noted that

(1) Each carbon atom is surrounded by three coplanar, equidistant
atoms, while away from this plane, and at a considerably greater
distance, is a fourth.

(2) The atoms lie in nets characterized by a hexagonal ring
structure.

(3) The remarkable flakiness and cleavage properties indicate
that the atoms are strongly bound in the hexagonal nets.

(4) The carbon atoms can be considered as of two types -
(a) those which have neighbors in neighboring planes, and in a
direction perpendicular to the plane, and (b) those which have no

neighbors perpendicular to the plane.



The differences of these two structures, diamond and graphite,
are sufficient to show that the linkage forces of the carbon atom
are not to be regarded as fixed vectors, and indeed there is nothing
in atomic theory to indicate that they should be,

Before discussing x-ray examinations of any other crystals,
it will be necessary to consider the class of organic compounds

which is of particular interest in connection with the subject of

this thesis,

§ 4. Organic compounds are usually divided into two groups - the

aliphatic compounds, or open chain structures, and the cyclic com-
pounds, whose molecules possess some group of atoms in & ring-like
arrangement, Probably the most important of these cyclic units is

the benzene ring (Fig. 5), which is the structural basis of the

aromatic compounds.
H
t

¢
\
He¢/ Ye-H
r

H’C\C/c‘H

H
Fig.$5.
Benzene

CeHe

The arguments for the ex%stence of such a structure were first
16
clearly set forth by Xekule- 1in 1867. He also dealt with the



problem of unsaturation and suggested possible directions for the

residual valency forces. Since then the benzene derivatives have been
studied with great success, and the chemical properties of a large
number are now well known.

The number of theoretically possible isomeric substitution or
addition products of benzene depends on the assumption which is made
as to the configuration of the ring. The apparent existence of only
one mono- and three di-substitution,products, together with other
evidence, led to the view that the benzene ring could be treated as
though plane. liost of the discussion of both positional and geometrical
isomerism has been based on this conception. As early as 1888,
however, it was realised that this arrangement was inconsistent with
the tetrahedral hypothesis of Van't Hoff and Le Bel, and various space
formulae have since been proposed%V) These have been tested according
to the properties which they would lead to, but in all cases it seems
that the weight .of evidence is in favour of the plane ring%a)

A closely allied problem is that of the configuration of the

cyclohexane ring, CgH,, (Fig. 6). In this case also the flat ring

Hy
N\

C
Hﬁf’ ﬁ H
1L
H, N/
Hs
Fig. 6.
Cyclohexane

Ce Hia

t
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seems to satisfy the requirements, but when two of these rings
combine to form decahydronaphthalene, it would appear that a
sufficient number of isomeric substitution products have been
isolated to indicate that the cyclohexane rings can be joined in two
different ways, so producing two distinct secondary units%g) This
necessitates something in the nature of a puckered cyclohexane ring.
The most satisfactory explanation of the failure to detect this in
the case of the single ring compounds is that, under the ordinary con-
ditions of chemical testing (liquid and gaseous state), there may be

two interchangeable ring forms, in dynamic equilibrium, producing the

same statistical result as a single plane ring.

§ 5. As has been pointed out in § 3, the structures of diamond and
graphite, as determined by x-rays, show two different six-membered

rings of carbon atoms, the one flat and the other puckered, as

illustrated in Fig. 7. This is strong corroborative evidence in

Diamond

Graphite

—
L 123-02e

-

Ex . oo

2:40 :?'sz
Frs. 7.

favor of the ring structure of benzene, if such still be needed.

It does not however help much in deciding the shape of the ring,



10.

As to the configurat}on, X-ray ?xaminations have been made of
20 21
naphthalene, anthracene, benzene, hexa-chlor- and hexa-brom-
22) 20) 23)

benzene, naphthalene-tetra-chloride, hexa-chlor-naphthalene

and hexa-methyl—benzene?4) but in no cases except the last two has it
yet been possible to tell whether the ring in the structure is flat
or puckered, Except for the naphthalene chlorides, the molecules
have been shown to possess centres of symmetry. In hexa-chlor-
naphthalene the intensities of the higher order reflections indicate
that the ring is nearly flat. The x-ray data from hexa-methyl-
benzene can only be satisfied by a flat ring.,

The problem of the symmetry of the carbon atom, and its relation
to molecular symmetry has been studied by XK. Lonsdale. She has been
led to assign two distinct types of valency to the carbon atom in
order to explain the symmetry which certain molecules exhibit?5) She
has shown that this assumption is consistent with the symmetry of
hexa-methyl-benzene, and that it leads to results in agreement with
those of de Laszlo on the absorption spectra of the ten di-chlor-
naphthalenes%6) Lonsdale has 8lso very recently provided an
excellent summary of the present state of knowledge of the structure
of the benzene ring?V)

From the sum total of the organic x-ray analyses that have so
far been performed, the general conclusion may be drawn that the
carbon atom probably behaves differently in different types of
compounds. The laws of its behavior are as yet very uncertain and

it would seem that in order to establish them on a sound basis, it

will be necessary to analyse a considerable number of organic crystals
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and correlate the infomation so obtained. The results of the work
on the long chain compounds and on the naphthalene -group indicate
that the best chances of success lie in the study of groups of closely

related substances, and it is such a group that has been chosen as

the subject of this thesis.

6§ 6. Since the next section will be devoted exclusively to this
subject, only brief mention will here be made of the hydroxy sub-
stitution products of cyclohexane. Cyclohexane itself is formed
by the saturation of the benzene ring with hydrogen atoms. It
resembles benzene in its physieal propefties, and presents the same
difficulties for x-ray analysis. The various members of the hydroxy
substitution family are given by the general formula

CeHig-n(OH)y n = 1,2, 3, 4, 5, 6.

Fig. 8.

| o.-tho-Cyclohexandiol

Ce o (OH),

Fig. 8 is an example for n = 2. (From here on the conventional

6')
The formula gives no indication of the complexity of the series,

hexagonal symbol will be used for the benzene ring C6H

for there are known to be several isomeric forms for every value of
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n (except n - 1), Thus there may be expected a fairly close
inter-relationship in the crystal structures, which, if it exists,
will not only aid in the analysis, but will also simplify the
correlation of whatever information may be obtained.

Besides possessing an important position in the general scheme
of organic chemistry, this group has an added interest in that a
number of the higher members and their methoxy derivatives appear to
play an important part in plant and animal metabolism. To give &
single instance, one form of inactive inositol, CgHg(OH)g (n = 6),
has recently been identified with Biosezgs one of the two components

essential to the normal growth of yeast. Examples might be

multiplied indefinitely from the lists of sources given in Beilstein's

Handbuch.



15.

II. ISOMERISL AND THE HYDROXY SUBSTITUTION PROIUCTS OF CYCLOHEXANE.

§ 1. As has been stated in the previous section, there are many
isomeric forms of the hydroxy substitution products of cyclohexane
known. It is doubtful if all the stable forms have as yet been
isolated, and the question arises - how many forms are theoretically
possible? No one has as yet thoroughly discussed this problem for the
whole series, and in the isolated cases the discussion has always been
based on the assumption of & plane cyclohexane ring.

In order to provide & basis for the discussion of isomerism and
molecular symmetry the writer has worked out by a specially developed
form of analysis, and with the aid of models, all the possible isomeric
forms of the hydroxy substitution products of cyclohexane, as obtained
on the assumption (1) of a plane, (2) of a puckered cyclohexane ring.
This work is presented in detail in an appendix to this thesis.,

Table 1 is a summary of the results, giving the number of isomers for
each value of n in the formula:

CeHyp_p (OH)y

The isomers have been classified according to possible optical activity,
Those listed as inactive possess planes or centres of symmetry; the
others do not. It is well known that no structure possessing & plane

or centre of symmetry can produce & rotation of the plane of polarization
of a light wave; +the converse proposition is however not necessarily

true.
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TABLE I

Puckered Plane

[Total Laevo |Dextro| Inactive] n [Subst.| Inactive| Dextro |Laevo Total
2k e} o 2 1 I / o o I [
6 5 3 0 0 I I 1 3
4 ! I rd 1-3 I I I 3
135 3 o o 3 14 2 0 (o] 2 &
¥ 2 2 4 31123 2 I / 4
16 8 § 0 [I'24 0 4 4 8
28 | 4 0 0 4 [=3:5 = 0 o 20 18 A
2o | e /0 0 A 2345 2 4 4 10
|6 ¥ 2456 4 2 2 §
| 46| 10 4 1-3-4-6 3 2 R 7 2%
(& 20 12 8 5 |r2a34s 4 4 ¢ 16 | 16
R s 3 3 10 6 |123456 7 [ f 91 9
I3 § Tetal Fistail 7T

It is seen that the number of forms is far greater in the case of

the puckered ring, as is to be expected.

The number of plane ring isomers for n = 6 appears to have been
common knowledge for some time, and the number for n = &5 has also
29 ) 30)
previously been stated, There has recently been published a

mathematical treatment of the general problem of isomerism and con-

figuration, but its application to the present problem is not clear,
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6 2. Below is a table of the hydroxy substitution products of
eyclohexane which have been isolated. The isomers are classified as
they have been labelled in the literature. The remarks are, in most
cases, merely the sources and chief properties of the substances.

lost of the data have been obtained from the Beilstein-Prager-Jacobson
"Handbuch der Organische Chemie,™ (ed, iv). Search of subsequent
literature has not been fruitful in yielding any new isomers, though
the knowledge of the properties of some of the substances has since

econsiderably increased.

TR

n | Formvlal Name [somer Remarks
1[G Hu(OH) Cydohexahol M.P.20" Sp-gro-741 TFrep. by syrlhesis
Z CQ ch(oﬂ)z ({chohexaadiol orfha-cis. |M-P 9§-100° o # S

-Trans f"I-P. Iﬂ!po - Lo

e
lhere (s an egui melecular piaxture ' .

meta-cis@) M.P. ¢5° _"-denﬁt)- i3 uncertain.
pava- c¢is | M.P joo-102* f”re_F b] Synthesis
© - tvant| M.P r'3i° - .

.
There i3 3w equimeleculav mixture  Chinite”

5] C{, Hg (OH):; Crclohaxahtr'rol [-2:3 M.P.£7° ?rer. b} Synﬂnes;_s
1:3.5 | M.P.isk-5° I J
A C¢ Hs (QH);. Crclahexantetrol i M. P 224° Betite C¢la04= (g H'@")A ?

Extrack of beatruek: tmay be :‘vdeﬁdul\'l’etnl.

511G H'I (°H)s Crdohcxanpehfal

Quercitol dextro M.P 234-237" SPG\- 158 o« rzsm2y”
Extrackol acorns, [eave; of Chamoereps homilis,s
== laeveo MP 174° op 2 -74'
Extvack a[l leaves of ("Rmngma ,g_?zvgﬁh;g :
6 | CoHeloH)g Crciohexanhexol
d-Tnesitol dextve M.P. 24(.-143“ o« =+ £5°

'Fre,r» fnm Pinite (methyl-d- inssitel) which occurs
in Sap o!L Finos Lambertiana (@alif) , in cacvtchove, -
1-Inositel laevo M.P 246-248° otz —£5°

Trep. from Quehrachitsl (m ethy 1 1-iotitol) w hich
beeurt in Tater of Hevea bras;'l.‘eng.'g' leaver af
Hetero dendron c?e_ae{:al.'um DGGF, L

a racewmple occurs |in Tertain bervies. M.P. 253°

in-Tnositel (hachive M.P z25°
Oceurs in many lpTaufs and animals.
) Seyllitol inactive | M.P. 2339 $p- Gr. 166 2 (cocosital)

Jecurs (n Kidney of shark  degfich, ray, -
%o -Ip\ox;tul inackive M.P. 244°
- Inonitol Waerive P, fow {
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The Beilstein cis- and trans-classification of the two ortho-
cyclohexandiols has been interchanged to bring agreement with recent

31)
work.

It is interesting to note that the two penta derivatives cannot
be mirror images of one another, due to the marked difference in melting
point and optical rotation. fhe same can be said of pinite and
quebrachitol (properties not listed here) though they are both methyl
derivatives of optical antivodes (d- and l-inositol).

The configuration of the substances listed above is a problem of
some difficulty. an attack on the cyclohexane series has recently been
made by chemical means?z)but most of the work has not been directly on
the members of the group under consideration. A recent attempt to
determine the relative positions of certain hydroxyl groups on quercitol
has yielded contradictory results?a)

The configuration ofsg?fh groups as 06H6016 has a definite relation
to the problem. Friedel adiscussed the possible arrangements in an
early paper. At present there are known to be four crystalline
modifications of the hexahalogen compounds. The A (cubic) type has
been analysedzz) but the oC type, which is monoclinic, will probably
be of greater interest in connection with the structure of the inostols,

Ih conclusion it might be remarked that a comparison of Table I
and Table II shows that the number of isolated substances falls far
short of the number of theoretically possible substances, whichever of
the two assumptions be adopted. It is difficult to see how the
assumption of plane ring form could be further simplified to yield a

smaller theoretical number, and any increase in the complexity of the
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ring will only add to the theoretical number. Two considerations
then arise?

(1) It may be that there is still a considerable number of
substances which may be isolated,

(2) It may be that a large number of the theoretically possible
configurations are so ﬁﬁstable that they can never be isolated.

Both factors probably contribute to the discrepancy in number.

Another problem which arises is the relation of the isomerism of
the substances in the solid state tg isomerism of the same substances
in the liquid state, but this cannot be profitably discussed until much

more definite information has been obtained concerning the structures.

6§ 3. The complete x-ray analysis, even of only those members of the
cyclohexane series which have so far been isolated, presents, under the
best circumstances, a task of some years duration. In the presence
of so many isomers it is necessary to proceed with great caution, and
to identify each substance with care. The data in the literature are
incomplete, and in some cases unreliable, so that much preliminary
investigation is required before the x-ray analysis can begin.

It has only been possible to bring into this thesis the results
obtained with four substances. Three of these, inactive inositol,
laevo-inositol and quercitol, are hydroxy substitution products of
cyclohexane., The fourth is a closely related compound, quebrachitol,
the methyl ester of 1 - inositol.

In order to relieve the later sections of this thesis of a con-
siderable amount of miscellaneous argument, it wes decided to include,

at this stage, the discussion of the source, identification, crystallo-
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sgraphic data and important properties of each of the four substances
mentioned above. A few references are also given to papers of
interest which are not included in Beilstein's'Handbuch der Organische
Chemie™ or Groth's "Chemische Kristallographie." (The references are
grouped with each discussion and are indicated by roman numerals to

distinguish them from the general reference system.)

Inactive Inositol

OH
0 OH
i OH OH
i oH
Fig. 9.
Inositol
G He (OH)¢

Source, A grem sample of "Inositol" obtained from Schuchardts
many years ago. Recently purified by recrystallization and supplied
to the writer by Dr. G. S. Whitby, bDepartment of Chemistry, McGill

University.

Preparation of Crystals. The crystals used in the x-ray analysis

were prepared by crystallization from a dilute solution of acetic acid.

Identification.
0] 0 III)
Observed li. P, 220 (approx.) cf. 225,7 - Fick.
Iv)
Observed 3Sp. Gr. 1,58 c¢f. 1.752 - Panret.

There is no recorded crystallographic data on the inasctive inositol,

though the dihydrate has been measured by four observers%l) The most
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satisfactory method of identification would seem to be by obtaining
and measuring the dihydrate. Several attempts were made to do this,
under the conditions stated in the literature, but each time the
crystallization yielded the original form. It is perhaps interesting
to note in this connection th§§1§etrie had the same experience with his

1- inositol (1- inositol, ref. ). In connection with the discrepancy

in densities, the following comparison is suggestive:-

Sp. Gr. ) Spe. Gr.
v
x-rayed in-inositol 1.58 cocositol - Muller 1,66
(Sey 2litel)
" 1- inositol 1,60 in-inositol of Tanret 1,752

" quebrachitol 1,57 (frem xrar data)

" quercitol 1.58

There is, of course, the possibility of a mistake in the Tanret
value, It seems rather high.

VI)
Several isomers of inositol have been examined by luller. He has

proved that quercine and cocositol are identical with scyllitolYL‘but
has discovered two new isomers, which he names iso-inositol and

Y4~ inositol. The writer's inositol is probably not scyllitol
(M,P. 3390 , Sp. Gr, 1.66). It might be iso-inositol (li.P. 2440)
but not'¥r inositol, which Muller describes as being amorphous and
gummy. Whether all the researches listed in Beilstein under "inact;ve-
inositol" have dealt with a common variety of inactive-inositol is a
question which would be difficult to answer. Projects are now under
way to obtain the different isomers, so that a careful comparison and

x-ray examination can be made, and it seemed best to leave the question

of the id%}ity of this particular specimen open for the present.



20.

Crystallographic Data. A goniometric examination of the

crystal was made, but the specimens were found to be so poor that
the results could not be satisfactorily co-ordinated. This perhaps
accounts for the absence of data in the literature,

Several attempts were made to obtain better specimens, but
none were successful. The crystals are very thin, and of a fair
width; all are vefy long proportionately, and in some cases needles
2 or 3 cm, long and about 0,5 mm. in diameter were grown.

Good terminal faces were occasionally observed, but the faces
of the needle zone were uniformly poor and gave series of
reflections over a large angular range. Sufficient data was
obtained to get an approximate value of’@ :ID?? The habit was
such as to indicate that the crystals belonged to the monoclinic

prismatic class, though this cannot be regarded as conclusive.

References.
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Laevo-Inositol, Q6§[_6(0H)E (same chemical formula as in-Inositol).

Source. The sample was prepared by the action of hydriodic

acid on the quebrachitol of this thesis )
I

HI + CgHg(OH)g OCH; = OCgHg(OH), + CHgI

Preparation of Crystals. The crystals were obtained by

precipitating the l-inositol from aqueous solution by the gradual

addition of the ethyl alcohol.

Identification.
Observed .P. 240° (epprox.) cf. 237° Ref. VIII
238° o III
238 " IV
248° v yI
248° " IX
Observed of, = - 65.8° cf. - 64.8 Ref, III
65 "Iy
65 "V
65 "ooIX

As there was some doubt as to the identity of the sample at
one stage of the analysis, a combustion test was also made,

The results were:-

Observed Theoretical
Carbon 39 .78% 40 ¢
Hydrogen 6« 35% 6%%
Ash trace -

It is considered that the above data establish  the identity of

the specimen beyond doubt.
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Physical and Crystallographic Data.

0
M. P. 240 (approx.,)
Sp. Gr. 1,560

0
Opt. rotation a% - 65

There are no crystallographic data recorded for 1l-inositol,

A goniometric examination was therefore made, with the following

results:-

Crystael class: Monoclinic sphenoidal,
a:b:c = 0.678:1: 0750 (From x-ray data)
/3 = Jo6°36’

Forms observed: a {100}, b’ {oio}, P {011}, p’ {Oil},
q {110}, q' {110}, r {101} .

The crystals exhibited a fair'number of good reflections,
but the forms were somewhat distorted, so that high accuracy was
not possible, In fact it was at first thought that the crystals
were trichnic with a close approach to monoclinic symmetry. The
x~ray data however proved conclusively that they were monoclinic,
as will appear later. No crystal dimension was perticularly

pronounced,

References.,
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VI. Maquenne and Tanmret, Comptes Rendus, 110, 86.
VII. Berthelot, Comptes Rendus, 110, 1245.
VIII. Pickles and Whitfield, Proc. Chem. Soc. Lond., 54 (1911).
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Quebrachitol

CHs

OH OH

OH OH
OH

Fig. 10.
Quebrachitol

k C‘ H‘(OI’D;O C H3

Source. The samples were extracted from the latex of

Hevea brasi}iensis according to the method described in the
1 .
literature.

Preparation of Crystals. The specimens were obtained by

crystallization from dilute alcoholic solution. Crystallization
from water gave specimens of similar form,

Identification. As the samples were supplied from the

Department of Chemistry of this University by Professor G. S. Whitby,

who is an authority on the chemistry of ruber, the writer did not
consider that any further identification was necessary. The

separation of quebrachitol is one of the preparatory operations in

some of Professor Whitby's researches, and a plentiful supply was
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available.

Physical and Crystallographic Data.

L. P.  190° chosen from: 190°C.  Ref. IV (1l-inositol)

-2

1917 9¢, " VIII "
190° ¢. " VII n

190° ¢, " TIT "
Sp. Gr. 1.54 Ref, IV (1l-inositol)
o = - 80° chosen from: - 80° C. Ref. IV (1 inositol)
80° ¢. " VIII "
80.3°c., " VI "
80.2%. " III "

Goniometric examinations have been made by two observers,
AndersonII) and GrahamfII) They both classified their specimens
as orthorhombic., The x-ray examination, however, proved that they
were monoclinic, and the dats here recorded has been changed to

refer to monoclinic axes (interchange of b and c).

Monoclinic sphenoidal

a : b :ec 0.9251 : 1 2 1.,1216 Anderson.

0.92868 : 1 : 1.1219 Graham,

p = 90° |
Porms: a {;003, c {9013, m {101}, q {011}, and occasionally
acer'a% r{;log oceur.

The forms observed by Graham are consistent with monoclinic

symme try,
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Anderson, on the other hand, records the orthorhombic form

- {101}. His methyl- l-inositol was extracted from the ieaves of
Heteradendron olewfolium, and it was considered possible that, in
spite of the close agreement of axial ratios, it might be an isomeric
substance different from quebrachitol. Dr., Anderson kindly sent

the specimens he had msed in making his measurements; and a close
examination of them verified his observations. The gquestion of

identity will be further discussed in comnnection with the x~ray

data on quebrachitol.

References,

I. Beilstein, Handbuch, 6, 1193,
II., ©Petrie, loc. cit., (1~ inositol), p. 859.
III., Whitby, Dolid and Yorston, J. Chem, Soc., p. 1452 (1926),

Quercitol

0 OH

OH oH
OH
Fig.11.
Quercitol
C‘ H'](oﬂ)f

Source., A 1l-gm. sample supplied by Zimer and Amend, New York.
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Preparation. The specimens used were obtained by

crystallization from aqueous seclution.

- Identification. The following data were supplied by Eimer

and Amend:-
0
M, p. 234°¢C. Sp. Gr. 1,5806 at 15 C.
cf. 222-223° Ref. III. of. 1.5845 at 13°C. Ref. III

232 " v.
234 n V.
235 " vI.

235-23"7 " VII,

Crystallographic examinations have heen made by four
observersfl) The writer made measurements on two crystals and
from the mean values plotted the sterographic projection. This,
when superimposed upon the corresponding projection plotted from
Groth's data, showed such excellent agreement that it was con-
sidered that the identity of the Eimer and Amend sample had been

established beyond doubt,

Physical and Crystallographic Data.

M. P. 234° C,
Sp. Gr. 1.5806 at 15° C.

ap =  25.3° mean of 24,3°  Ref. III,
25.69° T VIII,
27 "IV,

The optical rotatory power of the crystal has also been

IX)
examined. The optic axes lie in the plane of the a and ¢ axes,
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and exhibit different amounts of rotation. For plafes 1 mm. thick
0 0
the respective rotations are - 3.5 and - 4.6 .

From Groth:
0

a:b:e - 0.8088 :1: 0.7655 /8-: }10 57°
Observed forms: a {100§, b'{0103, ¢ {0013, q {011}, p {1103,
r {101, q' {011} .
The forms observed on the writer's specimens were:

b {010}, ¢ {001}, r {101}, p {110} p' {110}, q {011}, q' {0l1f.
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III., THEORY OF STRUCTURE DETERMINATION.

6 1. Determmination of Unit Cell and Possible Space Groups.

) 34)
In the analyses to be described Bernsl's me thod of inter-

preting x-ray single crystel rotation photographs was used. A brief
description, illustrated by diegrams from his paper follows:-

If every net in the space lattice of a crystal be represented

by & vector of mesgnitude

- ‘l e ce e vo (l)
/3 = A A
o

end direction normal to the net, then it can be shown that the points
at the ends of these vectors will form another space lattice,which

is called the reciprocal lattice of the crystal,

The axes of the "reciprocal lattice™ so obtained are given by

4 4

a = Abe sinX (a is normal to the be plane)
A

4

b = Aca sin f3 ete,
A

k-3

(¢] - (Aab Sin?’ 0% 0000000000000 (2)
A

where a, b, c, «, ﬂ » Y define the axial system of the crystal
and A is the volume of the unit cell.
The plane with indices (h k 1) in the space lattice'will be
represented by the point
® % #
(ha™, kb, 1le )
in the reciprocal lattice,

The interpretation of the Bragg Law for X-ray reflection

nA - 2dsin9 ® 8 000 000 0000060600000 (3)
where A = wave length of x-rays

a = spacing of the reflecting planes

o] = glancing angle of reflection

n =

order of reflection
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into terms appropriate to the reciprocal lattice is as follows:-

2
Pig. 12 a (notek = A )

Combining equations (1) and (3), we get

- 2 BING s.s WEEF Vue 14D
Hence, if a plene is to reflect, the point in the reciprocal
lattice must lie on the surface of & sphere, whose diameter, of
magnitude 2, extends away from the origin in the direction of the
oncoming x-ray beam, &s shown in Fig. 12 a, TUnder this condition
the beam will make the required angle @ with the reflecting plane.

This sphere is called the sphere of reflecfion.

If ingstead of considering the crystal as rotating, we regard
the Sphefe of reflection as swinging around the crystal axis, we see

that its surface will pass through a certain group of points in the
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reciprocal lattice (regarded as fixed in position), and the passage
of the surface through these péints will correspond to the fulfilment
of the Bragg Law by the successive planes during the rotation of the
crystal.

Prom the relations between the reciprocal and the space lattice,
it will be seen that rotation of a crystal around one of its axes
corresponds to rotation of the reciprocal lattice around the normal
to a set of planes, or nets, in the reciprocal lattice, angd vice
versa. If a pleane is passed through the axis of rotation, and the
points of the reciprocal lattice are allowed to record on it as they
pass through it, a pattern, called & rotation diagram, is obtained
which is not dissimilar to the x-ray diffraction pattern obtained
with a roteting crystal in the arrangement shown diagrammatically in
Fig. 12 Db, This "eylindrical projection" of the reciprocal lattice
is illustrated in Fig. 12 ¢, for the case of rotation about a crystal
axis. Pig. 12 4 shows the relation of the rotation diegram and the
rotation photograph,.

By applying Bernal charts to the appropriate enlargement of a
crystal rotation photograph, the co-ordinatest%,c,)of the
"rotation diagram™ may be read off directly, and the rotation
disgram plotted. The relation between the cylindrical co-ordinate
system (co, é) 5) in the reciprocal lattice and the planes of the
space lattice is shown in Fig. 12 e. When the reciprocal lattice
is projected (cylindrically) to form the rotation diagrem, the
co-ordinate wW is lost; this of course corresponds to the lack of
kmowledge of the position during rotetion, at which any plane

reflects the x-rays to give a2 spot on the photographic plate.
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Plate
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Rotation Diagram of Body-Centred Cubic Crystal rotated about

(See fig. 8.)

on the same scale.

¢ Point on Rotation Diagram,

® (222) Spot of Photograph Protection.

Fig. 12 4.
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Fig. 12 e,

IT the crystal is rotated about one of its axes, the reciproecal
lattice nets, to which the axis is perpendicular, will project

(eylindrically) into lines of points on the rotation diagram for which

4’ -4 S Z,’a n = 0,1, 2, (5)

and the crystal lattice spacing (translation) along the rotation axis
will be
) ®® 20 0 o090 08 (6)

Z;a (supposing rotation about the
a - axis, for example)
Thus, by charting the enlargements of three axial rotation
photographs, and calculating mean values of C:a, Z:b, Z:c, from
the rotation diagrams so obtained, we can get the axial translations
of the space lattice of any cerystal. If the inter-axial angles are
also known, an axial system is fixed, with respect to which the
reflecting planes of the crystal can be indexed,

The method of doing this is very simple, and it is in this



simplicity that the power of the Bernal analysis lies,

From the axial system determined as outlined above, the
reciprocal axial system is calculated (equations (2)). The principal
nets of the reciprocal lattice are drawn, and the points at which the
crystal axes pass through the nets is calculated. The distances from
this point to the points of the net will then give the "calculated"

g’ values for each Z; constant line on the robation diagram.
The "observed" rotation diagram will slready have been plotted, and
to this may now be added the "calculated" rotation diagram. But the
reciprocal lattice co-ordinates

hax, kbx, lcx

of each point of the "calculated" rotation diagram aie known., It is
thus possible to assign the indices (h k 1) of the reflecting plane
to each point on the "observed" rotation diagram. The degree of
coincidence of the "observed™ and "calculated" disgrams provides &n
excellent check on the accuracy of the analysis,

A list of reflecting planes may then be drawn up, and from &
consideration of the experimental plate limits, and the path of the
sphere of reflection through the reciprocal lattice, an additional
list of planes whose reflections could have been recorded, but were
not. The 1lists, when compiled from all three axial rotation diagrams,
will, in genersl, account for all points of the reciprocal lattice
with a definite assignable range:

o </) { [Jmax,
Ambiguity may occur, due to lack of resulution on the

diffraction pattern, but this can be removed by changing the wave

length, or by taking photographs with the crystal oscillating between
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defined limits: W, < W < gy

The sphere of reflection will then pass through & known set of
reciprocal lattice points, i.e. only a certain set of planes can
reflect, The analysis of such diagrams is carried out by an obvious
modification of the method for the rotation diagrams. It will not
be described here.

When the lists of reflecting and absentee planes have been
drawn up, it will, in general, be possible to determine whether or
not the cell is face or body centred, and hence the type of lattice.

The presence of planes (h k 1) where:

(h + ¥ +1) is odd, precludes a body centred cell

(k + 1) moom " centring of the (100) face
(1‘.*. h) " " " 1" n i (010) n tee (7)
(h + l) n " " " " n (001) i

This can also be done by determining, from the appropriate axial
rotation photographs, the lattice spacing slong the [011], [101],
[110], end [111] axes.

From the cell dimensions and crystal density, the number of

chemical molecules associated with each lattice point can then be

calculated:
n - O'A 99 0 8 v 9 000 0 e v o e e @ (8)
where no. of chemical molecules to the lattice point

volume of unit cell

density of crystal

molecular weight of chemical molecule
mass of hydrogen atom

BEEeb B
nituaunu
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If, then, the crystal class be known, reference to Astbury and
Yardley's tables Z5)will give the possible space groups consistent
with the type of lattice and the properties of these space groups,
together with formulae for the types of planes which are "halved",
i.e. which cannot reflect x-rays on account of special phase relations
arising from the symmetry properties of the structure.

An examination of the list of reflecting planes will result in
the elimination of certain space groups. In fortunate cases it will
be possible to eliminate all but one, When there are several
possibilities, an idea can be gained as to which are the most probable
by reference to the list of absentee planes., No rigorous conclusions
cen be drawn from the absence of a record of reflection, however, for
this may merely mean that the reflected beam was too wesk to produce
& visible photographic effect.

The space group data give 8lso the number of asymmetric
molecules per cell. Usually the number of chemical molecules will
be equal to or less than the number of asymmetric molecules. If the
number is less, then the chemical molecule must possess symmetry.

In a few cases it has been found that the number of chemical molecules
is greater, and we must then conclude that there is some form of

molecular association present.



37.

6 2. The Determination of Intensity of Reflection.

The determination of the unit cell and possible space groups
of a crystal is now a routine performence; an outline of one standard
procedure has just been given. There are cases, notably among the
simple inorganic compounds, where the structure is conpletely deter-
mined by the symmetry requirements of the space group. In organic
compounds, however, this is seldom the case, and further progress
toward a complete analysis depends largely on a knowledge of the
intensity of the reflections from a considerable number of planes.
The problem of the measurement of intensities, and the reduction of
observations has been fully discussed by @ number of authorities, and
a8 general treatment will not be attempted here.56) For the deter-
mination of absolute intensities, the method employing the ionization
chamber is the only one which has so far yielded accurate results.
Useful values of relative intemsities can, however, be obtained from
photographic diffraction patterns. This problem has been studied by
Astbury, who has developed an integrating photometer which promises
to be of much use?v) In the past visual estimations of intensity
have been used, and though they are necessarily inaccurate, they have
proven of sufficient value for the determination of the chief
characteristics of structures. The discussion of the details in
any analysis must of course always depend on more accurate measure-

ments. The following treatment of the problem of determination of

intensity of reflection is intended to cover only such considerstions

In the case of a "powdered" substance, i.e. when the crystals are
too small and imperfect to use single crystal technique, even the
determination of the unit cell may be a matter of great difficulty,

involving methods of trial and error,
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as will be involved in the work described in this thesis.

Since visual estimations are here used, there are certain
corrections which are ususlly applied in absolute intensity deter-
minations, but which are in this case within the limits of experimental

error, and will therefore be neglected. The genersl formula for the

36)
integrated intensity of reflection from a rotating single crystal is
Ew - QoV e, cee (9)
Io
whe re E = +total energy reflected
(v = angular velocity of the reflecting plane through
the position of reflection
I, = 1intensity per unit area at the crystal of

the incident beam

8V = volume of the crystal,which is supposed
completely bathed in the x-ray beam

Qo

b
Q - F‘eLN ) As_ l". COSQ, 29. ee 0 000 (10)
: 2 sin 2 ©

structure factor of the reflecting plane

charge on an electron

mass of an electron

velocity of 1ight

number of scattering units per unit volume

{r where v = volume of unit crystallographic cell
wave length of the incident and reflected beams

the glancing angle of the beam on the plane of
reflection.

D> Zopo™S

The following points are to be noted:-

(1) The formula (9) takes no account of absorption of the x-rays
in the body of the crystal. In the case of organic crystals of the
tyve here considered, the absorption is not sufficient to show up in
the character of the spots on the diffraction patterns even when

fai rly large crystels are used (nearly 1 mm., in linear dimensions).



39.

In the discussion of relative intensi+ties this factor would only be
important in comparing reflections of greatly differing 8 .

(2) The temperature factor <§m has been omitted from the
equation, With such complicated crystals there is no possibility
of making such a correction. y

(3) In general the value of év} will be different for different

planes, It may be shown™ that

(@8] o W 4Sin'_°( —PL 060 00 0 s s 000 (6)
S 4_F'.1

angular velocity of rotation of the crystal

where (O,

ol eangle between the rotation exis and the normal
to the reflecting plane
P = 2sin® }
= radius vector of the plane in the reci procal
lattice )
39

(4) It has been proven by Boﬁwers that, under proper con-

ditions, the law of blacken%ng of photographic emulsion by x-rays is
40
correctly given by Busé's formula

D - 010810 (g -4 1) © e e o 00000 (7)
D - photographic density
X = total x-ray intemsity (It)

C,a are constants
E cannot therefore be estimated as proportional to the blackness
of the spots, and a scale of intensities must be set up. Probably
the most reliable method is by utilizing the known ratio of the

45)
intensity of the K4 and Kj spots due to the same plane,

¥

This expression, suitable for use in connection with the Bernsl
snalysis, was worked out by Dr. A. L. Patterson end the writer (vide
infra). Charts of the w correction appropriate for direct agylica-
tion to an x-ray plate have been prepared by S. B. Hendricks.?
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Foz C« this ratio has been determined to an accuracy of better than
2%.1) Another method is by the comparison of photographs obtained
with accurate axial settings of the crystal with ones obtained with
known mis-settings. With certain types of lattice it is possible to
get doubling of equivalent spots in certain places, and quadrupling
in other places on the diffraction pattern.

(5) Although the shape of the spot onuthe rhotograph does not
affect the value of the integrated intensity, it does introduce
serious difficulties into the problem of visual estimation, The
form of the spot depends on the geometry of the apparatus and the
crystal. A certain amount of varistion from one part of the diagram
to another is unavoidable, but the worst trouble comes when the
crystal is a needle or thin flake, The optimum shepe is a sphere,
and the nearer to this form the crystal can be chosen, the greater the
reliance that can be placed on the visual observations.

(6) In work of this nature the variation of intensity due to
absorption of the reflected beam in different lengths of air path to
the plate or film may well be neglected. The divergence of the beam,
resulting in greater diffuseness of the spot for longer paths is

probably a consideration of greater importance.

Now the integrated intensity of reflection is affected by two
other factors which are not directly dependent on the structure of
the particular crystal used. These are the "polarization factor,”

1l + cosi 26, and the "Lorentz factor", 1 R If we write
2 sin 2 &
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L

(Fe]ﬁ)AB = 2 sin © B e cresesscees (8)

me* 14 cos™26 I

we are carried one step further toward the determination of the
structure factor P, which is the most important gquantity in the
determination of the precise structure of the crystal. Since the

observed quantity in the eése of visual estimates of relative

intensity is merely:

Eq
where E, refers to the standard spot on a photograph, it is of no
2,
use to calculate the factor e N )f
mec
42)
Hote. It has been shown that if the beam incident on the
crystal be itself polarized, then the ordinary polarization factor
should be replaced by

z z =
sin’s 4 P costat 4 (P sina + coso) cos 2 ©
1+ P

where P is the primary polarization ratio, and o  defines the
orientation of the primary beam with respect to the plane of
reflection.

This function is practically the same as the other for small
values of O , and does not differ seriously in the larger range.
The difference is usually well within the limits of visual error, and

will not be considered in this work,
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Sumary. From the above it is seen that, for purposes of visual

intensity estimation, we may write

F - W E 00600 r 000600 eest et eI OEEOES (9)
F0 WO E0
Where ‘q -— Sinze 481‘[11‘7(— PL ® ¢ c 08 o0 0 ¢ 0 (le)
1+ cos™28O 4 -Fl‘
E is the estimated intensity ratio.
Eo

The zero subseript refers to the plane or spot on the photograph
adopted as an arbitrary standard of reference,

Charts consisting of the curves

W (a,p) = const.

have been prepared by Dr. A. L. Patterson and the writer in such a
form as to be directly applicable to the Bernal rotation diagrams
(see Fig. 13). It is furtunate that these curves approximate closely
to vertical straight lines over a considerable part of the useful

region of the plate. The proximity of the loci close to the circle

of reflection shows in a striking way the unreliability of this

region for intensity determinations, The dotted line shows roughly
the limits of a photographic gquarter plate (3:" =x 41") at 5 cm, from
the crystal. By using the known ratio of the intensity of the K«
to the }<ﬁ components of the x-rays, a rough scale of intensities may
be set up as a calibration for any photograph, and the relative
intensities so determined, after correction by the W factor, will
provide a set of ratios:

F

L Fo

which is what is required.
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§ 3. Methods of Determining the Crystal Structure.

In commencing such & discussion, it should first be plainly
stated that, in general, there is at present no cut and dried
procedure that will lead directly even to & possible crystal
structure. In fact it would be almost true to say that every
crystal has its method. This is particularly the case with organic
crystals, and complicated structures in general.

When absolute intensity measurements can be obtained with
crystals containing atoms whose atomic F curves are knmown, the
rules are fairly well laid down to the last stages of the analysis,
but if this is not the case a variety of considerations have to be
brought to the aid of the eanalysis. Some of these are listed below:

(1) Considerations of Shape and Dimensions of the Molecule and

Unit Cell. The significance of progressive chenge of axial ratio

through a series of isomorphous crystals has long been recognized in
morphological crystallography%Z)

In x-ray analysis knowledge of the angles and dimensions of the
unit cell enables such considerations to be used with much greater
advantage. If some knowledge 1s possessed of the size and shape of
the ﬁolecule, and of added groups of atoms, it is often quite & simple
metter to find the approximete orientation of the molecule. Bood
examples in x-rey enalysis are provided by the well known cases of
naphthalene and anthracene%4 and the naphthalene chlorides%5)

(2) The Enhancement Principle. In structures possessing certain

peculiarities, certain groups of spots on the diffraction diagram

show up in a special way. Three cases sre note% by W. H. Bragg in
46
a very illuminating article on this phenomenon:-
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(a) The case of cyanite.

This structure may be regarded as two interpenetrating
lattices, one bearing the oxygen atoms, and the other the aluminium
and silicon atoms, The diffraction pattern has the appearance of two

superimposed patterns, the spots of one being much more intense than

those of the other,

(b) The long chain compounds.

These contain chains of CHps groups, introducing a subsidiary
periodicity in the molepcule, which is detected by the isolated

appearance on the diffraction pattern of a small group of high index

planes.

(c) Naphthalene and anthracene.

These molecules)also have a subsidiary periodicity inherent
47

in their ring structure. As the molecules lie parallel to the
¢ - axis, the ¢ - rotation photograph shows certain hyperbolae with
a much weaker group of spots than the neighbouring hyperbolae,

(3) Pseudo-Symmetry. This consideration has already been used

48)
in a variety of ways. A close geometrical approach of one axial

system to the symmetry of a higher system does not necessarily‘indicate
anything of special interest with regard to the structure. 1f,
however, in addition to geometrical pseundo-symmetry, it can be shown
that certain groups of rellections which would be equivalent in one
of the psendo-symmetrically related space groups, are actually similar
in intensity, there is much more ground for the use of such con-

¥
siderations as a guide to the structure. It wounld then be expected

3
This point of view, which is, in a sense, a generalization of the

Enhancement Principle, has been developed by A. L. Patterson in a
paper not yet published.
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that the halvings of the pseudo space group would appear as a
statistical weakness of the corresponding reflections in the true
sSpace group. Indeed it seems at the present time that some such
statistical consideration of intensities of reflection from special
groups of planes, promises great hope of advence in the complex
organic field.

(4) Physical Properties (Growth Hsbit, Cleavage, etc.) At the

present time there is not enough known of the mechanism of interatomie
and intermolecular forces to make it generally possible to use these
phenomena in the determination of structure. They are, however,
valuable in connection with other data, especially as a check on the

reasonableness of any structure which is proposed.

Whatever considerations may lead to a proposed structure, the
strict test is whether or not it is consistent with the observed
intensities of reflection. If the atoms are so disposed that the
distribution of scattering matter across each plane gives F values
for successive orders in reasonable agreement with the observed values
for the plane, we may be sure that we have at least obtained a

pogsible structure of the crystal.
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IV. EXPERIMENTAL

1. The X-Ray Apparatus

A Shearer X-ray tube was used,with its copper target.
The chief features of this tube are: (1) it rectifies ite own
current, (2) it has interchangeable targets, (3) the spectro-
graph can be brought very close to the target. The tube

was pumped continuously by a mercury vapor pump backed by

CONNECTIONS < APPARATUS
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S - x~\ra7 Spectros'raph- B - Circuit Breaker

x oz x'rﬂy TU Le,.
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t - Cooling Tank .

P’lercury Fump.
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Gl = = G
' [

T - Transformer. Cenco Pump.
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L. = L&mP.
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a forevacuum reservoir and Cenco Hyvac pump, and during the
latter part of the experimentation, the control was maintained
by an automatic velve devised by the writer, The power was
supplied by a Watson transformer, run at 40 - 50 kilovolts,
controlled by a rheostat in the primary circuit, Fig. 14

ig a diagrammatic sketch of the apparatus.

§ 2. The Spectrograph

a. Pinhole e, Carriage Bar

b. Lead Shield f. Box containing Clockwork

¢c. Goniometer g. Rotating and Oscillating Gear
d. Camera for Plate h. Supports for Side Shields

Above is a photograph of the Muller X-ray Spectrograph,
Type E60, which was used to obtain the diffraction patterns.

Tt is shown set up for the rotating crystal method. These
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fittings can be replaced on the carriage bar by others, such
as a cylindrical camera, slité and mounting for a crystal
with a large face (early Bragg method), camera and mounting
for powder photographs, etc. The inst;ument is manufactured
by Adam.Hilger, London, and is fully described in their In-
structions EGO,

Ilford X-ray Quarter Plates 3-1/4%" x U4-1/4" Eastman

Duplitized X-ray Films, and Eastman X-ray Developer were used,.

§3. Description of Automatic Vacuum Control.

The satisfactory running of any gas-type X-ray tube
depends on a good control of the vacuum, The method recom-
mended for use with the Shearer tube, is control by a pinch-
cock on a piece of rubber tube running from the fore vacuum
to the X-ray tube, by-passing the mercury pump., Two years'

experience with this device convinced the writer that it was

AVTOFATIC CONTHROL
VALVE

Legencd

=V T ve cap.
2 - Mercur‘y.
3- TJo pumps.
/-[‘- From x-ray Tube.
5- Chain.
G- Plunger
7— Srr;ns
B StQF’S-
G (Cahl.
j0- Rheostat.
i By-Pass,

Fig. 15




not to be relied upon and that it would be worth while to
go to some trouble to obtain a more satisfactory arrangement.
The automatic valve which is illustrated in Fig. 15 has been
found to work very satisfactorily. At the worst, the varia-
tions of current do not exceed 10 - 15%, and when in proper
condition, the fluctuations are much less. The plunger is
actuated by the primary current of the transformér. When the
pressure increases in the X-ray tube, the current increases,
and if it exceeds a certain value, the valve cap is lifted,
allowing the pump to remove the superfluous gas. When the
correct pressure is attained the cap again seats on the mer-
cury and the pump isshut off, The motion of the plunger is
scarcely observable and there is no "hunting",

Fig, 15 is an eérlier model, Gradual contamination
of the mercury surface eventually spoiled the seal and pre-
vented the pump from being effectually shut off. This diffi-
culty was overcome by the addition of a slit aluminium foil
skirt to the cap, which was then rigidly attached to the
plunger, The passage of gas is thus allowed only when the

apex of the slits come above the surface of the mercury.

6 4. Photogrophs of Avparatus
a. Spectrograph (shielded)
b. L (unshielded)

¢. X-ray Tube

5o
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X_ray TUIDQ Codll-ni TQuk,

" ' Water Jakkebs aud
“ " Wiadiw

Transformer built into table
" High Tension Terminal
Prima;y Current Ammeter
Lead Shields
Automatic Control Valve
Shunt Rheostat
Mercury Pump
Fore Vacuum Reservoir
Circult Breaker
Main Rheostats

Discharge Tube and Induction Coil.

su(a/ﬂ] Tuber .

The Cenco Hyvac Pump is mounted on a shelf under the table,

5
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2

Photo.

Photo. 3.
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4.

Photo,

5.

Photo.
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§ 5. Operation

In starting the apparatus, the fore vacuum is first
pumped down to a suitable value by means of the Cenco pump.
This can be tested either by means of a small discharge tube
and induction coil or by a cautious trial of the behaviour
of the X-ray tube itself,

Then the mercury pumps are brought into play, and when
it is found that the X-ray tube is "hard", the by-pass of the
sutomatic control is closed, so bringing the valve into opéra-
tion.

The full load is brought on the X-ray tube by gradually
cutting out the resistance in the main rheostat., The desired
vacuum is attained by adjustment of a shunt (10, Fig. 15)
scross the coil of the automatic valve; the setting of this
shunt fixes the primary current at which the valve will
commence to function.

Besides the problem of maintaining the correct vacuum
there are other factors such as cathode adjustment, focussing
of cathode stream on target, heating, etc., requiring atten-
tion in the Shearer X-ray tube but these have been well dis-
cussed elsewhereu9), and will be omitted here,.

The intensity of the X-ray beam is roughly tested by
means of a fluorescent screen before commencing an €XposSure;
this screen is also used in lining up the spectrograph.

The exposures run from a half hour to four hours ac-

cording to the nature of the crystal and the type of photograph.



The shielding of the tube is attained by means of lead
screens about 1/L4" thick (see photos)., A month's test with
films placed a couple of yards from the tube in various direc=
tions, and partly covered with lead, proved that there was
enough stray radiation to produce an appreciable blackening,

and that shielding was highly desirable,

§ 6. Choice of Crystal Settings

As has been pointed out in Sect. III, § 2, the reliabil-
ity of the visual estimations of intensity is greatly increased
by the choice of a crystal of suitable shape, i.e. approxi-
mating as closely as possible to a sphere, 1In order to pre-
vent overlapping of spots on the plate, and to obtain the
most accurate rotation diagrams, it is also desirable to use
as small a crystal as is consistent with accurate settings
and reasonable exposure time. It is of course absolutely
necessary that the crystal should be as well formed as pos-
gsible, and quite free from twinning,

In practice, a small group of crystals is picked out
from a pile using a low power maznifying glass., These are
then examined both in ordinary, and in polarized light, under
the microscope, and those showing serious imperfections and
signs of twinning are rejected. One or two of the best
specimens are then chosen, and in most cases these are then
measured on the crystallographic goniometer., 1In the case of

substances for which there is crystallogranhic data available,

35
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the measurements are used to identify the faces and axes of
the crystal., Where such information has not been obtained,
this examination is used in connection with the X-ray data,
to assign the crystai class and obtain the axial ratios and

angles,

Photo. 6 3 It

a. Supporting Frame

b. Microscope

c. Spectrograph in Position
d, Collimator

e. Condensing Lens

f. Source of Light.

The obtaining of accurate settings is a problem which
must be dealt with in ways depending on the peculiarities
of the particular crystal specimen being used, 1If there are
several faces of the specimen belonging to the zone which
is to be the axis of rotation, the setting is most accurate-

ly made by using the optical reflections from these faces,
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Although the best modern X-ray spectrographs (e.g. the Bernal
Universal X-ray Photogoniometer) possess the proper acces-
sories for making such settings, the Muller Spectrograph does
not, and experience led the writer to the conviction that
it would both conserve time and improve the photographs to con-
struct an apparatus for this purpose, The apparatus is illus -
trated in Photo. 6. It consists of the microscope mounted
firmly in a horizontal position, and a collimater tube, also
horizontal, mounted at right angles to the microscope axis,
When the microscope is used with a low power objective, there
is sufficient room for the goniometer bearing the crystzal
to be rotsted through 360°, thus allowing all faces of a zone
to reflect, The microscope possesses a lens for converting
it into a telescope so that either a face, or the light signal
from a face can be observed, The mirror of the microscope
is maintained in such a position that the crystal can be
examined by either direct or transmitted light, and the
polarizing and analyzing nicols can still be used, The ap-
paratus possesses a number of other advantages which need not
be mentioned here., The microscope is so0 clamped that it can
be dismounted quickly for use in the ordinary way.

The most difficult problem in obtaining good photographs
arises when there are no faces or edges (or none suffiqiently’
good) to give accurate settings. The alternatives then are

(1) the trial and error method, (2) the calculation of the
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unknown from known settings, The latter, if possible, is,

of course, much to be preferred. Now just as the determinatim
of the orientation of four non-coplanar faces suffices, in
the ordinary crystallographitprocedure, to fix a possible

axial system from which all other vplanes can be determined
and indexed, so the corresponding information with regard

to four non-coplanar axes will do the same thing directly

for the ax®s. Consequently, by determining the settings for
four axes, we can calculate the setting for any other which

we may not be able to determine directly. If the crystal-
lographic data is available, two settings will, in general,
suffice. The writer is indebted to Dr. Patterson for pointing
out the usefulness of the following application of the

gnomonic proiection in this connection.




—
Let 'l be the plage of the gnomonic projection, fixed

with resvect to, and at a distance R from, the crystal, which

is set on the goniometer head at C.

AB and BP are the large and small circles of the gonio-
meter; in the general positions given by the readings L and 8,
The vertical AC is the axis of rotationm,

TT is tangent at O to the sphere, centre ¢, radius R.

Now when L = 8 = O, TT‘is horizontal, and the axial
system 0X, 0Y, on the plane of projection, is determined by
the intersections of the small and large circles respective-
1y with 1

Suppose the crystal axis given by the setting L, S,
passes through’ﬁ/at Q. Then, as we swing this crystal axis
into the axis of rotation C , by moving the goniometer head
to the setting L, S, the plane'TT‘ will swing into the posi-
tion shown in Fig. 16, and the coordinates X.Y, of Q, are
given by:

X = 0C tan OCM = R tan 8
Y = CM tan MCQ = R cosec S tan L.

Thus four known axial settings define four points re-
presenting four axes on the gnomonic projection, and any
other axes may be determined by the rules of the gnomonic
projection, When the crystallographic data a¥e¢ known, two
gettings, plus various constructions which need not be detailed
here, will simplify the determination of the correct setting

for any required axis.

59
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When, with a crystal whose faces are but little distorted,

this graphical construction is carried out with care, very
satisfactory settings are obtained. Frequently, however,
imperfections in the crystal make the settings inaccurate,
and then, and also when using the trial and error method, the
final accurate setting can often be attained by calculations
from one or two mis-settings,

In oscillating for special reflections, it is neces-
sary to determine the orientation of the crystal with respect
to the horizontal circle of the goniometer, This may be con-
veniently done by observing the vosition of reflection of
some known face, using the horizontal microscope, or by a

simple calculation from the gnomonic projection,

§ 7. Analysis of Rotating Orystsl Photographs

The plates and films are developed according to the
standard procedure, When satisfactory pictures have been
obtained, they are '"spotted" for enlargement., On account of
the low intensity of a considerable number of the spots on
an X-ray plate, they will not show in the image obtained with
an ordinary projection camera, For this reason, ink spots
are placed on the back of the plate in positions opposite the
X-ray spots, and then the ink spot pattern is enlarged. Film
patterns are transferred to a glass plate, If this process
is carried out with due care, using a proper background, the

results are very satisfactory. Most of the spots can be



located, using an ordinary viewing screen, but the sky is

the best background, and is used in a final search for the

weakest reflections,
The following example will serve to illustrate the

application of the Bernal method outlined in Section I X
£ b

Fig. 17 (No. 211) b-axis.

Fig. 17 is a print obtained from the b-axis rotation

photograph of | —inositol. Fig. 18 is its enlargement.

A Bernal net (Fig. 19) was placed on the enlargement,

and the co-ordinates E,Z,' read off. (Tables III, 1V).
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The mean values of JJ, were calculated for the different
‘hyperbolae, and from them the axial translation of the b

crystal axis was determined:

1,54
b = .2\__. = = 9.11 A.U.
gb 1.69

From the a and ¢ axis photographs the axial lengths
were obtained in a similar manner. Using also the value
of the B angle obtained from crystallographic measurements
( [-1nositol is a monoclinic erystal), the following data

weve obtained:

a = 6,17 A.U. a* = 0,261
b =9.11 b* = 0,169
c = 6.83 c* = 0,236
B = 106°36! CB* = T73°%2y

The volume of the unit cell

= abc sin B
= 6,17 x 9.11 x 6,83 X 0,958
= 368 a.u’

The number of chemical molecules per unit cell is
c A
M my
...1}1
1.60 x 368 X 10
180 x 1.66 x 107"

]

1.97

2

e
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The density from the X-ray data is then

e = m M~
A

2 x 180 x 1,66
368

1.62

which is in reasonable agreement with the observed value
1.60. (Note: This forms additional evidence that the
formula C6H1206 is correct for the substance which is being
analysed. )

The b - axis rotation diagram was then plotted:
(a) the "observed diagram" from the Z"Z,' , co-ordinates
from the enlargement
(b) the "theoretical diagram" from the b*c* net of the
reciprocel lattice. The completed diagram is shown in

Fig. 20, For remainder of analysis see Results on ’[—inositol.
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V. RESULTS AND CONCLUSIONS.

Inactive Inositol.

l., Choice of Axes, Axial Rotation Photographs.

On account of the growth habit of the crystals, the choice of
two of the axes was a simple matter. The needie axis was taken as
the a - axis, and the first photograph taken showed, as was to be
expected, thét it was an importent axis. The normel to the tablet
face proved to be a diagonal axis, in agreement with the goniometric
observations, The choice of a ¢ - axis was a matter of some
difficulty, and it was only after a considerable number of photographs
haed been taken that it was possible to decide on the most suitable
direction, Pigs., 21, 22 and 23 are prints from the x-ray diagrams
obtained by rotation about these three axes, and it is easily seen
that of the three the & - axis shows most prominently and the ¢ - axis

least prominently the periodic properties of the structure.
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2. Dimensions of Unit Cell, Calculation of Density.

The analysis of these three photographs yielded the following

axiasl data:

& = 6.64 AU, e* - 0,243 4.

- = 0,232
b - 12.0 b - 0,128 L. = 0,128
¢ = 19.7 ¢ - 0.0820 L. - 0.0784
8 - 107° /3* - 713° a:b:c = 0.552 :1: 1.64
Volume of unit cell = 1490 4.U.2

On the assumption of 8 molecules per cell, the density was
calculated to be 1.61 gn. cc.-1 in reasonable agreement with the

-1
directly measured value of 1.58 gm. cc .

3. Observed and Absentee Reflections.

The data in Table V were obtained from the indexing of the axial
rotation diagrams, and Several oscillation diagrams about the a - axis
in a search for planes of the type {10&}, ga?o{g,, which were requ ired

for the space group determination.
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4, Type of Lattice.

Rough estimations of axial lengths

rotation asbout the [011], [1o1], [110], and [111] exes precluded the

possibility of face or body centred lattices.

by the observation of reflections from the

veble VI. The lettice is therefore the simple monoclinic type s

groups of planes of

e ———— Y,

from photographs obtained by

This was corroborated
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5. Possible Space Groups.

Reference to Astbury and Yardley's Tables shows that the

following monoclinic space groups are possible with the simple lattice:

1 a ) 2 v o 4 =

B an G108 reliasolls ol B

s s Y a a2 h ah  =zh ah

6. Elimination of Space Groups by Observed Reflections.

It is not possible to eliminate any of the above groups on

sccount of observed reflections.

7. Probable Space Groups.

Since the external form of the crystal is such as to indicate

thet it belongs to the holohedral class,the space groups
4 2 o 5
014_ c,.l\, 0.14. cnk




may be considered more probable. Also the failure to record

reflections from the planes (010), (030), on special oscillation
photographs would indicate that space groups

= s

Cth Czk are more probable.

Due to cerystalline imperfection, and the peculiar nature of the
lattice ( a¥ >35> bp®, ¢® ), the indexing, even of the oscillation
diagrams for {10 8] ena {20 4} could not be donme without ambiguity

in many cases, Examination of Table VI will show that the sbsentee

list contains all the planes of type {h o-f} Z odd. This would

S
indicate that of the two remaining space groups, C,, 1is the more ,
probable. It may be argued that there is also a fair number of.planes }ﬁ

{h o &} #Z even, in the absentee list. But on the other hand, all

planes §h o i% which are present, are of type € even.

|
The question of the direction of the glide plene translation jﬁ
then arises, The group of absentee reflections just mentioned lends %
support to the choice of the ¢ - axis as the direction of translation, |
but here we have rigorous proof, for the presence of reflections !
Ll
I
]‘
|
i\

(102), (102), and (106) preclude the choice of the a - axis, or [101]

directions, which are the other possibilities.
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Fig. 24 is Astbury and Yardley's diagrammatic representation of
Space group C;i;

Since the glide plane translation is along the ¢ - axis, Fig. 24
is to be regarded as a projection of the structural elements on the
(100) face of the unit cell. The b - axis is in the direction of
the heavy arrow, which represents a dyad screw axis, The molecules
are represented by arrows, u or 4 <for &lanting up or down, from
the cell face. Illolecules whose symbols bear the suffix 2 are
enantiomorphous to molecules with symbols bearing the suffix 1.

The dotted line represents the glide plane of translation _¢_  which

2
relates the molecules d; and do, uq and Ug o The dyad screw

axis of tramslation b relates the molecules dl and u, dz and U
2

8. The Molecule.,

Agsuming for the moment that leiz is the correct space group,
reference to Astbury and Yardley's tables shows that there are 4
asymmetric'molecules pér cell, or two molecules possessing centres of
symetry. We must then choose between association of the 8 chemical
molecules (1) in pairs, to give 4 asymmetric molecules, (2) in fours,
to give 2 molecules with the required symmetry. Indeed, since the
lergest number of asymmetric molecules allowed by the fl lattice is 4,
it is clear that there must be some form of molecular association, no
matter what the correct space group may be. If it be assumed that
agsociation in pairs is more probable than association in fours, and

that the chemical molecules are optically inactive in the structure,

as they are in solution, reference to Plate XXVII of the appendix
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shows that there are 7 plane ring, and 10 puckered ring models
to choose between in forming the asymmetric pairs. To treat the
various possibilities thoroughly would reqiire the development of a
theory of pairing of point symmetry groups since this has not, to the
writer's knowledge, yet been done. A theory of generalized pairing
would probably be rather complicated, but it may perhaps be seen
intuitively that (i) there will be an infinity of pairings which will
be completely asymmetric, (ii) in certain special configurations, one
or more of the sub-groups of the symmetry of the members may be
preserved, (iii) in other special configurations the pair may possess
higher symmetry than that of the members, and (iv) in still other
special configurations, some of the symmetry operations of the members
will be lost, but the pair will possess new symmetry operations. A
knowledge of the relative orientation of the paired groups would
therefore lead to a very considerable simplification of the problem,
A thorough discussion of molecular models must also take account of
the remaining hexa substitution models, since the sbsence of planes
and centres of symmetry does not necessitate optical activity.

At present it seems wise {0 postpone these considerations till

a nmuch more detailed knowledge of the structure has been obtained.

9, Conclusions.

It would appear that, due to the large number of mclecules in
the unit cell, the complete structural analysis of this substance will
be a problem of considerable difficulty. This difficulty is

increased by the extreme thinness and marked imperfection of the
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crystals, which give photographs on which intensity estimations are
treacherous. It was only after crystallizing out several lots that
it was possible to obtain crystals which were sufficiently satisfactory
for the above analysis,

On the other hand it is worthy of note that the peculiar fomm
of the crystal may bear a significant relation to its intermnal
structure, and it is éuite possible that there may be an advantage in
this respect which will counterbalance the experimental difficulties
introduced by the habit. The analysis was pushed no farther because
the infomation which was obtained indicated that there was little
relation between the inactive inositol and the other crystals,
1l - inositol, quebrachitol and gquercitol, the first two of which had
already been partly analysed, and appeared to have a simpler structure.
At present it would seem that the most hopeful procedure with regard
to inactive inositol would be to obtain and conduct an x-ray
examination of the other inactive isomers, and as has been stated in
Section II, § 3 (Identification of inactive inositol), this project

is now under way.

Isevo Inositol

1., Choice of Axes. Axial Rotation Photographs.

Iaevo Inositol forms nearly ideal crystals for rotation photo-
graphs, They are of nearly uniform dimensions and exhibit good
reflecting faces in the principal zones. The faces of the [001] zone
are particularly prominent. Rough photographs were first taken with
a large crystael which had been used for the goniometric observations,

in order to identify the rotation photographs later obtained with s
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small crystal, which gave much more accurate patterns, but whose
faces could not at first be recognized. During the first rough
analysis, it was discovered that the crystal ﬁas truly monoclinic,
and not triclinic with an approach to monoclinic symmetry, &s the
goniometric analysis had indicated (Section II, § 3, 1 - inositol).
Examination of the characteristic crystal forms in the light of this
information made it possible at once to assign the crystal to the
sphenoidal class of monoclinic symmetry. A sufficient number of
rough photographs was taken to enable the most important axes
(shortest translations) to be chosen as & and c¢ axes.

Consideration of the geometry of moﬁdclinic reciprocal axes will
make it clear that:-

(i) By rotation sbout any axis [h'o €], a photograph will be
obtained on which:

() On the equator, 2 spots for every plane for which
k = 0 will be superimposed, and 4 spots for every plane‘for which
k £ o will be superimposed.

(b) On the other layer lines, there will be single spots
for every plane for which k - o, and 2 superimposed spots for every
plane for which k £ o.

(ii) By rotation about the axis [010] a photogreph will be
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FPurthermore, if the crystal structure possesses monoclinic symmetry

(as distinct from a merely geometrically monoclinic lattice), each
spot of a doublet or quadruplet will be of the same intensity, which
again is easily observed on & missetting photograph. This foms a
particularly powerful method of assigning the true symmetry of a
crystal, if a careful examination be made, since small structural
variations always produce reletively much larger intensity variations
in the reflections from certain planes, and a very high degree of
pseudo symmetry would have to be possessed by the crystal in order
that it should escape notice.

L - Inositol may be given as an example of the application of
this method., Fig 25 was obtained with the [010] axis misset, The
numbers of any pair can always be picked out if the missetting is not
too great, because of the fact that they must always be equi-distant
from the centre of the photograph. For % - inositol this coneclusion
was corroborated by a comparison of photographs about the (011] and
[Oil] axes, which proved to be identical, as should be the case,
(Pig. 25.)

The b - axis photograph has been used as an example of the
Bernal method in Section IV, § 7., Figs. 26 and 27 are the a- samd

¢ - axis rotation photographs.
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ig. 27. (No. 190) ¢ - axis.

2+ Dimensiong of Unit Cell. Calculation of Density.

For data, see page 64%.

3. Observed and Absentee Reflecltions.

The data in Table VIIX were obtained from the indexing of the

axial rotetfion diagrams, and from oscillation diagrams used in a

search for reflections from (010), (030), (050).

T s T R B L R R R




'-_] -
[able VI
(%JCVVC(I b yevved Ok served Obiyved Qb evv ol
Gol) | @Rip) | (R20) | @3¢) | Hhar)
]8O /o 020 ] %o 0/to
09| ey 1zo 03/ 04
16| 10 GL’__‘ ~ 3y ok T
207 21 / L/ e I 47
fie ol g ¢ F2 (42
O 2 _
= 12 _,Z__L’ ..-._.!0 242
e Fy B 29 e
/0 = o - -
113 2% ¢ z?‘i
TE 533
2 7 333
033
260 ‘)’ (o 0 5o
20| 10
| s
o5 0
Aheewr | Wopaw | Abser | Absea | Absear

4, Tyoe of Lattice.

Rough estimations of axial lengths from photographs obtained

§o

by rotation about the [011], [10:1], [110], (111] axes precluded the

possibility of face or body centring.

praViE
be supported by the data of Table &=

the simple monoclinic lattice [“ m.

This conclusion was found to

The crgstal therefore possesses K
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Possgible Space Groups.

In view of the fact that the habit of the crystal is very

&1

definitely sphenoidal, and that the substance is optically active in

solution, it was concluded that the possible space groups are:

C I

2

2
C

2
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6. Elimination of Space Grouns by Observed Reflections.

If reflections can be observed from the planes (o k o) when

k 1is odd, the space group C_~ can be eliminated. Reference to

Table VIII shows that the special search for reflections of this type

was not successful. Both space groups therefore remain possible,

7. ZProbable Space Groups.

In view of the failure to record reflections from (010), (030),

(050) wunder conditions such that all would heve recorded unless

LS

extremely weak, it may be concluded that the space gfoup C2

is much

more probable then C'. {|

!

|
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Fig. 28.
=~ |
The diagrammatic representation of the space group 02 is

given in Fig. 28, It mey conveniently be regarded as the projection |

of the structure on either the (100) or (00l1) face of the unit

cell. The [010] axis is vertical. There are 2 asymmetric molecules |
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to the cell, and they are related by a dyad screw axis. The

significance of the symbols is the same as is given in the description

accompanying Fig, 24,

The Molecule.

The number, 2, of CyH/(OH); groups calculated for the unit
cell agrees with the 2 asymmetric molecules required by the space
group C: , Which we may tentatively assume to be correct. The
chemical molecule is therefore the structural unit, and it is
asymmetric, Reference to Plate XXVII of the appendix shows at once
that, if we limit ourselves to plane and puckered ring models, there
is only one model which is asymmetric, and that it is & puckered ring
model., Reference to Plate XIV +then gives this model, In the

notation of the appendix (see 1) it is represented by one of:

U D u p°
oD Uo L:D Ve
VU D, U D
0 (@ Q0 L

the choice depending on which of these is the laevo model. The
test of this model will have to be made in a much more complete

anglysis of the structure than has been attempted here,

Conclusions.

The writer considers that the space group has been determined
with a considerable degree of certainty. The question which then

arises is: What is the orientation of the molecules in the unit cell?

This problem divides itself into two parts, (i) whaet is the
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ezimithul orientation about the dyad screw axis? - and (ii) what

is the inclination of the molecule to the same axis? It is seen
that the first part of the problem may be simplified if we consider
the projection of all scattering metter in the unit cell on its base.
We then have a two dimensional problem, and the advantage of the
presence of centres of symmetry. This structure is responsible for
the reflections from planes of the type {h 0 !} . It is shown in
the case of quercitol that the estimation of relative intensities of
reflections from & considerable number of planes of this type gives
data which may without great difficulty be used to find indications

of what the orientation in question may be.
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Quebrachi tol

1, A preliminary X-ray examination of quebrachitol

50)

had already been made by Dr. A. L, Patterson with whom

the writer has been collaborating. He had found:

3
a = 6.60 A.U. Volume of unit cell : 408 A.1U,
b=17.15 Number of molecules in unit
cell : 2
¢ = 8,65

(Note: Throughout the following discussion all planes have

been referred to the true monoclinic axes.)

As. the crystal:l had been assigned orthorhombic sym-
metry by the morphological observers (Section II, § 3,
Quebrachitol), the data from the axial rotation diagrams
had led Dr. Patterson to the choice of Q.,‘,Q;'as the most probable
space groups, The presence of only 2 chemical molecules in
the unit cell then necessitated that the molecule should
possess a digonal symmetry axis. As he hes pointed out, this
is only possible if the unique CH3 group lies on the di-
gonal axis, which, since it passes between diammetrically
oppoéite pairs of carbon atoms of the six membered ring, places
the CH3 group in a position altogether at variance with
the generally accepted ideas of stereochemistry. (Note:
The digonal axes of the puckered ring models always pass
between carbon atoms. Reference to Plate XXVI of the appen-

dix shows that this is also the case in the only possibly



optically active plane ring model for hexa substitution
products.) Noticing then the significance of the differ-
ent forms recorded in the crystallographic data, Dr. Pat-
terson took a series of oscillation vphotographs about the
(true monoclinic) b-axis, with the purpose of making a more
detailed examination,. He was not however able to continue
at the time, and the writer toom un the problem and analyzed
his photographs. A comparison of the intensities of the
most prominent reflections, with the intensities of those
reflections which should, in the case of orthorhombic sym-
metry, be equivalent, zave strong evidence for the truth

of what had been suspected, i.e. that the symmetry of the
structure was really monoclinic, and not orthorhombic,

Conspicuous examples, from the data of Table IX are:

Plane Intensity Number
101 1
101 75
221 80
221 3

Choosing, then, a new crystal, a series of oscilla-
tion photographs about the (monoclinie) c-axis, using the
cylindrical camera in order to record reflections from the
higher orders. This series was then analyzed, and the
intensities estimated for all planes within the range

Table IX gives the results. The method of estimating in-
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tensities was rather different from that mentioned in
Section IITI 2. One of the photographs was chosen as a
standard of compsrison:-and the intensities of certain

spots ranging from the highest to the lowest, were assigned
arbitrary values. The intensity of any other spot was then
assigned a value according to where, by visual comparison ,
it seemed to come in the scale. The values recorded might then
better be termed intensity numbers. This process was carried
through twice, and the correlation of the results showed

that it was a fairly satisfactory method. In any series

such as this, comparison of photographs is unreliable,

unless the tube is running steadily. In this series the tube,
though not controlled automatically, happened to be running
in & stable condition, and the reliagbility of the comparison
was checked by a comparison of spots common to successive

photographs due to overlaspping of the range of oscillation.



2. Possible Space Groups.

An examination of Table IX will show that it contains

record of reflections from about:

92 planes of type (h k £) when (h + k +Z€) is odd

100 1t f n n " (k +[) 1" n
92 n n " | " " ‘(h + k) t it
92 " n n 1 " (h + f) " 1

This precludes 211 monoclinic space groups hased on

the lattice T\  except:

| c! ¢! c* o c?
S 2

2 ah ah

3. Probable Space Groups

Examination of a number of crystals showed that the
forms 6ccurring indicated that quebrachitol belongs to the
sphenoidal class C , . This eliminates 211 except Ca, and
C:-, and of these c:' may be chosen as the most probable
on account of the absence of (010) and (030) from the os-
cillation photographs. This svace group has been described

under £ -inositol. The remarks with regard to molecular

symmetry also apply,and will not be repeated here,

4., Identity of Methyl-Z-inositol from Different Sources

Quebrachitol is the name given to the methyl-¢-imositol
which is extracted from the latex of Hevea brasiliensis,

The methyl-Z-inositol which he obtained from the leaves
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of Heterodendron oleoefolium was identified by Petrie with
Quebrachitol, The possibility of a difference has been
mentioned in Section II, § 3, Quebrachitol, and this has
been tested, using specimens kindly sent by Dr. Anderson.

A small crystal, of suitable size for X-ray examination, was
found, and several photozraphs taken. They showed immediate-
ly that the lattice is the same as that of oguebrachitol, as
is perhaps to be expected from the agreement of the Anderson
and Graham axial ratios. Furthermore a visual comparison

of intensities showed that, as far as could be judged they
were also the same as those of ocuebrachitol. It was there-
fore concluded that if there be any difference, it must be

exceedingly small,

6. Conclusions.

The correct symmetry having been determined, and the
space group having been determined with a high degree of
probability, it appears that in these respects it is the
same as ¢ -inositol. The remarks with regard to a further
investigation of the structure of £ -inositol will therefore
apply equally well to quebrachitol,

Petrie's identification of methyl- <~inositol from
Heterodendron obeoefolium with quebrachitol has been

corroborated with x-ray evidence.



tuercitol.

(1) Choice of Axes. Rotation Photographs.

Since there is complete crystallogrephic data on
quercitol (Seetion II, 3, Quercitol), there was no
necessity for meking a choice of axes. Figs. 29, 30, and
31 are the axiel rotation photographs. Fig. 32, which was
obtained with the (' 011 ) face misset about 4°, and the
(011 ) face correctly set, illustrates the monoelinie

symmetry (see Section V, ¥-Inositol)

Fig. 29. (No. 259) a-axis.
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(2.)Dimensions of Unit Cell. Calculation of Density.

e o

From anelysis of the axial rotation photographs the

#1

following data was obtaineds

a = 65.83 A.W. a¥ = 0.242 = 0.225
- .
b = 8.53 BT =l o.a8T [;b = 0.181
c = 6.45 eT = 0.256 ZL = 0.239
»x
(= 110° 57' (Groth) = 590 3! asbtci= 0.802:110.756

cf. Groth " = 0.8058:1:0.7655

Volume of Unit Cell = 351 A.¥.°

3
£
E
z
g
£
B
:
-
i
E
#
&

(3.) Observed and Absentee Reflections.

Table X contains the data obtained from the indexing

of the axial rotation diagrams, and of oscillation diagrams

b Eee e s L e gb L TR AL RO RIE RS P2 42 S TTT TR

taken in a search for the reflections from (0 1 0 ) and (0 3 Q).
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(4.) Space Lattice.

The observation of planes as recorded in Table XI
precludes the possibility of face or body centering, and the

lattice is therefore 1ild
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|3ble XI
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(5) Possible Space Groups.

Since the crystal is

T

cless, and has been shown above to possess the lattice o

the only possible space groups are Cgl and 622. It is not

possible to eliminate ng from the observed reflections.

(6) Probable Space Groups.

As in the case of -£-inositol and quebrachitol, the

absence of reflections from (0 1 0) and (O 3 0) on the

2
oseillation photographs makes Co” the more probable space

nown to belong to the sphenoidal.
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group. The description of this space group, and the discuss-
ion of possible molecular symmetry for £ -Inositol again
apply, and will not be repeated here. Reference to the
appendix will show that there are a considerable number of

asymmetric models for Quercitol.

(7) lolecular Orientation.

Reference to Fig. 28 shows that if the structure be

projected on the (0 1 0) cell face, a diagram such as Fig. 33

will be obtained.

—

<
S TSa

i 35S

Fig. 33

This is a two dimensional space group, Which possesses
centres of symmetry at the points indicated by crosses. I%
is seen that if the molecules related by the dyad screw axis

in the guercitol crystel are each centered somewhat away from
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the axis, the projection of scattering matter on the (0 1 O)
cell face may be represented somewhat as in the above diagram.
There would then be expected a subsidiary periodicity aloqg
some axis (h O Z), which might be detected by the application
of the enhancement principle analysis to the planes of type

(h o £). If therefore, such a periodicity can be detected

'in some such axis, it would indicate firstly, that there is

a departure of the molecules from the axis, and secondly,

the direction of the departure.

In order that this analysis might be carried out, a
series of oscillation photographs about the b-axis was taken,
and the results of the indexing and intensity estimations of
the (h o &) planes within the range P<;p7 are presented in
Table XII. The I(Kto < s intensity ratio for copper was
used in setting up the scale of intensities, and the reflect-
ion from (1 O 0) was taken as a standard of reference.
Comparison of spots common to successive photographs showed
that no serious error was introduced in assuming all exposures

equivalent.
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The enhancement analysis was then applied for fthe
wne il L oals (26 1], [Loi), (10 8l fes i}, 1T 8 41,
[101], [E 01]. The results for the axes containing the
index @ were irregular, and by a judicious choice of minims,
could be made to revedl several ‘different periodicities.
They have therefore been excluded from the evyidence.
The axes (1 O 1] and (I O 1] were taken as a pair, and

the indices changed in accordance with the equations:




4§

f101}: H - 25
(1o1]. K - 5°

The average values of the intensities were plotted
for successive values of the axial index. The labor of
calculation was much reduced by plotting the intensities at
the intersection points of the same a* c* net, which had been
used in plotting the theoretical oscillation disgrams. For
each axis there is a family of row lines, each bearing the
points representing planes with the same axial index, so that
it was only necessary to take the averages of series of
values plotted along lines. The results for the [1 0 0],

[1 01], [o0 1], ana [I 0 1] axes are shown on Graphs I and
II. An examination of these reveals a marked periodicity
along both the [1 0 0] and the fI 0 1) axes. The subsid-
iary periodicities along these axes were calculated to be:
[1 0 0] 3.4 AU
[T 0 1] 4.4 R4

The acute angle between these axes is 35° (approx.),
and it might well be expected that if the main body of the
projection of the molecules lies between these axés, that
a periodicity would appear on both. In such a case the diff-
erence of the estimated periodicities might be thought to be
accounted for by a closer approach of the main length of the
molecular projection to the [1I 0 1] axis. Some further cal-
culations which have not been presented here have however led

the writer to regard this consideration as a speculation

rather than a deduction, and opinion is for the present reserved
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until a more detailed @xamination has been made. Such an
examination might well be commenced by a ¥ourier analysis of
the distribution of scattering matter between several of the
(h o €) planes, and in this connection it is interesting to
notg, firstly, that the absence of all the higher orders of
reflection from the plane (1 0 1) would at once indicate an
approximately sinusoidal distribution, and secondly, that the
tmtensities 1,5,1,5, of the first four orders of (1 O O) tend
to corroborate the evidence for subsidiary periodiecity along
the [1 0 0] axis.
In conclusion the writer would record a doubt as to

the value of the pblarization factor correction of section III

§ 2 in such analyses as these. It has not been used in the
enhancement anslysis. Its application to some of the above
intensity data appears to throw a weight upon the higher otders
of reflection which seems hardly warranted in view of the fact
that they refer only to the detail of the structure. For
example, the intensities of the first seven orders of (1 O 0)
were estimated ass |

1 5 1 5 0.5 2.5 2.5

With the correction applied, these become:

1 15 4 30 4.5 25 20

A final decision will have to await further investigation.

(8). Coneclusions.

The space group of quercitol has been determined as
022 with a high degree of probability. This is again the

same as forwz--inositol and quebrachitol.
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Purthermore, the application of the enhancement
principle analysis %o the projection of the structure on the
(O 1 0) plane has led to a definite indication that the mole-
cules are centred away from the dyad screw axis, and that the

direction of departure lies between the (I 0 0) and (1 O 1)
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GENERAL REMARKS.

The cell data resulting from the X-ray investigation
of the four crystals4is summarized in Table XIITI in such a
way as to facilitate comparison. It is at once seen that
while {-inositol, quebrachitol, and gquercitol show certain
marked similsrities, inactive inositol isvin a number of
important respedts considerably different. DPerhaps the most
striking difference is the presence in the inactive isomer of
molecular association, for this is probably a more fundamental
characteristic than the number of molecules in the unit cell,
which might be expected to be larger if the molecule possessed
properties tending to association. The four crystals possess
a common property in their densities, which are quite close
in value. This is very interesting, for it indicates that the
mode of atomic packing in all the crystals is similar. If
the recorded value for Tenr®t's inactive inositol be correct,
then there are at least three inactive inositols, of densities
1.61, 1.66, 1.75, and considering the evidence of this dats
alone, it might be expected that the packing structure of the
inactive inositol of this analysis approaches most closely
that of the optically active substances.

With regard to the three latter substances, perhaps
the most striking similarity is their possession of the same
space group, also the dimensions of the unit cells are fairly
close. It is to be noted in the latlter connection that there
is no regular variastion in the axial lengths, and indeed none

is to be expected with asymmetric molecules possessing a dyad
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screw axis relation. It has been found in the case of quer-
citol that the obtaining of more definite information with
regard to the structure is not so difficult as might at first
have been thought.

Hence, although the evidence for orientation has nct
been sufficiently corroborated to prove beyond question the
success of the enhancement principle analysis in this case,
it certainly has provided reason to hope that future investi-
gations may yield valuable information with regard to the
behaviour of fhe hydroxy substitution products of cyclohexane,

in the solid state.
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APPENDIX.

Determination of the Isomers of the Hydroxy Substitution Products

of Cyclohexane, on the Assumption (1) of a Puckered,

() of a Plane Cyclohexane Ring.
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& 1. liodels.

The photograph shows the type of symbolic model used to aid
in the visunalization of the different isomers. The dark patches on
the disc stand for carbon atoms in puckered array, The glass headed
rins are the substituents. In the above arrangement all the extermal
valencies of the carbon atoms are satisfied in & (symbolic) tetra-
hedral manner, and if the pins are considered as hydrogen atoms
(instead of OH groups) it will represent the puckered cyclohexane ring.

In the formal analysis it was found convenient to represent the

puckered ring as in Fig. 1, and the flat ring as in Fig. 2.
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Explanation of Fig., 1., - U and D stand for "up” and "down"

carbon atoms, Those encirecled are saturated with hydrogen. Those
left free are the ones chosen for substitution. Fig. 1 may be
regarded as & "mono-substitution skeleton.”

If an (OH) group is attached to that valency bond which lies
nearest the average plane of the ring (i.e. lies on the edge of the
disc shown in the photo), the substitution is denoted by the Symbol
i (inner).

If an (OH) group is attached to that valency bond which extends
away from the face of the model, the substitution is denoted by the
symbol o (outer). |

It is of course understood that corresponding to an i (0H)

gubstitution there must be an o (H) substitution, and vice versa.




Explanation of Fig. 2. - In the plane ring theére is no

distinetion between "up" and "down"™ carbon atoms. Those carbon
atoms which are to be used for substitution are shown as black discs,
the others as circles. Fig. 2 is also a Mono-Substitution Skeleton.
The two possible substitutions on any carbon atom are in this case
represented by the symbols u (up) and 4 (down), meaning above or
below the plane of the model.

General remarks., - The u and 4 symbols might have been used on

the puckered model, and would have enabled an immediate transformation
between the two, but for reasons which will appear later the above
Symbols are more efficient. |

The numbers attached to the darbon atoms have the conventional
significance as in the formulae of organic chemistry.

Definition of Skeleton. - Such a model as is represented by

Fig. 1 or Pig. 2 will be called a skeleton.

6 2. Note on the BRigor of the Analysis.

An early attempt to derive the isomers by means of intuitive
methods proved a failure. A number were missed. Although in the
simpler cases the method which is here used appeérs somewhat
cumbrous, it has turned out to be thoroughly justified in the majority
of cases.

At the same time it cannot be claimed that every rule of
selection has been proven with the same rigor as the propositions of
methematical crystallography. The object in view is to find the
isomers, and find all of them. With this in view a method of analysis

was developed, in which only rules which are proven, or can be seen



intuitively, to be correct, are applied. It is believed that the
agreement of the results with the findings of other workers, and with
the arrays of models which were msde in & number of cases, have been
sufficient to prove the method sound, Throughout the anaslysis con-
siderable use is made of both the symbols and methods of mathematical
crystallography.

& 3. Mefhod of Analysis.

Briefly the method is as follows:-

(1) To determine the symmetry operations of all the
skeletons on which substitutions are to be made.

(2) To take each puckered skeleton in turn and make on it
all the possible substitutions, using a symbolic array of such a
character that none will be missed.

(3) To apply the symmetry operations of each skeleton to
its array of substitutions and so determine which substitutions are
truly equivalent, and which are mirror images of one another.

Definition of Array. The rectangular arrangement of symbols in

which each row represents a substitution on the skeleton will be
called an array.

Definition of Form. Each row of symbols in an array represents

a substitution on the skeleton. The row, or the model which it
represents, will be called a form.

(4) To draw up a list of the unique arrays with their
symmetry, and classify them as optically inactive, or possibly
active isomers,

(5) To obtain the plane ring arrays by transforming the
unique forms resulting from the puckered ring analysis, and %o

analyse them in the same way.



The method will be made more specific in § 4.

§ 4. DNotation, Definitions, Propositions.

It has heen necessary to explain certain notation and give
certain definitions above.<. These will not be repcited here. Nor
will there be any otteupt made to define all the terms of mathemasical
crystellography used.

Definition: Symmetry Operation of the FPirst Kind. A symmetry

operation which does not involve a reflection is called a

symmetry operation of the first kind.

Definition: Symmetry Operation of the Second Xind. A symmetry

operation which involves a reflection or an inversion is called a

symme try operation of the second kind.

Prop. 1. No form can have a symmetry higher than that of its
skeleton.

Prop. 2. No form can be brought into coincidence with anofther
form by a symmetry operation which is not a property of the skeleton
of the array.

Prop. 3. If a form can be brought into coincidence with another
by an operation of the first kind, then they are truly equivalent
forms (represent the same model, or isomer).

Prop. 4. Let (1), (2) be forms which possess no symmetry of the
second kind. Then if (1) can be brought into coincidence with (2)
only by symmetry operations of the second kind, they represent two
mirror imege isomers of possible optical activity.

Prop. 9. If a form can be brought into self coincidence by an
operation, then it représents a model possessing the symmetry of that

operation.



The models described in § 1, Fig. 1 and Fig. 2, are unsuited
to the formation of an array in which it can be clearly seen that all
the possible forms are present. An examination of the Plates will
show the arrangement which was adopted, and its relation to the model.
After all the possible forms have bheen listed, the analysis is
carried out as follows: (See Plates)

In the upper right hand corner each symmetry operation of the
skeleton is taken in turn and its effect on the symbols of a form are
determined.

Example: 1 3 means that the diagonal operation interchanges
the symbols in the 1lst and 3rd columns of the array.

The operations are then applied to each form in turn, and the
result is noted at the right of the form.

Examples: 3 i o i Cf.2  means that the diagonsl axis operating
on form 2 has produced form 3.

31io0i means that the diagonal operation has
produced self coincidence.
31o01iCEf.21 means that the plane (1) of symmetry
operating on form 2 has produced form 3.

Certain groups of forms usually turn out to be equivalent, as
shown by the symmetry operations of the first kind (Prop. 3). These
are listed under the heading "Equivalent Forms."”

Certain of the unique forms which remain usually turn out to be
related by symmetry operations of the second kind. These are listed

under "Mirror Image Forms." (Prop. 4.)



Then the forms are divided into two classes:

Inactive. Those which possess planes or centres of
symmetry, and which cannot therefore represent optically active
molecules,

Active. The pairs which, possessing no symmetry of the
second kind, represent molecules which may possess optical activity.

gggg. It is clearly to be understood that the heading "Actl
on the plates means "representing models which may possess optical
activity.” The need of an abbreviation is obvious.

The tabulation and operations have been simplified in some cases
by omitting from the array certain types of forms which can be
derived directly from certain types of listed forms by simply inter-
changing all i's and o's and vice versa, This does not affect the
symmetry. A derived form is represented by the same number as the
form from which it is derived, but with a bar over the top.

In cases where there are two mirror image skeletons, the analysis
is carried through for one only, and the corresponding mirror image
forms on the second are denoted by the same numbers dashed.

The problem of obtaining the plane ring models is greatly
simplified by the following considerations.

The symmetry of any plane ring skeleton can be directly derived
from that of the corresponding puckered ring skeleton by the
addition of a plane of symmetry.

All of the plane rinz forms can be obtained from the puckered

ring forms by the transformation corresponding to the physical
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Plate II }
Symmetry of Skeletons (cont'd) |

Puckered Plane |
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